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Il Summary
About 1.5-2% of all diabetes patients worldwide suffer from a rare form of diabetes, so-
called monogenic diabetes, in which a mutation in a single gene leads to diabetes.
Common to most of these patients is a lifelong dependency on medication, since common
therapies do not address the underlying genetic defects. An emerging form of treatment
for genetic diseases is gene therapy, which, once approved, has the potential for
becoming a one-time treatment that could bring lifelong benefits to patients.

This project focused on the detailed characterization of nine mouse models for monogenic
diabetes and the feasibility of AAV-mediated gene therapy for their treatment. The results
of this study provide valuable insights into the pathophysiology of monogenic diabetes
caused by Ins2, Pdia6 and Hnf4a mutations and confirmed the possibility of gene transfer

directly to the pancreas.

Each of the models was subjected to an individualized series of in vitro and in vivo
experiments to follow the progression of diabetes and to elucidate the signaling pathways

involved in disease mechanisms.

Mouse models with Ins2 mutations presented with severe, early-onset diabetes
accompanied by hypoinsulinemia. The overload of misfolded proteins in the ER caused
mild ER- and oxidative stress. Signs for B-cell death could not be observed, instead,
evidence of B-cell dedifferentiation was found. In addition, autophagy processes seemed
to be activated which may play a more important role in the disease mechanism than

previously thought.

Pdia6-mutant mice showed reduced Mendelian ratio, lower body weight and severe
hypoinsulinemia and hypoproinsulinemia. The underlying reasons for the metabolic

defect indicated B-cell dedifferentiation and ER-stress.

None of the Hnf4a mouse models showed a diabetic phenotype and only in one of them
a downregulation of Hnf4a in B-cells could be observed. Hnf4a-mutations are loss-of-
function mutations and could therefore be treated by gene therapy. The technique of
intraductal rAAV-injection was implemented and the feasibility of therapeutic gene

transfer into the pancreas was demonstrated without observing toxic effects.
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Il Summary
Pdia6- and Ins2-mutant mouse models both suffer from gain-of-toxic function mutations.

Whether gene therapy that provides a healthy version of the gene is appropriate to treat

their diseases is up for debate.
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[l Zusammenfassung
Etwa 1,5-2% aller Diabetespatienten weltweit leiden an einer seltenen Form von
Diabetes, dem so genannten monogenetischen Diabetes, bei dem eine Mutation in einem
einzigen Gen zu Diabetes fiuhrt. Die meisten dieser Patienten haben gemeinsam, dass
sie lebenslang auf Medikamente angewiesen sind, da die gangigen Therapien die
zugrundeliegenden Gendefekte nicht beheben. Eine neue Form der Behandlung
genetisch bedingter Krankheiten ist die Gentherapie, die, sobald sie zugelassen ist, das
Potenzial hat, eine einmalige Behandlung zu werden, die den Patienten lebenslange

Vorteile bringen kénnte.

Dieses Projekt konzentrierte sich auf die detaillierte Charakterisierung von neun
Mausmodellen fir monogenetischen Diabetes und die Durchfiihrbarkeit der AAV-
vermittelten Gentherapie fir deren Behandlung. Die Ergebnisse dieser Studie liefern
wertvolle Einblicke in die Pathophysiologie des monogenetischen Diabetes, der durch
Ins2-, Pdia6- und Hnf4a-Mutationen verursacht wird, und bestétigten die Mdoglichkeit

eines Gentransfers direkt in die Bauchspeicheldrise.

Jedes der Modelle wurde einer individuellen Reihe von in vitro- und in vivo-Experimenten
unterzogen, um das Fortschreiten des Diabetes zu verfolgen und die an den

Krankheitsmechanismen beteiligten Signalwege aufzuklaren.

Mausmodelle mit Ins2-Mutationen wiesen einen schweren, frih einsetzenden Diabetes
auf, der mit einer Hypoinsulinamie einherging. Die Uberladung mit fehlgefalteten
Proteinen im ER verursachte leichten ER- und oxidativen Stress. Anzeichen fir ein
Absterben der B-Zellen konnten nicht beobachtet werden, stattdessen fanden sich
Hinweise auf eine Dedifferenzierung der 3-Zellen. Dariiber hinaus schienen Autophagie-
Prozesse aktiviert zu sein, die moglicherweise eine wichtigere Rolle im

Krankheitsmechanismus spielen als bisher angenommen.

Das Mausmodel mit einer Pdia6-Mutation zeigte eine reduzierte Mendelsche Verteilung,
ein geringeres Korpergewicht sowie eine schwere Hypoinsulindmie und
Hypoproinsulindmie. Die Ursachen fir den Stoffwechseldefekt deuten auf eine

Dedifferenzierung der p-Zellen und ER-Stress hin.
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Il Zusammenfassung

Keines der Hnf4a-Mausmodelle zeigte einen diabetischen Phanotyp und nur in einem
von ihnen konnte eine Reduktion von Hnf4a in B-Zellen beobachtet werden. Hnf4a-
Mutationen sind Mutationen, die zum Verlust der Funktion fihren und kénnten daher
durch Gentherapie behandelt werden. Die Technik der intraduktalen rAAV-Injektion
wurde angewandt und die Durchflhrbarkeit des therapeutischen Gentransfers in die
Bauchspeicheldrise nachgewiesen, ohne dass dabei toxische Effekte beobachtet

wurden.

Sowohl das Pdia6- als auch die Ins2-Mausmodelle leiden unter Mutationen, die zu einer
toxischen Funktion fihren. Ob eine Gentherapie, die eine gesunde Version des Gens
bereitstellt, zur Behandlung dieser Krankheiten geeignet ist, steht zur Debatte.

XVl






Introduction

1. Introduction
1.1 The pancreas and the islets of Langerhans

Almost everyone is related to someone or knows someone who is affected by diabetes.
It is a growing epidemic on the rise and day by day, more and more people are affected
by chronically elevated blood sugar. The organ in the body that is responsible to regulate
the blood sugar is the pancreas. The pancreas is both an endocrine as well as an exocrine
organ and arises during embryonic development from a ventral and dorsal bud starting at
embryonic day 9.5 (E9.5) in mice. Its exocrine and endocrine compartments differentiate
in a complex, not yet fully understood pattern from pancreatic multipotent progenitor cells
(MPCs). Both compartments differ functionally as well as morphologically. Pancreas
organogenesis has been reviewed and described extensively in the past 30 years [1-3].
Cell fates are determined by an extensive and complex interplay of intrinsic and
exogenous signals and transcription factors, all working together to specify lineage,

differentiation and growth [4].

The exocrine compartment is made up from acinar cells, which secrete mostly enzymes
that help with digestion. The endocrine compartment is aggregated in cell clusters, which
are commonly called the islets of Langerhans (short: islets) as they were first described
by Paul Langerhans in 1869 [5]. Experiments by Mering and Minkowski in 1889 first
suggested that removal of the pancreas caused diabetes in dogs [6]. In 1921, now about
100 years ago, Banting and Best discovered the hormone responsible for this effect and

named it insulin, thereby revolutionizing diabetes care [7].

There are five types of endocrine, hormone secreting cells within the islets: glucagon-
secreting a-cells, insulin-secreting B-cells, somatostatin-secreting ©&-cells, ghrelin-

secreting ¢-cells and pancreatic polypeptide-secreting PP-cells [1].

Islet architecture varies greatly within species. In adult rodents, B-cells make up around
60-80% of all islet cells. Approximately 15-20% of the cells are a-cells and less than 10%
are 0-cells [8, 9]. The B-cells are centrally localized forming the core, while the other cells,
mainly a- and &-cells, are arranged around the periphery. Only few PP- and ¢-cells are

present, which are also localized in the mantle region [9, 10]. In humans, the different



cells types are more intermingled and not as strictly organized [11]. Here, B-cells generally
make up around 60% of all islet cells. About 30% are a-cells, the remaining 10% are 6-,
PP- and e¢-cells, all randomly distributed over the islet [12]. An overview of islet
architectures is provided in Figure 1.

Figure 1 Islet architecture in rodents and humans

Comparison of mouse (A) and human islets (G) under healthy, normal conditions. Red: a-cells, Green: [3-
cells, Blue: &-cells. This Figure is adapted from Steiner et al., 2010.

These cells together form spherical structures coming up to around 50-500 pm in
diameter, each containing 50-3000 cells [13]. Concerning size, there is very little
difference between species, by that suggesting an evolutionarily optimized size [14] for

generating action potential to aid in its main function, insulin secretion.

1.2 Glucose-stimulated insulin secretion (GSIS) from B-cells

One very important hormone in the context of diabetes is produced by the pancreas:
insulin, which acutely reduces blood sugar levels. Pancreatic p-cells are the body’s
glucose sensors and acutely regulate insulin secretion to maintain glucose homeostasis.
The B-cells are responsible for the synthesis, sorting and secretion of insulin [12, 13]. If
this process is impaired, it leads to chronic elevation of blood glucose and hyperglycemia,
which eventually leads to diabetes [13, 15]. Tight regulation of the system is very

important as severe hypoglycemia caused by hypersecretion of insulin is fatal [13].

An overview of the signaling mechanisms in 3-cells that ultimately lead to insulin release
is given in Figure 2. This is mostly glucose-stimulated insulin secretion (GSIS). GSIS is an

important determining factor for healthy B-cell function [13].
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Figure 2 Overview of glucose sensing and insulin secretion in 3-cells

A detailed description about the processes is given in the text of this chapter (1.2). This Figure is adapted
from Rutter et al., 2015.

When glucose is present, glucose transporters carry it across the plasma membrane into
the B-cell. The main transporters are GLUT2, encoded by Slc2a2, in rodents and GLUT1,
encoded by SLC2A1, in humans. The intracellular sensor for glucose is the enzyme
glucokinase (GCK) that initiates glycolysis as the metabolic response [16]. The final
product of glycolysis, pyruvate, reaches the mitochondria via specialized carriers [17] and
enters the tricarboxylic acid (TCA) cycle. After oxidative phosphorylation in the
mitochondria, the ATP that was generated throughout the processes is exported, which
effectively increases the ATP/ADP ratio in the cytoplasm, which in turn closes ATP-
sensitive potassium channels (Katp) [18, 19]. The resulting depolarization of the cell
membrane opens voltage-gated calcium channels, which leads to an increased Ca?*
concentration in the cytoplasm. Other mechanisms can help increase the intracellular
Ca?* concentration. Finally, the increased Ca?* leads to the fusion of insulin-containing

vesicles, which are stored in readily releasable pools (RRP), with the plasma membrane.



Insulin is released to the blood stream and transported to insulin-sensing tissues, the
most important being skeletal muscle, and white adipose tissue. After binding to its
receptor, insulin triggers diverse, tissue-specific responses that finally result in the
lowering of blood glucose [20].

Other factors also influence insulin release (see also Figure 2 and [13]). Examples include
glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP).
These peptides produced by the gut are also known as incretin hormones. They are
responsible for the incretin effect, according to which the intravenous injection of glucose

leads to a significantly lower release of insulin than oral glucose administration [21].

1.3 What makes a B-cell a B-cell: Is it all about identity?

What exactly defines the molecular identity of 3-cells besides function? This question has
received a lot of attention in recent years and has generated considerable interest [12,
22, 23]. In order to find and implement novel therapies for diabetes, it is of fundamental
importance to understand cellular function and to know as much as possible about what
makes a B-cell a functional B-cell. A complex network of genes and factors have been
described that are associated with functionally mature B-cells and regulate insulin
transcription. Throughout their life cycle from the onset of embryonic development
through differentiation to postnatal maturation, B-cells undergo a multitude of molecular
and metabolic changes that will ultimately lead to functionally mature -cells that are able

to respond to glucose stimuli.

During embryonic development of rodents, the differentiation and fate of B-cells depends
on the dynamic expression of a multitude of genes and transcription factors (TFs) such
as PDX1 and NKX6-1, which remain to be expressed in adult B-cells [23-25]. After birth,
B-cells, which are still considered immature, undergo a bi-phasic maturation process. The
first wave of maturation takes place within the first two weeks after birth, when B-cells still
proliferate and acquire the expression of TFs that are necessary for future adult B-cell
identity e.g. PDX1 [26]. Increasingly, B-cells lose the ability to proliferate and acquire the
ability to secrete insulin in response to glucose (GSIS). A second maturation wave takes
place between the third week of life and the time of weaning (P21), when various
metabolic pathways adapt to the changes in diet as depicted in Figure 3 [23]. In this late

4
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postnatal maturation phase, Maf-transcription factors are important to finally establish [3-
cell identity [27]. For B-cells, the switch from Mafb expression, which is active in
embryonic B-cells, to Mafa expression is considered crucial. Interestingly, in humans,
MAFB remains to be expressed at high levels in adult B-cells, whilst in rodents Mafa is
mostly restricted to mature a-cells. Such differences between rodents and humans must
always be considered when translating rodent-based research to humans.

Immature p-cell Mature B-cell

T Ucn3, Syt4, MafA, Flattop

—

MafB, NPY l

mTORC1
Hippo®¥

Capacity

Metabolism
Amino acids o
———————— Lipids
= Carbohydrates

Development
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. e >

Embryonic > Postnatal Adult

Figure 3 Immature and mature 3-cells

During the post-natal maturation process, 3-cells undergo a variety of molecular changes. They increasingly
lose the ability to proliferate and acquire the ability to perform GSIS. This Figure is adapted from Salinno et
al., 2019.

On a side note, it has been shown in both humans and rodents that not all 3-cells acquire
full maturity in life. Some cells retain immature characteristics, which describes a

pronounced 3-cell heterogeneity [23, 28].

Taken together, several transcription factors provide functional and morphological identity
to B-cells. Some of them, for example PDX1, are also required to regulate insulin
expression [29]. Typical signature genes for mature 3-cells include Ucn3, Slc2a2, Pdx1,
Mafa, Ins2 and Nkx6-1 [23, 26]. A low expression of these genes and increased

expression of progenitor markers such Ngn3 are associated with dysfunctional B-cells,



which can lead to hyperglycemia and ultimately diabetes. The dedifferentiation and
transdifferentiation of B-cells during sustained hyperglycemia and diabetes are described

in detail in the next section in 1.4.

1.4 Causes and effects of B-cell dysfunction or loss of B-cells in
diabetes
Loss of B-cell function or loss of B-cells has dramatic effects on glucose homeostasis and
is the underlying reason for all types of diabetes (see chapter 1.5 for detailed information
on diabetes). Several factors can contribute to [-cell dysfunction, for example
glucotoxicity due to persistent hyperglycemia, changes in the differentiation state of 3-
cells, endoplasmic reticulum (ER)- and oxidative stress, or mutations in genes relevant to
B-cell function. Mutations in some of these genes are known causes for monogenic

diabetes [30-32]. In the following chapter, these factors are described in more detail.

1.4.1 Physiological ER-stress and insulin (mis)folding
Pancreatic B-cells are strongly adapted to physiological ER-stress due to their immense
protein turnover, especially that of insulin. The need to continuously meet metabolic
demands naturally also leads to misfolding, which is why B-cells are heavily dependent
on a functioning cellular machinery to take care and dispose of misfolded proteins.
Disturbances of the system such as a massively increased demand during insulin
resistance and obesity, inflammatory processes in type 1 diabetes mellitus (T1DM) or
mutations in relevant genes put additional burden on 3-cells and can thus progressively

increase ER-stress and eventually lead to 3-cell death [33-35].

The folding and misfolding of proinsulin and its effects have been studied and reviewed
in detail in recent years [36, 37]. The processes are shown and described in Figure 4
below. In brief, after transcription of the preproinsulin gene in the nucleus and
translocation of the protein into the ER, a peptidase cleaves the signal peptide. The
proinsulin molecules then rapidly undergo oxidative folding. Members of the ER-resident
family of protein disulfide isomerases (PDIs) with their oxidoreductase and isomerase
activities facilitate the formation of the three disulfide bridges and thus play a key role in
insulin biosynthesis. ER-oxidoreductases (EROs) shuttle the reducing equivalents and

regenerate oxidized PDIs [36, 38].
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The mature insulin molecule consists of one A- and one B-chain, connected by two
interchain disulfide bonds (A7-B7; A20-B19) and one intrachain disulfide-bond in the A-
chain (A6-A11). Disulfide pairing is an intricate process that has been researched and
reviewed in detail by M. Liu and colleagues over many years [39-44]. Folded proinsulin is
stored in vesicles. Upon stimulation, peptidases cleave the proinsulin and mature insulin

is released into the blood stream with equimolar amounts of C-peptide.
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Figure 4 Insulin folding and processing

The preproinsulin molecule consists of 4 segments: Signal peptide (green), B-chain (red), C-peptide
(yellow) and A-chain (blue). After transcription, the molecule enters the ER by co- and posttranslational
translocation across the ER membrane and the signal peptide gets cleaved. Now the molecule is called
proinsulin. Within the ER, proinsulin first remains in an unfolded, reduced state. The subsequent oxidative
folding and disulfide pairing is thought to be facilitated by PDIs, which are regenerated by EROs. During
oxidative folding, the three disulfide bonds of the insulin molecule are formed. Upon stimulation, the C-
peptide is excised from the molecule and mature insulin is released to the blood stream. This Figure was
created based on Liu et al., 2018 and Sun et al., 2015.

Mutations in the coding sequence of proinsulin or in genes that alter the folding
environment in the ER often lead to deficient insulin production and resulting diabetes.
This has been analyzed in a variety of mouse models and humans with a variety of

different mutations, some of which are described in other sections (1.6.1).



1.4.2 ER-stress and UPR

When there is a misbalance between metabolic demand and the capacity for protein
folding, ER-homeostasis is disrupted, resulting in ER-stress. When misfolded proteins
accumulate, as it is regularly the case in B-cells due to the high transcription load to meet
the high metabolic demand of insulin, the unfolded protein response (UPR) gets activated
in order to restore ER-homeostasis [33]. Another system, ERAD, removes unfolded
proteins from the ER to the cytosol for proteasomal degradation. ERAD and UPR are in
a constant crosstalk to maintain ER-homeostasis [45].

There are three classic ER-stress sensors located in the ER membrane: PERK, IRE1A
and ATF6. Under normal conditions, binding immunoglobulin protein (BiP, encoded by
Hspab) associates with the 3 sensors. When misfolded proteins or other stressors are
detected, BIP dissociates from the sensors and gets recruited by the misfolded proteins,
thereby activating the ER-stress response, UPR. Activation of the signaling cascades
leads to a variety of effects that are described in detail below. An overview of the three
UPR arms is provided in Figure 5 [46].

PERK, encoded by Eif2ak3, has long been described as an important regulator of
proinsulin trafficking and quality control in the secretory pathway [47]. Upon activation,
the PERK-elF2a-pathway reduces transcription and by that, decreases protein load and
accumulation in the ER, especially that of insulin. Phosphorylation of elF2a by activated
PERK, the second step in the signaling cascade, has even been described as the Achilles
heel of pancreatic 3-cells by Cnop et al. [33]. In Eif2ak3-null cells and mice, a severely
distended ER was observed, suggesting that PERK plays a role in maintaining ER-
homeostasis and is an important indicator of ER-stress [47, 48]. A mouse model with an
elF2a-S51A mutation, recapitulated the effect of Eif2ak3-null on the ER, including an
increased and unregulated translation of proinsulin [49]. Finally, the expression of CHOP
(encoded by Ddit3), which is activated via the same pathway, increases reactive oxygen

species (ROS), which increases oxidative stress and ultimately leads to B-cell death [50].
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In humans, mutations in in the coding gene EIF2AK3 result in a severe form of permanent

neonatal diabetes mellitus (PNDM), also called Wolcott-Rallison syndrome [51].
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Figure 5 ER-stress transducers and activated pathways

During ER-stress, the chaperone BiP dissociates from the three ER-stress transducers PERK, IRE1 and
ATF6 and binds to misfolded proteins. Activated PERK phosphorylates elF2a, generally reduces
transcription and induces chaperone and CHOP expression. Activated IRE1 splices XBP1 that upregulates
chaperone expression to improve protein folding and ERAD. Activated ATF6 initiates chaperone expression
via the Golgi apparatus. This Figure is adapted from Cnop et al., 2017.

The IRE1A-XBP1 is the second and most conserved branch of UPR. Upon activation,
IRE1A splices Xbpl-mRNA which then upregulates chaperone expression and ERAD. In
addition, it activates the regulated Irel-dependant decay (RIDD) of ER-associated
MRNAs [52], including itself, thereby effectively reducing the transcription load [53].
During mild stress, IRE1A promotes cell survival, but under high and unresolvable ER
stress, it can also stimulate cell death [33, 54]. Deletion of IRE1A from B-cells in adult
mice resulted in overt diabetes and the deregulation of several hundred genes important
for GSIS [55]. In addition, the expression of genes associated with ROS was increased,

which increased oxidative stress and eventually caused B-cell failure [55]. Interestingly,



deletion of IRE1a in NOD mice, a mouse model for T1DM, induced transient

dedifferentiation of B-cells resulting in reduced B-cell apoptosis [56].

The third sensor is ATF6, a transcription factor trafficking to the Golgi upon activation
where it is cleaved. Its activated fragment is a potent transcriptional activator for genes
with complementary functions such as those activated by sXBP1. Upon metabolic stress
by a high fat diet (HFD), ATF6a-null mice became glucose intolerant and showed blunted
insulin secretion, suggesting a role for ATF6a in B-cell failure and protection from ER-
stress [57].

In summary, the three pathways are intertwined and their combined activation eventually
eliminates misfolded proteins to alleviate ER-stress and restore homeostasis in the ER.
However, if ER-stress persists, cell death can be initiated via the same pathways,
effectively reducing B-cell mass [33, 36, 46]. From the above-mentioned studies (and
many others), it appears that ER-stress and increased UPR significantly contribute to

diabetes pathogenesis.

1.4.3 Oxidative stress: PDIs and EROs in B-cells
Oxidative stress is another potent disruptor of ER-homeostasis [58]. The oxidative folding
of insulin (shown in Figure 4) is facilitated by PDIs and EROs, which provide B-cells with
important functions and regulate their oxidative milieu. Several studies have shown that
deleting some PDIs or EROs dramatically decreases insulin secretion and disrupts
glucose homeostasis [59-62]. Furthermore, they have been found to be deregulated
during diabetes and potentially contribute to the pathogenesis of the disease by causing

misfolding and leading to ER-stress.

PDIA1 is the most abundant of to date 17 known ER-oxidoreductases. The (-cell specific
deletion of Pdial resulted in increased glucose intolerance during metabolic stress and
diminished insulin granule content. High molecular weight complexes, an indication for
misfolded molecules, were detected in the ER [61]. PDIA6, albeit being lesser-known,
was found to be important for the regulation of insulin secretion and its gene Pdia6 was
upregulated in a streptozotocin (STZ)-treated diabetes model (STZ is toxic specifically to
B-cells and causes T1DM) [60, 63, 64].
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EROs are responsible for regenerating oxidized PDIs. In mammals, the known genes are
Erola and Erolb. Erolb is specifically expressed in the pancreas, whilst Erola is also
found in other tissues [62]. Erolb has been shown to be important for glucose
homeostasis and to be required for oxidative folding of insulin in B-cells [59]. In Erolb-
deficient mice, glucose tolerance and GSIS were impaired [62]. In addition, ERO1B was

found to be dysregulated in type 2 diabetes mellitus (T2DM) patients [59, 62].

Taken together, disruptions of the PDI/ERO oxidative folding system increase oxidative
stress, disturb insulin production and lead to increased misfolding events, consequently

also increasing ER-stress and the UPR.

1.4.4 Autophagy
In addition to ER-associated degradation, there is also lysosomal degradation that aids
in the removal of misfolded proteins. One of the pathways to reach the lysosomes is
autophagy, which has attracted attention in recent years as it has been shown to protect
against ER-stress and to help regulate insulin homeostasis. Indeed, upon genetic
disruption or inhibition of autophagy, proinsulin content in B-cells was increased [65, 66].
In vivo, autophagy-deficient mice showed [(-cell degeneration, insulin deficiency and
glucose intolerance [67]. In human islets exposed to ER-stress, induced autophagy
prevented [3-cell apoptosis. In addition, in T2DM donor islets, stimulation of autophagy by

rapamycin has improved B-cell function and survival [65].

One important autophagy receptor protein is SQSTM1 (also called P62) which selects
and binds to substrate molecules. P62 then delivers the molecules to the autophagosome
by interacting with MAP1LC3, subsequently called LC3, which is anchored in the
autophagosome membrane. The whole structure, including the two molecules

themselves, will then be degraded by autophagy [68, 69].

Taken together, these findings show that autophagy and its modulation should be

considered when analyzing B-cell dysfunction and ER-stress.

1.4.5 B-cell dedifferentiation and loss of mature B-cell function
Dedifferentiation, or loss of functionally mature identity of B-cells, is an ongoing matter of

studies. So far, dedifferentiation has been based on the idea that B-cells lose the
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expression of maturity markers such as Insulin, Pdx1, Mafa and Nkx6-1 [70] and regain
the expression of some progenitor-like markers such as Ngn3 [71]. However, by
performing lineage-tracing and RNA-sequencing, newer studies [72] found that
dedifferentiation does not describe the reversal back to a progenitor-like type of cell, but
rather differs greatly between diabetes types. A new model for dedifferentiation has been
proposed, in which, for each type of diabetes, B-cells dedifferentiate in their own way.
This model was named the Anna Karenina Model of B-cell maturation [72]. In either case,
these two ideas support a paradigm where the loss of (3-cell identity during diabetes, not
the loss of cells per se, contributes to the loss of B-cell mass. Another study provided
hints that maintaining B-cells in an immature state might prevent TLDM progression in
NOD mice [70]. Further decoding of the key pathways will provide new targets for each
type of diabetes to restore healthy function in dysfunctional B-cells by pharmacological
treatment [23, 71].

Transdifferentiation or islet cell plasticity describes the ability of specific cell types to
express transcription factors (TFs) and hormones that are normally characteristic of other
endocrine cell types. When B-cells were ablated in mice, it was found that other cell types
such as a- and &-cells began to produce insulin [73]. A similar phenomenon was found in
donor islets from T1DM patients, where other cells types expressed low amounts of
insulin [74]. The removal of the expression of Pdx1, one major TF, in B-cells of mice did
not only lead to severe hyperglycemia, but also changed the transcriptional profile of
affected cells, now resembling the profile of a-cells [75]. Taken together, in extreme
conditions, such as during long-standing T1DM and chronic hyperglycemia, polyhormonal
cells frequently arise [30, 74]. It was therefore hypothesized by multiple groups of
scientists that trans- or dedifferentiation protects B-cells from autoimmune destruction or
cell death [23, 28, 70, 71]. Remarkably, upon normalization of blood glucose, changes in
islet structure and also function could be reversed, further proving the plasticity of islet
cells [30]. This knowledge about the transdifferentiation potential of islet cells offers novel
opportunities for regenerative therapies. However, more research is needed to ensure

translatability to the clinic.
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Usually, senescence of [B-cells is associated with ageing. However, some studies
described premature senescent B-cell subpopulations during hyperglycemic and
autoimmunity conditions in NOD mice and T1DM patients. The elimination of this
subpopulation was able to stop the autoimmune destruction of B-cells, which indicates a

new potential therapeutic approach for TIDM [23, 76].

