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Genome-wide association studies have identified pancreatic ductal adenocarcinoma
(PDAC) susceptibility variants in the vicinity of the NR5AZ2 gene, which codes for an
orphan nuclear receptor involved in acinar differentiation. Nr5a2 heterozygous mice
(Nr5a2"") display more severe damage upon induction of pancreatitis and are sensitized
to the effects of mutant Kras. The pancreas of Nr5a2”” mice displays a pre-inflammatory
state that mimics transcriptomic changes present in the pancreas of subjects carrying
NR5AZrisk alleles. Here, | aimed to determine the contribution of non-genetic factors to

pancreatic inflammation in these mice.

First, | investigated the effects of administration of a high fat diet (HFD). Wild type (w1
and Nr5a2*” mice displayed similar changes in body weight gain, insulin resistance,
glucose intolerance, and hypercholesterolemia. However, Nr5a2* mice presented an
attenuated hepatic steatosis. While HFD administration exacerbated experimental
pancreatitis in wtmice, this was not observed in Air5a2*” mice. These results indicate that

Nr5aZ heterozygosity does not cooperate with HFD to induce pancreatic inflammation.

In addition, | investigated the role of the gut microbiome, which has emerged as a critical
modulator of pancreatic disease. | depleted the gut microbiome using broad-spectrum
antibiotics (ABX) and assessed the effects on the pancreas in basal conditions and upon
induction of pancreatitis, through the use of histologic and transcriptomic analyses. ABX
administration had no major effects on pancreas histology but it induced a
transcriptomic sub-inflammatory state in the pancreas both in wtand in Nr5a2*” mice.
In addition, ABX-mediated gut microbiome depletion rescued pancreatitis at the
histological and transcriptomic level in Air5a2*” mice. Transcriptomic analyses of the
pancreas revealed that ABX treatment led to an up-regulation of oxidative
phosphorylation in basal conditions; the same pathways were down-regulated upon
pancreatitis induction only in Nr5a2”" mice. These findings suggest that the effects of
ABX could result from the modulation of mitochondrial function. Immunoprofiling
showed that NVr5a2*” mice presented increased levels of circulating and splenic T and
CD4+ T cells, that were normalised upon ABX administration. These immune cell
populations have been reported to participate in the pathogenesis of pancreatitis,
suggesting that ABX may protect Nr5a2”” mice from pancreatitis through the

modulation of the activity of these immune cell populations. The composition and
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diversity of the fecal microbiome and the abundance of intrapancreatic bacteria was
comparable across genotypes, supporting the notion that Nr5aZheterozygosity does not

promote pancreatic inflammation through the generation of dysbiosis.

Overall, this work reveals a complex interaction between Nr5a2 haploinsufficiency and
non-genetic factors and indicates that a genetic defect that increases susceptibility to
pancreatic disease can be rescued through manipulation of the gut microbiota.
Understanding the mechanisms involved may provide an opportunity to act on

modifiable factors to prevent pancreatic disease.
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Los estudios de asociacion del genoma completo han identificado variantes de
susceptibilidad al adenocarcinoma ductal pancreatico (PDAC) proximos al gen NR5A2,
que codifica un receptor nuclear huérfano involucrado en la diferenciacién acinar. Los
ratones heterocigotos para Nr5a2 (Nr5a2*”) muestran un dafio mas grave tras la
induccion de pancreatitis y estan sensibilizados a los efectos de Kras mutante. El pancreas
de ratones ANr5a2”” muestra un estado preinflamatorio que imita los cambios
transcriptémicos presentes en el pancreas de sujetos que portan alelos de riesgo para
NR5AZ. El objetivo principal de esta tesis es determinar la contribucion de factores no

genéticos a la inflamacion pancreatica en estos ratones.

Primero, investigué los efectos de la administracion de una dieta alta en grasas (HFD).
Los ratones wild type (wf) y Nr5a2"” experimentaron cambios similares en el aumento
de peso corporal, resistencia a la insulina, intolerancia a la glucosa e hipercolesterolemia.
Sin embargo, los ratones Nr5a2*” presentaban menos esteatosis hepatica. Si bien la
administracion de HFD exacerbd la pancreatitis experimental en los ratones wt, esto no
se observo en los ratones Nir5a2"”. Estos resultados indican que la heterocigosidad para

Nr5aZ no coopera con HFD en la induccion de inflamacion pancreatica.

Por otro lado, exploré el papel de la microbiota intestinal, que se ha propuesto como un
modulador critico de la enfermedad pancreatica. Para ello, eliminé la microbiota
intestinal usando antibidticos de amplio espectro (ABX) y evalué los efectos sobre el
pancreas en condiciones basales y tras la induccion de pancreatitis, mediante el uso de
analisis histologicos y transcriptomicos. La administracion de ABX no tenia efectos
importantes sobre la histologia del pancreas, pero inducia un estado subinflamatorio a
nivel transcriptémico en el pancreas tanto en ratones wt como en Nr5a2”". Ademas, la
eliminacién de la microbiota intestinal mediante el uso de ABX rescataba la pancreatitis
a nivel histoldgico y transcriptomico en ratones ANr5a2*”. Los analisis transcriptdmicos
del pancreas revelaron que el tratamiento con ABX aumentaba la expresion de firmas de
fosforilacién oxidativa en condiciones basales. Unicamente en ratones Nr5a2*, la
induccion de una pancreatitis regulaba estas mismas rutas transcripcionales en la
direccion opuesta. Estos hallazgos sugieren que los efectos de los ABX podrian resultar
de la modulaciéon de la funcion mitocondrial. De acuerdo a nuestros analisis de

poblaciones inmunitarias, los ratones Nr5a2*” presentaban niveles elevados de células T
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y T CD4+ en sangre y bazo, que se normalizan tras la administracion de ABX. La literatura
indica que estas poblaciones de células inmunitarias participan en la evolucion de la
pancreatitis, lo que sugiere que los ABX podrian proteger a los ratones Nr5a2*” de la
pancreatitis a traves de la modulacién de la actividad de estas poblaciones de células
inmunitarias. Los ratones wty Nr5a2"" presentaban una cantidad normal de bacterias en
el pancreas y no mostraban alteraciones en la composicion o diversidad de la microbiota
intestinal, lo que respalda la idea de que la heterocigosis en Nr5a2 no promueve la

inflamacion pancreatica a través de la generacion de disbiosis.