In summary, it could be shown that islet cells retain a certain plasticity and are able to
regain functional maturity. Research on de- and transdifferentiation provides the much-
needed knowledge to differentiate induced pluripotent stem cells for regenerative
medicine. In addition, the modulation of B-cell identity and function offers promising

targets for new therapeutic fields.
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1.5 Diabetes — a global epidemic on the rise

As discussed in the previous chapter, diabetes is the result from (3-cell dysfunction or loss
of B-cells. In 2021, 537 million adults worldwide were living with diabetes mellitus (DM).
If numbers continue to rise, around 783 million people will be affected by 2045 [77]. The
burden on the health systems worldwide from diabetes and its complications is enormous.
By 2030, the total global health expenditure related to diabetes will reach one trillion US
dollars [77].

Diabetes is a chronic condition in which the body is either unable to produce enough
insulin to maintain normoglycemia or to respond to the insulin it produces, or both,
resulting in chronic hyperglycemia. The most common forms of diabetes are type 1
diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM), which are complex and
heterogeneous diseases. Genetic, environmental and lifestyle factors eventually lead to
progressive loss of 3-cell function and mass [78]. Less common are monogenic forms of
diabetes, making up roughly 1.5-2% of all diabetes patients [77, 79, 80]. These rarer forms
usually have clinical similarities to T2DM, but are genetically distinct. Causative mutations
occur within a single gene and can happen either spontaneously or are inherited mostly

in an autosomal-dominant manner. The environmental contribution is minimal [81].

What all these patients have in common, independent from the type of diabetes, is the
risk of developing many associated chronic complications such as retinopathy,
neuropathy, kidney damage and cardiovascular diseases, especially if hyperglycemia is

not managed well [80]. Different forms of diabetes are discussed below.

1.5.1 Polygenic forms of DM

1511 T2DM
The most common form of diabetes is T2DM, making up around 90% of all diabetes
cases. T2DM is characterized by the progressive loss of 3-cell function and the inability
to secrete enough insulin to meet the metabolic demand. The causes are not completely
understood, but risk factors include genetic predisposition, lifestyle (including, for
example, overeating, obesity and a sedentary lifestyle), ethnicity, family history and age.
Nutritional overload in insulin-sensing tissues and subsequent inflammatory effects,

changes in hormonal factors and ER-stress lead to the development of insulin resistance
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[82]. Often, this goes unnoticed at first, since at early stages the B-cells are still able to
compensate by secreting higher levels of insulin. The blood glucose is often only elevated
slightly. This condition nowadays is referred to as prediabetes [83]. Eventually though, B-
cells are exhausted, resulting in B-cell death and ultimately, T2DM as a result of the
depletion of the insulin-producing B-cells [82]. T2DM is most commonly seen in older
adults, however younger adults and children are increasingly affected due to physical
inactivity, poor diet and obesity. Treatment includes lifestyle interventions and/or oral anti-
diabetic medication such as metformin or sulfonylureas. When oral medications do not

suffice anymore to maintain normoglycemia, insulin injections are unavoidable [80, 81].

1512 T1DM

T1DM is caused by T-cell mediated autoimmune destruction of B-cells, resulting in total
insulin deficiency. T1DM patients make up around 5-10% of all cases. However, the
etiology of the disease is not yet fully understood. Most likely, a combination of genetic
susceptibility together with an additional environmental trigger initiate the autoimmune
destruction of B-cells. Viral infections, toxins and few dietary factors are potential
environmental triggers. Mostly, the condition develops early in life during childhood.
Patients require regular blood glucose monitoring and lifelong treatment with insulin. If
monitored closely and managed well, patients can live normal lives and avoid chronic
complications. However, in economically disadvantaged countries, access to diabetes
education and insulin is often limited. Bad management of the disease can lead to severe
disabilities and to the development of diabetic ketoacidosis resulting in early death [78,
80].

1.5.2 Monogenic forms of diabetes
The increasing availability and affordability of genetic screening has enabled medical
professionals to identify a wide variety of genes that cause monogenic diabetes, with a
single mutation in one of these genes leading to diabetes. Symptoms may resemble
T1DM or T2DM, however disease onset is generally much earlier in life, which means
that patients are often misdiagnosed as T1DM or T2DM. Therefore, the current numbers
may be underestimated. If atypical diabetes is found, genetic testing is recommended if,

compared to T1DM, there are no autoantibodies or residual -cell function is still present
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after 5 years; or if, compared to T2DM, the diagnosis was made early in life, there are no
signs of insulin resistance, the BMI is normal, or one of the parents is also diabetic [84].
Exact diagnosis is of utmost importance as clinical management is very variable. The
most common form is maturity onset diabetes of the young (MODY), other forms are
neonatal diabetes mellitus (NDM), mitochondrial diabetes and some forms of multi-organ

syndromes [32, 81].

An overview of genetic defects of the B-cell that cause diabetes and the subcellular

compartments that are affected are shown in the following Figure 6:
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Figure 6 Genetic defects of the B-cell that cause diabetes

The schematic overview of the 3-cell shows subcellular localizations and steps within the insulin secretory
pathway in response to glucose stimuli (as described in 1.2) in which individual defects can occur. This
figure is adapted from Stekelenburg et al., 2016.

1521 MODY
The age of onset of MODY is usually between 6 months and 35 years. So far, 14 different

subtypes have been defined. Depending on the genes affected, the phenotypes are very
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variable. Most common are HNF1A-MODY (MODY3), HNF4A-MODY (MODY1) and
GCK-MODY (MODY2) [32, 81]. Subject of this study are mouse models for MODY1.
MODY1 is described in detail in section 1.6.3.

1.5.2.2 NDM
Neonatal diabetes mellitus (NDM) usually occurs very early within the first 6 months of

life, less often between 6 months and a year. With 1 in 90,000 live births, NDM is a rare
disease [85]. Two forms of NDM are distinguished. More common is transient NDM
(TNDM), which usually resolves after about 4 months. In contrast, permanent NDM
(PNDM) requires lifelong treatment. Clinically, NDM is more similar to T1DM, as it is often
accompanied by ketoacidosis, making differential diagnosis difficult. It is therefore
recommended to perform genetic testing in patients who show symptoms of diabetes
before 180 days of age in order to identify a possible mutation in a diabetes-causing gene
[32].

One subject of this study are mouse models with mutations in the Insulin2 (Ins2) gene.
Mutations in the human INS gene are the second most prevalent cause of PNDM [86]
and are described in more detail in 1.6.1. A further subject of this study are mouse models

with mutations in the Pdia6 gene [87]. More details are described in 1.6.2.

1.6 Forms of monogenic diabetes investigated within the scope of
this thesis

1.6.1 Neonatal diabetes caused by INS mutations (MIDY)
INS mutations are the second most prevalent cause of PNDM and make up around 8%
of all cases. Sometimes, the disease is also referred to as mutant INS-gene induced
diabetes of youth (MIDY) [36, 43]. Some patients show a milder phenotype with a later
onset that resembles more that of a MODY [86]. Up to date, more than 90 dominantly-
acting mutations have been identified in all regions of the preproinsulin molecule [86]. In
more than 50% of the cases, the affected amino acid residues are associated with the
formation of the three disulfide bonds. Mutations in the INS gene negatively impact
biosynthesis, folding and the 3D structure of insulin molecules. Mutant proinsulin

molecules accumulate in the ER and activate the ER-stress response (see 1.4.2),
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resulting ultimately in B-cell apoptosis [86]. Patients are lifelong dependent on insulin

treatment.

A lot of research regarding MIDY is performed in cell lines and rodent models. Rodents,
however, have two non-allelic insulin genes, Ins1 and Ins2, which compensate for each
other if one of them is lost [88]. In contrast, humans have only one INS gene [29]. In the
past years, several mouse models with Ins2 mutations have been established: Ins2Akita
(C96Y) [89], MunichIns2 (C95S) [90], KINGS (G32S) [91] and Ins2(Q104del) [92] (Figure
7). Akita and Munichins2 mice both harbor cysteine mutations that affect the disulfide
bonds A7-B7 and A6-All, respectively. Their phenotype is very prominent with severe
early-onset hyperglycemia [89, 90]. The phenotype in the two above-mentioned models
with non-cysteine mutations is generally milder [91, 92]. In KINGS mice, only a modest
retention of G32S proinsulin in the ER was observed with no effect on the B-cell mass
[91].
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Figure 7 Amino acid sequence of the preproinsulin molecule

Amino acid (AA) sequence of the preproinsulin molecule is numbered in black letters (1-110). The sequence
was obtained from https://www.uniprot.org/uniprot/P01326. Green: Signal peptide (AA1-24); Red: B-chain
(AA25-54); Yellow: C-peptide (AA57-87); Blue: A-chain (AA90-110). AA of the A- and B-chain are
numbered in red and blue, respectively. Included are disulfide bridges (S=S) (A7-B7; A20-B19; B6-B11).
Mutations of the novel mouse models (Ins2V2P, Ins2C1099G) are shown in black circles. Previously existing
mouse models are shown in grey circles (KINGS Ins2+/632S Munich!™s2, Ins2Akita [nsulin2Q104del),
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In vitro and in vivo, the Akita proinsulin is by far the most investigated. In rodent models
and in B-cell lines it has been shown that mutant C96Y proinsulin formed aberrant,
disulfide-linked high-molecular weight complexes (HMW) with wild-type proinsulin in the
ER, which effectively hindered the exit of healthy molecules and induced swelling of the
ER with severe ER-stress, ultimately resulting in the loss of B-cell mass [39]. Several ER-
stress markers were found to be increased in Akita cells [93, 94], whereas Erolb was
found to be decreased [62]. In all Ins2 models, sexual dimorphism was observed in which
female mice were only slightly affected. This observation can be explained at least in part

by protection through endogenous estrogen [95].

Taken together, other mutations beside Akita are only poorly researched, but humans are
affected by a variety of different mutations, which offers many opportunities for future

studies. In addition, there is no comprehensive study that evaluates all findings in vivo.

1.6.2 Potential neonatal diabetes caused by Pdia6 mutations
PDIAG, a lesser known and characterized member of the PDI family (see chapter 1.4.3)
is ubiquitously expressed in both humans and mice [96]. Complete ablation of PDIA6 in
a mouse model led to prenatal lethality [97]. PDIA6-deficient HeLa cells were shown to
be hyper-responsive to ER-stress by consistent activation of IRE1a-target genes, which
finally led to apoptosis [98].

In B-cells, PDIA6 has been shown to associate with misfolded proinsulin and possibly
play a role in the clearance of misfolded proteins [58, 63, 64]. The absence of PDIAG in
INS-1 cells increased the ER-stress response, but did not affect the folding or disposal of
insulin [98]. Instead, the Ins1l and Ins2 expression was reduced because IRE1a was
persistently active [60], which directly influenced the insulin transcript abundance. These
in vitro experiments suggest an influence of PDIAG on the B-cell function also in vivo. In
fact, in a recent study with an ENU-induced point mutation in the first thioredoxin domain
of PDIAG, researchers reported severe developmental defects, loss of PDIA6 protein,
decreased Ins2 expression, and altered insulin tolerance [97]. However, other effects on
B-cell development and function remained unevaluated. Further support for the
involvement of PDIAG in B-cell function is provided by a study on a TIDM mouse model,
where Pdia6é was found to be deregulated before the advent of diabetes [99]. These
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finding suggests that mutations in PDIA6 might lead to neonatal diabetes also in humans.
Our lab has generated a mouse model with a Pdia6 point mutation in the second
thioredoxin domain (Pdia675S), which is also subject in this thesis and was published
recently [100].

1.6.3 MODY1 caused by HNF4A mutations

MODY1 patients usually present with young-onset diabetes (typically before 25 years of
age) with impaired insulin secretion. Macrosomia is found in approximately 50% of
affected newborns. In most cases, patients are sensitive to sulfonylurea treatment and do
not require insulin until later in life. In very rare cases, patients also have transient
neonatal hypoglycemia due to hyperinsulinemia. MODY1 is caused by mutations in the
HNF4A gene, including missense, frameshift, nonsense, splicing or promoter mutations
[81, 101, 102].

Hepatocyte nuclear factor 4 alpha (HNF4A) is an orphan member of the nuclear receptor
family of ligand-activated transcription factors that binds DNA as a homodimer [101]. It is
mainly expressed in the liver, intestines, pancreas, kidney and stomach. The expression
levels are not the same in different tissues, for example the expression in pancreatic islets
is lower than in the liver. This possibly explains why MODY1 patients present with GSIS
defects but have only mild liver dysfunction [103]. Two alternative promoters (P1 and P2)

enable the expression of 9 tissue- and development-specific isoforms [104-106].

In the pancreas, HNF4A, together with HNF1A, has been shown to regulate B-cell
function. HNF4A expression in islets has been reported to be dependent on HNF1A,
linked in a hierarchical regulatory relationship. Both TFs regulate a similar set of genes,
are interdependent, and synergistically regulate common targets [103, 107, 108].
Individually, HNF4A was found to be essential for 3-cell function and the maintenance of

glucose homeostasis [107].

The exact mechanism why HNF4A mutations cause defective insulin secretion resulting
in diabetes remains unclear, however some evidence suggests that altered function of
the Katp channel (for the role of the Karp channel in insulin secretion confer to 1.2) seems
to be involved [109]. Reduced expression of one of its subunits in Hnf4a-deficient 3-cells

suggests a similar thing [110]. Further, HNF4A was shown to be in a functional interplay
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with PDX1, which in turn is important for B-cell identity (see also 1.3) [111]. Deletion of
HNF4A in B-cells resulted in impaired GSIS, but paradoxically also to hyperinsulinemia in
fasted and fed states and not to a diabetic phenotype [110, 112]. The expression of a
defective form of HNF4A in INS-1 cells altered the expression of, for example, Insulin and
Glut2, whereas overexpression of the wild-type form increased the GSIS capacity, e.g.
by increasing Glut2 [103].

HNF4A is an important TF in many tissues and it is therefore not surprising that
homozygous disruption in mice lead to early embryonic death (E6.5) [113]. However,
heterozygous ablation did not produce any phenotype in mice [114]. So far, only models
with targeted deletions in the pancreas [108] or only in B-cells were viable [110, 112] and
showed mild phenotypes. Upon a comprehensive analysis, Harries et al. found significant
differences in the expression of HNF4A and HNF1A between rodents and humans, which
are much higher in rodents [115]. The potential effects and conclusions resulting from this

discovery are discussed in detail in the discussion part of the thesis.

Within the scope of this thesis, by applying a variety of different approaches, | aimed to
identify at least one suitable mouse model that reflects the human MODY1 phenotype.
The results are given in chapter 4.3.

1.7 Current therapy for monogenic diabetes

As mentioned before, the various types of diabetes are often first treated with lifestyle
interventions and oral anti-diabetic drugs such as sulfonylureas, metformin or GLP-1
receptor agonists [116]. However, patients develop unresponsiveness to these
treatments with progression of the disease and, eventually insulin treatment is necessary
for the rest of life [78]. In monogenic diabetes, which is the result of a genetic mutation,
drugs and lifestyle interventions however do not address the underlying genetic defects.
Patients are life-long dependent on medication, some of them from a very young age as
exemplified in patients with PNDM, where disease onset is before 2 years of age (see
1.5.2.2). Therefore, novel treatment options are urgently needed. The genetic cure of
monogenic diabetes has never been attempted before. Yet, transfer of therapeutic genes

to the pancreas could per se be curative and benefits compared to existing therapies are
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to be expected. A one-time treatment comes with the prospect of lifelong beneficial

effects.

1.8 Gene therapy for monogenic diabetes using rAAVs

1.8.1 What is gene therapy?
The idea of gene or cell therapy has come up in the early 1970ies and has first been
attempted in the late 1980ies [117]. Ever since, with the development of many novel tools
and general advancements especially in the last 10 years, the field has accelerated
substantially. Gene/cell therapy describes a highly specific and precise procedure that
has the intent to fix a genetic problem. For example, if a dysfunctional protein is produced
by a mutated gene, a healthy copy of the gene that was artificially introduced, e.g., by a
vector, can take over and produce a functional protein, thereby providing a therapeutic
effect. This technique is suitable for monogenic diseases, particularly those where drug
treatment is not satisfactory such as blindness or hemophilia. Options include either ex
vivo treatment, where samples are taken form the patient, treated and cells are returned
to the system, or vectors can be directly delivered in vivo. In vivo delivery requires a
suitable method for direct delivery to the organ/cell or potential options for systemic
administration [118]. Transfer of MRNA or DNA to cells has been attempted by a variety
of non-viral (e.g., in cationic liposomes) and viral gene transfer methods. The choice of
the right vector is one of the biggest challenges, since the wrong one can lead to death
[119]. Until 2017, around 2600 clinical trials were conducted and few products have been
successfully approved for the market, e.g., GlyberaR®, a recombinant adeno-associated
viral vector for the treatment of lipoprotein lipase deficiency or Strimvelis®, a lentiviral

vector for the treatment of a severe immunodeficiency [118, 119].

1.8.2 rAAV vectors
In clinical trials either lentiviruses or adeno-associated viruses were utilized [120]. Adeno-
associated viruses (AAVs) are small, single-stranded DNA viruses of about 4.8 kb of
length and contain three genes, Rep (replication), Cap (capsid) and aap (assembly),
encoding for at least nine gene products by different promoters, translation start sites and
alternative splicing. These genes are flanked by inverted terminal repeats (ITRs) [121].

AAVs, which lack pathogenicity and have a low immunogenicity, efficiently transduce
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dividing and non-dividing cells and do not integrate into the genome, but persist as
episomes in the cytoplasm or nucleus of transfected cells and mediate long-term
transgene expression [121]. In the case of recombinant AAVs (rAAVs), which are used
for gene therapies and are replication deficient, the coding region is replaced by an
expression cassette, which, together with the remaining ITR regions, must not exceed
4.7 kb [122].

Different virus serotypes show tropism for different cell types and tissues [123]. By
choosing the right serotype and promoter for the expression cassette, the expression of
therapeutic genes can be directed specifically, for example to the B-cell. So far, no
associations of AAVs with human diseases have been reported, which is why rAAVs are
considered safe and efficient vectors for gene therapy [121]. Proof of efficacy has been
demonstrated in several animal models, for example in mice or dogs [124-126], and in
humans for several organs, such as the liver [127, 128] or the eye [129]. Although rAAVs
have proven to be safe and highly efficient vectors for gene therapy, not all hurdles have
been overcome. For example, during the first clinical trials there were indications of pre-
existing immunity to AAVs in humans. A pre-check of immunogenicity against AAV
serotypes as well as a capsid and genome engineering of rAAVs are possible solutions

to avoid immune reactions in humans [130, 131].

1.8.3 Gene transfer to the pancreas and diabetes treatment
The successful treatment of diabetic animal models with rAAVs has already been
demonstrated. The rAAV-mediated co-expression of insulin and glucokinase in skeletal
muscles of diabetic dogs corrected the hyperglycemia [132] and the rAAV-mediated
expression of FGF21 in liver, adipose tissue and skeletal muscle improved obesity and
corrected the insulin resistance of ob/ob mice [125]. The pancreas, however, is a complex
organ and pancreatitis as a result of treatment is a major concern. Previous experiments
with systemic delivery of AAV only led to a short-term transduction of B-cells [133]. The
transfer of the surgical technique of endoscopic retrograde cholangiopancreatography
from humans to mice for intraductal delivery led to a more localized gene expression in
the pancreas [134]. Further experiments comparing different AAV serotypes

demonstrated that intraductal delivery of serotypes 6, 8 and 9 efficiently transduced [3-
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cells and the exocrine pancreas [135]. In 2017, it was finally shown that the AAVS8-
mediated overexpression of Igfl in the pancreas counteracted autoimmune diabetes in
the NOD mouse model, which further proves its feasibility [126]. To further limit
expression of the therapeutic gene to B-cells, a B-cell specific promoter can be used.
Several different rat and mouse insulin promoters (RIP and MIP) have been tested
experimentally [136]. Finally, our collaborators at UAB demonstrated that the usage of a
specifically engineered human insulin promoter led to a highly efficient 3-cell specific
expression of a selected gene in mice (Fatima Bosch, personal communication). The
efforts of our partners at UAB have clearly shown that the selection of the right promoter
has an enormous impact on the strength and effectiveness of the expression of the
therapeutic gene of interest. Therefore, careful consideration must be given to which type
of promoter should be used in order to achieve the desired expression and not cause any
toxic effects. Further, the gene dose has to be evaluated carefully. One dose containing
5x10' vg (viral genomes) has been shown to transduce all B-cells (Fatima Bosch,

personal communication).

In summary, it can be said that gene therapy for monogenic diabetes by intraductal
delivery of specially designed rAAV8 vectors containing a correspondingly strong

promoter appears feasible in order to deliver therapeutic genes to B-cells.
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Aims and objectives of the study

2. Aims and objectives of the study
2.1 Ins2 project

While a lot of information on INS and Ins2 mutations is available in parts in several
publications, most data has been generated in 3-cell lines and only some aspects have
been verified in mouse models. A comprehensive study examining most of these points
in vivo in more than just the Akita mouse model is lacking so far. In humans, many insulin
mutations are known at many different positions and not all of them affect disulfide bonds,
but the phenotype is present and severe [86]. In the frame of this thesis, | hope to close
this gap in knowledge by evaluating two new different Ins2 mouse models, one with and
one without a cysteine mutation, and compare results to detect differences to existing
models. To achieve this, Ins2¢1%°C and Ins2V?P mice were closely monitored for 18 weeks
with regular checks of body weight, blood glucose and plasma hormone levels. Insulin
tolerance tests (ITT) were performed to determine insulin sensitivity at two time points. At
the age of 8 weeks, organs were withdrawn for in vitro analysis including
immunofluorescent staining and TEM imaging of pancreatic sections as well as gene and
protein analysis in isolated pancreatic islets, covering the evaluation of the state of islets
and the B-cells specifically, ER-stress, oxidative stress and autophagy.

2.2 Pdia6 project

PDIs are important molecules facilitating insulin folding in B-cells. Within the protein
family, relatively little is known about PDIA6. Some in vitro experiments suggested
involvement of PDIAG in B-cell function. One study reported a mouse model with a V32A
point mutation in PDIA6 showing loss of PDIA6 protein and altered glucose metabolism
[97]. However, many molecular aspects of B-cells remained unexplored in this study,

which focused on the concomitant immunodeficiency.

To shed more light on the involvement of PDIAG in B-cell development and function, a
new mouse model with a F175S mutation (Pdia6"/5%) was analyzed in detail within this
thesis. Besides in vivo experiments, immunofluorescent staining was applied to
pancreatic tissues sections, protein expression was analyzed in pancreatic tissue and

gene expression was analyzed in isolated islets. The focus was to evaluate the state of
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the islets and especially of the B-cells covering the aspect of B-cell dedifferentiation,

oxidative state of the islets and ER-stress.

2.3 MODY1 and gene therapy project

A lot of information is available about MODY1 patients, their mutations and phenotypes,
and about treatment options. However, to the best of our knowledge, there is no mouse

model published that reproduces the human phenotype.

As part of a multi-center project on MODYSs, our group aimed to identify a mouse model
that closely mirrors the human MODY1 phenotype and subject it to an innovative gene

therapy approach using a rAAV8 vector to treat B-cells.

In this work, six different Hnf4a mouse models were phenotyped, one of which was
additionally subjected to rAAV8-mediated gene therapy as proof of concept. Animals were
monitored in vivo for phenotypic variation e.g. by regular checks of the blood glucose
levels. In vitro analysis of pancreatic islets and the liver were performed to evaluate the
expression of genes and proteins associated with Hnf4a. One model with significant

decrease of Hnf4a expression in islets was chosen for gene therapy treatment.
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3. Material and Methods
3.1 Materials
3.1.1 Chemicals

Table 2 List of chemicals

Ampuwa® (ultrapure H20)
BSA

Collagenase P

dH.O

EDTA

Absolute Ethanol (EtOH)

FBS

Glucose solution (20%)

HCI

HEPES solution (1 M)

Horse serum (heat inactivated)
KCI

KH2PO4

Methanol (MeOH)

MgCl;

Mineral Oil

NacCl

0.9% NacCl solution for injections
NazHPO4

NP40

OptiPrep™ Density Gradient Medium

PFA

Pluronic™ F-68
QIAzol Lysis Reagent
Trizma base
Tween®-20

Triton™ X-100
Xylene

Fresenius Kabi
Sigma Aldrich
Sigma Aldrich
From lab water supply
Sigma Aldrich
Sigma Aldrich
Gibco

B. Braun

Carl Roth
Sigma Aldrich
Gibco

Merck

Merck

Sigma Aldrich
Merck

Sigma Aldrich
Merck

B. Braun
Th.Geyer
Invitrogen
Sigma Aldrich
Sigma Aldrich
Thermo Fisher Scientific
Qiagen

Sigma Aldrich
VWR

Sigma Aldrich
VWR
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B230672
A3311-100G
11213873001

ED2SS 1kg
1.00983
26140079
2356746
9277.1
28973.363
26050088
1.049.361.000
1.048.731.000
1.06009
8.147.330.500
M5904-500ML
1.064.045.000
02737756
86641000
FNN0021

S| D1556-250ML

P6148-1KG
24040032
79306
T1503-1KG

KRAF21440.2000

T9284
28973.363



3.1.2 Buffers and solutions

3.1.2.1 Genotyping
Table 3 Lysis buffer for genotyping

Tris pH 8.3 10 mM 3.3ml 1.5 M Tris

MgCl; 2.5 mM 0.625 ml 1 M MgCl,

KCI 50 mM 1.863 g KCI

H.O Dissolve in 489.712 mL H.O
autoclave

NP40 0.45% (v/v) 2.25 ml NP40

Tween®-20 0.45% (v/v) 2.25 ml Tween-20

Add after autoclaving, store at 4 °C

3.1.2.2 Tissue fixation and immunofluorescent staining
Table 4 Buffers for tissue fixation and immunofluorescent staining

PBS pH 7.4 (1x) 137 mM NacCl
2.7mM KCI
10 mM NazHPO.
1.8 mM KH;PO,
Dissolve in dH20, adjust pH to 7.4 with

HCI/NaCl
PBS-T (Wash buffer) 0.1% Tween®-20
in 1x PBS
4% PFA = 10% Formalin 4% PFA (Sigma)
in 1x PBS

prepare fresh on day of use; heat PBS
until too hot to touch, remove from heat,
add PFA under fume hood and stir until
dissolved; let cool down, store under
fume hood until use

Immunofluorescence 1% BSA
buffer 5% Horse Serum
0.3% Triton X-100
in 1x PBS
Tris-EDTA Antigen 10 mM Tris Base
Retrieval buffer (pH 9) 1mM EDTA
0.05% Tween®-20
In 1.5L dH.O
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3.1.2.3 Isletisolation, cultivation, lysis

Table 5 Buffers for islet isolation, cultivation and lysis

G-solution

Collagenase solution

RPMI Medium

10% RPMI

Optiprep

Optiprep/RPMI

Acid ethanol (0.18 M HCI
in 71% EtOH)

500 mL HBSS with calcium, magnesium, no phenol red (Life
technologies; 14025092)

5 mL antibiotic-antimycotic solution (Sigma Aldrich)
5 g BSA
Dissolve, then sterile-filter; store at 2-8 °C for up to 1 month

Dissolve 1 mg/mL of Collagenase P (Roche) in G-solution
8 mL are needed per mouse

445 mL RPMI 1640 medium with UltraGlutamine (Lonza)
5 mL antibiotic-antimycotic solution (Sigma Aldrich)

50 mL fetal bovine serum (Gibco)

store at 2-8°C for up to 3 months

5 mL RPMI medium
45 mL G-solution
store at 2-8°C for up to 1 month

20 mL OptiPrep™ Density Gradient Medium (Sigma Aldrich)
9.7 mL DBPS (Lonza)

300 pL 1M HEPES (Lonza)

store at 2-8 °C for up to 1 month

5 mL Optiprep for islet isolation
3 mL 10% RPMI
Prepare fresh on the day of use

375 mL absolute Ethanol (Merck)
117.5 mL dH,O

7.5 mL concentrated HCI (x)
Store at -20°C

3.1.2.4  Protein isolation and western blotting

Table 6 Buffers for protein isolation and western blotting

RIPA buffer

Running buffer

10 mL of RIPA Lysis and Extraction buffer (Thermo Fisher
#89901) were supplemented with

1 tablet cOmplete® Mini Protease Inhibitor Cocktail (Roche)
1 tablet PhosSTOP™ (Roche)

50 mL SDS MES Running Buffer (20x) (Life technologies)
950 mL dH:O
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Transfer buffer

200 mL MeOH
750 mL dH20

Blocking buffer
TBS (1x)

950 mL dH.0

TBS-T

3.1.3 Consumables and kits

Table 7 Consumables

384-well plates
96-well plates
Chirlac (suturing material)

Contour®Next One + sensors

Corning® Cell strainer pore size 70 um

Corning® filter system pore size 0.22
pgm

Coverslips 24x50mm

Deepwell, 1.1 mL plates

Gloves (Nitril NextGen)
Lab wipes

Microvette CB 300 LH (Lithium-
Heparin)

Microvette CB 300 EDTA K3 (Kalium-
EDTA)

Pasteur pipettes

Pipette tips 200-1000 pL, 200 uL, 100
uL, 0.5- 20 uL, 0.2-20 pL

Reaction tubes 50 mL, 15 mL

Reaction Tubes, Safe Lock; 2 mL, 1.5
mL, 0.5 mL

Roche
Fortitude
CHIRANA T. Injecta

Ascensia Diabetes
Care

Sigma Aldrich
Sigma Aldrich

Roth

VWR

Meditrade
Kimtech Science
Sarstedt

Sarstedt

Sarstedt

Biosphere

Sarstedt

Sarstedt
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50 mL Transfer Buffer (20x) (Life technologies)

Intercept Blocking Buffer (TBS) (Li-COR)
50 mL Pierce™ 20X TBS Buffer (Thermo Fisher)

0.1% Tween® 20 (Sigma Aldrich) in 1x TBS

04729749001

PG0203-2

CLS431751-50EA
CLS431097-12EA

5000510

732-3322

5000445
7558
16.443

16.444

5000416

5001194, 5001563,
5001565

5000755;

5000634, 5000631,
5000445



Serological pipets 50 mL, 25 mL, 10
mL, 5 mL

S-Monovette
SuperFrost® Plus slides

Syringes (OMNICAN 50 0.5ML
0.30X8MM G30x1/2)

Table 8 Kits

C-peptide ELISA

Insulin ELISA

Glucagon ELISA

High Pure Viral NA Large Volume Kit
Micro BCA™ Protein Assay Kit
Pierce™ BCA Protein Assay Kit
Proinsulin ELISA

QuantiFast SYBR Green PCR Kit
RNeasy Plus Micro Kit

Superscript IV First-Strand Synthesis
System

3.1.4 Laboratory equipment

Table 9 Laboratory Equipment

Axio Imager M2 (Microscopy)
AxioScan.Z1

Centrifuge (plates)

Centrifuge (small tubes)
Centrifuge (bigger tubes)
Centrifuge (small tubes, cooled)
ClipTip pipette

Cold room

Fine scale

Freezer -20°C

Greiner

Sarstedt
VWR
Neolab

BioCat

Mercodia
Mercodia

Roche Diagnostics
Thermo Fisher
Thermo Fisher
Mercodia

Qiagen

Qiagen

Thermo Fisher

Zeiss
Zeiss
Eppendorf
Heraeus
Hettich

Material and Methods

5000549; 5000550;
5000551; 5000552

5000504
9151117

EKL56453-BM
10-1247-10
10-1281-01
5114403001
23235

23227
10-1232-01
204057

74004
18091050

Heraeus/Thermo Fisher

Thermo Fisher

Integrated into the building

Ohaus
Liebherr
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Fridge +4°C

Glassware

Incubator (Cell culture)
Isoflurane Machine
Lightscanner

LSM880 (Confocal microscope)
Magnetic stirring plate

Matrix pipettes (30 uL, 125 pL)
Microtome

Multichannel pipettes
NanoPhotometer®

PCR cycler

pH meter

Pipettes

Ring-light

Rocking Platform

Scale (laboratory)

Scale (mouse work)
Sonicator

Stereomicroscope

Sterile work bench

Timer

Tools for mouse work/surgery
Varioskan LUX (Plate Reader)
Vortexer

Water bath
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Liebherr

Schott

Heraeus
Zevenaar Holland
Idaho Technology
Zeiss

IKA Labortechnik
Thermo Fisher
Thermo Scientific
Dunn

Implen

Tetrad

Fisher Scientific

Eppendorf Research® plus (P1000, P200,
P100, P20, P10, P2.5)

Leica

VWR

Ohaus

Sartorius

Apogent Discoveries
Leica

Schulz Lufttechnik GmbH
Roth

Fine Science Tools
Thermo Fisher
Neolab

Julabo
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3.1.5 PCR and RT-qPCR primer pairs
3.1.5.1 PCR primer pairs for genotyping
Table 10 Genotyping primer pairs
Mouse line forward reverse
Ins2€109¢ GCGTGGCATTGTAGATCAG GTGCTCATTCAAAGGTTTTATTCA
Ins2V26D GCCTATCTTCCAGGTTATTGTTT GTGTAGAAGAAGCCACGC
Hnf4a'mib ACTGGAGGCTGAAGTTCAGAT GCGTTTCACCCTGCCATAA
Hnf4 GGTTAGGAGTCATTCGGTCT GAACTGGATCTGTTCGATCA
Hnf4 GATAAGAGGAACCAGTGTCG CCTGTCACAGAGCCATAAAG
Hnf4a-KI CGATCACCAAGCAAGAAGCC CTGAGGGTATGAGCCAGCAG
Pdia GTCATGTTGCTGTGACAGG TCCACACCACGGAGCATA

Vector CGATCACCAAGCAAGAAGCC CTGAGGGTATGAGCCAGCAG

aR333L
aG 124A
6F17SS

%))
=
®
Q
=
=
Q

3.1.5.2 RT-qPCR primer pairs for gene expression analysis
Table 11 Housekeeping genes primer pairs
Gene forward reverse
Actb GCCACCAGTTCGCCAT CATCACACCCTGGTGCCT
Atp5b GGTTTGACCGTTGCTGAATAC TAAGGCAGACACCTCTGAGC
B2m GCTATCCAGAAAACCCCTCA GGGGTGAATTCAGTGTGAGC
Cycl CGGGAAAGTAAGGGTTGAAATAG GTTCGAGCTAGGCATGGTG
Fbxw?2 ATGGGTCACCAAGGTGGTT TCCCAATTGGCCAAATCTT
Ctieli | CATTGTCATACCAGGAAATGAGC TGGAGAAACCTGCCAAGTATG
Hmbs GCTGAAAGGGCTTTTCTGAG TGCCCATCTTTCATCACTGT
focEl . TGAAGCCTACCAGAAAGTTTGC GCCTGTTTCCGTAACCTCAA
Sdha GCAATTTCTACTCAATACCCAGTG  CTCCCTGTGCTGCAACAGTA
Tbhp CCCCACAACTCTTCCATTCT GCAGGAGTGATAGGGGTCAT
et AAGGAGGATGCTGCCAATAA GCTGTGGAAAACCAAGAAGC
Ubc GCAGATCTTTGTGAAGACCC GAAGGTACGTCTGTCTTCCT
Ywhaz TGCAGCCAGAAGAATATCCA AAGAGACAGTACATCGTTGCAGA




Table 12 RT-qPCR primer pairs

TCAACTTGTCTGGTGGTCAGC
GAGTCAGTCCATGTTCTGTTT
CGAGAACACGTTGCCATAC
ATATCTCATCCCCAGGAAACG
TTCCACTTCTCACTGCCG
TCTGAAGCTTGCCCCAC
CACGCTAAGTAACGAAAGCAA
AGGCTCACAAGGCAGAAAAA
CTGTTAGCAGGATGGCAGCTT
AGGCTCCAGCTTCCTGA
GGTCCACGGTGTACGGTA
GTTCTGTCCCAGCAGATCACC
CGTGCTGCTCCTAGGCAATG
GTTCTTGAACACACCGACGC
GCAAGCAGGTCATTGTTTCA
CAGCAAGCAGGAAGCCTATC
CTGTGGTCAAGATGGACTGG
AAGGGCATTATCCCTGAGGAA
CAGCAGCGGCACATTCTG
CTTCACGTCGAACTTGAGAAGG
TAAGATCCCGGTGATCATCG
GTCGGGAGAACTAGGATGGC
CAAGATCAAGCCCCACCTGAT
AGCTCCTTGGCAGCTTTCTC
TGGCTCCAGGTTTTTGCAGT
CAGTGGGCAGGAGGTGCTTA
GGCCTAGGTATGGGAAGAGA
GGGGACAAACTTGGAAGGAT
CCTACAGCTGAGTCAGCTT
ACCGGGAAACAGGAACT
GCTGTGCCCCTCGACCT

34

GAGCTGAGAAAGGGTCATCCA
CGTTCCTGAGGAGTTGGAT
CCAACCTCTGATGAGTTGGAA
TCTTCCTTGCTCTTCCTCCTC
AGTGGAAAGCTGAGGTATATCT

GATACTTCATGAAATCAAGTCATTTCC

CCGCTCATCATCAAGTTCAC
CAATGTTGTTCCGGTTCCTC
TTTCCTGGAGAGATGCTGTGG
GTTTAGCTGGTGGCTTCTTG
GTGGCTGAGACCAGCTT
CTTCTTTGCCCGAATGTCGC
CATCGAGGATGCGGATGGAC
GTGTGTGAGACCAGAACCGT
CACTTGTGGGTCCTCCACTT
GCTCCAGTTGTGCCACTTGT
GAAGCGGGAAGTGAAGTAGC
TTGCCTTTCTTGGACACGAAG
GCCCGCCAACTTCTCGTAT
TAGCGATGGCCGCGGAG
GGCGCCGGATGATCTTGA
GGAGCAGTCCCTAGGTATG
AGTTCCCCCCAACCAGTACTT
TGCAGACATTATTTTGGTGGA
ATTGTAGATGCCGCCCTCAG
GCCCGGGTGTAGGCAGTAC
CAGGGAATCAAGCCAACTG
TGAGGCCAGCAATCTGACTA
ACATCAATGTCAACCTCAATGC
CATCTCGTCCTGCTCAG
TGGGCATCAGCATCGCT



TGAA

3.1.6 Antibodies

(0t ACACGCTTGGGAATGGACAC
(u+s)

ot e 1 CAAAAGGATATCAGACTCAGAATC  GAGTCCGCAGCAGGTGC

Material and Methods

CCATGGGAAGATGTTCTGGG

3.1.6.1 Antibodies for immunofluorescent staining

Table 13 Primary and secondary antibodies for immunofluorescent staining

Primary antibody

Host

Working
dilution

Company

Catalogue
number

Calnexin
Calreticulin
Cleaved Caspase 3
Glucagon
GRASP65
Insulin
Insulin
KI-67
NKX6-1
Proinsulin
P62

Secondary antibody

goat
rabbit
rabbit
mouse
rabbit
rabbit
mouse
rabbit

goat
mouse
rabbit

1:200
1:200
1:200
1:1000
1:200
1:500
1:300
1:200
1:200
1:200
1:200

Working
dilution

Novus biological
Abcam

Cell Signaling
Sigma Aldrich
Invitrogen
Cell Signaling
Abcam

Cell Signaling
R&D Systems
DSHB

Cell Signaling

Company

NBP1-37774
ab92516
#9664
G2654
PA3-910
#3014
ab6995
#12202
AF5857-SP
GS-9A8
#5114

Catalogue
number

AlexaFluor® 488 anti-rabbit
AlexaFluor® 488 anti-mouse
AlexaFluor® 488 anti-goat
AlexaFluor® 594 anti-rabbit
AlexaFluor® 594 anti-mouse
AlexaFluor® 647 anti-mouse
AlexaFluor® 647 anti-rabbit
DAPI (nuclear dye)

donkey
donkey
donkey
donkey
donkey
donkey
donkey

1:500
1:500
1:500
1:500
1:500
1:500
1:500
1:1000
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Life technologies
Life technologies
Life technologies
Life technologies
Life technologies
Life technologies
Life technologies
Sigma Aldrich

A-21206
A-21202
A-11055
A-21207
A-21203
A-31571
A-31573
D9542



3.1.6.2 Antibodies for western blot

Table 14 Primary and secondary antibodies for western blot

Primary antibody Host \(/jvl(ljl:EIcTr? Company Cr?ltfrl:l%%l;e
a-Tubulin mouse 1:5000 Abcam ab7291
a-Tubulin rabbit 1:5000 Abcam ab4074
BiP (Grp78) rabbit 1:1000  Proteintech 11587-1-AP
CHOP mouse 1:1000 Cell Signaling #2895
HNF4A rabbit 1:1000 Abcam ab199431
IRE1A rabbit 1:1000 Cell Signaling #3294
P-IRE1A rabbit 1:1000  Novus NB100-2323
P62 (SQSTM1) rabbit 1:1000 Cell Signaling #5114
PDIA1 rabbit 1:1000  Proteintech 11245-1-AP
PDIA4 rabbit 1:1000  Proteintech 14712-1-AP
PDIAG rabbit 1:1000  Proteintech 18233-1-AP
PERK rabbit 1:1000 Cell Signaling #3192
P-PERK rabbit 1:1000 Cell Signaling #3179
VCP mouse 1:5000 Proteintech 10736-1-AP

: Working Catalogue

Secondary antibody Host dilution Company number
IRDye® 680RD Goat anti- goat 1:15000 Li-COR 926-68070
Mouse IgG Secondary
Antibody
IRDye® 800CW Goat anti- donkey 1:15000 Li-COR 926-32211
Rabbit IgG Secondary
Antibody
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3.2 Methods

3.2.1 Animal husbandry and ethics statement
Animals were kept under specific-pathogen free (SPF) conditions in individually-
ventilated cage systems (IVC) with a 12 h dark/light cycle (6 am — 6 pm) and free access
to standard chow diet and water. Cages were enriched with nesting material, gnawing
sticks and mouse houses. Colonies were propagated by natural mating and maintained
on their original genetic background (see Table 15). All experiments were performed in
compliance with the animal welfare guidelines and were approved by the state ethics

committee by the government of Upper Bavaria.

3.2.2 Overview of mouse lines
In Table 15, an overview of all mouse lines that were analyzed for this thesis is provided.

Details on the identification of the models are described in the results section.

Table 15 Overview of mouse lines

Ins2¢1096 C3HeB/FelJ 4.1.1
Ins2V26P C3HeB/FelJ 4.1.1
Hnf4a™m1® C57BL6/NTac 4.3.2
Hnf4aR333t C3HeB/FelJ 4.3.3
Hnf4aC124A C3HeB/FelJ 4.3.3
Hnf4amip/R33sL C57/C3H 4.3.4
Hnf4aimib/c124A C57/C3H 4.3.4
Hnf4a-Kl C57BL6/NCrl 4.3.5
Pdia6"75s C3HeB/FelJ 4.2.1

3.2.3 Genotyping
DNA was isolated from ear punches by overnight digestion at 56 °C in 180 yL of Lysis
buffer (see Table 3) and 3 pyL Proteinase K (Qiagen). The next day, Proteinase K was
deactivated for 10 min at 95°C. DNA content was measured in a NanoPhotometer®
(Implen) device and subsequently diluted to =50 ng/uL. 2 uL of DNA were evaporated in
a 96-well plate for 1-2 h at 37 °C before adding 10 pL of Lightscanner Mastermix (see

Table 16) to each sample. Genotyping primers are listed in Table 10.
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Table 16 Lightscanner mastermix for genotyping

H.O (Ampuwa) 7.55
Phire Reaction Buffer (5x) 1x 2
dNTPs (10 mM) (Serva 200 pM 0.2
Electrophoresis)

LC Green Dye (10x) 1x 1
Primer 1 (200 uM) 0.5 pM 0.025
Primer 2 (200 uM) 0.5 pM 0.025
Phire Hot Start Il DNA Polymerase 0.2
Final volume 11

Reaction mixture was covered with 15 yL mineral oil (Sigma), then the plate was heat
sealed. DNA was amplified by PCR with annealing temperatures adjusted for each primer
set. The PCR was followed by high-resolution melting analysis using a LightScanner®
device (Idaho Technology Inc.) as described in detail elsewhere [137]. Analysis of the
melting curve was performed using the accompanying LightScanner® software. This

method is specifically suitable to detect single nucleotide polymorphisms (SNPs).

Table 17 PCR protocol

1x Initial denaturation 98 °C 30s
40x Denaturation 98 °C 5s
Annealing to be adjusted 5s
Elongation 72 °C 5s
1x Final elongation 72 °C 1 min
1x Improve heteroduplex 98 °C 30-60 s
1x 20 °C o0

3.2.4 Overview of experimental procedures
For each mouse line, an individualized set of in vivo and in vitro experiments were

performed depending on experimental plans and outcomes of the experiments. This is
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described in detail in the results section for each model. Here, a general overview of

experiments is provided. Detailed descriptions of the procedures can be found below.

3.2.4.1 Organ collection
Figure 8 shows an overview of organ collections and subsequent processing of the tissues
for various experiments. Blood was withdrawn from the retrobulbary plexus or the tail for
further analyses. The pancreas was withdrawn for tissue analysis, islet isolation or protein

isolation. The liver was withdrawn for protein isolation.

Tissue
analysis TEM
‘ : T - %, IsletRNA
\/‘\\ ¢ . [Isletprotein
27N QvL‘/ W

Fazes ‘Weoum ziced

-

i -
- VR Y

-
Whole pancreas
/ protein
Blood from the =
retrobulbary |+ § Tail blood
plexus Blood glucose
Liver protein ! measurements

Created in BioRender.com bio

Overview of organ collections and subsequent processing of the tissues for various molecular analyses
(created in BioRender.com).

Figure 8 Overview of organ collection
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3.2.4.2 Phenotyping (in vivo)
After weaning, the body weight and blood glucose levels of all 9 mouse lines were
regularly measured weekly or bi-weekly.

Three of the mouse models (Ins2¢1996, Ins2V26D Hnf4a-KI) were additionally phenotyped
following a standardized protocol for 18 weeks to analyze progression of the diabetic
phenotype. Measurements included regular monitoring of body weight, blood glucose
levels and plasma insulin. Additionally, mice were challenged with glucose or insulin to
determine their metabolic response at two different ages. Between each experiment, mice
were given 2 weeks to recover from procedures. An overview is provided in Figure 9.
Experiments marked in green are optional experiments. Experiments marked in grey and
blue were performed for all animals. For MIDY mouse models, experiments started at 4
weeks of age, since MIDY manifests very early in life in humans. Typically, MODY1
manifests only in the early adult age in humans, therefore experiments with MODY1
models were only started at 6 weeks of age.

Body Body NMR Body Body
weight weight weight weight
8 weeks
Start
Body Body Body Body Body
weight weight weight weight weight
18 weeks

Figure 9 Overview of the in vivo phenotyping pipeline

Mice were phenotyped following a standardized pipeline of experiments. For Ins2€199¢ and Ins2V2P, mice
were phenotyped starting from 4 weeks of age. Hnf4a-KI mice were phenotyped starting from 6 weeks of
age. Grey: Bi-weekly measurements of body weight and blood glucose Blue: Experiments performed for all
animals; Green: Optional experiments.
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Hnf4a™® mice were phenotyped following standard procedures from the German Mouse
Clinic (GMC) of the hypothesis-driven pipeline G “Glucose Metabolism”:

https://www.mouseclinic.de/research/gmc-pipelines/hypothesis-driven-

pipelines/index.html.

3.2.4.3 Gene therapy of Hnf4a-KI (in vivo)
Surgery for intraductal delivery of AAV gene-therapy vectors was performed on animals
aged 4 weeks. Mice were left to recover for another 4 weeks, before entering the same

experimental pipeline as described in Figure 9.

3.2.5 Invivo physiological methods and metabolic studies

3.2.5.1 Monitoring of body weight, blood glucose levels and body composition
Body weight was measured weekly using a standard balance (Sartorius). Blood glucose
measurements were performed bi-weekly at 2 pm in ad libitum fed animals from tail blood
using Contour®Next One and matching sensors (Ascensia Diabetes Care). Analysis of
body composition was carried out using non-invasive nuclear magnetic resonance (NMR)

(Bruker Minispec) to determine fat mass and lean mass.

3.2.5.2 Isoflurane anesthesia
Isoflurane anesthesia was used for blood sampling from the retrobulbary plexus.
Anesthesia induction was performed in an induction chamber with 5% isoflurane in air
(flow rate: 1-1.5 L per minute) using an appropriate device. Mice were removed from the
chamber to collect plasma. Anesthesia lasts for approximately 1-2 min, which is sufficient

for the procedure.

3.2.5.3 Plasma collection from the retrobulbary plexus
For in vivo-collection of plasma, a maximum of 10% of total blood volume (ca. 200-
350 uL) was collected into EDTA- or Heparin-coated tubes (Sarstedt) from the
retrobulbary plexus under deep isoflurane anesthesia using capillaries. Samples were
centrifuged for 10 min at 10°C at 5000xg to obtain plasma. Samples were immediately

snap frozen in liquid nitrogen.
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3.2.5.4 Plasma collection from the tall
For in vivo-collection of plasma, a maximum of 50 pL blood was withdrawn from the tail.
A small cut was made at the end of the tail, then the tail was massaged carefully to extract
blood from the tip directly into EDTA- or Heparin-coated capillary tubes (Sarstedt).
Samples were centrifuged for 2 min at 10°C and 8000 rpm (Heraeus Fresco) to obtain

plasma and were immediately snap frozen.

3.2.5.5 Metabolic studies: ipGTT and ipITT
Mice were fasted for 6 h (7 am to 1 pm) prior to ip injection of 2 g/kg glucose (20%, Braun)
for an intraperitoneal glucose tolerance test (ipGTT) or 0.75 U/kg insulin (Huminsulin, Eli
Lilly) for an intraperitoneal insulin tolerance test (ipITT). Blood glucose was measured
from tail blood at time point 0 using Contour®Next One and matching sensors (Ascensia
Diabetes Care). Afterwards, blood glucose was measured at several time points after
injection of glucose or insulin:

e ipGTT:5, 15, 30, 60, 90 and 120 min; additionally: plasma collection from tail blood
into EDTA-coated tubes (Sarstedt) at time points 0, 15 and 30 and subsequent
plasma isolation.

e ipITT: 15, 30, 60 and 90 min

3.2.6 Retrograde pancreatic intraductal AAV injection to Hnf4a-KI mice

For the gene therapy of Hnf4a-KI mice, recombinant AAV8 (rAAV8) particles containing
the Hnfda gene under a B-cell specific promoter (described in the patent application
EP21382080, schematically shown in Figure 10) were injected directly into the pancreas
via a microsurgical procedure, namely retrograde intraductal injection. Intraductal
injections were performed as described by Loiler et al. in 2005 [134] with some
modifications. This method is commonly used by our collaborators of the laboratory of
Fatima Bosch at the Autonomous University (UAB) [126, 135]. After intense training at
the Barcelona facility, we optimized the protocol to adapt to local circumstances and
recent discoveries. Exact procedures as performed are described in the results section
(4.3.6.1).
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Table 18 Buffer for AAV vectors (PBS+pluronics)

KCI 2.68
KH2PO4 1.46
NacCl 137.89
Na;HPO, 8
Pluronics F-68 10% (Gibco) 0.001%

Dissolve in dH-0, adjust pH to 7.4,
sterile filtrate and aliquot

Animals were separated into 2 groups: control group and treatment group. The control
group was injected with 200 pL of PBS solution (Table 18). For the treatment group, rAAV8
vectors (5x10% viral genomes (vg)) were diluted in 200 pL of the same buffer. As
determined by our collaborators at UAB, one dose containing 5x10*! vg is sufficient to

transduce most of the -cells.

Recombinant AAVS8 vector*
ITR B-cell specific promoter* Hnf4a pA ITR

*Sequences specified in the patent application EP21382080

Figure 10 Schematic of the recombinant AAV8 vector

Structure of the recombinant AAV8 vector used for gene therapy treatment. The vector includes ITRs
(inverted terminal repeats), a B-cell specific promoter, the Hnf4a gene and a polyadenylation sequence
(PA).

3.2.7 Organ collection
Before the final sacrifice, mice under deep isoflurane anesthesia were bled from the
retrobulbary plexus as described in section 2.2.5.3. Afterwards, mice were sacrificed by
cervical dislocation. Blood samples (up to 1 mL per mice upon final sacrifice) were
centrifuged for 10 min at 10 °C and 5000xg to obtain plasma, which were aliquoted and
immediately snap-frozen. Finally, the desired organs, such as the liver and pancreas,
were removed. Depending on the intended use, tissue was processed for fixation or snap-

frozen immediately for later RNA or protein extraction (see Figure 8 for an overview).
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3.2.8 Plasma analysis
To analyze hormone content in the plasma, ELISA kits were utilized. Insulin, proinsulin
and glucagon were measured using mouse ELISA kits from Mercodia, C-peptide using
BioCat mouse ELISA. All procedures followed the manufacturer’s instructions. All
samples were measured as duplicates. A Varioskan LUX (Thermo Fisher) reader was
used to measure the absorption. The duplicates were averaged, then the standard
deviation and %CV were calculated to assure measurement quality. Subsequently, a
standard curve was calculated from the calibrators using a 4P logistic curve or cubic
spline regression. Based on the standard curve, hormone concentrations were calculated

for each sample.