En general, estos estudios revelan una interaccion compleja entre la haploinsuficiencia
de Nr5a2y los factores no genéticos, e indica que un defecto genético que aumenta el
riesgo de enfermedad pancreatica se puede rescatar mediante la manipulacion de la
microbiota intestinal. Adquirir un mayor entendimiento de los mecanismos involucrados
podria ofrecernos la oportunidad de prevenir la enfermedad pancreatica mediante la

modulaciéon de factores modificables.
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1. Pancreas biology

The pancreas is a glandular organ involved in the regulation of two major physiological
processes: food digestion and glucose homeostasis. It is located in the upper left
abdomen, surrounded by the spleen, stomach and small intestine and connected to the
duodenum by the ampulla of Vater, a conical structure where the main pancreatic duct
confluences with the bile duct (Fig. I1A) (Slack, 1995). In humans, the pancreas constitutes
a well-defined organ that can be macroscopically divided into three parts — head, body
and tail — based on their proximity to the duodenum. This organization is less evident in
rodents, in which the pancreas is diffusely localised throughout the mesentery adjacent
to the duodenum (Dolensek, Rupnik and Stozer, 2015). The pancreas is mainly composed
of two types of glandular tissue: an exocrine compartment that secretes digestive
enzymes into the duodenum, and an endocrine compartment that releases hormones
into the bloodstream. It is irrigated by numerous blood vessels, which travel alongside
an intricate lymphatic network. In addition, the pancreas has an extensive sympathetic

and parasympathetic nerve supply (Slack, 1995).
1.1. Exocrine pancreas

The exocrine pancreas constitutes more than 95% of the pancreatic tissue and is

composed of three epithelial cell types: acinar, ductal and centroacinar cells.

Acinar cells are the most abundant cell type in the pancreas. They are organised in
functional clusters — called acini — specialised in the large-scale production of digestive
enzymes (Fig. I1B). Acinar cells have a pyramidal shape, with a basal nucleus, an extensive
rough endoplasmic reticulum (ER) and a prominent Golgi apparatus. They have a
polarised appearance in hematoxylin and eosin (H&E) stains, where the basophilic nature
of the perinuclear region contrasts with the numerous eosinophilic granules located in
the apical part (Slack, 1995; Whitley, 2014). Despite their low proliferative rate, adult
acinar cells display a significant regenerative capacity in response to damage (Storz,

2017).

Ductal cells form the epithelial lining of pancreatic ducts, a complex network of tubes

that deliver acinar enzymes into the digestive tract. Upon secretin hormonal stimulation,



40 | Introduction

ductal cells secrete a bicarbonate rich solution that dilutes acinar enzymes and
neutralises stomach acidity. These cells also secrete mucins, which protect and lubricate

the epithelial lining (Slack, 1995; Grapin-Botton, 2005).

Centroacinar cells (CACs) are specialised ductal pancreatic cells located between the
acinus and the terminal ductal tree (Fig. I1B). This poorly characterised cell type, display
a unique cell morphology with cytoplasmic projections that extend into the pancreatic
parenchyma, connecting them to neighbouring cells from the exocrine and endocrine
compartments (Leeson and Leeson, 1986; Delaspre et al, 2015; Beer, Parsons and Rovira,
2016). CACs have been proposed as multipotent progenitors in rodents, since they
proliferate in response to different types of pancreatic injury (Gasslander et a/, 1990;
Hayashi et a/, 2003; Nagasao et a/, 2005), although their progenitor status in mammals
is under debate. Recently, the mitochondrial enzyme ALDH1B1 was reported as a unique
centroacinar specific marker. ALDH1B1-expressing cells have been found to contribute
to the three major pancreatic lineages — acinar, ductal and endocrine — in homeostatic
mouse pancreas, supporting the role of CACs as multipotent progenitors (Mameishvili et

al, 2019).
1.2. Endocrine pancreas

Endocrine cells constitute 1-2% of the total pancreas weight and are mainly organised
into islets of Langerhans, which are well defined spheroidal clusters embedded within
acinar tissue that release hormones into the bloodstream (Fig. I1C and 11D). In addition,
individual endocrine cells may be found adjacent to ducts, acini or connective tissue.
Islets are composed of multiple hormone-secreting cell types that act in a coordinated
manner through paracrine communication to regulate glucose homeostasis, including: a
cells (which secrete glucagon), B cells (insulin), 6 cells (somatostatin), € cells (ghrelin) and
PP or F cells (pancreatic polypeptide) (Haschek-Hock et a/, 2022). Alpha and B cells
control glucose availability, while the remaining cell types regulate their secretory
properties (Da Silva Xavier, 2018). The control of glucose homeostasis is highly reliant on
the microvasculature present within the islets, which facilitates rapid glucose sensing and

hormonal release into the circulation (Puri and Hebrok, 2010).
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Figure 11: Anatomy and histology of the pancreas. (A) Macroscopic representation of the pancreas. (B)
Schematic representation of terminal duct connected to acini. (C) Schematic representation of blood vessels
and islets embedded in the exocrine compartment. (D) H&E staining of a pancreas section showing
endocrine and exocrine (ducts and acini) compartments. Schemes adapted from Bardeesy and DePinho
(2002) and Ramzy and Kieffer (2077).

1.3. Acinar cell function

Pancreatic acinar cells produce most of the digestive enzymes required for intestinal
digestion. This includes proteases (e.g. trypsin, chymotrypsin, carboxypeptidase,
elastase), lipases, glycosidases (e.g. amylase) and nucleases (e.g. DNase, RNAse)
(Whitcomb and Lowe, 2007). To meet the enormous demand for these enzymes, acinar
cells have the highest rate of protein synthesis of all mammalian cell types, which is
accomplished through an intense transcription, an abundant number of ribosomes, a

large rough ER and a highly functional storage and secretion system (Case, 1978).

Upon translation, immature proteins are delivered into the lumen of the rough ER, where
folding and post-translational modifications occur. Digestive enzymes are then

transported to the Golgi apparatus, where they are concentrated and packaged into
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zymogen granules (Logsdon and Ji, 2013). Most digestive enzymes are produced as
catalytically inactive precursor proteins and stored as zymogen granules in the apical part
of the cell, ready for release into the acini lumen upon chemical stimulation. The most
common stimuli are the hormone cholecystokinin (CCK) and the neurotransmitter
acetylcholine, which are produced by intestinal endocrine cells in response to fat
consumption or released by parasympathetic neurons in response to meal anticipation,
respectively. In response to these molecules, the ER releases Ca®* ions into the cytoplasm,
causing an increase in intracellular Ca®* levels that triggers zymogen granule fusion and
exocytosis (Williams, 2010). Under normal physiological conditions, precursor enzymes
remain inactive until they enter the duodenum, where trypsinogen - the inactive
precursor of trypsin — is activated by enteropeptidases located in the enterocyte brush
border, leading to the subsequent cleavage of other proenzymes (Whitcomb and Lowe,

2007).