3.2.9 Tissue processing for paraffin embedding (pancreas)
After excision, pancreata were fixed for 24 h in 4% PFA (w/v, phosphate-buffered, pH 7;
see Table 4). Tissues were than processed for paraffin embedding using a Sakura Tek
VIP Tissue Processor following the manufacturer’s protocol. After processing, pancreata
were embedded in paraffin blocks for subsequent sectioning using a specialized device
(Thermo Scientific HistoStar).

3.2.10 Immunofluorescent staining of paraffin-embedded pancreas sections
Pancreas sections were cut at 4 um using a microtome (Thermo Scientific MICROM
HM340E) and pulled onto SuperFrost® Plus slides (Thermo Scientific). Pre-staining,
sections were deparaffinized in Xylene and rehydrated in a descending alcohol series (2x
100% EtOH - 2x 96% -> 80% > 70% -> 50%). For recipes of buffers used in IF staining
see Table 4. Heat-induced antigen retrieval was performed in a pressure cooker for 3 min
at full pressure in Tris-EDTA pH 9. After cooling in washing buffer, blocking was
performed in IF buffer for 2 h. Slides were incubated with primary antibodies in blocking
buffer overnight at 4°C, washed 3x 5 min in washing buffer, followed by incubation at RT
for 45 min with appropriate fluorophore-conjugated secondary antibodies and DAPI.
Slides were then washed 3-4x for 10 min in washing buffer before mounting with
Vectashield® Vibrance medium (Vector Laboratories). Finally, slides were left to dry for
at least 12 h before imaging. Primary and secondary antibodies as well as their working

dilutions are provided in Table 13. Confocal images were obtained using a Zeiss LSM880
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microscope at 20x or 63x magnification. Images were further processed using ZEN 2.6

blue (Zeiss) and Fiji software.

3.2.11 Morphometric analysis of the pancreas
To determine the a- and B-cell mass, fresh pancreata were dissected, briefly dabbed on
paper towel and weighed. Processing of samples, staining and scanning procedures as
well as image analysis were performed as previously described [138]. In brief, paraffinized
pancreata were cross-sectioned into 4-6 parallel, equidistant slices per sample, vertically
embedded in paraffin and cut at 4 ym. The staining was carried out with an automated
tissue stainer (Ventana) or as described in 3.2.10. Sections were digitally scanned using
an AxioScan.Z1 digital slide scanner (Zeiss) equipped with a 20x magnification objective.
Automated digital image analysis was performed by Annette Feuchtinger (Helmholtz
Zentrum Munchen) using the image analysis software Definiens Developer XD2
(Definiens AG) to determine several morphometric parameters, e.g. islet size, insulin- or
glucagon-positive area or number of cells. Finally, the a- and B-cell mass [mg] was
calculated by multiplying the detected relative glucagon-positive and insulin-positive cell

area by total pancreatic weight, respectively. Antibodies are provided in Table 13.

3.2.12 Transmission electron microscopy
Five to eight pancreas samples (=1 mm?3) were excised from random locations in the
pancreas and fixed in 2.5% electron microscopy-grade glutaraldehyde in 0.1 M sodium
cacodylate buffer pH 7.4 (Science Services). The samples were then post-fixed in 2%
agueous osmium tetraoxide, dehydrated in gradual ethanol (30-100%) and propylene
oxide, then embedded in Epon (Merck) and cured for 24 hours at 60°C. All following
procedures were performed by Thomas Kurth (TU Dresden). Semithin sections were cut
at 0.5-1 um and stained with toluidine blue to be examined microscopically for the
presence of islet section profiles. Corresponding ultrathin (70 nm) sections of islets were
mounted on slot copper grids and contrasted with uranyl acetate and lead citrate.
Sections were examined with a Jeol JEM 1400 Plus transmission electron microscope

equipped with a Jeol Ruby-CCD Camera.
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3.2.13 Islet isolation, cultivation and lysis
To isolate pancreatic islets, mice were first sacrificed by cervical dislocation before the
abdominal cavity was opened. Mice were placed under a stereomicroscope with the
anterior end facing towards the experimenter. The common bile duct was exposed by
dislocation of the gut and the liver. A micro bulldog clamp (Roboz) was placed on the
Ampulla of Vater, the site where the common bile duct enters the duodenum. For buffers
that were used for islet isolation please confer to Table 5. Then, the common bile duct was
entered with a 30G1/2 needle (Braun) and 3-4 mL of collagenase solution were perfused
into the pancreas. After perfusion, the pancreas was removed from the cadaver and
immediately placed on ice in a 15 mL reaction tube containing 3.5 mL collagenase
solution. Reaction tubes with perfused pancreata were kept for a maximum of 60 min on
ice before proceeding to the next step, thereby limiting the number of animals per
experimenter to approximately 6-8. Once all samples were collected, digestion of the
pancreata was carried out in a water bath at 37°C for 15 min with a gentle shaking step
at 7.5 min. All further steps were performed under a sterile working bench. First, 10 mL
of ice-cold G-solution were added to the tubes to stop the reaction, then samples were
centrifuged at 290xg for 2 min at RT. The supernatant, which contains mostly exocrine
tissue and fat, was carefully decanted. Using 10 mL of G-solution, the leftover pancreatic
digest was dissolved by repeated vigorous pipetting. The solution was filtered through a
metal mesh (pore size ca. 1 mm) into a 50 mL reaction tube to remove larger undigested
pieces. Another 10 mL of G-solution, used to rinse the 15 mL tube, were also filtered
through the metal mesh. Finally, the metal mesh was rinsed with another 20 mL of G-
solution to avoid loss of islets. The complete filtrate was centrifuged at 290xg for 2 min
at RT. After decanting the supernatant, containing mostly acinar cells, the pellet was
resuspended in 5.5 ml of Optiprep-RPMI solution. This resuspension was slowly pipetted
along the wall into a new 15 mL tube containing 2.5 mL Optiprep-RPMI, generating a
gradient. This gradient was then overlaid with 6 mL of G-solution to obtain a third layer.
Samples were allowed to incubate for further 10 min on the bench to improve gradient
formation and then centrifuged at 290xg for 15 min at RT with adjusted slow acceleration
and no break to avoid mixing of the gradients. Islets can now be found between the

second and the third layer of the gradient. They were carefully collected with a serological
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pipet and subsequently filtered through a 70 um cell strainer to remove leftover acinar
tissue. Islets were captured from the cell strainer by turning the strainer and rinsing with
G-solution into an untreated suspension culture dish. Then, islets were hand-picked under
a stereomicroscope and placed in a new suspension culture dish containing 12 mL islet
culture medium with a maximum of 60-80 islets per dish. Islets were left to rest and
recover overnight in an incubator at 37°C with 5% CO:2 infusion and humidified air before

subsequent islet lysis, RNA isolation or protein isolation.

To measure insulin content, 15 similar-sized islets were handpicked and immediately
lysed in 500 yL of ice-cold 0.81M acid-ethanol (Table 5). Lysates were immediately frozen

at -20 °C and kept for maximum %2 year until analysis.

3.2.14 RNA isolation from islets
After overnight resting, islets were hand-picked for RNA or protein isolation. RNA was
isolated using the RNeasy Micro kit (Qiagen) following the manufacturer’s instructions.
RNA concentration was measured using a NanoPhotometer® (Implen) device before
storing the RNA at -80 °C until use.

3.2.15 Gene expression profiling by gRT-PCR

3.2.15.1 Synthesis of cDNA
For cDNA synthesis, equal amounts of RNA were reverse-transcribed using
SuperScriptlV (Thermo Fisher). In brief, primers were annealed to template RNA by
heating to 65°C for 5 min and chilling on ice for 5 min. Then the real-time reaction mix
was added, mixed gently and briefly centrifuged before incubating at 50-55°C for 10 min
and subsequent inactivation of the reaction at 80°C for 10 min in a thermal cycler.
Reagents are provided in Table 19. Nuclease-free water was added to obtain a final

concentration of 2.5 ng/pL of cDNA. The cDNA was stored in aliquots at -20 °C until use.
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Table 19 cDNA synthesis

50 uM random primers (NEB) 1

10 mM dNTPs 1

RNA template X ng
(maximum up to 11 pL)

RNAse free H,O To 13 uL

5x SSIV Buffer 4
100 mM DTT 1
Superscript IV Reverse Transcriptase 1
RNaseOUT 1
Prepare master mix, add 7 pL to annealed To total of 20 uL
RNA
3.2.15.2 Quantitative real-time PCR (gRT-PCR)
Quantitative real-time PCR (gRT-PCR) is a method that can be used to perform
guantification of relative gene expression from cDNA samples using a fluorescent dye
such as SYBR Green. To obtain sequence information for desired genes, the ENSEMBL

genome browser (https://www.ensembl.org/index.html) was used. Primers were designed

manually for exon-exon junctions of each gene to ensure amplification of only mRNA.
Further, primers were designed aiming for final transcription products with a length within

a range of 70-300 bp to get optimal results. Primer-BLAST

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used as tool to design the primers
according to before-mentioned criteria. It was further used to exclude unspecific binding
to other areas of the genome. Primers were ordered from metabion international
(Planegg, Germany) and dissolved upon arrival to obtain a final stock concentration of
100 uM. Primer pairs were first tested on WT cDNA to ensure correct product size. The
melting curve was analyzed to further ensure specificity of the primer and amplification of

only one product.

The gRT-PCR was performed using QuantiFast SYBR Green PCR Kit (Qiagen) with
0.5 ng (islets) or 2 ng (liver) of cDNA per well in 384-well plates. Primers pairs were pre-

diluted in RNAse-free H20 to obtain a 3 uM primer master mix that were first pipetted into
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the wells. Three to four technical replicates were measured per sample to ensure quality
of the measurement. Matrix Electronic Pipettes (Thermo Fisher) or E1-ClipTip Electronic
Multichannel Equalizer Pipettes (Thermo Fisher) were used for efficient and precise
pipetting. Sequences of the primer pairs are provided in Table 12. The QuantiFast master

mix (see Table 20) containing all other components was then added on ice.

Table 20 QuantiFast master mix

Primer master mix (fwd. +rev. ) (3 pM) 0.3 uM 2
cDNA 0.5/2 ng/well Variable (x)
QuantiFast SYBR Green Master Mix (2x) 1x 10
RNAse-free H.O 8-x
Total Volume 20 pL

After pipetting, the plate was sealed to avoid evaporation and centrifuged before being
placed into a LightCycler® 480 device (Roche). The experiments were ran using the

following cycling conditions:
Table 21 LightCycler 480 cycling conditions

1x 95 10 min
35x 94 15s

60 60 s
1x 55-95 Melting curve

When the reaction was finished, data was extracted and Crossing point (Cp) values were
calculated from the accompanying software by the second derivative maximum method.
Averages and standard deviations were calculated for the technical replicates to ensure
data quality. Melting temperatures (Tm) were checked to assure amplification of only one

fragment.

For relative quantification, normalization to suitable housekeeping genes is key to the
experiment. Since mouse strains, genotypes or experimental set ups are different, the
optimal housekeeping genes must be sought individually. Therefore, for each new set-
up, a set of housekeeping genes (see Table 11) was analyzed. By using the BestKeeper

Excel tool [139], the most stable housekeepers were determined. Gene expression for
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Ins2€1996 was normalized to Rpl13a and Ubc, for Ins2V26P to Rpl13a and Thp, for Hnf4a-
Kl to Atp5b and Rpl13a, and for Pdia6™/°S to Rpl13a and Ubc.

Finally, data were analyzed as previously described using the Livak AACt method [140],
normalized to housekeeping genes and shown as relative expression compared to the

control group.

3.2.16 Protein extraction from islets
For protein extraction, hand-picked islets were collected in a 1.5 mL tube and centrifuged
for 1 min at 12,000 rpm. If less than 150 islets per animal were collected, samples of two
mice of the same genotype were pooled. Then, the medium was carefully removed and
the pellet washed in 1 mL of PBS without Ca2" and Mgz" (Lonza) and centrifuged again
for 1 min at 12,000 rpm. The supernatant was discarded and islets were resuspended in
100 yL of ice-cold RIPA Buffer (Thermo Fisher) supplemented with protease- and
phosphatase-inhibitors (Table 6). Samples were shaken at 1,400 rpm at 4°C (Thermo
Mixer C, Eppendorf) and sonicated 4x30 s to extract protein with in-between cooling
steps of 30 s on ice. Finally, samples were centrifuged at 13,000 rpm and 4°C for 10 min
to dispose insoluble components. The supernatant was transferred to a new 1.5 mL

reaction tube and stored at -80°C until use.

3.2.17 Protein extraction from whole pancreas and liver

For protein extraction from liver, tissue was first dissected into small pieces. For protein
extraction from the pancreas, the whole tissue was utilized. To extract tissue protein, a
Precellys Evolution instrument (Bertin Instruments) equipped with a Cryolys Evolution
cooling unit (Bertin Instruments) was used. For each sample, one tube from the CK14
2 mL Lysing Kit (Bertin Instruments) was prepared by adding 650 pL of ice-cold RIPA
Buffer (Thermo Fisher) supplemented with protease- and phosphatase-inhibitors (Table
6) to the tube and subsequent pre-cooling on ice. Samples were brought on dry ice and
only added to the pre-cooled buffer shortly before isolation. Tubes were then placed in
the Precellys centrifuge and lysed together (up to 24 samples) using the following settings
(Table 22):
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Table 22 Precellys setting

3x 4 20s 6000
4 30s pause
After isolation, samples were immediately kept on ice. To get rid of cell debris, samples
were centrifuged at full speed (13000 rpm) at 4°C for 30 min. To enhance storage
conditions, small tubes were pre-cooled on ice. After centrifugation, 3 layers are visible:
debris, protein solution, fat. Carefully, only the protein solution was pipetted and stored in
small aliquots at -20°C until use.

3.2.18 Western blot analysis
Islet protein concentrations were determined using the Micro BCA™ Protein Assay Kit
(Thermo Fisher) (dilution: 1:10). Liver and whole pancreas protein concentrations were
determined using the Pierce BCA Assay Kit (Thermo Fisher) (dilution: 1:100 or 1:200)
according to manufacturer’s instructions. For western blot analyses, samples were
prepared as reduced samples using BOLT reagents as suggested by the manufacturer
(Life technologies) (Table 23). For islets, due to low protein amount, 2 ug of protein per
sample were prepared, for liver and whole pancreas 40 ug. Once mixed together,

samples were denatured for 10 min at 70°C.

Table 23 Preparation of reduced samples for western blot

Sample X pL
BOLT LDS Sample Buffer (4X) 2.5 L
BOLT Reducing Agent (10X) 1puL
Deionized Water To 6.5 pL
Total Volume 10 pL

After denaturation, samples were loaded onto BOLT 4-12% gradient or 12% Bis-Tris Plus
gels (Life technologies). The Chameleon Duo Ladder (LI-COR) was used to visualize
protein separation during electrophoresis and to estimate the molecular weight of
proteins. For buffers, see Table 6. Gels were placed into the chamber (Mini Gel Tank, Life
technologies), loaded and the chamber was filled with SDS MES running buffer (Life
technologies). 1 mL of BOLT Antioxidant (Life technologies) was added to 400 mL of 1x
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SDS Running Buffer (Life technologies) to keep reduced conditions. After gel
electrophoresis (35 min at 200 V constant), proteins were transferred to nitrocellulose
membranes (0.45 pm or 0.20 um pore size, Life technologies) in the Mini Blot Module
(Life technologies) for 60 min at 10 V constant. After transfer, Ponceau solution (Sigma)
was applied to check for proper protein transfer to the membrane, then membranes were
washed in TBS-T until the red color disappeared. Blocking was performed in Intercept®
(TBS) Blocking Buffer (LI-COR) shaking for 2 h at RT. Subsequently, primary antibodies
were incubated at 4°C overnight (shaking). After washing in TBS-T, fluorophore-
conjugated secondary antibodies were incubated at RT for 45 min in blocking buffer
(shaking). Membranes were washed thoroughly 3-4x for 10 min in TBS-T to reduce
fluorophore-conjugates before infrared detection using an Odyssey Infrared Imaging
System (LI-COR) for membrane scanning. Subsequent densitometric quantification was
performed using the accompanying software Image Studio Lite Ver5.2 (LI-COR). Data
was normalized to a-tubulin expression and is shown as relative fluorescence intensity

(RFI). Antibodies and working dilutions are provided in Table 14.

3.2.19 Statistics and reproducibility
All statistical analyses were performed using GraphPad Prism 9. To compare two groups,
a two-tailed homoscedastic Student’s t-test or heteroscedastic with Welch’s correction
was performed. To analyze data generated from repeated measurements, a 2-way
ANOVA (analysis of variance) or mixed-effect analysis with Bonferroni correction for
multiple testing was performed. Values of p<0.05 were considered significant and marked
with one *, values p<0.01 were marked with two **, values p<0.001 were marked with
three *** and values where p<0.0001 were marked with four ****. The letter ‘n’ describes
the number of samples. A Shapiro-Wilk test was performed to check for normal
distribution in case n>10. Bar graphs were plotted displaying individual values, the bars
themselves equal mean values. Error bars equal either standard error of the mean (SEM)

where n>10, or standard deviation (SD) if n<10.
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4. Results

4.1 Neonatal diabetes mellitus caused by mutations in insulin:
Characterization of two novel mouse models Ins2¢1%°¢ and
Ins2V26D

Two novel mouse models for neonatal diabetes mellitus caused by insulin mutations,
often referred to as MIDY, were characterized in vivo following the standardized
procedure as described in 3.2.4.2. Additional molecular analyses for islet morphology, [3-
cell identity, ER-stress, and autophagy were performed to determine the underlying
mechanisms of how different Ins2 mutations lead to severe diabetes and how different
models with different mutations differ from one other. In the following chapter, only a
selection of results is presented in order to highlight important findings. Additional data
from younger animals and data from females, who exhibit a milder phenotype, are

provided in the appendix.

4.1.1 Identification of two novel Ins2 mutant mouse lines: Ins2¢199 gnd

The mouse models Ins2€19°¢ and Ins2V2P were identified for the first time on the basis of
phenotypic variation (hyperglycemia) in the Munich ENU mutagenesis screen [141, 142].
The chromosomal positions of the causative mutations were determined as previously
described [142] and Ins2 was suggested as the candidate gene. After 10 generations of
outcrossing to C3HeB/FeJ wild-type (WT) mice to reduce off-target mutations, point
mutations in the Ins2 gene were confirmed by sequence analysis (experiments performed
by Bernhard Aigner; LMU) (Figure 11A). In Ins2¢09  the cysteine at position 109 is
exchanged for a glycine (C109G). In Ins2V?6P, the valine at position 26 is exchanged with
aspartic acid (V26D). The positions of the new mutations in the preproinsulin molecule
are shown in Figure 11B in comparison to already known Ins2 mutations in other mouse
models. Only heterozygous mice, denoted here as Ins2¢199¢ and Ins2V?6P, and their
corresponding WT littermates were analyzed. Homozygous mice were viable, but showed
severe hyperglycemia at weaning age, which is why they were not included in these

studies for ethical reasons.
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Figure 11 Identification of novel Ins2 mutations

(A) Electropherograms of amino acid substitutions in Ins2¢199¢ and Ins2V26P,

(B) Amino acid (AA) sequence of the preproinsulin molecule is numbered in black letters (1-110)..
Green: Signal peptide (AA1-24); Red: B-chain (AA25-54); Yellow: C-peptide (AA57-87); Blue: A-
chain (AA90-110). AA of the A- and B-chain are numbered in red and blue, respectively. Included
are disulfide bridges (S=S) (A7-B7; A20-B19; B6-B11). Mutations of the novel mouse models
(Ins2V26D, |ns2C109G) are shown in black circles. Previously existing mouse models are shown in grey

circles (KINGS Ins2+/6325 Munich'ns?, Ins2Akita  |nsulin2Q104de) The sequence was obtained from
https://www.uniprot.org/uniprot/P01326.
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Results

4.1.2 Severe, early-onset diabetes and sexual dimorphism
In order to determine the onset and progression of the diabetic phenotype, 4-week-old
mice were subjected to the standardized procedure for phenotyping as described in
3.2.4.2. In contrast to females, mutant male mice of both mouse lines from an age of 15
weeks (Ins2¢199G Figure 12A-A’) or 16 weeks (Ins2V2%D, Figure 12D-D’) showed a
significantly reduced body weight compared to controls. Progressive hyperglycemia was
evident in males from an age of 6 weeks (Ins2¢1%9¢, Figure 12B) or 4 weeks (Ins2V?5P,
Figure 12E), while in females of both models from an age of 4 weeks a significantly and
consistently increased blood glucose level was observed (Figure 12B’ and E’).
Interestingly, the blood glucose levels in Ins2V?%P males rose rapidly above 25 mM (at 8
weeks of age) and continued to rise, while in Ins2¢19%¢ males the blood glucose levels
never reached 25 mM and decreased with age (beginning in 20-week-old mice). Plasma
insulin in 8- or 16-week-old random-fed animals was significantly reduced in males at
both time points, but in females only at the age of 8 weeks (Figure 12C-C’, F-F’).
Remarkably, in 16-week-old male animals no plasma insulin was detectable in 4 animals

(INs2€1096) or in 11 animals (Ins2V26D),

In summary, we observed severe early-onset diabetes in male animals and mild
hyperglycemia in females, which is a pronounced sexual dimorphism. Hyperglycemia is
accompanied by hypoinsulinemia in both females and males.

55



A Ins2°1%%% males B Ins2°'%°C males C

354 a5
Ins2°"9G . g wks (fed)  Ins21"9C . 16 wks (fed)
20 500 300 dkok ok
=
=
= s
£ 2 ;- - 2 400 2 4007 4 n
2 T w £ £ .
5 204 x . ¥ . 3 300 S 3004 aa
= S t 2 *EkEk 2
@ 200 w 200
" l—b—-—_.___.___._.____‘_.___‘*_‘ E ha E .
a pgzC10G o o Al
5+ ke s aC109G I = 100 = 100 N v
o 3C 109G~
10 ,+ Ins? _ . , o g gSN09G ‘ . ﬁ Fﬁ
4 5 6 T 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 4 [ 8 10 12 14 16 18 20 22 0 0

Age [weeks] Age [weeks]

i f
A Ins2°1%%C females B

Ins2%1%C females

36 35
Ins2“199G . g wis (fed)  Ins2°1%%C . 16 wks (fed)
30
30 3004 3004
=
= g
=
5 5 5 :
g £ 2004 £ 2004
= -k =
> 20 H H
e ® L] o
15| 100+ 100+
C103G+): E : * E
- pggC108G 4 Gl - H
- C103G /- : - Jﬂszcﬁna o o 3
10 InsZ InsaC19G" :
o s
4 5 B 7 B 9 10 1112 13 14 15 16 17 18 19 20 21 22 4 & & 10 12 14 18 18 20 22 0 0
Age [weeks] Age [weeks]
D Ins2'%° males E Ins2"*° males F
* V26D V26D
Ins2 - 8 wks (fed) Ins2' - 16 wks (fed)
304 5004 5004

Body weight [g]

A JpgpV2ED

i
¥ ps2VI0+- 59 & Jng2Ve0+ 100+ v 100 2
10 S psgVRe0el A =
0 0

* %
4004 A gdou-
3004 4 3004 -
A
200 004 aga

Plasma insulin [pM]
Plasma insulin

4 5 68 7T 8 9 101112 13 1415 16 17 18 19 20 21 22 4 6 8 10 12 14 16 18 20 22
Age [weeks] Age [weeks]

Ins2'%P females Ins2"%0 females

a4 35
Ins2V250 . g wks (fed) Ins2¥250 . 16 wks (fed)
304
301 _ 300 300
= =
= 254
£ 21 5 -4 g .
= 0 20 = =
H s £ 200 £ 200
=l = =
= 20 = 5 * 5 ™
o
3 o e e S E T | E P
® S 10 Sl » o
15 = £ 100 ) £ 100
NGO e '—O—r_.___.___.___._’_.____._. n 0
- Ins2 5. & VR0 ~ o
P Ins: F F
10 InsgV2e0er ]
0 0 0 [ 1 -
4 5 6 7 B 9 101112 13 14 15 16 17 18 19 20 21 22 ) 6 & 10 12 14 18 18 20 22
Age [weeks] Age [weeks]

Figure 12 Severe early-onset diabetes and sexual dimorphism in Ins2¢1%°¢ and Ins2V26P

(A-A’) Body weight [g] from ad libitum fed Ins2¢199¢ and WT; n=15. (B-B’) Blood glucose [mM] from ad
libitum fed Ins2€199¢ and WT; n=15. (C-C’) Plasma insulin [pM] from ad libitum fed Ins2¢199¢ and WT aged
8 weeks and 16 weeks; n=11-15 (4 out of 15 male het samples at 16 weeks were below detection limit).
(D-D’) Body weight [g] from ad libitum fed Ins2V?6® and WT; n=14-15. (E-E’) Blood glucose [mM] from ad
libitum fed Ins2V26P and WT; n=14-15. (F-F’) Plasma insulin [pM] from ad libitum fed Ins2V2¢® and WT aged
8 weeks and 16 weeks; n=4-15 (11 out of 15 male het samples at 16 weeks were below detection limit).
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Results

4.1.3 Effects of the mutations on islet morphology and B-cell mass
To analyze the effects of the mutations on islet morphology, we performed
immunohistochemistry using insulin and glucagon on pancreatic sections from male and
female animals at the age of 8 weeks. Throughout the islets of mutant animals of both
models, we observed centrally dispersed a-cells after co-staining for glucagon (GCG, a-
cells) and insulin (INS, B-cells) (Figure 13A), which deviates from the normal distribution
in mice. The insulin content of islets was significantly reduced in all mutant animals (Figure
13B-B’). Furthermore, morphometric analysis in male Ins2¢19°¢ showed decreased B-cell
mass, while a-cell mass remained unaffected (Figure 13C). We also found that the mean
islet size was reduced in Ins2¢199G (Figure 13D). Interestingly, we did not observe any of

these changes in Ins2V2P mice (Figure 13C’-D’).

Since we observed very early onset of severe hyperglycemia, islets from animals aged
P7, P15, and 4 weeks (1 month) were also co-stained with insulin and glucagon to
observe morphologic changes throughout time. At all these ages, we did not observe any
obvious differences in islet composition and a- and B-cell localization (Supplementary

Figure 2A, C), hinting that disturbed islet morphology is a secondary effect.

Taken together, we observed a disturbed islet morphology and reduced insulin content in
both models at 8 weeks. However, loss of B-cell mass and reduced mean islet size were

only observed in Ins2¢1%°C animals.
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Figure 13 Islet morphology, insulin content, B- and a-cell mass and mean islet size in Ins2¢1°°C and Ins2V26P

m
m

(A-A’) Representative images of islets of Langerhans from WT, Ins2€199¢ gand Ins2V2%P animals. DAPI: blue,
insulin: green, glucagon: red. Scale bars equal 50 pum. (B-B’) Insulin content [ng/islet] of isolated islets from
8-week old animals, n=7-13. (C-C’) Beta- and alpha cell mass in [mg]; (D-D’) mean islet size in [um?] from
WT, Ins2C109G gnd Ins2V260 males at the age of 8 weeks; n=6.
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Results

4.1.1 Reduced proinsulin staining and dysregulated secretion of hormones to
the blood stream in 8-week-old mutants

Processing from proinsulin to insulin is tightly regulated in B-cells. It has been shown that
an aberrant cellular localization of insulin and proinsulin can indicate deficits in the
processing from proinsulin to the mature hormone [143]. To assess whether intracellular
displacement occurs in our Ins2 mutations, we performed immunohistochemistry using
insulin (INS) and proinsulin (PROINS) in males. Normally, insulin and proinsulin do not
co-localize [143], which we also did not observe in either of the two models, suggesting
normal processing. However, we observed greatly reduced proinsulin staining in mutants
of both models (Figure 14A-A’).