2. Mouse pancreas development

2.1. Morphogenesis

Mouse pancreatic organogenesis, differentiation and maturation is divided in three
developmental periods: a primary transition from embryonic day (E) 8.5 to E12.5, a
secondary transition from E12.5 to E16.5 and a tertiary transition from E16.5 to postnatal

life (Fig. 12) (Dassaye, Naidoo and Cerf, 2016).

Pancreatic organogenesis is initiated in the primary transition, with the evagination of
the foregut endoderm into ventral and dorsal buds that eventually fuse. During this
process, multipotent progenitor cells (MPCs) proliferate creating a pseudostratified
epithelium with multiple microlumens that eventually fuse into tubular structures.
Concomitantly,  signalling  from  the underlying mesoderm  promotes
compartmentalization of the pancreatic epithelium into tip and trunk domains. Cells
located at the tip are thought to include MPCs, which have the ability to give rise to the
three pancreatic lineages, whereas ductal-endocrine bipotent progenitors constitute the

trunk (Benitez, Goodyer and Kim, 2012; Dassaye, Naidoo and Cerf, 2016).
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The secondary transition involves expansion, branching, differentiation and acinar cell
lineage allocation. Around E13.5, the remaining multipotent progenitors present at the
tip domain proliferate or differentiate into acinar progenitors (Zhou et a/, 2007).
Differentiated endocrine cells delaminate from the trunk and assemble into cell clusters
that will give rise to mature islets (Benitez, Goodyer and Kim, 2012; Dassaye, Naidoo and

Cerf, 2016).

During the tertiary transition, differentiated pancreatic cells experience additional
remodelling and maturation. Acinar and beta cell proliferation and differentiation
continue after birth, but gradually decrease until weaning. Thereafter, acinar and beta
cell mass is maintained through self-replication (Teta et a/, 2007, Houbracken and

Bouwens, 2017).

Primary transition Secondary transition Tertiary transition
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Figure 12: Mouse pancreas development. During the primary transition the gut endoderm evaginates into
a dorsal and a ventral bud that eventually fuse into tubular structures with “tip” and “trunk” domains with
different potency capabilities. The secondary transition involves epithelial expansion and the differentiation
of remaining MPCs into acinar cells. The tertiary transition is a period of pancreas remodelling and

maturation. Adapted from Pan and Wright (20217).

2.2. Transcriptional regulation of pancreas development

Pancreatic development is a dynamic process coordinated by extrinsic signals produced
by non-pancreatic tissues — such as mesenchyme and blood vessels — and intrinsic

transcriptional regulation (Puri and Hebrok, 2010; Magenheim et a/, 2011). The most
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relevant transcription factors (TFs) involved in pancreas morphogenesis are PDX1 and
PTF1A. Apart from their crucial role in early pancreatic development, these TFs also
participate in other functions in later developmental stages. Hence, their promoters are

commonly used as drivers for pancreatic-specific expression of selected genes.

PDX1 is a homeodomain transcription factor that is expressed at early stages of mouse
pancreatic development, in the pre-pancreatic endodermal epithelium (E8.5). Germline
Pdx7 ablation arrests pancreas development shortly after the emergence of pancreatic
buds (Ohlsson, Karlsson and Edlund, 1993; Jonsson et al, 1994; Fujitani et al, 2006). At
later gestational stages, Pdx7 expression is required for acinar cell specification (Hale et
al, 2005). In the adult, Pdx7 expression is mostly restricted to the duodenal epithelium
and pancreatic B cells, where it maintains B cell identity by inducing insulin transcription
(Ahlgren et al, 1998; Gannon et a/, 2008) and suppressing alpha cell identity (Gao et a/,
2014). In fact, exogenous expression of Pdx7 in adult mouse pancreas induces
reprogramming of acinar cells into endocrine progenitors (Miyazaki, Tashiro and

Miyazaki, 2016).

PTF1A (or P48) is a basic helix-loop-helix (bHLH) transcription factor involved in cell fate
development in multiple organs, including pancreas, brain, retina and spinal cord (Jin and
Xiang, 2019). Ptfla is expressed in early murine pancreas development at E9.5 shortly
after Pdx7 expression, where it determines whether multipotent progenitor cells acquire
a pancreatic commitment or revert to an intestinal fate (Kawaguchi et a/, 2002). At later
developmental stages, Ptf7a is expressed in the tips of the pancreatic epithelium and
subsequently in derived acinar cells (Krapp et a/, 1998; Zhou et al/, 2007). PTF1A is
preferably found as part of the PTF1 complex, which is the major regulator of acinar cell

differentiation (Masui et a/, 2007).
2.3. Transcriptional control of acinar differentiation

Acinar cell specification starts during the primary transition, with the enhancement of
Ptfla expression in multipotent progenitors present at the tips of the branching
epithelium. Simultaneously, Ptf7a inactivation in the trunk domain directs cells into
suppressing the acinar fate (Schaffer et a/, 2010). At this stage, PTF1A partners with TFC12

and RBPJ to form a trimeric complex (PTF1-J) that activates the expression of a pancreas
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restricted RBPJ paralogue, RBPJL. The role of PTF1-J in pancreatic organogenesis is so
crucial, that disruption of protein interaction eliminates transcriptional activity and

truncates pancreatic development (Beres et a/, 2006; Masui et al, 2007).

As multipotent cells acquire an acinar commitment, RBPJ becomes gradually replaced by
its paralogue RBPJL in the PTF1 complex (Masui et a/, 2007). The subsequently derived
PTF1-L complex induces the expression of auto regulatory loops that maintain the stable
commitment and differentiation of acinar cells (Masui et a/, 2008). PTF1 -L interacts with
the same consensus motifs as PTF1-J (Minoguchi et a/, 1997), although it has a stronger
transcriptional activity. The role of PTF1-L in acinar differentiation was explored in Rbpj/
mutant mice, which display a smaller pancreas and incompletely differentiated acinar
cells. Chromatin immunoprecipitation (ChIP) experiments indicate that RBPJ replaces
RBPJL at the majority of PTF1 binding sites in Rbpj/ null adult pancreas. However,
transcriptomic sequencing analysis revealed a unique role of the RBPJL version of PTF1
(PTF1-L) in the completion of acinar cell differentiation (Beres et a/, 2006). The PTF1-L
complex drives the final stages of acinar cell differentiation by stimulating mitochondrial
metabolism and creatine phosphate energy stores, inducing the expression of acinar
secretory genes, improving intracellular transport, packaging and secretion and

supressing hepatic genes (MacDonald, Swift and Real, 2010; Masui et a/, 2010).
2.4. Maintenance of acinar differentiation in adult pancreas

In addition to the PTF1 complex, other transcription factors contribute to pancreatic
organogenesis, acinar differentiation and maintenance of acinar identity, including

NR5A2, GATA6, HNF1A and MISTT1.