Since we observed significantly reduced insulin content in isolated islets, reduced plasma
insulin in randomly fed animals, and reduced proinsulin staining, we aimed to assess the
effects of the mutations also on the secretion of insulin and proinsulin in fasted animals
at 8 weeks of age. In addition, the ratio of insulin to proinsulin in plasma was assessed to
confirm that no processing deficits occurred. In mutant males, fasting hyperglycemia was
accompanied by hypoinsulinemia and hypoproinsulinemia, whilst the INS/PROINS ratio
was comparable between the groups (Figure 14B-B’). In addition, the plasma
concentrations of glucagon and C-peptide were checked and found comparable between

mutant and wild-type males of both lines (Figure 14C-C’).

In females of both lines, we observed only mild fasting hyperglycemia. However,
hyperglycemia was not accompanied by significant changes in plasma insulin and
proinsulin, including the INS/PROINS ratio (Supplementary Figure 1A-B). We also did not
detect differences in plasma glucagon and C-peptide (Supplementary Figure 1B-B’). Yet,

we found reduced insulin content in isolated islets (Figure 13B-B’).

To analyze the onset of secretory deficits, we analyzed blood glucose levels and plasma
insulin in P7, P15 and 1 month old animals (Supplementary Figure 2 B, D, E, and F). P7
and P15 animals were not fasted prior to analysis, 1 month old animals were fasted for
6 h.

Whilst blood glucose levels in Ins2¢10°C were already significantly elevated from P7 on at

all further time points, plasma insulin was not significantly different. At 1 month, more
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hormones were checked including analysis of insulin content from isolated islets. Indeed,
insulin content was found to be already reduced at 1 month, indicating a very early onset
of insulin deficiency (Supplementary Figure 2E). In the plasma, insulin and proinsulin were
found to be decreased with one sample in even below the detection limit in Ins2¢1096,
Additionally, at this age, the INS/PROINS ratio was significantly increased, differing from
animals aged 8 weeks. The other hormones remained unaffected (Supplementary Figure
3A).

In contrast, in Ins2V26D animals, blood glucose levels and plasma insulin were similar at
P7 and P15 (Supplementary Figure 2D). Only at 1 month of age, fasting blood glucose was
increased whilst plasma insulin and insulin content in isolated islets both were significantly
reduced (Supplementary Figure 2F). Proinsulin was also significantly reduced which was
accompanied by an increased INS/PROINS ratio (Supplementary Figure 3B). Further,
glucagon was significantly upregulated and there was less C-peptide detected which was

not the case in 2-month-old animals.

In conclusion, we show that the phenotype manifests very early in life, in Ins2¢10°9C already
at P7, differing thereby from Ins2V26P, where the first significant differences are observed
at 1 month of age. Interestingly, INS/PROINS ratios were significantly increased at 1
month of age, but not at 2 months. Further, it can be stated that in both mouse lines the
respective mutation manifests itself in a stronger phenotype in males compared to

females.
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Figure 14 No aberrant localization of proinsulin, but reduced insulin and proinsulin secretion to the plasma in males

(A-A’) Representative images of islets of Langerhans of (A) Ins2€199C gor (A’) Ins2V26P and WT animals.
DAPI: blue, insulin: green, proinsulin: red. Scale bars equal 50 um. (B-B’) Blood glucose [mM], plasma
insulin [pM], plasma proinsulin [pM] and ratio of insulin/proinsulin from 8-week-old 6 h fasted (B) Ins2¢109
and (B’) Ins2V280 and WT mice; n=4-7. (C-C’) Plasma glucagon [pM] and plasma C-peptide [pM] from 8-
week-old 6 h fasted (C) Ins2¢10°CG and (C’) Ins2V260 and WT mice; n=4-7.
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4.1.2 Altered insulin tolerance in 20-week-old animals
To analyze whether animals remain sensitive to insulin and to examine whether sensitivity
changes over time, ipITTs were performed at 10 weeks and 20 weeks of age as described
in 3.2.4.2. At 10 weeks, animals of both lines did not show signs of impaired insulin
tolerance (Figure 15A-B). However, in 20-week-old animals we observed differences
between the two mouse lines. Exogenous insulin lowered blood glucose significantly
stronger in Ins2¢19%¢ males compared to WT including a smaller AUC (Figure 15A’). In
contrast, Ins2V?6P males showed a delayed response to insulin, which was associated

with an increased AUC.

In females, effects were less pronounced. Only in 20-week-old Ins2¢10°C females a slightly
delayed response to insulin without any concomitant change in the AUC was observed.

In Ins2V26P females, no significant changes were observed (Supplementary Figure 4A-A’).

In summary, mutant animals develop an aberrant response to exogenous insulin over
time.
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Figure 15 Altered insulin tolerance in 20-week-old males

(A) ipITT (0.75U/kg BW) in 10-week-old Ins2€199G and WT; AUC; n=14-15. (A’) ipITT (0.75U/kg BW) in 20-
week-old Ins2€1096 agnd WT, AUC; n=14-15. (B) ipITT (0.75U/kg BW) in 10-week-old Ins2V260 and WT, AUC;
n=15. (B’) ipITT (0.75U/kg BW) in 20-week-old Ins2V26P and WT, AUC; n=14-15.
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4.1.3 Loss of functionally mature B-cell identity
Hyperglycemia, or diabetes, independent of the type, is either accompanied by or the
result of B-cell dysfunction. In a next step, we tested the expression of genes associated
with the maturation and identity of functional B-cells [23] in isolated islets from 8-week-old
animals. We observed a significant downregulation of Ins2, Ins1, Pdx1, Mafa, Ucn3 and
Slc2a2 (Figure 16A-A’) in male mutants compared to wild types of both lines, while Pax6
was only downregulated in Ins2¢1%°¢ animals (Figure 16A). In females, the aforementioned
genes were also downregulated significantly in both models, although to a lesser degree.
Interestingly, Ins2 and Ins1 were not downregulated in Ins2¢1996 females (Supplementary
Figure 4B-B’), providing a possible explanation for the milder phenotype and stressing

again the sexual dimorphism.

In addition, we performed immunohistochemistry on pancreatic sections of male animals
aged 8 weeks with a combination of INS, GCG and NKX6-1, another crucial B-cell identity
marker [25]. We counted mature -cells as double positive for INS and NKX6-1 and
observed a significantly decreased number of NKX6-1+/INS+ double positive cells in
Ins2V?6D mutant animals, but only a trend towards a decreased number in Ins2¢109
mutants (Figure 16B-B’) compared to wild types. Furthermore, in Ins2V25° mutants we also
detected an increased number of cells positive for INS and GCG, which may indicate the

existence of polyhormonal cells. A few of them are highlighted in the images (Figure 17B’).

Taken together, these results suggest loss of functionally mature 3-cell identity in mutant
males of both Ins2¢199 and Ins2V26P at the age of 8 weeks, while effects of the mutation

in females were less pronounced.

We next analyzed the expression of genes encoding for other pancreatic hormones. The
a-cell genes Geg and Mafb, as well as the genes encoding for the pancreatic hormones
somatostatin (Sst), pancreatic polypeptide (Ppy) and ghrelin (Ghrl) as well as glucokinase
(Gck), were not significantly regulated in Ins2¢109 islets (Figure 16C), while in Ins2V26P
only Gcg expression was upregulated (Figure 16D) compared to expressions in wild types.
In conclusion, in Ins2¢1%9¢ and Ins2V?6P mutant animals, other cell types were largely

unaffected, suggesting a B-cell-specific effect of both mutations.
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Results

Similar gene expression analyses were performed in younger animals aged 4 weeks to

check progression of the disease and analyze potential differences compared to 8 weeks-

old animals. Indeed, we observed downregulation of all the aforementioned genes

associated with mature B-cells already at younger age. Further, Ngn3 was increased

significantly (see also 1.4.5). The data is shown in Supplementary Figure 5A-B and

Supplementary Figure 6A-B and is discussed in the discussion section of this thesis.
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Figure 16 Loss of functionally mature -cell identity
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(A-B) Relative mRNA expression of Ins2, Insl, Pdx1, Mafa, Ucn3, Pax6 and Slc2a2 in 8 weeks old (A)
INs2C109G gnd (B) Ins2V250 males compared to WT; n=3-4. (C-D) Relative mRNA expression of Gcg, Mafb,

Sst, Ppy, Ghrl and Gck in (C) Ins2€109 and (D) Ins2V26P males compared to WT; n=3-4.
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Results

4.1.4 Severe dilation of the ER and displaced calreticulin
As described in the introduction, misfolding of insulin is quite common due to the generally
high load of proinsulin synthesis. Mutations in the insulin gene can additionally increase
misfolding and lead to potential accumulation of misfolded molecules in the ER (see also
1.4.1). As known for Ins2 mutant C96Y (Akita), misfolded proinsulin accumulates in the
ER [89]. We therefore analyzed 3-cells of Ins2 mutants C109G and V26D together with
wild-type littermates aged 8 weeks by transmission electron microscopy (TEM) (imaging
performed by Thomas Kurth, TU Dresden). In addition, we performed
immunohistochemistry on pancreatic sections from animals of the same age to detect

proinsulin and calreticulin, which is an ER-resident soluble chaperone [144].

In fact, we observed a highly distended rough endoplasmic reticulum (rER) in mutants of
both models compared to wild types (Figure 18A-A’). Other organelles appeared normal.
The subsequent co-staining of proinsulin (PROINS) and calreticulin (CALR) showed that
calreticulin was not as clearly arranged around the nucleus as observed in the wild types
and it did not co-localize with proinsulin, especially in C109G mutants (Figure 18B-B’)

whilst in wild types, co-localization was visible.

A co-staining of proinsulin with the Golgi membrane-marker GRASP65 was
inconspicuous in both models (Supplementary Figure 7) and, as in the wild type, showed
co-localization of proinsulin with the Golgi apparatus in both mutants (arrows in
Supplementary Figure 7). The additional staining for the ER-membrane marker calnexin
(CALN) showed a less dense signal, which is consistent with the observed displaced
CALR staining.

Taken together, we observed a severely dilated ER in the B-cells of both models,
concomitant with displaced calreticulin and calnexin. Otherwise, proinsulin is present in

the Golgi apparatus.
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Figure 18 Severely enlarged rER and displaced calreticulin

(A-A’) Representative transmission electron microscopic (TEM) images of B-cells of 8-week-old (A)
INns2C109G gnd (A’) Ins2V26P and respective WT males. Scale bars equal 5 pm. Exemplary cellular structures
are denoted as follows: G= Golgi apparatus; I= insulin granule; M= mitochondrion; N= nucleus; rER= rough
endoplasmic reticulum. (B-B’) Representative images of islets of Langerhans’ of (B) Ins2¢109 and (B’)
Ins2V26D and respective WT males. DAPI: blue, proinsulin: green, calreticulin: red. Scale bars equal 20 pm.
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Results

4.1.5 Dysregulation of PDI genes, PDIAL1 and ERO genes

The amino acid substitutions in the insulin gene and the observed severe dilation of the
ER make a misfolding of proinsulin in both mouse models very likely [36], which is why
we expected a different regulation of genes associated with oxidative folding of proteins,
namely protein disulfide isomerases (PDIs) and ER-oxidoreductins (EROs) (see also
1.4.3 for the oxidative folding of proinsulin). Effects could be visible especially in Ins2¢1096,
where one of the three disulfide bonds is disrupted due to the cysteine-to-glycine
substitution. In Ins2V25P animals, no disulfide bond is disrupted, however we observed an
equally strong dilation of the ER, which prompted further investigation.

We analyzed the expression of three key genes for protein disulfide isomerases (Pdial,
Pdia4 and Pdia6), which have been shown to play important roles in insulin folding [61,
100] and two key ER-oxidoreductins (Erola, Erolb) in the islets of 8 week-old mutant
animals and wild types. ER-oxidoreductins are responsible for the re-oxidation of PDls,
especially of PDIAL [59] and thus also play an important role in proinsulin folding. Erola

is expressed in most tissues, while Erolb is specifically enriched in pancreatic islets [62]

In Ins2€199G animals, the expressions of Pdia4 and Pdia6 were significantly upregulated
compared to wild types, while this was not the case for Pdial. However, when we
analyzed protein expression of PDIAL, because it is the most abundant oxidoreductase
and was shown to directly interact with proinsulin [61], we found significantly increased
PDIA1 protein (Figure 19A). Additionally, Erolb was significantly downregulated (Figure
19B).

Although no disulfide bond is disrupted in Ins2V?6P animals, we observed an upregulation
of Pdial, Pdia4 and Pdia6 gene expression as well as PDIALl protein expression,
accompanied by a downregulation of both Erola and Erolb (Figure 19A’-B’) compared to
wild types. This finding shows that non-cysteine mutations may influence the expression

of genes and proteins that are involved in oxidative folding.

Some effects were also present in females aged 8 weeks. In Ins2¢199C females, Pdia4
was upregulated and Erola and Erolb were downregulated (Supplementary Figure 9A-B)
compared to wild types. In Ins2V26P females Pdial, Pdia4 and Pdia6é were upregulated
whilst Erola and Erolb were downregulated compared to wild types. This shows again,
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that whilst there is only small macroscopic effects (mild hyperglycemia), yet on the

molecular layer effects are present.

Additionally, the same genes were analyzed in younger animals to determine the time
course of gene dysregulation. Indeed, gene regulation in younger (1 month old) male
animals was similar to animals aged 2 months, hinting that molecular effects are already

present at younger ages (Supplementary Figure 5 C and Supplementary Figure 6 C).

Taken together, these results suggest that, in addition to the misfolding due to mutations,
the folding in both models may also be further disturbed by unfavorable redox conditions.

Remarkably, these effects were already visible in younger animals.
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Figure 19 Dysregulation of PDI genes, PDIAL and ERO genes

(A-A’) Relative mRNA expression of Pdial, Pdia4 and Pdia6 in (A) Ins2€199G and (A’) Ins2V26P males at the
age of 8 weeks compared to WT; n=3-4; PDIA1 protein expression as relative fluorescence intensity; n=4.
(B-B’) Relative mRNA expression of Erola and Erolb in (B) Ins2¢199¢ and (B’) Ins2V26P males compared to
WT; n=3-4.
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Results

4.1.6 Effects of the mutations on ER-stress, UPR and autophagy in islets
A severe dilation of the ER, as shown by TEM images (Figure 18), misfolding of proteins,
which is suspected due to the mutations, and an unfavorable oxidative milieu, as
illustrated by a dysregulation of PDI- and ERO genes (Figure 19), are all potentially
accompanied by ER-stress and, subsequently, by an increase in the unfolded protein
response (UPR) (as described in 1.4.2). Therefore, we analyzed the expression of a
subset of ER-stress associated genes and some of its downstream targets in the islets of
8 week-old mutant and wild type animals. Contrary to our expectation, the three key
transducers and sensors for ER-stress, Irela, Eif2ak3 and Atf6, were not upregulated in
both mutants compared to wild types. In Ins2¢199¢, [rela was even downregulated (Figure
20A-A’). To further assess the downstream effects of possible ER-stress on UPR, we
analyzed expression of the ER-resident chaperone BiP, which is encoded by Hspa5 and
known to recruit misfolded proinsulin [36]. Although Hspa5 was not regulated in both
models, we observed significantly increased BiP protein in the islets of Ins2¢19°¢ mutants
but not in Ins2V?6P, Interestingly, also Ddit3, encoding CHOP, expression was not

significantly regulated in both models (Figure 20B-B’) compared to wild types.

Next, we analyzed the expression of Sqgstml (encoding for P62) and Mapllc3 (encoding
for LC3B) in islets of 8-week-old animals, two key players in autophagy. Autophagy is
tightly intertwined with insulin homeostasis in B-cells [66]. For more details on autophagy
see also 1.4.4. Indeed, in both models we observed a significant downregulation of
Sqgstml while Mapllc3 expression remained unaffected compared to wild types. Upon
western-blot analysis, P62 was detected only in the islets from wild types, but not in
mutant animals (Figure 20C-C’). Further, staining with proinsulin and P62 showed that
there is less P62 present in islets (Supplementary Figure 8).

We conclude, that whilst there is only few molecular signs of ER-stress such as increased
BiP protein, both Ins2 mutations appear to have effects on the expression of autophagy-

associated genes and proteins.

Gene expression analysis was also performed in 8-week-old female animals. Some
differential effects compared to males were present. In Ins2¢1%9¢ females, we found

downregulated Irela, Atf6 and Sqstml compared to wild types. In Ins2V2¢P females, we
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found upregulated Eif2ak3 and downregulated Atf6 and Sgstm1 compared to wild types.

Results are shown in Supplementary Figure 9A-C.

Additionally, gene expression analysis of ER-stress- and autophagy-associated genes
was performed in 4-week-old animals to investigate whether there are some age-
dependent differential effects. Results are shown in Supplementary Figure 5D and
Supplementary Figure 6D. At 1 month of age, different to 2 months, Hspa5 was upregulated
in Ins2¢019¢ compared to wild types. Further, both Sgstml and Mapllc3 were
downregulated. In Ins2V26P mutants, Irela, Atf6, Ddit3 and Sqstm1 were downregulated
compared to wild types. Hspa5 was upregulated. Taken together, these results show that

with progression of the disease, expression profiles of genes change.
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Figure 20 ER-stress sensors and autophagy in islets

(A-A’) Relative mRNA expression of Irela, Eif2ak3, Atf6 in 8-week-old (A) Ins2€199G and (A’) Ins2V25C males
compared to WT; n=3-4. (B-B‘) Relative mRNA expression of Hspa5 and Ddit3 in 8-week-old (B) Ins2€109G
and (B’) Ins2V26P males compared to WT; n=3-4. BiP as relative fluorescence intensity in 8-week-old (B)
INs2C109G gand (B’) Ins2V26P males compared to WT; n=4. (C-C’) Relative mMRNA expression of Sqstm1 and
Map1llc3 in 8-week-old (C) Ins2¢109¢ gnd (C’) Ins2V26P males compared to WT; n=3-4.

73

A(

B{

BiP
o ———————

C(

Results

Ire1a Eif2ak3 Atf6

g 1.5+ g 2.0 g 1.5+

] W w

s R € 45 &

gw— E ’ . gw—

S : S 104 S

4 e s e

E 0.54 = E 054

H 2 0.54 H

i 5 i

Zooll L1 1 #ooll Il I &ooll [1
Hspa5 Ddit3

E 1.5 E 1.5+ *%

% %

S = 3 .

$1.04 & & 1.0

a @ la

<T <<

= % i

E 0.5 E 0.5 .

@ ©

> >

8 g

L @ i

e goll L. € 0.0 BiP

44

WT Ins2V260+/- 3

Relative fluorescence intensity
)
h

Sgstm1 Map1ic3
c 1.5 e 1.5+ X
2 r— 2 + Ins2V20HT pales
w w
@ @ R V2604
&40 g 404 Ins2 males
@ @
< <
=z =z
[ e
£ 0.5 E 0.5
2 2
® ®
@ ]
o 0.0 . & 0.0 .

WT Ins2V26eD+/-



4.1.7 Summary and conclusion for Ins2¢196 and Ins2V26P

In summary, we observed severe early-onset hyperglycemia for both novel Ins2 models,
accompanied by hypoinsulinemia and hypoproinsulinemia. Reduced B-cell mass and a
reduced mean islet size were only detected in Ins2¢%°C animals. Furthermore, we
demonstrated a loss of functionally mature B-cell identity for both Ins2 models and a
severely enlarged ER. The oxidative milieu seems to be disrupted, since we observed
differences in PDI- and ERO-gene expression and PDIAL protein between mutants and
wild types in both models. Surprisingly, the ER-stress pathways were only marginally
affected, suggesting that, in addition to ER-stress, other mechanisms may also play a
role in disease pathogenesis. Indeed, we observed deregulation of Sqgstml/P62,
suggesting that autophagy could be an additional mechanism. In conclusion, through in-
depth phenotyping of two Ins2 mouse models, we uncovered similarities and differences
that provide valuable insights into the pathophysiology of MIDY and can help to explain
why different mutations in the same gene lead to different phenotypes. In addition, these
animals can provide valuable insights into B-cell survival mechanisms, which in turn are
relevant for the more complex pathophysiology of the multifactorial diseases T1D and
T2D. A summarized overview is provided below:

Summary Ins2¢1096 Summary Ins2V26D

* First mouse model with loss of A20- » First mouse model with non-cysteine
B19 disulfide bond mutation at B2

* Human patient(s): yes * Human patient(s): no

« Severity of the phenotype 1 1 = Severity of the phenotype 1 1 1

* B-cell mass, meanisletsize | * B-cell mass, meanisletsize <

* B-cellidentity | * B-cellidentity | | |

« Dilationofthe ER 1 11 * Dilationofthe ER 1t 11

* Oxidative milieu: PDIA1 1t 1 Ero1b | * Oxidative milieu: PDIA1 1 Ero1a/b |

* ER-stress: refa | BiP 1 * ER-stress: «

* Autophagy: Sgstm1 | P62 | * Autophagy: Sgstm1 | P62 |

Legend: 1 increased < similar | decreased
Figure 21 Summary for Ins2¢1096 gand Ins2V26P
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4.2 Neonatal diabetes mellitus caused by a Pdia6é mutation:
Characterization of the novel mouse model Pdia6™7°°

Within the scope of this thesis, one novel mouse model with a point mutation in the Pdia6
gene was characterized. In a joint project with postdoctoral researcher Nirav Florian
Chhabra (NFC), the Pdia67°S mouse model was recently published in September 2021
in Molecular Metabolism: “A point mutation in the Pdia6 gene results in loss of pancreatic
B-cell identity causing overt diabetes” (DOI: 10.1016/j.molmet.2021.101334) [100].
Therefore, the results are shown here in an abbreviated format presenting my personal
contributions to the publication and unpublished data. A few results from our collaboration
partners (from the Institute for Diabetes and Regeneration (IDR) at the Helmholtz Zentrum
Munchen) and from NFC, which serve to link results, are included, but clearly marked and
cited. An overview of the different experimental contributions is provided in Figure 22.

12-15
weeks

HDED =0 =D

Figure 22 Overview of experimental contributions to the PDIA6 project

E18.5 P14 P21

4.2.1 Identification of a novel Pdia6 mutant mouse line
Like the two Ins2 mouse lines, the Pdia6™7°S mouse line derived from the Munich ENU
mutagenesis screen [141]. After identification of the chromosomal position as previously
described [142] and at least 10 generations of outcrosses, the point mutation was
confirmed by sequence analysis, which lead to the official name Pdia6™175SMhda here
abbreviated to Pdia6™">S, In Pdia6"7°S mice, the phenylalanine (hydrophobic, nonpolar)
at position 175 in the second thioredoxin domain of the PDIA6 protein is exchanged for a
serine (hydroxylic, polar uncharged), which could impair its catalytic properties [64]. For
this study, wild type, heterozygous (het) and homozygous (hom) animals were analyzed.
Since we observed a reduced Mendelian ratio in mutant animals, the data obtained from

animals were not separated by sex and analyzed together.
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4.2.2 Unchanged PDIAG6 protein levels in the pancreas, but reduced proinsulin
and insulin content in Pdia6F 755" mice

Homozygous Pdia6™7>S mutants (hereafter referred to as Pdia617°5") developed severe
hyperglycemia that began shortly after weaning age and was associated with decreased
body weight gain. In addition, we observed a reduced Mendelian ratio as early as
embryonic day E18.5, which worsened after birth. At the age of 12-15 weeks, the insulin
and proinsulin content of isolated islets was drastically reduced in Pdia675S"- animals,
while the plasma insulin level was not detectable with the regular Mercodia ELISA kit
(experiments performed by NFC) [100].

To determine whether the F175S mutation had any effect on PDIA6 protein abundance
in the pancreas, we performed western blot analysis and observed similar expression of
PDIAG protein in wild type, heterozygous and homozygous animals at the age of 21 days
(P21), revealing that the F175S mutation does not affect the amount of PDIA6 protein in
the pancreas (Figure 23A-A’).

Since it is known that PDIA6 plays a role in the folding and processing of proinsulin to
insulin and in insulin secretion [60, 145], we analyzed insulin and proinsulin expression
and their localization in sections of the pancreas. Consistent with the very low amounts
of insulin and proinsulin in isolated islets at a similar age [100], staining for both insulin
and proinsulin was drastically reduced in mutant animals around 12 weeks of age (Figure
23B). A comparative gene expression analysis of isolated islets from adult mice showed
in mutants a decreased expression of genes associated with (3-cell identity, together with
an increase in a-cell associated genes, which resulted in an increased glucagon content
of Pdia6"1755"- islets [100].
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Figure 23 PDIAG, insulin, proinsulin and glucagon in the pancreas of Pdia6F755-

(A) Western blot analysis of pancreatic tissue from WT, Pdia6F1755+- and Pdia6F1755-- and (A’) quantification
thereof; n=3-5, age: P21. (B) Representative images of islets of Langerhans from Pdia67175%" and WT
animals. DAPI blue, insulin green, proinsulin red. Scale bars equal 20 um; age 12 weeks. (C)
Representative images of islets of Langerhans from Pdia6F755-and WT animals. DAPI blue, insulin green,
glucagon red. Scale bars equal 50 ym; Quantification: glucagon+ (a-cells) to insulin+ (B-cells)-cell ratio;
age P21; n=4-5; This figure is adapted from Chhabra and Amend et al. 2021.
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4.2.3 Loss of B-cells at postnatal stages without concomitant apoptosis
The elevated blood glucose levels of Pdia6 755" mice as early as 4 weeks of age,
together with a possible loss of B-cell identity in adult animals, prompted us to investigate

earlier stages to determine the onset and progression of 3-cell dysfunction.

Analysis of pancreatic sections from embryos in the late gestational phase (embryonic
day E18.5) revealed no differences in islet composition [100]. However, at P14, a-cells
were scattered across the islets, while their numbers were increased and the number of
B-cells decreased [100]. These data suggest that pancreatic endocrine development is
not disturbed in utero and that the effects of the Pdia6™">S mutation on a- and B-cells

must occur during postpartum maturation.

We next analyzed islets of mutant and wild type animals at weaning age (P21), where co-
staining for insulin and glucagon revealed reduced insulin and centrally dispersed a-cells
(Figure 23C). The morphometric analysis (carried out by Annette Feuchtinger) showed an
increased a- to B-cell ratio (Figure 23C’) similar to the observations in P14 [100].