NR5A2, also known as liver receptor homolog 1 (LRH-1) and very rarely referred to as
hB1B in the literature, is a nuclear receptor that plays a crucial role in pancreatic
organogenesis and acinar cell maturation. Ar5a2 inactivation in the early pancreatic
epithelium halts pancreatic development (Hale et a/, 2014), while Nrr5aZ inactivation at
later developmental stages destabilises the acinar phenotype (Hale et a/, 2014). In
addition, NR5A2 directly regulates the expression of the acinar program in adult acinar
cells (Cobo et al, 2018). The role of Nir5aZin pancreas development and maintenance of

acinar identity is further detailed in a subsequent chapter.
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GATAG is a zinc finger transcription factor involved in pancreatic organogenesis (Decker
et al, 2006; Carrasco et al, 2012; Xuan et al, 2012). GATAG is required to complete acinar
cell differentiation and to maintain acinar identity in adult pancreas. It directly binds to
the promoters of acinar genes, such as Rbpj/ and the digestive enzyme Pnl/jp. Pancreas-
specific inactivation of Gataé does not impact pancreatic development, but results in a
massive replacement of acinar cells by fat in ageing mice (Martinelli, Cafiamero, Del Pozo,

et al, 2013).

HNF1A is a homeobox transcription factor whose deletion does not produce profound
defects in pancreatic development, but down-regulates the acinar transcriptional
program in the pancreas (Molero et a/, 2012; Kalisz et al, 2020). In addition, Hnf71a-
deficient acinar cells display an increased expression of proliferation markers. These
defects are thought to result from a downstream effect on Nr5aZ2 expression, rather than

from a direct regulation of acinar genes (Molero et al, 2012; Kalisz et a/, 2020).

MIST1 (or BHLHA15) is bHLH transcription factor whose expression in the pancreas is
restricted to acinar cells (Lemercier et al, 1997). It regulates acinar cell polarity,
accumulation of zymogen granules within the apical part and gap junction-mediated
intercellular communication. Consequently, Mistablation destabilizes acinar organization

and function (Pin et a/, 2001; Rukstalis et a/, 2003; Johnson et a/, 2004).

3. Pathology of the exocrine pancreas

The most common diseases of the exocrine pancreas are pancreatitis and pancreatic
ductal adenocarcinoma (PDAC). Both disorders are highly associated with acinar cell
biology: pancreatitis results from premature digestive enzyme activation within acinar

cells and acinar cell plasticity contributes to PDAC development.
3.1. Acute and chronic pancreatitis

Pancreatitis is an inflammatory disorder of the pancreas that can manifest as an acute or
chronic condition. The major histological features of acute pancreatitis (AP) are acinar
cell necrosis, edema and the presence of inflammatory infiltrates. Although this condition
is generally mild and self-resolving, 10-15% of cases progress to severe AP, which is

associated with pancreatic necrosis, multiorgan failure and increased mortality (Zerem,
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2014). Chronic pancreatitis (CP) is characterised by a progressive and irreversible
substitution of the normal pancreatic parenchyma with fibrosis, resulting in a permanent
loss of exocrine and endocrine function (Vonlaufen, Wilson and Apte, 2008). Although
acute and chronic pancreatitis were initially considered two independent entities, they
are now understood as a disease continuum: one third of the patients with recurrent

episodes of AP develop CP (Sankaran et al, 2015).

3.1.1. Factors involved in pancreatitis

Multiple genetic and environmental factors contribute to the development of acute and
chronic pancreatitis. The most common environmental factors include alcohol abuse,
tobacco smoking and physical obstruction of the pancreatic duct, which is frequently
observed in patients with gallstone disease. Other causes include hyperlipidaemia,
hypercalcemia, autoimmunity, drugs and infections. In addition, genetic factors also play
arole, either through a direct effect on acinar cells or an indirect effect on the regulation
of environmental factors (Lee and Papachristou, 2019; Weiss, Laemmerhirt and Lerch,
2019). For instance, serum lipid concentrations are highly dependent on genetic factors

(Gan, 2006).

Based on the etiology of the disease, pancreatitis has traditionally been classified as
alcoholic, hereditary, obstructive, hyperlipidemic and idiopathic (with no identifiable
cause). However, increasing evidence supports the notion that more than a single cause
converges in most patients. This has led to the reconsideration of traditional classification
systems and to understand pancreatitis as a multifactorial condition, in which numerous
risk modifiers — rather than etiologies - contribute to pancreatic disease (Forsmark and
Pham, 2018). In support with this, even though most cases of pancreatitis are due to
alcohol abuse, only a small percentage of alcoholics (2-3%) (Lankisch et a/, 2002) develop

AP, suggesting that other factors are required for the development of the disease.

3.1.2. Molecular events that lead to pancreatitis

Most factors leading to pancreatitis converge in the activation proenzymes within the
acinar cells leading to autodigestion of the pancreatic parenchyma and subsequent
induction of tissue regeneration. These events often lead to a pathological elevation in

serum levels of pancreatic enzymes, such as amylase and lipase, which is used as a
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diagnostic criterion for acute and chronic pancreatitis. The most common cellular
mechanisms of pancreatitis are the elevation of Ca®" signalling and premature

trypsinogen activation (reviewed by Lee and Papachristou, 2019; Zheng et a/, 2021).
Calcium signalling

Under physiological conditions, Ca®* release form the ER is required to induce zymogen
exocytosis and stimulate mitochondrial energy production. Alcohol abuse and physical
obstruction of the pancreatic duct — causing bile acid reflux into the pancreas — can
disrupt pancreatic homeostasis and cause a pathological increase in intracellular levels
of Ca®*. This overload of Ca* ions increases mitochondrial permeability by opening
transition pores that eventually cause changes in membrane potential disrupting
mitochondrial function. This results in a subsequent inactivation of ATP-dependent
mechanisms such as calcium clearance, autophagy and UPR response. This sustained
stress results in intracellular activation of pancreatic enzymes (Lee and Papachristou,

2019; Zheng et al, 2021).
Premature trypsinogen activation

Multiple pancreatic insults — such as pancreatic ductal obstruction, alcohol and other
toxins — can cause partial lysosome fusion with zymogen granules. This event can occur
as a result of other toxin-associated cellular events, such as decreased exocytosis of
zymogen granules, cytoskeletal dysfunction or increased lysosome production.
Subsequently, the lysosomal enzyme cathepsin B (CTSB) activates trypsinogen into
trypsin, leading to the activation of other pro-enzymes within the acinar cell (Lee and

Papachristou, 2019; Zheng et al, 2021).

3.1.3. Experimental models of AP

Due to the difficulties of obtaining human pancreatic tissue during AP, most of our
understanding of the early cellular events of the disease have been investigated in animal
models. Multiple models have been developed in the past three decades, including those
induced by secretagogues (i.e. substances that induce acinar secretion, such as cerulein),

L-arginine, deoxycholate, alcohol, genetic modifications, as well as others that involve
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surgical procedures that obstruct the main pancreatic duct, such as closed duodenal loop

or pancreatic duct ligation (reviewed by Su, Cuthbertson and Christophi, 2006).
The cerulein-induced mode/

Pancreatitis induced by cerulein is the most popular experimental model of AP in rodents,
due to its low invasiveness and reproducibility. In this model, digestive enzyme secretion
is induced by administering supraphysiological doses of cerulein —a CCK analogue — at
repeated intervals. At supramaximal doses, cerulein inhibits enzyme release leading to a
premature activation of digestive enzymes within the pancreas (Saluja et a/, 1989). The
most common protocol of cerulein administration - consisting of seven hourly
intraperitoneal (i.p.) doses at 50 pg/kg - leads to a pathological increase in serum amylase
levels and histologic alterations such as edema, inflammation and the presence of ductal-
like structures whose origin and relevance in pancreatic regeneration will be discussed in
a subsequent section (Flandez et a/, 2014). Owing to the mild and transient nature of
these alterations, which generally resolve within 2-5 days, this procedure constitutes the
classical model of mild AP. In addition, variations of this protocol have been used for
different purposes: multiple episodes may be combined to model severe AP (Flandez et
al, 2014) while a single dose of cerulein (50 pg/kg) may be useful to investigate early

transcriptional responses (Cobo et a/, 2018).

3.1.4. Molecular events during cerulein-induced mild AP

Multiple studies have reported the molecular and cellular events associated to cerulein
administration. This section will focus on those that follow cerulein-induced mild AP,

since this is the protocol that has been used for most experiments included in this thesis.

Early events involve intracellular proenzyme activation and acinar atrophy. This is thought
to occur through the colocalization of zymogen granules and lysosomes shortly after
cerulein administration, leading to premature trypsinogen activation (Halangk et al,
2000). Cerulein has been reported to prevent enzyme secretion (O'Konski and Pandol,
1993), suggesting that colocalization could result from the accumulation of zymogen
granules within acinar cells. In fact, other secretagogues that are unable to block
secretion do not induce pancreatitis (O'Konski and Pandol, 1993; Grady et a/, 1996).

Acinar damage resulting from intracellular proenzyme activation, results in a leak of
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digestive enzymes into the circulation, leading to an increase in serum amylase levels
that can be detected as early as 1 hour (h) after the first cerulein injection. Repeated
cerulein doses further increase amylase levels, which peak at 8 h after the first cerulein

injection (Halangk et a/, 2000).

In parallel to these events, acinar cells release inflammatory cytokines that recruit
inflammatory cells to the pancreas during early stages of pancreatitis, subsequently
promoting inflammation and disease (Gukovskaya et a/, 1997; Han and Logsdon, 1999).
Modest immune infiltration was detected as early as 1 h after the cerulein infusion at
supramaximal doses in mice (Mayerle et a/, 2005), and reach its maximum approximately

24 h after the induction of a mild AP (Flandez et a/, 2014).

In this model, acinar damage is associated with a transient down-regulation of the acinar
program that gradually restores with histological recovery. This involves a reduction in
the transcripts that encode digestive enzymes and acinar transcription factors — such as
RBPJ-L, PDX1 and PTF1A, whose expression is lowest 7-24 h after the first cerulein
injection (Jensen et al, 2005; Molero et a/, 2007, 2012; Fendrich et a/, 2008; Flandez et
al, 2014).

3.1.5. Acinar dedifferentiation in post-pancreatitis regeneration

Increasing evidence suggest that acinar cells activate regenerative mechanisms in
response to pancreatic damage. Although the classical model for acinar regeneration
postulates that new acinar cells mainly derive from proliferation of residual differentiated
acinar cells (Desai et al, 2007; Strobel et a/, 2007; Blaine et a/, 2010), increasing evidence

suggests a role for acinar dedifferentiation in this process.

Adult acinar cells present a wide plasticity in comparison to other pancreatic cell types
(reviewed by Storz, 2017). In response to mild AP, acinar cells transiently lose polarity and
acquire a cuboidal morphology of ductal appearance. This process is termed acinar-to-
ductal metaplasia (ADM) since it involves down-regulation of the acinar transcriptional
program and the acquisition of ductal and pancreatic progenitor markers (Houbracken
etal,2011; Liou et al, 2013). Multiple studies have proposed that these lesions contribute

to pancreatic regeneration through the activation of developmental programs, such as
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the NOTCH (Siveke et a/, 2008), HEDGEHOG (Fendrich et a/, 2008) and WNT (Morris et

al, 2010) signalling pathways.

Loss of acinar differentiation (dedifferentiation) and reactivation of developmental
signalling pathways may offer a mechanism by which the acinar cells can undergo
regeneration and repair. In addition, acinar dedifferentiation may provide cells with the
opportunity to arrest protein synthesis and repair damage (Stanger and Hebrok, 2013).
However, dedifferentiation renders cells vulnerable to inflammation and pancreatic
oncogenesis (Morris, Wang and Hebrok, 2010). This will be further discussed in

subsequent sections.
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Figure 13: Schematic representation of the effects of cerulein-induced pancreatitis. In response to
cerulein-induced damage, injured acinar cells release digestive enzymes into the circulation, down-regulate
the acinar transcriptional program giving rise to ADM, accumulate interstitial fluid (edema) and release
cytokines that recruit immune cells to the pancreas.
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Figure 14: Common histological alterations in the pancreas in response to cerulein-induced
pancreatitis. In response to cerulein-induced pancreatitis the pancreas displays histological alterations such
as edema, inflammatory cell infiltration, and acinar-to-ductal metaplasia (ADM). Edema is identified as
interstitial space in the exocrine parenchyma; inflammatory cell infiltration by the density of nuclei that
populate the interstitial space; ADM can be recognised as the presence of lumens within the acini and loss
of eosinophilia.
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3.2. Pancreatic ductal adenocarcinoma (PDAC)