We also examined the changes in a- and B-cell mass with regard to the occurrence of
apoptosis or altered proliferation in multiple staining with chromogranin A, a marker of the
endocrine lineage. We observed no changes in apoptosis and proliferation at P14 and
normal expression of chromogranin A at P21, which supports the maintenance of

endocrine lineage and lack of apoptosis [100].

Taken together, these results indicate that it is not 3-cell death or a-cell proliferation that
underlies the increased ratio of a- to B-cells. Thus, the apparent 3-cell dysfunction and
the resulting hyperglycemia must therefore be due to other mechanisms.
4.2.4 Loss of B-cell identity and presence of polyhormonal cells in pancreatic
islets

As already mentioned, Pdia67755/ islets showed a decreased expression of genes
associated with B-cell identity and an increase in the expression of a-cell associated
genes in adulthood [100]. Therefore, we analyzed the expression of a similar set of genes
including Pdia6 at P21 before the onset of extreme hyperglycemia. Interestingly, Pdia6

MRNA levels were significantly upregulated in mutant islets. While Ins2 expression was
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significantly reduced, expression of the 3-cell specific genes Slc2a2, Ucn3 and Mafa was
not regulated in Pdia6 755 islets. On the other hand, Gcg expression was increased,
while expression of the a-cell specific gene Mafb remained unchanged (Figure 24A). In
addition, we analyzed the [-cell transcription factors NKX6-1 and PDX1 by
immunostaining on pancreatic sections at P21 and found a significant reduction in the
number of NKX6-1-positive and PDX1-positive cells in Pdia6F75S/- animals compared to
wild-type littermates (quantifications performed by NFC) (Figure 24B-C). These results
prompted us to further investigate co-staining for INS and GCG in pancreatic sections at
P21. Indeed, we observed several cells in Pdia6F17>S7- animals that were positive for both

insulin and glucagon (Figure 24D).

Taken together, Pdia6™ 7S animals show only some signs of loss of B-cell identity at P21,
such as reduced expression of Ins2, PDX1 and NKX6-1. Furthermore, a subset of cells
expresses both insulin and glucagon, which may explain the increased a- to p-cells ratio
in the absence of apoptosis as mentioned above and in [100]. The loss of B-cell identity
is more evident in comparison with the analysis of gene expression in adult mice (12-15
weeks), where the loss of B-cell-specific gene expression may have already been
exacerbated by persistent hyperglycemia [30, 100]. Therefore, the data suggests that the
F175S mutation results in a progressive loss of 3-cell identity, beginning around weaning

age and deteriorating with increasing age.
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Figure 24 Loss of B-cell identity at P21 in Pdia6™ 755+

(A) Relative mRNA expression of Pdia6, Ins2, Mafa, Ucn3, Slc2a2, Geg and Mafb in Pdia6 755 and WT
islets; n=3-4. (B-C) Representative images of islets of Langerhans and quantification of 3-cell markers
NKX6-1 (B) and PDX1 (C); n=3-6. (D) Representative images of islets of Langerhans highlighting the
presence of insulin and glucagon double-positive cells in Pdia671755-- mutant mice. Scale bars equal 50 um
in all panels. Mice at age P21 were used in all experiments. This figure is adapted from Chhabra and Amend

et al. 2021.
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4.2.5 The Pdia6™>S mutation leads to modest ER-stress
Since PDIAG is involved in the formation of disulfide bridges and in the processing of
proinsulin to insulin (as explained in 1.4.1) the F175S mutation could impair its function
in such a way that misfolding, oxidative stress and, as a result, ER-stress arise.

We therefore assessed the expression of a subset of other PDI genes, ERO genes and
genes associated with ER-stress on islet RNA from wild-type and mutant animals at P21.
We found unchanged expression of Pdial, Pdia4 and Erolb, while Pdia6 was
upregulated and Erola was downregulated (Figure 25A). Although the expression of the
ER-stress sensor Atf6 was not changed in Pdia6 755" islets, the expression of Irela,
Eif2ak3, Hspa5 and Ddit3 was increased (Figure 25A). In addition, we analyzed the same
subset of PDIs (PDIAL, 4, 6) as well as some ER-stress sensors and effectors (IRE1A,
PERK, BIP, CHOP) on the protein level using pancreatic tissue from animals at P21. We
found an increase in BiP and PDIA4 protein and a decrease of CHOP, revealing a
discrepancy with its gene expression (Figure 25B-D). PDIAG6 (Figure 23A), PDIAL, IRE1A
and PERK protein levels were not significantly changed between mutant and wild-type
animals (Supplementary Figure 11). The levels of phosphorylated IRE1A and
phosphorylated PERK, the active versions of the sensors, also did not change, which
effectively resulted in unaltered P-IRE1A/IRE1A and P-PERK/PERK ratios
(Supplementary Figure 11B-C).

In conclusion, in can be said that at P21 only a modest increase of oxidative stress and

ER-stress were noticeable. Parts of these results were included in the publication [100].
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Figure 25 Modest ER-stress in Pdia6F1755" at P21

(A) Relative mRNA expression of Pdial, Pdia4, Pdia6, Erola, Erolb, Atf6, Irela, Eif2ak3, Hspab, and
Ddit3; n=3-4. (B-D) Western blot analyses and quantification of (B) BiP, (C) PDIA4 and (D) CHOP in
pancreatic tissue; n=3-5. Mice at age P21 were used for all experiments. Parts of the figure are adapted
from Chhabra and Amend et al. 2021.
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4.2.6 Summary and conclusion for Pdia6F">S

Mice with a homozygous point mutation in PDIA6 (F175S) occur in a reduced Mendelian
ratio and show severe hyperglycemia shortly after weaning. Their body weight gain is
reduced and they quickly develop severe hyperglycemia, accompanied by strongly
reduced levels of proinsulin and insulin in islets and undetectable levels in plasma. A gene
expression analysis revealed an increase in a-cell markers and a reduced expression of
genes which are associated B-cell identity that further deteriorate with age. The
occurrence of apoptosis could not be observed. Some signs of oxidative stress and ER-
stress were already recognizable in 21-day old mutants with increased expression of
PDIA4 and BiP.

In conclusion, it can be stated that the F175S point mutation in PDIA6 leads to
hyperglycemia due to insulin deficiency and the loss of B-cell identity, which manifests
itself in a disturbed redox milieu and mild ER-stress. Taken together, our study
demonstrated that PDIAG is required for the maintenance of B-cell identity, which was not

previously recognized.
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4.3 MODY1 caused by mutations in the Hnfd4a gene:
Characterization of several mouse models and gene therapy of
Hnf4a-Kl

The MODY1 project was part of an international collaboration aimed at identifying mouse
models for various MODY genes that resemble a human phenotype and are suitable for
gene therapy. Here, we collaborated with the group of Fatima Bosch from the
Autonomous University of Barcelona (UAB) and with scientists around Steve Brown from
the MRC in Harwell. The UAB team was working on MODY3 (causative gene HNF1A),
the MRC team on MODY?2 (causative gene: GCK) and our group on MODY1 (HNF4A).

We generated and phenotyped a variety of mouse models, which are briefly highlighted
and performed gene therapy on one of the mouse models (Hnf4a-Kil).

4.3.1 Hnf4a mouse models
Several mouse models with Hnf4a mutations were generated for MODY1, which results
from mutations in the human HNF4A gene.

4.3.1.1 Hnf4amib
The IMPC (International Mouse Phenotyping Consortium) Hnf4a™® mouse line was
obtained from the EMMA mouse repository within INFRAFRONTIER

(https://www.infrafrontier.eu/) and contains a lacZ tagged null allele of the Hnf4a gene,

creating a full-body knock-out (KO) as described in [146]. Mice are commercially available
under the official name of C57BL/6N-Hnf4a™m1bEVCOMMEmau/leq. Wild types (Hnf4atmib++)

and heterozygous animals (Hnf4a™*-) were analyzed for this work.

4.3.1.2 Hnf4aR333L gand Hnf4aCG124A
For Hnf4aR333L and Hnf4a®1%4A, the F1 archive from the Munich ENU mutagenesis screen

[141] was searched for coding mutations in the Hnf4a gene that resemble human MODY1

mutations as found in the LOVD database (https://www.lovd.nl/3.0/home). The Fl1-archive

consists of 16,800 DNA and corresponding sperm samples from individual F1-
mutagenized mice on the C3HeB/FeJ genetic background, which was built by using the
alkylating agent N-ethyl-N-nitrosourea (ENU) [147]. PCR fragments of about 250-300
base pairs were analyzed by high-resolution melting analysis using a LightScanner®

instrument combined with a Plate-Butler System® [148]. Ten different mutations in Hnf4a
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were identified (described in Supplementary Figure 13). After alignment of mouse and
human genes, two mutations were selected: Hnf4aR333L, where the arginine (basic polar,
positively charged) at position 333 was exchanged by leucine (nonpolar, hydrophobic)
(R333L, resembling the human R324L mutation) and Hnf4a®%4A, where the glycine
(nonpolar, uncharged) at position 124 was exchanged by alanine (nonpolar, hydrophobic)
(G124A, resembling the human G115A mutation). Both mutations were qualified as
deleterious for the HNF4A protein by the PROVEAN tool
(http://provean.jcvi.org/seq_submit.php). Therefore, the mutations R333L (c.998 G>T)

and G124A (c.371 G>C) were selected to generate mice using the respective sperm
samples for in vitro fertilization (IVF) followed by embryo transfer (performed by Susan
Marschall, Helmholtz Zentrum Minchen). After exome sequencing, additional mutations
in the coding sequences resulting from ENU mutagenesis were identified. Animals were
thoroughly genotyped after each generation until additional mutations were eliminated

before the start of phenotyping experiments.

Hnf4amb Hnf4aR333L and Hnf4a®'24A were homozygous lethal, hence only heterozygous

and wild type animals were analyzed.

4.3.1.3 Hnf4amIb/R333L gnd Hnf4atm1ib/G124A
Additionally, we created hemizygous mouse lines to reduce on the one hand the Hnf4a
gene dose (tmlb+/-) and on the other hand to introduce a point mutation. Therefore,
Hnf4am1b*- mice were bred with Hnf4aR333- or Hnf4aC12*A*- respectively, to obtain
hemizygous mice harboring one KO allele (tm1b*-) and one wild type (control animals) or
one mutated allele (R333L or G124A), leading to the two novel mouse lines:

4.3.1.4 Hnf4a-Kl
Hnf4a-KI mice were generated in collaboration with Miquel Garcia from the laboratory of
Fatima Bosch at the Autonomous University in Barcelona. A CRISPR-Cas9 mediated
knock-in (Kl) of a specific sequence into the 3’ UTR of the Hnf4a gene is supposed to
lead to an endogenous downregulation of Hnf4a specifically in B-cells. This novel
technique for downregulation of genes by Kl of specific sequences was filed on January
25, 2021 as an initial priority application at the European Patent office (EP21382080)
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together with our collaborators from Barcelona. Details concerning the Kl or guide RNA
sequences are specified in EP21382080 and not yet available to the public. The Ki
strategy is shown in Figure 26. CRISPR-Cas9 gene editing, pronucleus-injections and
subsequent embryo transfer to create the mouse line was performed by Florian Giesert
(Helmholtz Zentrum Munchen). Animals were genotyped as described in 3.2.3. An
additional restriction digest using ECORV was done to confirm the genotypes because this
restriction site was added to the Kl sequence. For this mouse line, mice homozygous for
the Kl and the wild-type allele were analyzed.

A Hnf4a wild-type allele
5‘UTR 3‘UTR
b----- bh------ 34----t-9--b--4-

El E2E3 E4 ES5 E6 _E7-E8 E9E

E9 E10
Donor DNA  ssDonor ---
Ki
B Hnf4a knock-in allele K
5‘UTR
b----- Fh------ 1-----1-h--4- Moo
E1l E2E3 E4 ES5 E6 E7 E9E10

Figure 26 Downregulation of Hnf4a by Kl of a sequence between exon 10 and the 3’ UTR

(A) The upper panel shows the intron/exon (E) structure of the wild-type Hnf4a gene (structure
obtained from ENSEMBL (ENSMUST00000018094.13). The bottom panel illustrates the
CRISPR/Cas9 strategy to generate the sequence-specific knock-in (KI). A single guided RNA
(gRNA 1) was designed to target between exon 10 and the 3’ UTR of the Hnf4a gene to introduce
the sequence (donor DNA) by homology directed repair (HDR).

(B) Resultant Hnf4a Kl allele.
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4.3.2 Hnf4a-KO animals do not show hyperglycemia
The first step to identify a suitable mouse model for gene therapy was to phenotype the
Hnf4a-KO animal model Hnf4a™. Since it was previously shown that homozygous
Hnf4a-KO animals are not viable due to homozygous lethality at E6.5 [105], and we also
did not observe any homozygous animals, we analyzed wild-type (Hnf4a™®**) and
heterozygous (Hnf4a™*-) animals according to the protocol for hypothesis-driven
phenotyping for glucose metabolism from the German Mouse Clinic (GMC;

http://www.mouseclinic.de/research/gmc-pipelines/hypothesis-driven-

pipelines/index.html). However, we did not observe any differences between male and

female Hnf4a™®*- animals and their wild-type littermates in both body weight
development and regular glucose monitoring (Figure 27A-B’). Furthermore, no differences
between mutants and wild type were detected in glucose- and insulin tolerance tests
(Figure 27C-C’).

Compared with wild type animals, KO animals only have one functional allele, so we
expected correspondingly less HNF4A protein. However, when we checked the
expression of HNF4A protein in the liver, where HNF4A is highly expressed, to our
surprise, we could not detect any change in heterozygous animals compared with wild
types (Figure 27D). Consistent with this result, we also did not detect any change in gene

expression of Hnf4a in isolated islets (Figure 27E).

HNF4A is essential for B-cell function and maintaining glucose homeostasis by controlling
insulin secretion [149]. We therefore analyzed gene expression of its main interactor
Hnfla [150] and some other genes related to 3-cell function (Ins2, Ucn3, Sic2a2) and
insulin secretion (Kcnj11, Abcc8) in isolated islets. None of these genes were found to be
differentially expressed (Figure 27E).

Also, 6 weeks of high-fat diet (HFD) did not result in differences in body weight, body

weight gain or blood glucose between groups (Supplementary Figure 12).

From these data, it can be concluded that the presence of one null allele does not lead to
any molecular perturbations such as downregulation of the Hnf4a gene or its protein. In
line with these observations, we did not observe any manifestation of a phenotype.

Heterozygous Hnf4a-KO animals are not a suitable mouse model for MODY1.
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Figure 27 In vivo and in v

itro phenotyping of Hnf4a-KO mice

(A-A’) Body weight [g] in ad libitum fed males and females, n=11-15. (B-B’) Blood glucose [mM] from ad
libitum fed males and females, n=11-15. (C-C’) ipGTT (2g/Kg BW) and ipITT (0.75U/kg BW) in 17- and 18-
week-old males and females; n=11-15. (D) Western blot analysis and quantification of HNF4A in liver tissue
from 12- and 25-week-old males. (E) Relative mRNA expression of Hnf4a, Hnfla, Ins2, Ucn3, Slc2a2,
Kcnjll and Abcc8 in islets of 12-week-old males; n=3-4; black = Hnf4a™++ (WT); red = Hnf4am1b+-,
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4.3.3 Hnf4aR33s3t and Hnf4a®'24A animals do not show hyperglycemia
As the MODY1 phenotype in humans does not result from a knockout of the HNF4A gene
but rather from point mutations, spontaneous or inherited, we aimed to identify mouse
models with point mutations in the Hnf4a gene. We screened our F1 archive from the
Munich ENU archive as described in 4.3.1.2 and performed in vivo and in vitro
phenotyping of our models Hnf4aR333- and Hnf4a®'%4, According to preceding data base

research, both mutations were described as deleterious by the PROVEAN tool.

After heterozygous intercrosses, we could not observe any homozygous offspring and
propose homozygous lethality similar to Hnf4a-KO mice (4.3.2). Therefore, we have only
analyzed heterozygous Hnf4aR333+- and Hnf4aC124A*- mice together with their respective
wild type littermates (+/+).

During the in vivo observations, we did not observe any changes of bodyweight in mutants
of both models (Figure 28A-A’), which is similar to the Hnf4a-KO. We bi-weekly investigated
urine non-invasively, for signs of elevated blood glucose levels and did not observe any
differences between the groups. When the animals were sacrificed at the age of 12
weeks, we also observed no changes in fasting blood glucose levels (Figure 28B-B’) in all
animals. Finally, we did not find any changes in HNF4A protein expression in liver tissue

in all animals.

We conclude, that both heterozygous Hnf4aR333L and Hnf4a®1?4 animals do not develop

hyperglycemia and are therefore not suitable mouse models for MODY1.
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Figure 28 No hyperglycemia in Hnf4aR333L and Hnf4a®1%4A animals

females

(A-A’) Body weight [g] in ad libitum fed males and females; n=10-12. (B-B’) Fasting (6h) blood glucose in
[mMM] in males at the age of 12 weeks, n=4 for each genotype. (C-C’) Western blot analysis and
quantification of HNF4A in liver tissue from 12-week-old males; n=4 for each genotype.
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4.3.4 Hemizygous Hnf4amP/R33BL gnd Hnf4amib/Cl24A do not show
hyperglycemia

Since neither Hnf4a-KO nor Hnf4aR333L or Hnf4a%124A animals showed any phenotype and
we could not observe any reduction of HNF4A protein in individual heterozygotes, we
aimed to reduce the Hnf4a gene dose by performing Hnf4a-KOxHnf4aR333- and Hnf4a-
KOxHnf4a®?4Aintercrosses to generate hemizygous animals. Analyses were performed
on animals that harbor one KO allele (tm1b) to reduce theoretically the gene dose to 50%
and, an allele that contains one of the individual point mutations (R333L or G124A).

Littermates containing one wild-type (+) and one KO-allele (tm1b) served as controls.

Until the age of 14-15 weeks, where several animals were sacrificed for further analyses,
no differences between hemizygous mice and wild-type littermates of both lines in body
weight development and random blood glucose levels were observed (data not shown).
Therefore, smaller cohorts of both lines were further analyzed until the age of 30 weeks.
In these cases, due to the low number of animals, males and females were grouped and

analyzed together.

However, also at the age of 30 weeks no differences in body weight or fasted blood
glucose could be observed (Figure 29A-A’). Interestingly, we observed high plasma insulin
levels in all animals regardless of the genotype, which can possibly be attributed to the
age of the animals (Figure 29B-B’). Finally, we analyzed HNF4A protein expression in liver

tissue but also did not find any differences (Figure 29C-C’).

We conclude, that also the creation of hemizygous animals did not result in the
manifestation of any phenotype. The downregulation of HNF4A in a whole-body concept
appears to be difficult. To study HNF4A in the context of the pancreas and diabetes, other
methods seem to be necessary. One possibility is to specifically reduce Hnf4a gene dose

only in the pancreas without affecting the whole body.
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Results

4.3.5 Hnf4a-Kl do not show hyperglycemia
We therefore analyzed in a next step a mouse model with a targeted downregulation of
Hnf4a only in B-cells, which we achieved by the knock-in (KI) of a specific sequence in
the 3'UTR of Hnfd4a as described in 4.3.1.4. All mice were phenotyped according to the
pipeline described in 3.2.4.2, starting from the age of 6 weeks until the age of 24 weeks.
We did not observe any changes in body weight (Figure 30A-A’) or in blood glucose
between homozygous Kl-animals and wild-type littermates (Figure 30B-B’). In addition, we
performed glucose- and insulin tolerance tests at two times points to trace changes over
time. However, we did not find any difference in glucose tolerance (Figure 30C-C’) or insulin
tolerance (Figure 30D-D’) between groups. We only observed mild deterioration of insulin

tolerance by week 22, which is normal during ageing [151].

Since we did not observe a phenotype even though it was shown that Hnf4a deficiency
in the pancreas caused abnormal insulin secretion in mice [149] and that HNF4A
regulates the expression of genes associated with glucose metabolism [103], we first
checked in pancreatic islets of 12-14 week-old animals whether we actually observe
decreased Hnf4a expression as intended. In addition, we analyzed the expression of
HNF4A-associated genes. Indeed, the Kl of a specific sequence into the 3’ UTR did lead
to downregulation of Hnf4a compared to wild types as shown with two different primer
pairs. However, the decreased expression of Hnf4a did not lead to altered expression of
Hnfla, which is one main interactor [150] (Figure 31A). Also, other prominent islet genes
like Ins2, Ucn3 and Gcg were not dysregulated. Interestingly, Slc2a2 expression,
encoding for GLUT2, was downregulated while the expression of Sst (encoding for

somatostatin) was upregulated (Figure 31B).

After final sacrifice, protein was isolated from the liver to observe whether an off-target
effect happened that led to downregulation in the liver. In males, we did not observe any
significant differences between the groups. In females, we observed a mild but significant

upregulation of HNF4A (Figure 31C).
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Figure 30 No hyperglycemia in homozygous Hnf4a-KI animals

(A-A’) Body weight [g] in ad libitum fed males and females, n=13-15. (B-B’) Blood glucose [mM] in ad
libitum fed males and females, n=13-15. (C-C’) ipGTT (2g/kg BW) in 8- and 20-week-old males and

females; n=11-15. (D-D’) ipITT (0.75U/kg BW) in 12- and 22-week-old males and females; n=11-15 per
genotype.
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Figure 31 Gene expression analysis in islets and HNF4A expression in the liver of Hnf4a-Kl animals

(A) Relative mRNA expression of Hnf4a (two different primer pairs) and Hnfla in islets of 14-16-week-old
male animals; n=3-4. (B) Relative mRNA expression of Ins2, Ucn3, Gcg, Slc2a2 and Sst in islets of 14-16-
week-old males; n=3-4. (C) Western blot analysis and quantification of HNF4A in liver tissue from 24-week-
old males; n=5-6 per genotype.



4.3.6 Gene therapy in Hnf4a-Kl
Since, as intended, we observed a specific downregulation of Hnf4a in islets of Hnf4a-KI
animals and suspected that this leads to a diabetic phenotype, we decided to perform

gene therapy in these animals to check whether Hnf4a expression can be rescued.

4.3.6.1 Method establishment for in vivo AAV-vector delivery
The local delivery of gene vectors directly to the pancreas reduces systemic exposure to
the vector, which in turn leads to increased safety of gene transfer. Intraductal injections
were performed as described by Loiler et al. in 2005 [134] with some modifications. This
method is commonly used by our collaborators of the laboratory of Fatima Bosch at the
Autonomous University (UAB) [126, 135]. After intense training at the Barcelona facility,
we optimized the protocol to adapt to local circumstances and recent discoveries.

Animals were separated into 2 groups: control group and treatment group. The control
group was injected with 200 pL of PBS solution (Table 18). For the treatment group, rAAV8
vectors (5x10% viral genomes (vg)) were diluted in 200 pL of the same buffer. As
determined by our collaborators at UAB, one dose containing 5x10! vg is sufficient to

transduce most of the B-cells.

To ensure maximum possible sterility throughout the procedure, all appliances and the
area used for surgery were cleaned extensively and disinfected before the start of the
procedure. All surgical tools that were used were heat-sterilized before surgery and
between individual animals. The surgeon always took care to wear fresh sterile gloves

and to keep touching of appliances to a minimum.

To prepare for surgery, AAV vectors were thawed on ice and heating pads were warmed.
Mice where anesthetized by ip injection with 100 mg/kg Ketamine and 10 mg/kg Xylazine
(diluted in sterile 0.9% NaCl). Once immobile, mice were placed on the heating pads. Eye
cream (Bepanthen) was applied to keep the eyes wet, then animals were injected s.c.
with 0.1 mg/kg Buprenorphin (diluted in 0.9% sterile NaCl) to provide appropriate
analgesia. Once mice had reached deep anesthesia (surgical tolerance), the abdominal
area was shaved and disinfected by applying 70% EtOH (Figure 32A). The abdominal

cavity was opened by a ventral midline incision using blunt scissors to avoid organ injury:
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first the skin was opened, then the muscular layer, following the linea alba approximately

1 cm down from the xyphoid process (Figure 32B).

A colibri retractor (FST 17000) was inserted to keep the abdominal cavity open (Figure
32C). The mouse was placed with the anterior end of the animal facing towards the
surgeon under a stereomicroscope equipped with a ring light and a small heating pad. To
expose the duodenum where the common bile duct is attached, a blunt, shovel-like tool
was used to lift up the liver, then the intestine was pulled down carefully using a ring

forceps (FST 11103-09) until the common bile duct was exposed (Figure 32D).

To ensure vision of the duct, two small paper balls soaked in sterile saline were placed
on either side of the duct to displace the liver lobes laterally (Figure 32E). A microclamp
(FST 18055-04) was placed on the bile duct caudally to the liver using a forceps applicator
(FST 18057-14) to avoid loss of injection solution to the liver (Figure 32F). A syringe with
a 30G needle was inserted through the papilla of Vater into the common bile duct and
carefully advanced retrogradely through the duct (Figure 32G). The needle was secured
in place by a surgical assistant carefully placing a second microclamp (FST 18055-02) in
the middle of the needle, thereby clamping the needle, the duct and the intestine (Figure
32H). A volume of 200 pL (PBS or vector solution) was carefully and slowly injected into
the duct within approximately 1 minute (Figure 32l). After another minute, the second
microclamp was carefully removed by the surgical assistant and the needle was slowly
pulled out. The injection site was carefully dried, then one drop of veterinary glue
(Histoacryl) was applied to cover the hole made by the syringe and allowed to dry (~10
sec). Afterwards, the remaining microclamp and the paper balls were carefully removed
from the abdominal cavity. A few drops of saline were added before removing the
retractor. The mice were then transferred from the stereomicroscope to the heating pad
(Figure 32J). The muscular layer and the skin were sutured with a two-layer approach
using absorbable suture (Chirlac) (Figure 32K-L). Mice were left on the heating pad to
recover and wake up from anesthesia. To reduce stress levels, mice were moved to
individual cages. Mice were carefully watched for the following 7 days and scored
according to the animal welfare guidelines. The following 3 days, sutures were checked.

If the sutures were open, animals were anesthetized shortly using isoflurane to re-suture.
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In the following 3 days, animals were closely monitored and received 5 mg/kg Melosus
solution (Meloxicam) twice a day to ensure continuous analgesia. The animals were
allowed to recover from surgery for 4 weeks before further experiments were performed.
After one week, feces and urine were collected and nucleic acids were isolated to ensure

that the animals did not shed viral nucleic acids.
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Figure 32 Microsurgical procedure for intraductal AAV administration

(A) Shaved and disinfected abdomen. (B) Incisions: Skin layer, muscular layer. (C) Insertion of a colibri
retractor. (D) Exposing the injection site. (E) Placement of small paper balls. (F) Placement of the first
microclamp with clamp applicator. (G) Insertion of the needle into the common bile duct. (H) Placement of
the second microclamp (by surgical assistant). (I) Close up of the intraductal injection (blue color used for
demonstration purposes). (J) Suturing procedure. (K) Suture of the muscular layer. (L) Suture of the skin
(Images taken by Maximilian Schmidtke, surgeon: Anna-Lena Amend).
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4.3.6.2 Invivo vector delivery in Hnf4a-Kl
Surgery for intraductal delivery of the gene therapy vector (Figure 10) was performed with
male animals aged 8 weeks as described in detail in 4.3.6.1. Within the scope of this
thesis, gene therapy was performed on one control group (wild type injected with control
solution) and one treatment group (homozygous KI injected with vector solution). Future
studies will include a second control group (homozygous Kl injected with control solution),
which has not yet had surgery due to experimental limitations and delays in material
delivery during and after the COVID-19 pandemic. For the same reasons, the in vivo
follow-up examination was not yet completed at the time this thesis was written (the plan
is to sacrifice the animals at 30 weeks of age). Therefore, the remaining experiments and
follow-up studies have been handed over to the succeeding doctoral researchers Aliona

Harten and Maximilian Schmidtke.