3.2.1. Epidemiology and risk factors

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic cancer
and one of the most lethal human diseases. It has a five year survival rate lower than 10%,
mainly due to its resistance to conventional therapies and the lack of early symptoms
(Rawla, Sunkara and Gaduputi, 2019). Due to increasing incidence, pancreatic cancer is
expected to constitute the second cause of cancer-related death by 2030 (Rahib et al/,
2014). The best strategy to prevent pancreatic cancer is to act on modifiable risk factors,
such as smoking, alcohol consumption, dietary factors, occupational exposure to
carcinogens, obesity, type 2 diabetes and CP. Non-modifiable risk factors include
advanced age, gender, ethnicity, type | diabetes, genetic factors and family history, which
is present in around 10% of the patients (reviewed by Rawla, Sunkara and Gaduputi,

2019).
Pancreatitis as a major risk factor for PDAC development

The association with CP is particularly relevant from a clinical perspective, as this
condition has been reported in a recent meta-analysis to increase the risk of developing
PDAC by 22-fold excluding patients diagnosed with pancreatic cancer within two years
of CP diagnosis. An even stronger association (66-fold) was reported for patients with
hereditary pancreatitis (Gandhi et a/, 2022). Likewise, cerulein induced pancreatitis has
been commonly used as a tool to accelerate carcinogenesis in mouse models of

pancreatic neoplasia (Guerra et al, 2007, 2011; Carriere et al, 2011; Flandez et al, 2014).

3.2.2. PDAC initiation and progression

PDAC originates from precursor lesions derived from initiating events in normal
pancreatic cells. Pancreatic intraepithelial neoplasias (PanINs) are non-invasive epithelial
neoplasms and constitute the most common type of precursor lesions (Basturk et a/,
2015). They are graded based on the level of dysplasia as PanIN-1, -2 and -3, and are
associated with activating point mutations in the Kras oncogene and progressive loss of

tumor suppressors (reviewed by Hruban et a/, 2000; Maitra and Hruban, 2008).
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Genetic landscape of PDAC

Activating point mutations in the KRAS oncogene are considered the first genetic event
in pancreatic carcinogenesis, as they are detected in more than 90% of PanIN lesions
(Kanda et al, 2012) and PDAC (Waddell et al, 2015; Bailey et a/, 2016; The Cancer
Genome Atlas Research Network and Raphael, 2017). KRAS activating mutations
suppress the protein's ability to hydrolyse guanidine triphosphate (GTP), resulting in
constitutive activation of the mitogen activated protein kinase (MAPK) and the
phosphoinositide-3-kinase (PI3K) pathways independent of growth factor signalling
(Malumbres and Barbacid, 2003). The identification of KRAS mutations as the earliest
event of pancreatic carcinogenesis and the advent of the Cre-lox technology led to the
development of tissue-specific mouse models of Kras oncogenic activation. Over the last
two decades, these models have become standard tools for the study of PDAC initiation,

cellular origin and progression (Guerra et al, 2003; Hingorani et a/, 2003).

The most common inactivated tumor suppressors are CDKNZA, TP53 and SMADA4.
Genetic inactivation of CDKNZA has been reported in more than 90% of pancreatic
cancers, either through homozygous deletion, genetic mutations combined with
heterozygosity or promoter silencing (Schutte et a/, 1997). This gene codes for a cyclin-
dependent kinase (CDK) inhibitor that decelerates cell cycle progression by inhibiting RB
phosphorylation (Kim and Sharpless, 2006). 7P53 was found to be inactivated in 50-75%
of pancreatic tumors mostly through genetic mutation and loss of the second allele
(Dong et al, 2011). Recently, 7P53 function was reported to be loss in 72-74% of PDAC
cases (Waddell et a/, 2015; The Cancer Genome Atlas Research Network and Raphael,
2017). P53 regulates cell cycle progression, apoptosis and genomic stability and its
genetic inactivation allows cells to divide even in the presence of damaged DNA, leading
to rapid accumulation of genetic alterations (Redston et a/, 1994). SMAD4 is lost in
approximately 55 % of pancreatic cancers, either through mutation and loss of the
second allele or homozygous deletion (Hahn et a/, 1996; Littges et a/, 2001). SMAD4 is
a transcriptional mediator of the transforming growth factor-p (TGF-B) signalling
pathway, which critically restrains growth in mammalian tissues. SMAD4 loss abrogates
TGF-B signalling thereby promoting proliferation and cancer progression (Miyaki and

Kuroki, 2003).
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In addition to these alterations, genomic characterization of pancreatic cancer revealed
a complex mutational landscape, where inactivation of the above mentioned genes
coexist with low frequency mutations in other loci (Waddell et a/, 2015; Bailey et a/, 2016;
The Cancer Genome Atlas Research Network and Raphael, 2017). Despite this
heterogeneity, genomic alterations converge in common molecular pathways, such as
DNA damage repair, TGF-B signalling, cell cycle, epigenetic regulation and axon guidance

(Jones et al, 2008; Biankin et a/, 2012; Waddell et a/, 2015).
The classical model of PDAC development

The observation that the genomic alterations associated with pancreatic cancer are
already present in PanIN lesions led to the development of the classical model of PDAC
development, which proposes that invasive PDAC originates from PanIN lesions though
sequential acquisition of genetic mutations (Hruban et a/, 2000). Based on this model,
KRAS mutations initiate pancreatic transformation and promote the loss of tumor
suppressors, thereby inducing progression to invasive PDAC. CDKNZA inactivation is
associated with the progression from PanIN-1 to PanIN-2 lesions (Moskaluk, Hruban and
Kern, 1997; Schutte et a/, 1997), and the inactivation of 7P53 and SMAD4 with the
transition to PanIN-3 and invasive PDAC (Wilentz et a/, 2000; Littges et a/, 2001). Despite
its popularity, multiple studies have questioned the accuracy of the linear progression
model and proposed alternative models for PDAC development, although these will not
be discussed in this thesis (Real, 2003; Real, Cibrian-Uhalte and Martinelli, 2008; Notta et
al, 2016; Notta, Hahn and Real, 2017).

3.2.3. Acinar dedifferentiation as the initiating event of pancreatic neoplasia

Despite the ductal characteristics of PanINs, increasing evidence demonstrates that these
lesions originate from acinar cells (reviewed by Grimont, Leach and Chandwani, 2022).

Initial studies found that targeting an oncogenic Kras®’?”

allele to pancreatic progenitor
cells — using the Pdx7-Cretransgene, in which the Cre recombinase is driven by the Pdx7
promoter - recapitulated PanIN progression in mice (Hingorani et a/, 2003). However,
oncogenic Krasactivation in ductal cells —achieved by fusing the cytokeratin 19 promoter
to a mutant K7ras allele — failed to initiate pancreatic transformation, only leading to

periductal immune infiltration (Brembeck et a/, 2003). Later on, expression of the mutant
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Kras®’?" allele in acinar and centroacinar cells during development — using the Flastase
promoter coupled to a tetracycline regulated system — was found to generate PanIN
lesions that progressed to invasive PDAC. However, conditional Kras®’?" expression in
adult acinar and centroacinar cells failed to induce pancreatic neoplasia unless combined
with CP (Guerra et al, 2007). These studies evidenced the role of acinar cells as a potential
source of PanINs and provided rationale for the already established association between

CP and PDAC risk in humans (Gandhi et a/, 2022).

These results, together with the observation that AP leads to a transient down-regulation
of the acinar program and the appearance of ADM structures (Molero et a/, 2007, 2012;
Flandez et al, 2014) led our group to hypothesise that pancreatitis contributed to
pancreatic neoplasia by inducing acinar dedifferentiation. In addition, multiple studies
reported the existence of genetic variants that predispose for pancreatic cancer
development located in the vicinity of acinar genes (Petersen et a/, 2010; Zhang et al,
2016; Chen et al, 2018; Lopez de Maturana et a/, 2021). In the last two decades, through
the use of mouse models with genetic inactivation of transcription factors involved in the
maintenance of acinar differentiation — such as Gata6, Hnf1a and Nr5a2-, we and others
have provided increasing evidence supporting this notion. For instance, pancreas-specific
homozygous inactivation of Gata6 (Martinelli, Cafamero, del Pozo, et a/, 2013; Martinelli
et al, 2016), constitutive Nr5a2 heterozygosity (Flandez et al, 2014; Cobo et al, 2018),
Hnf1a deletion (Molero et a/, 2012; Kalisz et al, 2020) and Mist7 inactivation (Pin et a/,
2001; Shi et al, 2009) were found to cooperate with inflammation and Kras driven
tumorigenesis by compromising the acinar cell transcriptional program. These studies

indicate a potential tumor suppressive role for acinar cell differentiation.
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Figure 15: Pancreatic ductal adenocarcinoma (PDAC) initiation and progression. Most cases of invasive
PDAC originate from intraepithelial neoplastic lesions (PanINs) that accumulate mutations as the disease
progresses. Mutational activation of the KRAS oncogene is considered the earliest event in pancreatic
oncogenesis. Acinar cells constitute the major source of origin of PanIN lesions. Genetic alterations in acinar
differentiation genes and pancreatitis promote mutant Kras driven tumorigenesis in adult murine pancreas.
This is thought to occur through the generation of acino-to-ductal metaplasia (ADM), a process that involves
loss of acinar identity and acquisition of ductal- and progenitor-like markers.

4. Pathophysiology of obesity

Obesity is a health condition that involves excessive fat accumulation. It is generally
defined using the body mass index (BMI: kg/m2), where a BMI above 25 is considered
overweight and above 30 is considered obese (WHO, 2020), although lower cut-off

values have been identified for Asian populations (Nishida et a/, 2004).

The incidence of obesity has increased dramatically in the past decades. Based on
estimates from The World Health Organization, 39% of the adult population was
overweight in 2016, and 13% were obese (WHO, 2020). In the Unites States, the country
with the highest incidence of obesity according to the OECD (Organisation for Economic
Co-operation and development), more than two thirds of the adult population were
obese in 2015 (OECD Obesity Update, 2017). Due to its association with multiple diseases,

obesity has become a serious health issue worldwide.
4.1. Diseases associated to obesity

Obesity is associated with the incidence of several co-morbidities including

hyperlipidaemia, hypertension, cardiovascular disease, type 2 diabetes, metabolic
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syndrome, non-fatty acid liver disease (NFALD), and cancer (Patterson et a/, 2004; Mata

and Jasul, 2017).

4.1.1. Hyperlipidaemia

Hyperlipidaemia is a condition characterised by the accumulation of lipids and
lipoproteins in the blood (Ezeh and Ezeudemba, 2021). Lipids include cholesterol,
triglycerides, phospholipids, and cholesterol esters, while lipoproteins are
macromolecules that result from the interaction of these lipids with proteins. Their
structure enables lipids to be transported through the circulation to peripheral tissues

(Feingold, 2021).

4.1.2. Type 2 diabetes

Type 2 diabetes involves dysregulation of glucose, lipid and protein metabolism and
results from insulin resistance, impaired insulin secretion or a combination of both

(DeFronzo et al, 2015).
Insulin resistance

Insulin resistance is a condition in which cells are unable to respond to insulin. Under
normal circumstances, B cells secrete insulin in response to an increase in blood glucose
levels. This hormone then promotes glucose transport into insulin-dependent tissues,
such as the liver, muscle and adipose tissue. This results in a normalization of blood
glucose levels, and subsequent inhibition of insulin secretion. Under certain situations
cells may become resistant to insulin, rendering them incapable of using blood glucose
for energy consumption. In this context, insulin fails to restore baseline glucose levels,

which further stimulates insulin secretion (Sinaiko and Caprio, 2012; Rahman et a/, 2021).

Insulin resistance is the primary metabolic defect associated to obesity. It is present in
89% of obese individuals, while its prevalence in non-obese individuals — lean or
overweight - is 56% (Calori et a/, 2011). The association between obesity and insulin
resistance is well stablished, and has been reported in adults (Bonadonna et a/, 1990),

adolescents (Lim et a/, 2015) and children (Sinaiko et a/, 2001).

In many patients, insulin resistance precedes the development of type 2 diabetes for

several years and even decades (Beck-Nielsen and Groop, 1994; Turner and Clapham,



58 | Introduction

1998). During this time, hyperinsulinemia can deteriorate other tissues that did not
present insulin resistance, leading to the development of other conditions, such as
hypertension or hypertriglyceridemia (McFarlane, Banerji and Sowers, 2001; Sarafidis and
Lasaridis, 2006). Therefore, individuals with insulin resistance generally present other

conditions prior to the development of overt type 2 diabetes.