Animals injected with either vector solution or control solution were allowed to recover for
4 weeks from surgery before undergoing phenotyping experiments as described in
3.2.4.2. During the course of the follow-up study, to this date, animals did not show any
changes in body weight or blood glucose levels (Figure 33A-B). Glucose tolerance was not
significantly altered at the two time points 14 weeks and 26 weeks (Figure 33C). Also,
insulin tolerance was found to be unchanged at the two time points 18 weeks and 28
weeks (Figure 24, D). These findings suggest that the treatment with the vector so far has

no abnormal side effects on glucose-associated metabolism.

Considering laboratory safety, handling and injection of substances containing viral
particles, we aimed to check whether animals shed viral nucleic acids in feces and urine
one week post-surgery. These experiments were carried out by Maximilian Schmidtke,
but are added to this thesis in order to demonstrate the safety of the method with regard
to potential future human patients of such a therapy with rAAV8 vectors. One week after
surgery, we isolated viral nucleic acids from urine and feces and performed a PCR
analysis and subsequent gel electrophoresis. We could not observe any viral nucleic
acids in both urine and feces in all animals. As a positive control, viral nucleic acids were
isolated from vector solution and diluted 1:10. The result clearly demonstrated the

absence of viral nucleic acids in urine and feces of vector-treated animals (Figure 33E).
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Figure 33 Follow up after gene therapy treatment in Hnf4a-KI

(A-A’) Body weight [g] in ad libitum fed male animals, n=6-7. (B-B’) Blood glucose [mM] from ad libitum fed
male animals, n=6-7 per treatment. (C-C’) ipGTT (2g/kg BW) in 14- and 26-week-old male animals; n=6-7
per treatment. (D-D’) ipITT (0.75U/kg BW) in 18- and 28-week-old male animals; n=6-7 per treatment. (E)
Viral nucleic acids in feces and urine samples from vector (V) and control-treated (CV) animals, n=5 per
treatment + control (1:10-dilution).
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4.3.7 Summary and conclusion for the MODY1 project

Identifying a mouse model that reflects the human MODY1 phenotype has proven to be
difficult. None of the mouse models included in this thesis presented phenotypical
alterations. All mutants were macroscopically indistinguishable from wild-type littermates.
Against our expectations, the models Hnf4a-KO, Hnf4aR333L, Hnf4aC124A Hnf4atm1b/R333L
and Hnf4am1b/G124A did not show any signs of reduced HNF4A activity, which might be the
reason for a missing phenotype. Further analysis is necessary to decipher why we do not
observe a phenotype, although animals are heterozygous KO animals and point
mutations were predicted to be deleterious.

Only in Hnf4a-Kl, where Hnf4a was supposed to be specifically downregulated only in B-
cells, we actually observed downregulation of Hnfda, albeit without a concomitant
phenotype. Hence, this mouse model offers an interesting subject to study why we do not

observe a phenotype although we observe an extreme downregulation of Hnf4a.

To date, there is no Hnf4a mouse model that meets the criteria of hyperglycemia, but the
Hnf4a-KI model lost most of its Hnf4a transcripts in B-cells. However, as evidence of the
concept that gene therapy treatment with a healthy Hnf4a copy can rescue Hnf4a gene
expression in B-cells, we treated homozygous Hnf4a-KI mice with rAAV8. To this date,
follow-up studies are still in progress. So far, we have not observed any negative side

effects of the treatment and no shedding of viral particles.
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5. Discussion
5.1 Differences between mouse strains in metabolic research

When considering phenotypic variations, such as in our case, changes in metabolism due
to point mutations, knock-out or knock-in alleles, it must be taken into account that
different inbred mouse strains inherently have a different metabolic phenotype and are
not always comparable with one another (see also Kollmus et al. 2020 [152] and
references therein). For example, it has been shown that C3HeB/FeJ animals gain body
mass faster, consume more food and generally have higher blood glucose levels
compared to three other strains [153]. It has even been shown, that there are differences
between the different C57BL/6 substrains C57BL/6N and C57BL/6J [154]. The mouse
models used in this work are based of different inbred mouse strains: The two Ins2 and
the Pdia6 models, are based on the mouse strain C3HeB/FeJ, while the Hnf4a models
are based on C57BL/6N, C3HeB/FeJ or on hybrid strains (C3H/C57).

5.2 The two novel mouse models Ins2¢1%9G gnd Ins2V26D

In this work, two new Ins2-mutant mouse models were described for the first time:
Ins2¢109G  the first mouse model in which a point mutation at C109 leads to the loss of the
cysteine and consequently to the loss of the A20-B19 disulfide bridge, and Ins2V2¢P, the
first mouse model with a point mutation at position B2.

5.2.1 Severe diabetes and changed insulin sensitivity in male Ins2 mutants
In both models, male animals exhibited severe, early-onset diabetes with hyperglycemia
and hypoinsulinemia, while females were only mildly affected. Therefore, we excluded
female animals from some experiments in this study, but performed others to assess
similarities and differences with male animals. Sexual dimorphism in mice is discussed
further below (5.2.7).

Like Ins2V?P mice, KINGS mice harbor a non-cysteine mutation at G32 and male mice
became diabetic around 5 weeks of age [91]. However, hyperglycemia in Ins2V?P mice
was much more pronounced with blood glucose levels climbing up to around 30 mM and
even insulin being undetectable in the majority of animals by 16 weeks of age.

Surprisingly, the increase in glycemia was more pronounced in Ins2V26P compared to
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Ins2¢109G and also to KINGS mice [91], however this could also be partly due to strain-
specific differences between C3HeB/FeJ and C57BL/6J (KINGS mice) [153].

Ins2¢109G animals also showed high blood glucose levels from an early age, yet 25 mM
were never reached and insulin was detected in most animals at all time points analyzed.
Since the blood sugar levels in mutants of both lines were already very high, we decided
not to carry out GTTs for animal welfare reasons. When we analyzed the insulin
sensitivity, we observed normal deterioration with age in wild types of both models [155].
However, the mutants showed opposite effects to each other. Ins2¢10°¢ mutants retained
better insulin sensitivity at 20 weeks compared to wild-type littermates, an effect also
observed in Akita mice [156]. On the other hand, in Ins2V25P, the effect was reversed and
the response to insulin was more blunted compared to wild types. This is similar to
patients of TLDM, who also have reduced insulin sensitivity [157]. These findings are
particularly interesting when one looks at a study by Liu et al. [158] who showed that
misfolded Akita proinsulin abnormally interacted with the insulin receptor and
consequently resulted in decreased insulin signaling within the B-cells. Therefore, other

misfolded molecules could elicit different responses.

It is therefore conceivable that, as with Akita (C96Y [158]), insulin with mutations on the
cysteines such as C109 or C95 (e.g. in MunichIns2 [90]) binds abnormally or not at all to
the receptors. In addition, since only small amounts of functional insulin are present in the
blood stream, the receptors are hypersensitive, so that when functional insulin is
administered, the reaction is intensified, even more so with increasing age. In contrast,
the Ins2V?6P mutation appears to induce a more T2DM-like phenotype with insulin
resistance. Because of a potentially new specific conformation, V26D-mutant molecules
might be able to bind to the receptor, but fail to elicit a response, leading to animals
becoming insulin resistant over time. To confirm this hypothesis, receptor binding assays
as described in [159] could be performed in future experiments.

Taken together, these results indicate that both the exact positions and the amino acid
substitutions are important and must be considered when assessing the phenotype. Also,
the different age-related changes in insulin sensitivity, if observed in humans, could

provide clues for a better treatment regime.
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5.2.2 Disturbed folding of proinsulin and subsequent swelling of the ER

It is proposed that the A20-B19 bridge forms as the first of the three disulfide bonds and
acts as a specific folding nucleus for the ripening insulin molecule [160]. Therefore, loss
of the A20-B19 bond in Ins2¢1%%¢ can lead to the destabilization of the molecule. In
Ins2V?6P the exchange of the hydrophobic valine at position 26 to aspartic acid lies in the
first segment of the B-chain (B1-6), which has been reported to be important in promoting
foldability [36, 41]. Therefore, this change in charge of the amino acid may disrupt proper
folding.

Previous studies have shown that in MIDY high-molecular weight (HMW) complexes
containing mutant and wild-type proinsulin accumulate in the ER and hinder healthy
insulin from exiting [39]. Indeed, we observed a severely dilated ER in both our mutants.
This was surprising in Ins2V?%P because we expected a less severe phenotype
resembling more KINGS mice, where only a modest retention of G32S proinsulin was
observed [91]. Interestingly, the overall Ins2V?5P phenotype appears to be more
pronounced, further demonstrating that the type and position of a mutation do matter.

In both mutants, calreticulin, a soluble ER marker and chaperone [161], appeared
displaced and did not co-localize with proinsulin as in the wild types. Calreticulin has been
shown in vitro to aid in dissolving proinsulin aggregates during oxidative stress, leading
to proinsulin being proposed as a new candidate for its chaperone function [162]. We
hypothesize that mutant proinsulin interferes with calreticulin binding, further
exacerbating the dilation of the ER and adding to oxidative stress. Additional
immunohistochemistry with calnexin, an integral ER membrane chaperone that acts in
concert with calreticulin [161], revealed a lower density in mutants. In the case of a
distended ER, in which membranes are not ad densely packed as normally the case, we
expected that an integral ER membrane protein would be less densely packed than in
wild types, in which membranes are physically closer together. We thus confirmed the
observation from TEM images and were able to reassure the above-mentioned
hypothesis. The next step crucial step is the transport of proteins from the ER to the Golgi
apparatus for sorting and distribution within the cell [163]. Within the B-cells, there was no
difference in the localization of the Golgi marker GRASP65 between mutants and wild
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types, indicating that the Golgi apparatus was not affected by the severe dilation of the
ER. Additionally, proinsulin showed co-localization with GRASP65 in both wild types and
mutants, indicating normal transport of those proteins that manage to exit the ER to the

Golgi (Supplementary Figure 7).

Aside from misfolding, healthy or mutant proinsulin molecules must be processed to
mature insulin to obtain biological function. In TIDM diagnosed at a very young age,
strong co-localization of proinsulin and insulin was associated with impaired proinsulin
processing [143]. Since we did not observe such co-localization in our Ins2 models and
the INS/PROINS ratio remained similar between mutants and wild types, the general
processing of available proinsulin itself, independent of potential misfolding, does not

appear to be disturbed.

5.2.3 B-cell dysfunction and B-cell identity in our Ins2 models
Several factors potentially contribute to 3-cell dysfunction in our models, e.g. altered gene
expression of Ins2 due to individual mutations, oxidative stress due to insulin misfolding

or glucotoxicity due to severe hyperglycemia.

Indeed, the expression of Ins2 and of a subset of functional and maturation markers of 3-
cells [23, 164] (as described in 1.3) was downregulated in both Ins2¢199%¢ and Ins2V2¢P, In
addition, we observed a reduced number of NKX6-1+ cells in at least Ins2V26P, which is a
key marker for functionally mature 3-cells [25]. The same was shown for Akita mice [94].
There may be two intertwined mechanisms that lead to this decrease. First, the mutations
in the Ins2 gene lead to a decrease of Ins2 expression, affecting other B-cell genes.
Second, the mutations disrupt correct folding, which in turn leads to ER- and oxidative
stress (as described in 1.4.2 and 1.4.3 and discussed below), effectively resulting in
global attenuation of transcription [165]. In summary, we propose, that by 2 months of
age, mutant B-cells of both models have lost mature B-cell function and are in a

dedifferentiated state due to downregulation of all B-cell markers analyzed.

An additional gene expression analysis at 1 month of age (Supplementary Figure 5,
Supplementary Figure 6) revealed a reduced expression of maturation markers already at
this age, leaving room for some speculations: Do the Ins2-mutant B-cells ever fully

differentiate and reach functional maturity? Of course, as already mentioned, global
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transcriptional attenuation could be present [165], but this does not help to answer this
question. At least in Ins2V2¢P we found Ngn3, a progenitor marker [71] increased. A few
years ago, this would have allowed a solid conclusion, however, novel concepts such as
the suggestion, that each B-cell dedifferentiates in its own way and does not necessarily
regains properties of immature cells [72] need to be considered. Therefore, the question
of differentiation vs. maturation is not so easy to answer. Instead, another question must
first be answered before a conclusion can be drawn: What is the difference between
differentiation, maturation and functional maturation? It is my understanding, derived from
the cumulative literature review over the past 4 years, that sensing glucose and
expressing insulin makes a (B-cell a B-cell. Therefore, insulin expression is the hallmark
of B-cells. In utero and after birth, the B-cells go through their maturation process. By the
time B-cells start expressing insulin, they can be considered differentiated (-cells. In
contrast, the secretion of functional insulin, would then be the indicator of functional
maturity. Looking at the data from this angle, we observed residual expression of Insl
and Ins2 in islets, PROINS and INS staining and even substantial insulin secretion into
the plasma at 4 weeks of age in both models. Therefore, at least some B-cells must have
reached functional maturity at an earlier point in time. Further experiments at P14 and
P21 are needed to determine whether become mature and subsequently dedifferentiate
or whether they never reached full functional maturity. Single cell analysis could shed
more light on the form of dedifferentiation compared to TILDM and T2DM as described in
[72].

Interestingly, the downregulation of functional markers for 3-cells was less pronounced in
Ins2C109G although we observed reduced B-cell mass and islet size in this model. Analysis
of younger Ins2¢1996 animals showed significantly increased blood glucose already at P7
(Supplementary Figure 2). Chronic exposure to high levels of glucose has been shown to
have toxic effects on B-cells [166]. Therefore, increased glucotoxicity secondary to
hyperglycemia at a very early age could disturb p-cell maturation during the postnatal
period. In addition, persistent glucotoxicity could further lead to dedifferentiation [23].
Taken together, these mechanisms above-described effectively result in reduced (3-cell
mass in Ins2¢109C |n contrast, Ins2V26P animals showed no reduction of B-cell mass, an

observation similarly made in KINGS mice [91]. We observed hyperglycemia only after
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4 weeks (Supplementary Figure 2) and conclude, that the B-cells in Ins2V2¢D are less
severely affected due to the later onset of glucotoxicity. However, the increased amount
of polyhormonal cells in Ins2V26P, double-positive for INS and GCG, suggests not only de-
but also transdifferentiation, which could explain the persistent B-cell mass and retained
islet size. Incidentally, there was no evidence of increased apoptosis or changes in

proliferation in any model (Supplementary Figure 10).

Taken together, our results indicate that B-cells of both mutants do not reach maturity,

dedifferentiate or transdifferentiate due to an unfavorable cellular environment.

5.2.4 Disruption of the oxidative environment
Protein disulfide isomerases (PDIs) and ER oxidoreductases (ERO) play important roles
in oxidative folding of proinsulin. For example, it has been shown that an increased
expression of ERO1A in the B-cell line INS1E promotes the export of wild-type insulin,
even in the presence of mutant proinsulin [167]. Further, ERO1B re-oxidizes PDIs and
promotes insulin biogenesis and glucose homeostasis [62]. However, in our in vivo study,
we observed downregulation of Erola in Ins2V26P and of Erolb in both Ins2¢19%¢ and
Ins2V26D islets. Interestingly, similar findings were made in Akita mice, where expression
of Erolb was decreased and that of Erola remained unchanged [59]. Unfortunately, the
availability of islet samples was limited, so protein expression could not be evaluated.
However, reduced expression of Erola and Erolb and possibly their protein products
may decrease insulin biogenesis and export of healthy insulin, consistent with less

secreted insulin in both mutant lines.

PDIA1, the most abundant ER oxidoreductase, plays an important role in oxidative
maturation of proinsulin, in particular during metabolic stress, and may help to dissolve
HMW complexes [61], which is consistent with the increase of PDIA1 protein in our
models. Also, PDIA6 seems to be critical for processing of misfolded proinsulin [100, 145],
but due to the limitation of sample amounts, its protein was not evaluated in the Ins2
models. However, Pdia6 and Pdia4 gene expressions were significantly upregulated in
islet samples of both mutant lines. The upregulation of PDI genes in Ins2V?6® and
Ins2€199G gppears to be a B-cell response that helps to dissolve HMW complexes and to

promote export of healthy insulin. Taken together, the simultaneous downregulation of
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Erol and upregulation of PDI genes in our mouse models could lead to a mismatch in
oxidizing equivalents and thus to oxidative stress, which represents another obstacle to

the export of healthy insulin from the ER and explains the low plasma insulin levels.

5.2.5 ER-stress, UPR and apoptosis?

Misfolding and an unfavorable oxidative cell milieu potentially lead to ER-stress and
trigger the UPR. Therefore, a gene expression analysis of the three relevant ER-stress
transducers Irela, Eif2ak3 and Atf6 and protein expression analysis of the chaperone BiP
were performed in our mouse models. Surprisingly, none of the genes were upregulated
in 8-week-old mutants compared to wild type animals even though we observed severe
dilation of the ER. Instead, Irela was even found downregulated in Ins2¢1996, This is in
contrast to Akita mice, where these genes, although analyzed in much younger animals
at P21, were upregulated [94]. Interestingly, deletion of IRE1a in NOD mice, a model for
T1D, led to transient dedifferentiation of B-cells prior to the onset of insulitis which
protected the animals from diabetes and prevented the autoimmune destruction of their
B-cells [56]. Since we propose [-cell dedifferentiation, Irela-downregulation might
therefore just be another sign for B-cell dedifferentiation. BiP, the chaperone that normally
associates with IRE1A, PERK and ATF6 and only dissociates upon their activation [46],
was upregulated only in Ins2€19%G, Due to the limited sample availability, the expression
of all three ER-stress transducers on the protein level remains to be elucidated.

In summary, our models show only a certain degree of classic ER-stress and UPR, which
is expressed, for example, in the retention of molecules in the ER and in Ins2¢199C also in
the increase of the chaperone BIiP. BiP is regulated post-transcriptionally [168], which is
why the unchanged expression of its coding gene Hspa5 was not really surprising.

Furthermore, we observed a reduced expression of Ddit3 in both models. Ddit3 encodes
for the ER-stress responsive element CHOP, which increases protein synthesis and leads
to oxidative stress and, eventually, to cell death [169]. This observation is in line with the
fact, that we observed no changes in the expression of cleaved Caspase-3, which is a
downstream executioner for apoptosis [170]. As described in 1.4.2, UPR can also lead to
global attenuation of transcription by Irel-dependant decay (RIDD). Since we also

observed reduced expression of B-cell markers, it is tempting to speculate that due to
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global attenuation of transcription [165], overall only few transcripts are available for
translation, which might explain the lack of upregulation of ER-stress genes and the

downregulation of the Erol genes.

5.2.6 Activated autophagy
Autophagy, the lysosomal degradation of proteins, has received increasing attention in
recent years. Autophagy helps to remove misfolded proteins, protects cells from ER-
stress, and supports B-cells in insulin homeostasis [65]. Stimulation of Akita B-cells in vitro
with the autophagy-inducer rapamycin led to a relief from ER-stress and decrease in the
expression of P62 [66]. A similar observation was made in donor islets from T2D humans
[65]. However, autophagy remains to be evaluated in vivo. It is therefore interesting to
note that the Sgstm1 gene and its product P62 were decreased in isolated islets of our 8-
week-old mutants of both lines even under basal conditions. Immunohistochemistry of
P62 on pancreatic sections of animals at the same age also showed decreased P62. P62,
which delivers bound molecules to the phagophore at LC3 for subsequent degradation,
is self-degraded by the autolysosomes after initiation of autophagy [171]. Therefore, the
reduction or absence of P62 indicates a higher level of autophagy compared to wild types,
because accumulation of P62 would be a hint for reduced autophagic flux [171]. However,
what the observed reduction of the Sgstml gene means for its protein P62 remains a
matter of speculation. Since we could not detect P62 in mutant animals with our
experimental means, we do not know whether less Sgstml gene product also leads to
less P62, which is, as mentioned above, also degraded upon stimulated autophagy. To
shed more light on the matter and better elucidate the autophagic capacity and its
association with ER-stress, future experiments should involve the stimulation of

autophagy and ER-stress in isolated islets.

It remains to be noted that these changes in P62 expression suggest a higher level of
basal autophagy in our mutants, which seems to play a notable role in protection against
ER-stress and apoptosis. Autophagy and its stimulation could be the subject of further
functional studies in these mutants and shed more light on how modulated autophagy
promotes B-cell survival in the presence of severe ER dilations. The results would be
relevant both for T1D and T2D.
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5.2.7 Sexual dimorphism
Most research on diabetes is performed in male animals. However, the observation of
sexual dimorphism in diabetic mouse models and also in human diabetes patients is not
new [172]. For example, female Akita mice harboring the disulfide-bridge affecting
Ins2¢9Y mutation appeared to be protected from the development of overt diabetes by
endogenous estrogen, since treatment of male mice with conjugated estrogens prevented
the onset of hyperglycemia. Furthermore, Xu et al. [95] have shown that estrogen
promoted a proteasomal degradation of misfolded insulin. In another setup, the addition
of estrogen to the medium of INS-1 cells protected them from oxidative and ER-stress
and even from cell death due to glucotoxicity [173]. Although we only observed a mild
increase in glycemia in Ins2V2%P females, molecular analyses of gene and protein
expression revealed a molecular phenotype comparable to males, leading to a paradox
that has yet to be resolved. Hints in the study from Xu et al. [95] could be used to further
determine the molecular effects of estrogen on the genes that were dysregulated in our

models, particularly in Ins2V26D,

Ins2V26D animals could therefore be a valuable mouse model in diabetes research for
future studies of B-cell survival mechanisms in both sexes to further elucidate the

molecular role of estrogen.

5.2.8 Summary and potential disease mechanism
In conclusion, both models of this comprehensive study showed severe diabetes
accompanied by hypoinsulinemia, regardless of the type of mutation. In addition, we
observed reduced expression of marker genes for B-cells and observed some signs for
oxidative stress and severe swelling of the ER. In consequence, we observed a decline
of B-cell health and finally, loss of functionally mature B-cell identity. Surprisingly, whilst
ER-stress pathways were only slightly affected, autophagy pathways were deregulated.
This suggests a more prominent and important role of autophagy alongside classic ER-
stress. A detailed summary of similarities and differences between the models is provided

in Figure 21.

In the past, not all the data collected in this work has been extensively evaluated in the
same cohort of diabetic mice. Instead, many individual publications were published, that
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only partially or not at all iluminated these aspects. This study, provides a comprehensive
overview of a mouse model with a cysteine-mutation (Ins2¢199) and one without
(Ins2V2¢D) and presents them side-by-side to provide the best possible comparisons. In
fact, valuable differences were found, most notably, that non-cysteine mutations can
result in a very strong phenotype that is more severe compared to all other published
mouse models. Furthermore, not much is known about the effects of a C109G mutation,
although there are human patients with the identical mutation [86] for whom this research

can provide valuable additional information not previously known.

The following Figure 34 is a proposed model showing the overarching disease

mechanism, which may also apply to other Ins2 models but requires full evaluation there:

Subset of ,normal’ proinsulin molecules do not fold properly
+ mutant misfolded proinsulin
b
Overload of misfolded proteinsin the ER
ER-stress, oxidative stress

4/\.

UPR/ERAD Helps the cel to Autophagy

clear proteins

Proteasomal degradation Lysosomal degradation

Temporary stressful

. Sustained ER stress
conditions

Stress resolved Ap sis

© ®

Figure 34 Proposed disease mechanism for Ins2-mutation induced diabetes in mouse models

The model is based on results obtained for this study and associated literature research. A disease
mechanism is proposed where autophagy besides ER-stress plays a more prominent role than previously
anticipated.

However, it is important though to keep in mind the uncovered molecular differences (see
also Figure 21) and to take them into account when evaluating the models or associated

human patients in relation to the proposed model.
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Taken together, these results help to provide valuable insight into the pathophysiology of
MIDY and, in addition, these animal models may provide important insight into B-cell
survival mechanisms and the more complex pathophysiology of multifactorial T1D and
T2D.
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5.3 The novel mouse model Pdia6™°®

Many aspects of the PDIA6-F175S mutation have already been discussed with my
participation [100]. Therefore, only a few points will be highlighted and discussed in more

detail here.

5.3.1 F175S versus V32A versus human mutation in Pdia6/PDIA6
The exchange from valine to alanine at position 32 in the first thioredoxin domain of PDIA6
(V32A) was recently evaluated in a mouse model with a strong focus on lymphoid and
myeloid development [97]. Apart from the resulting immune deficiency, the authors also
described altered glucose metabolism providing the first hint that Pdia6 plays an important

role in vivo in maintaining glucose homeostasis.

Our animal model carrying a F175S point mutation in the second thioredoxin domain of
PDIAG6 also showed reduced body weight with reduced body size, reduced Mendelian
ratio and apparent hyperglycemia. And, similar to our model hardly any insulin or
proinsulin was detectable in V32A animals [97], which was not investigated further due to
the different focus of the study. Further, it should be noted that the model used for this
study is a compound mouse model, where the V32A mutation results from another

mutation which they call braum/-.

In contrast to our model though, the V32A mutation resulted in a reduction of PDIA6
protein, which we did not observe. Instead in our model, Pdia6 gene expression was
increased and PDIA6 protein levels remained unchanged. This finding provides some
evidence that the underlying defect is due to a dysfunctional PDIA6 protein rather than
due to missing protein. Therefore, it is conceivable that by upregulating Pdiaé gene
expression in Pdia6™75S islets, the B-cells try to provide more transcripts for translation to
compensate for the missing function. Furthermore, this observation suggests that
mutations in the second thioredoxin domain might have different effects on protein
abundance compared to mutations in the first thioredoxin domain, providing evidence for
different functions of the two domains. Taken together, these results imply that Pdia6
might play a larger role in glucose homeostasis and insulin secretion than previously

thought. Recently, the first human patient was identified carrying a homozygous
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frameshift mutation affecting the second thioredoxin domain of PDIAG, leading to severe

immunodeficiency and neonatal diabetes [87].

Because Pdia6 is expressed globally throughout the body, mutations can result in a
complex, multi-organ phenotype as seen in the human patient [87]. Further studies must
show to what extent the other organ systems are also affected in Pdia6F">S animals.
Furthermore, two independent studies have shown that mice with a homozygous whole-

body knockout are not born (www.mousephenotype.org/data/genes/MGI1:1919103 and

[97]), further underscoring the global importance of Pdia6.

5.3.2 Disrupted glucose homeostasis and insulin deficiency in Pdia6 mutants
The role of Pdia6 in B-cell dysfunction has not been extensively explored. However, in
vitro silencing of Pdia6 in INS-1 cells resulted in reduced insulin secretion [60]. Eletto et
al. therefore hypothesized, that sustained activity of IRE1A and subsequent Irel-
dependent decay (RIDD) reduced Ins1 and Ins2 expression [60]. Thus, an important role
of ER-stress in the development of the Pdia6-associated insulin deficiency and the
subsequent disruption of glucose homeostasis has been described. In summary, also
with regard to the results on the two Ins2 models described in this work, some
mechanisms could be intertwined. First, mutations in the Pdia6 gene lead to a decrease
in Ins2 expression, which affects the expression of other B-cell genes. Second, mutations
any of the PDI genes can disrupt the folding environment, which in turn leads to ER- and
oxidative stress, effectively leading to further global attenuation of transcription and
particularly of B-cell genes [52]. A Pdia6 mutation could therefore directly affect -cell

identity and insulin production capacities.

In adult mice, plasma insulin levels were below the detection limit of the insulin ELISA kit
used, and insulin and proinsulin were barely detectable in isolated islets [100]. In addition,
Ins2 gene expression was already reduced at P21. As shown in Figure 4, insulin folding
is a complicated process that requires the interaction of PDIs and EROs to establish the
three disulfide bonds of the mature molecule. Any disturbance of this homeostasis can
lead to dysfunction of B-cells. Thus, we observed an upregulation of the Pdia6 gene, an

increase of PDIA4 and downregulation of Erola, indicating a disrupted folding
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environment in the cell. The increase in PDIA4 could represent a compensatory attempt

by the cell, similar to how Pdia4 was upregulated in a model with a PDIA1 defect [61].

Analyzing the ER-stress sensors (as described in 1.4.2), we found increased Irela,
Eif2ak3 and Hspa5 expression. The next step was the analysis of their encoded proteins
IRE1A with its active form P-IRE1A, PERK with its active form P-PERK and BiP. While
IRE1A/P-IRE1A and PERK/P-PERK were unaffected at P21, BiP expression was
increased, altogether indicating some ER-stress response. Analysis of some other
downstream effectors of IRE1A (also described in 1.4.2) may shed more light on the RIDD
hypothesis [60].

Regarding B-cell identity, we observed Ins2 downregulation and Gcg upregulation at P21,
along with some cells that were double-positive for insulin and glucagon. With age, we
observed a massive decrease in B-cell markers [100] and an increase in a-cell markers,
showing that B-cells lose their identity over time. We propose that the insulin secretory
defect is more closely related to the effects of the Pdia6 mutation on 3-cell identity and
homeostasis, and that Pdia6 is a novel player in B-cell identity. This association is also
reflected in the dysregulation of Pdia6 in a model for T1DM by disruption of B-cells by
STZ [174]. It may be worth checking the expression of Pdia6 in models of T2DM with
hyperinsulinemia as well to further elucidate its role in other types of diabetes and its

potential role in hyperinsulinemia.

Unfortunately, an analysis of younger animals similar to the Ins2 study is still missing. It
could be shown that embryonic development is not impaired in Pdia6™ /%S and that insulin
expression is reduced at P14. Studies on P7 could therefore answer the question of

whether the B-cells ever reach full maturity or when they start to lose their identity.

5.3.3 Summary and outlook
In summary, mice homozygous for the F175S mutation in Pdia6 were mildly
hyperglycemic at weaning and subsequently became hypoinsulinemic and overtly
diabetic in adulthood. Within this study, we have shown that Pdia6 plays an important role
in insulin synthesis and secretion and propose that it is a novel player affecting p-cell
identity. Although there is an unfavorable oxidative environment, it is not yet known

whether insulin accumulates in the ER of Pdia6™">S mice. Future experiments could
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therefore include the analysis of B-cells by transmission electron microscopy and, for
example, additional immunohistochemistry against calreticulin. Furthermore, as briefly
highlighted in this study, a functioning ER-stress machinery is of utmost important for the
development of B-cells. Therefore, future studies should also consider the investigation
of ER-stress mechanisms in more detail and analyze their downstream effectors to
properly examine whether the loss of insulin transcripts in vivo is due to RIDD-mediated
decay, as suggested by Eletto et al. [60]. Finally, Pdia6 is ubiquitously expressed and its

function in other organs remains to be elucidated.
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5.4 Hnf4a-mouse models and the missing phenotype

It has been proven to be very difficult to identify a mouse model with a disruption of Hnf4a,
in a variety of attempts that reflects the human phenotype of MODY1. Therefore, this

discussion is focused on the potential underlying mechanisms for the missing phenotype.

5.4.1 Missing reduction of HNF4A in Hnf4a!™1b Hnf4aR333L Hnf4a%?4A and
hemizygous mice

In general, our findings suggest that damaging mutations in Hnf4a, when homozygous,
are embryonically lethal and might be tolerable when heterozygous. MODY1 in humans
is usually caused by spontaneously occurring or hereditary point mutations [32]. These
point mutations can result in frameshift or missense mutations and possibly even to a
premature stop codon, effectively reducing the HNF4A dose. In general, when
homozygous mutations are observed in humans, they are often inherited by children of
consanguineous parents who are both heterozygous carriers. An example is the human
patient with a Pdia6 mutation [87]. Yet, turning off a gene or knocking out a gene in
rodents is a commonly used tool to better understand its function. In this work, a multiple
approach was followed to identify a suitable mouse model for MODY1: the investigation
of a whole-body knockout, the generation and characterization of two point mutation
models (to better represent the human situation), the reduction of the Hnf4a gene dose
by generating two hemizygous mouse lines (each carrying a point mutation and a
knockout allele) and the generation of a mouse model with a B-cell specific
downregulation of Hnf4a. To date, no patients have been reported who carry a
homozygous mutation in the HNF4A gene. Also, no mouse models have been described
to date, including our own, which are homozygous for whole-body mutations in Hnf4a. As
described in 1.6.3, HNF4A is an important transcription factor that is expressed during
development and in many organs, hence, it is not surprising that homozygous disruption
resulted in early embryonic death in mice [113]. This could also explain why there are no

patients with homozygous mutations in HNF4A.

A fundamental difference between human and mouse seems to lie in the expression of
HNF4A/Hnf4a itself. In the islets of mice, expression was found to by 10 times higher

compared to human islets [115]. A heterozygous Hnf4a knockout might provide a gene
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reduction of about 50% and could therefore better reflect the human situation. As early
as 1997 it was stated that heterozygous Hnf4a knockouts do not show any phenotype
[114]. However, this was only mentioned in one sentence and results were never
published. Therefore, we decided to analyze a new knockout model, but after detailed
phenotyping of the heterozygous mice, even if they were more than one year old (data
not shown), we did not observe any metabolic changes. However, it was surprising that
no changes of Hnf4a gene expression or HNF4A protein expression were found when
examining expressions in the liver, the main organ where HNF4A is expressed and which
is easily accessible. Genotyping was performed targeting the lacZ site introduced by the
tmlb KO strategy [146], thereby confirming the presence of the knockout and omitting
sequencing. The fact that no homozygous animals were born speaks against the
possibility that the knockout was somehow leaky and further confirms the functionality of
the knockout allele. Also surprising was the similar findings in the models with the R333L
and G124A point mutations and in hemizygous mice carrying one knockout and one point
mutation allele, although the point mutations were predicted to be deleterious. So, there
seems to be compensatory mechanism that somehow protects the cells from losing
HNF4A protein.

Changes in the amount of transcription factors can impact the absolute activity of a gene
and the entire transcription factor network. Alternatively, the expression of HNF4A in our
mutants may still have been above a certain threshold that is required for the
manifestation of a disease phenotype. Such a disease scenario has already been

proposed by Harries et al. [115], which is hereby confirmed.
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5.4.2 Missing phenotype in Hnf4a-Kl and the hierarchical regulatory
relationship of Hnfla and Hnf4a

So far, only mice with a targeted islet-specific knockout of Hnf4a were viable and
presented a mild phenotype with hyperinsulinemia and impaired glucose tolerance [110].
Our approach with a B-cell specific downregulation of Hnf4a was successful in that we
could significantly reduce the Hnf4a gene dose in the islets significantly without affecting
the expression in the liver, demonstrating that our novel approach to downregulate
endogenous genes worked as intended. Although we showed a concomitant
downregulation of the HNF4A target gene Slc2a2, HNF4A-KI mice did not develop a
diabetic phenotype. However, the HNF4A protein content in islets has yet to be quantified.
We also observed no changes in Hnfla expression. We propose that the underlying
reason for the missing phenotype might be the hierarchical relationship between Hnfla
and Hnfda. It has long been described that HNF4A and HNF1A share a common
regulatory network in islets and that they jointly regulate 3-cell function [108, 149]. These
two transcription factors have been shown to regulate a similar set of genes and have
been found to regulate common targets synergistically. However, HNF1A has also been
described as being higher in the regulatory hierarchy [103, 107, 108]. Boj et al. [108]
proposed a model with HNF1A upstream of HNF4A, which is shown in the following Figure
35:

// \.
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Figure 35 Hierarchical relationship of HNF1A and HNF4A

Figure was adapted from Boj et al., 2010.

Since we did not observe any regulation of Hnfla, the missing phenotypic effect could be
due to the assumption that Hnfla takes over the regulation of genes that are normally

regulated by Hnf4a. Since Hnfla is located higher in the regulatory network, it could
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compensate for the loss of Hnf4a, resulting in only mild effects such as reduced Slc2a2
in otherwise healthy animals. Alternatively, Hnf4g might compensate for the loss of Hnf4a
as recently demonstrated for the targeted deletion of Hnf4a in the intestine [175]. While
these presumptions remain to be explored, Hnf4a-KI mice could provide a valuable
resource for further analyses on the HNF transcription factors network in islets. A double
KO of Hnfla and Hnf4a could provide additional information on how disturbance of the

network affects the metabolic state of animals.

Further follow-up studies could include the reduction of Slc2a2 expression and whether
this has an impact on GLUT2 abundance and the insulin secretory capacity of islets in
vitro. Therefore, a GSIS experiment with islets of HNF4A-KI animals could shed light on
this matter. In HNF4A- defective INS-1 cells, Slc2a2 and insulin were reduced, resulting
in defective GSIS [103]. However, the concomitant insulin reduction was not observed in
our model. This observation once again underscores the importance of in vivo evaluation
of in vitro data. However, in our model, we could not detect a complete loss of Hnf4a
transcripts, so there may still be enough transcripts left for the normal function of the
transcription factor. On the other hand, HNF1A and/or HNF4G may have taken over the
regulation of most genes, resulting in wild-type-like mice. In future experiments, one could
also include e.g. gene expression analysis on other genes important for normal (3-cell
function, such as Abcc8 and Kcnjll. Finally, since we do not observe any in vivo
phenotype, it must be kept in mind that these experiments can only be source for
exploring further compensatory mechanisms and for revealing differences between mice

and humans.

5.4.3 Ongoing and future experiments
Since we observed Hnf4a downregulation and few other effects at the molecular level in
HNF4A-KI mice, it might be worth performing further experiments. Some of them are
already in the hands of my successors Maximilian Schmidtke and Aliona Harten. To add
an environmental trigger to the genetic disruption, mice were placed on a high fat diet
(HFD) and my successors are currently awaiting results. In addition, a cohort of mice
could be left up to about 1 year of age to test whether diabetes occurs late in life.

Additional sample collection is currently underway for the experiments suggested above.
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Hopefully, these experiments will provide more detailed information about the missing

phenotype.
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5.5 The intricate procedure of intraductal injection

Establishing the microsurgical procedure of intraductal injection was a team effort of our
Functional Genetics group. The best possible results could only be achieved by working

together and finding best-practice examples.

Microsurgery for intraductal injection is an intricate procedure. Many things need to be
considered before starting, for example the local environment, available equipment and
tools, personal skills of the surgeons, but also local regulations regarding experiment
approvals and animal welfare. In order to get approval and to establish the method in our
animal facility, extensive training at the UAB facility in Barcelona and lots of further training

were required.

Implementation of the whole procedure has proven to be a constant learning process. We
have reorganized the laboratory to keep the surgical area as sterile as possible. To give
the surgeon a good view, we have added a ring light to the stereomicroscope. We have
also used tungsten carbide surgical instruments to achieve the best possible
performance. And to increase animal welfare, we added buprenorphine as an additional

analgesic during surgery and also treated with meloxicam for the three following days.

In order to avoid injury during surgery, one should not touch the pancreas at any time and
should not use sharp tools when moving the liver lobes and intestines. In addition, the
hole in the bile duct created during the injection should not be closed with too much tissue
glue in order to prevent the organs from sticking together and not to impede the
subsequent islet isolation. When closing the surgical wound, the suture of the muscle
layer must be kept as flat as possible, while the ends of the skin suture must not be too

short to prevent the knots from opening.

5.6 Gene therapy for mouse models for monogenic diabetes

As intended, homozygous Hnf4a-KlI animals showed significant downregulation of Hnf4a
in pancreatic islets. Therefore, the first cohort of HNF4A-KI animals, divided into a control
group and a treatment group were treated with rAAV8- However, the follow up analyses
were not yet complete at the time of writing of this thesis. In the following, the discussion

therefore focuses on experimental limitations and ongoing and future experiments.
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5.6.1 Experimental limitations
After surgery for the intraductal administration of substances (rAAV or PBS solution) the
animals were closely monitored for several days. Consequently, surgeries had to be
limited to two days a week. With only one surgeon, the capacity was limited to a maximum
of 10 animals per week. Another limitation was that initially, male animals at the right age
and with the right genotype need to be available, but, at the same time breeding excess
should be avoided. For this reason, the surgeries have only been performed on one
control group (wild types injected with vehicle solution) and the treatment group
(homozygous Hnf4a-KI injected with vector solution). This shows that careful planning in
advance of such a project is essential. Due to the limitations mentioned above and
additional delays in material supply during and after the Corona pandemic, the second
control group (homozygous Hnf4a-KlI, injected with vehicle solution) could not be included
in this work. The dosage of the anesthetics also proved to be a limiting factor. With the
originally used mixing ratio of ketamine/xylazine (100 mg/16 mg per kg/BW), which
corresponds to that of our cooperation partners at the UAB, some animals did not wake
up from anesthesia after surgery. Only after switching to a ketamine/xylazine dose of
100 mg/10 mg per kg/BW this did no longer occur. This again proves that each step of
the surgical procedure needs to be carefully evaluated and regular troubleshooting is of

utmost importance

5.6.2 Ongoing and future experiments with Hnf4a-Kl
After the treated animals have been rested for four weeks, they are currently being
phenotyped as shown in Figure 9. However, this work is not yet complete. To date, no
differences have been observed between the rAAV-treated Hnf4a-Kl animals and the
vehicle-treated wild-type littermates. From today’s perspective, this shows that treatment
with rAAV does not appear to have any negative effects on body weight, blood sugar,
glucose tolerance or insulin tolerance. The absence of such side effects is consistent with
the findings of our cooperation partners in the rAAV treatment of diabetic Hnfla-KI
animals (Fatima Bosch, personal communication). The analysis of feces and urine
samples from the treated animals one week after administration also shows that treatment
with rAAV can be regarded as safe, since no viral nucleic acids could be detected in the

excrements.
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Upon completion of the phenotyping of live animals, Hnf4a expression will be examined
at RNA and protein level in isolated islets and in liver to verify that vector administration
results in restoring Hnf4a expression in islets of Hnf4a-Kl animals and does not cause
off-target effects in the liver. For further comparisons and studies on possible side effects,
Hnf4a-Kl animals treated with vehicle solution would have to be added as an additional

control group

Overall, the gene therapy carried out can be considered successful in terms of method
development and optimization of the surgical steps, which is evidenced by the
significantly improved survival rate. Together with the absence of negative or toxic side
effects, the results obtained form the basis for future experiments within the group.

5.6.3 AAV-vector design and choice of promoter
The design of the AAV vector and the selection of a suitable promoter was carried out by
our cooperation partner at UAB. Three different promoters were evaluated in cell culture
to determine the optimal expression level of the therapeutic gene to be transferred to -
cells. However, the promoter selected cannot be specified yet since it is part of the patent

application which is not yet publicly available.

5.6.4 Future perspectives for other mouse models of monogenic diabetes and
humans

After successfully establishing the surgical method and targeting the vector expression to
B-cells, an important question remains unanswered: Is this method also suitable for the

treatment of other mouse models with monogenic diabetes?

In my opinion, a basic distinction must be made between two types of monogenic
diabetes: Loss of function and gain of (toxic) function mutations. It is also important to
consider whether the effect is B-cell specific (such as in our Ins2 models) or affects the

whole body (such as in our Pdia6 model).

For all loss-of-function cases, gene therapy, i.e. providing a healthy version of the gene,
seems to be a suitable option and offers good prospects for the affected patients In the
case of mutations that lead to a toxic function, the situation is more complex. In Ins2¢1096

and Ins2V2D animals, the mutant insulin forms HMW complexes with the healthy insulin
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and accumulates in the ER, thereby preventing healthy insulin from exiting. Providing a
healthy copy of the gene may enhance this phenotype, significantly increasing ER-stress
and triggering apoptosis. In this case, other approaches must be chosen. One idea is to
try to alleviate ER-stress, for example, by providing a copy of the gene Erolb to improve
redox potential or by providing a gene like Sgstml that enhances autophagy to reduce
the burden of misfolded proteins. However, the side effects of such a treatment are
unpredictable and the effects of the increased gene dose could play a major role. Another
idea is to try in vivo gene editing with AAV-vectors to deliver CRISPR and a Cas-
endonuclease into 3-cells and correct the mutation in vivo. This approach has proven to
be successful in a retinal disease [176]. However, it must be carefully examined which
Cas-endonuclease is most effective [177]. Therefore, this approach requires many
preliminary in vitro experiments to assess all the intricacies associated with this potential

treatment.

Another problem occurs in the Pdiaé model. Pdia6 is expressed globally, and, as shown
by all previous studies, including our own, the defects are widespread throughout the
body. While treating only the B-cells could improve glucose homeostasis, other defects,
such as immunodeficiency [60], would remain untreated. Therefore, intraductal delivery
to B-cells, may not be the right choice in this case. Whole body delivery using a ubiquitous
promoter may represent a better treatment option. One method of administration could
be via the blood stream, which of course is low-invasive. However, whole body
administration has its own side effects, some of which are highlighted here: Very high
doses are required, transduction efficiency varies greatly in different tissues [178], and
pre-existing immunity to AAV in humans, needs to be evaluated in humans prior to in vivo
treatment [131].

5.7 Closing remarks and future perspectives

In this work, nine mouse models (see Table 15) were phenotyped in vivo. The molecular
in vitro evaluation of the phenotype was carried out for each mouse line with regard to the
respective mutations and adapted to findings made during the process. Furthermore, with
the help of other group members, the technique of intraductal injection using a

microsurgical procedure was successfully established. We treated the first mouse model,
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Hnf4a-KI mice, greatly improving our skills and thereby optimizing the method for future

treatments of other mouse models.

Unfortunately, it has not been possible to identify a suitable model for MODY1. Hnf4a
appears to be a difficult gene to manipulate, particularly in rodents. Future experiments
could include phenotyping other mouse models of monogenic diabetes with loss-of-
function mutations. An overview of possible mutations can be found in Hattersley et al.
[179]. MODY4 diabetes caused by Pdx1 mutations is one example.
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Appendix A

Supplementary Figures that are mentioned in the text.
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Supplementary Figure 1 Mild hyperglycemia but normal hormone secretion in 8-week-old female Ins2¢1%%¢ and

|n82\/26D

(A-B) Blood glucose [mM], plasma insulin [pM], plasma proinsulin [pM] and ratio of insulin/proinsulin from
8-week-old fasted (6h) Ins2C109G (A) and Ins2V26P (B) compared to wild types; n=3-6. (A’-B’) Plasma
glucagon [pM] and plasma C-peptide [pM] from 8-weeks-old fasted (6h) Ins2¢109¢ (A’) and Ins2V2¢D (B’)
compared to wild types; n=3-6.
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Supplementary Figure 2 Islet morphology, blood glucose and plasma insulin from P7, P15 and 1-month-old animals,
islet content from 1-month-old animals

(A, C) Representative images of islets of Langerhans from WT, Ins2¢109 and Ins2V26P animals. DAPI: blue,
insulin: green, glucagon: red. Scale bars equal 50 um. (B, D) Blood glucose [mM] and plasma insulin [pM],
from P7 and P15 Ins2€199¢ (B) and Ins2V2éP (D) males and females; n=4-20. (E-F) Blood glucose [mM] and
plasma insulin [pM] from 4-week-old 6 h fasted animals, insulin content in islets from random fed animals
in WT and Ins2¢19%C (E) and Ins2V2¢P (F) males; n=5-6.
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Supplementary Figure 3 Hormone secretion to the plasma in 1-month-old animals

(A-B) Plasma proinsulin [pM], ratio of insulin/proinsulin, plasma glucagon [pM] and plasma C-peptide [pM]
from 4-week-old 6 h fasted WT, Ins2¢109¢ (A) and Ins2V?6P (B) male animals; n=4-6.
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Supplementary Figure 4 ipITT results and mature B-cell markers in Ins2¢109 and Ins2V26P females

(A-A’) ipITT (0.75 U/kg BW) in (A) 10-week- and 20-week-old Ins2¢10°G and WT; AUC; n=14-15 and (A’)
10- and 20-week-old Ins2V26P and WT, AUC; n=15. (B-B’) Relative mRNA expression of Ins2, Ins1, Pdx1,
Mafa, Ucn3, Pax6 and Slc2a2 in (B) WT and Ins2¢109G+-females and (B’) WT and Ins2V26P+- females aged

8 weeks; n=3-4.
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Supplementary Figure 5 Gene expression analysis in islets from 1-month-old Ins2¢109¢

Relative mRNA expression of genes associated with (A) B-cell identity, (B) islet function, (C) oxidative

folding, and (D) ER-stress and autophagy in WT and Ins2€199+- males aged 4 weeks; n

=3-4.
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Supplementary Figure 6 Gene expression analysis in islets from 1-month-old Ins2V26P

Relative mRNA expression of genes associated with (A) B-cell identity, (B) islet function, (C) oxidative

folding, and (D) ER-stress and autophagy in WT and Ins2V260+- males aged 4 weeks; n

=3-4.
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Supplementary Figure 7 Golgi-staining of Ins2¢10°¢ and Ins2V?6P males

(A-B) Representative images of islets of Langerhans’ of Ins2¢109G (A), Ins2V26P (B), and WT male animals.
White arrows in all panels highlight Golgi structures that co-localize with proinsulin. DAPI: blue, proinsulin:
green, calnexin: red, GRASP65: cyan; Scale bars equal 50 um; age 8 weeks.
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Supplementary Figure 8 P62 staining in Ins2 mutants

(A-B) Representative images of islets of Langerhans’ of Ins2¢109¢ (A), Ins2V26P (B), and WT male animals.
DAPI: blue, proinsulin: green, P62: red; Scale bars equal 50 um; age 8 weeks.
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Supplementary Figure 9 Gene expression analysis from 8-week-old females

Relative mMRNA expression of genes associated with (A) Protein disulfide isomerases and ER-stress, (B)

ER-oxidoreductins and apoptosis, and (C) autophagy in WT and Ins2¢109¢+- or |ns2V26D+- females aged 8

weeks; n

=3-4.
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Supplementary Figure 10 Cell death and cell proliferation in 8-week-old animals

(A-B) Per cent (%) of NKX6.1+ cells that also express cleaved Caspase-3 (cCas3) or KI67 in 8-week-old
INs2€109G (A) and Ins2V2¢P (B) and WT males; n=4-6.
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Supplementary Figure 11 Additional western blot results for PDIA6

(A-D) Western blot analyses and quantification of (A) PDIA1, (B) P-IRE1A/IRE1A, (C) P-PERK/PERK, and
(D) Individual quantifications for IRE1A, P-IRE1A, PERK and P-PERK in pancreatic tissue; n=3-5. Mice
aged P21 were used for all experiments. Parts of the figure are adapted from Chhabra and Amend et al.
2021.
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Sperm ID Position cDNA Nucleotide Exon/intron | Protein exchange | Mutation type
exchange
21041347 c.181 G>A Ex2 Ala61Thr (A61T) missense
21103501 c.371 G>C Ex 3 Gly124Ala (G124A) missense
21096929 c.456 C>T Ex4 llel52lle (11521) silent
10184617 c.757 C>A Ex7 Arg253Arg (R253R) silent
21051881 | 2,163566116 (pos. chr. 2) T>A In7-8 S A
21094261 c.909 T>C Ex 8 Ser303Ser (S303S) silent
21095915 c.932 T>G Ex8 Leu311Arg (L311R) missense
21047761 c.974 A>G Ex 8 Asp325Gly (D325G) missense
21098457 c.998 G>T Ex 8 Arg333Leu (R333L) missense
21046419 c.1002 T>A Ex8 Phe334Leu (F334L) missense
Supplementary Figure 13 Hnf4a-mutations found in the F1 archive
The two mouse models analyzed in this thesis are highlighted in grey.
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Supplementary Figure 12 HFD feeding in Hnf4a-KO

Hnf4a-KO animals were fed a HFD for 6 weeks from the age of 9 weeks to 15 weeks. (A) Body weight
evolution in [g]. (B) A Body weight in [g] before sacrifice. (C) Blood glucose at the age of 15 weeks after 6
weeks of HFD; n=4-6.
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Appendix B
Additional data that was not mentioned in the text.
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Appendix B 1 Protein expression in islets of 1-month old male Ins2-mutants

(A-B”’) Western blot analyses and quantification of (A, B) BiP, (A’, B’) PDIA1 and (A”-B’’) P62 in 1-month-
old Ins2€109G (A-A”) and Ins2V26P (B-B”) and WT males; n=4.
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Appendix B 2 Plasma hormones in 8-week-old female Ins2 mutants

(A-B) Blood glucose [mM], plasma insulin [pM], plasma proinsulin [pM], plasma glucagon [pM] and plasma
C-peptide [pM] from 8-week-old 6 h fasted WT, Ins2¢109C (A) and Ins2V?6P (B) female animals; n=4-6.
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Appendix B 3 Protein expression in islets of 8-week-old female Ins2 mutants

(A-B”’) Western blot analyses and quantification of (A, B) BiP, (A’, B’) PDIA1 and (A”-B”’) P62 in 8-week-
old Ins2€199G (A-A”) and Ins2V?6P (B-B”’) and WT females; n=4.
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Appendix B 4 INS and GCG in Hnfa™1P/R333L gnd Hnf4am1b/G124A

(A-B) Representative images of islets of Langerhans’ of Hnf4am1b/R333L (A) Hnf4aim1b/G124A (B) and WT
animals. DAPI: blue, insulin: green, glucagon: red; Scale bars equal 20 um; age 8 weeks.
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