Multiple indices have been validated to evaluate insulin resistance in an indirect manner,
among which the homeostasis assessment insulin resistance model (HOMA-IR) is the
most common. This method uses fasting glucose and insulin levels to calculate how much

insulin the pancreas must produce to control blood glucose levels (Gutch et a/, 2015).
Diagnosis of type 2 diabetes

Type 2 diabetes is diagnosed based on the following criteria: increased fasting plasma
glucose levels, high values in the hemoglobin A1C test — which measures average glucose
levels over the past months — and based on the result of oral glucose tolerance tests
(GTT), which evaluates an individual's ability to metabolize glucose. This test involves
measuring blood glucose levels at different time points after oral glucose administration
in fasting conditions. Reduced or delayed glucose clearance is indicative of impaired
glucose tolerance. In mice, GTT is a common method to evaluate glucose metabolism,
with the sole difference that glucose is generally administered intraperitoneally rather

than orally (Benedé-Ubieto et a/, 2020).

4.1.3. Metabolic syndrome

Metabolic syndrome is a group of multiple conditions that predispose for the
development of type 2 diabetes and cardiovascular disease. It is diagnosed based on the
presence of at least 3 of the following criteria: hypertriglyceridemia,
hypercholesterolemia, hyperglycaemia, increased waist circumference and hypertension
(Kanwar and Kowdley, 2016). Insulin resistance is considered an initiating event of this
condition, as it promotes tissue deterioration through hyperinsulinemia (McFarlane,

Banerji and Sowers, 2001; Sarafidis and Lasaridis, 2006).
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4.1.4. Non-alcoholic fatty liver disease (NAFLD)

Non-alcoholic fatty liver disease (NAFLD) is considered the hepatic component of the
metabolic syndrome. It includes a wide spectrum of hepatic conditions in which hepatic
steatosis — adipose tissue deposition in the liver - and inflammation progresses to non-
alcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and even hepatocellular carcinoma
(Fassio et al, 2004; Yatsuji et a/, 2009; Ahmed, Wong and Harrison, 2015). NASH has been
proposed to develop through a multifactorial mechanism that involves insulin resistance,
oxidative stress, mitochondrial dysfunction, genetic determinants, nutrition, ER stress,

inflammation and changes in the gut microbiota (Tilg and Moschen, 2010).
4.2. Obesity and pancreatic disease

Obesity and pancreatic cancer

Obesity has been consistently reported to increase the incidence of pancreatic cancer
(Xu et al, 2018; Wiese et al, 2021), as confirmed in multiple meta (Larsson, Orsini and
Wolk, 2007; Aune et al, 2012) and large pooled analysis (Arslan et a/, 2010; Genkinger et
al, 2011). Animal studies have supported this notion, since high fat diet (HFD) induced
obesity increases the incidence of pancreatic neoplasia in mouse models of Kras-driven
tumorigenesis (Dawson et al, 2013; Philip et a/, 2013). However, the effect of obesity on

pancreatic cancer outcome and mortality remains inconclusive (Wiese et a/, 2021).

Multiple mechanisms have been proposed to explain how obesity could contribute to
pancreatic cancer initiation, including chronic inflammation, cytokines, insulin resistance,

hyperlipidaemia and alterations in the gut microbiome (Xu et a/, 2018).
Obesity and pancreatitis

The association between obesity and pancreatitis has mainly been explored in an acute
—rather than chronic - setting (Wiese et a/, 2021). Based on recent meta-analyses, obesity
is associated with an increased AP incidence (Aune et al, 2021), as well as severity and
mortality (Chen, Xiong and Wu, 2012; Dobszai et al/, 2019). Animal studies have
supported this association, since HFD-induced obesity increases the severity of
pancreatitis in rodents (Rouse et a/, 2014; Hong et al, 2020; Xu et al, 2021). However,

another meta-analysis indicated that, after correcting for confounding variables, obesity
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is not independently associated to severity and mortality (Smeets et a/, 2019), suggesting
a mechanism mediated through the development of other pathologies. Obesity has been
proposed to contribute to pancreatitis through gallstone formation, hyperlipidaemia,
type 2 diabetes and its treatments, therapeutic interventions (Khatua, El-Kurdi and Singh,
2017), the induction of an inflammatory status (Hong et a/, 2020), alterations in the gut

microbiome (Ye et al, 2019) or through the generation of liver steatosis (Hou et a/, 2019).

The associations between pancreatic cancer, pancreatitis and obesity are very relevant
from the clinical standpoint, since they provide an opportunity to act on a modifiable risk

factor to prevent pancreatic disease.

5. The role of the gut microbiome on host physiology

The human gut is inhabited by an extensive community of microorganisms, comprised
of trillions of bacteria, fungi and viruses that coexist with the host for potential mutual
benefit (Thursby and Juge, 2017). This ecosystem is referred to as the gut microbiota, or
microbiome (when also accounting for their genomes and gene products). In the past
two decades, it has emerged as a critical modulator of human health, since it contributes
to multiple physiological processes including brain function (Rogers et al/, 2016),

metabolism (Martin et a/, 2019) and immunity (Zheng, Liwinski and Elinav, 2020).
5.1. Mechanisms of action

The major mechanisms by which the gut microbiome affects host physiology are: i) the
production of microbiome-derived metabolites that modulate tissue homeostasis in a
direct manner or through the regulation of gut hormone release and ii) the interaction
with pattern recognition receptors (PRRs) that activate cell signaling processes, and

subsequently affect innate and adaptive immune responses.

5.1.1. Microbiome-derived metabolites modulate tissue homeostasis

The gut microbiome contributes to energy harvest by converting inaccessible nutrients
such as plant carbohydrates into absorbable metabolites. The most common bacteria-
derived metabolites are the short chain fatty acids (SCFAs) propionate, acetate and

butyrate. These molecules exert important physiological functions in multiple tissues:
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acetate is transported through the circulation to peripheral tissues where it contributes
to cholesterol metabolism, propionate participates in gluconeogenesis in the liver, and
butyrate serves as the major energy source for colonocytes (Martin et al/, 2019). Since
the intestinal barrier is the first line of defense against commensal organisms and
pathogens, butyrate is also involved in immune regulation (Arpaia et a/, 2013; Smith et
al, 2013; Haghikia et a/, 2015; Fung, Olson and Hsiao, 2017). Secondary bile acids (SBAs)
constitute other common metabolites produced by the gut microbiome. Primary bile
acids are produced by liver hepatocytes and then released to the gut lumen, where they
assist lipid absorption. Once in the intestine, microbiome-derived hydrolases convert
them into SBAs, which - as opposed to primary bile acids - diffuse through the intestinal
epithelium. Thus, the gut microbiome regulates bile acid metabolism by promoting bile
salt reuse (Martin et a/, 2019). The gut microbiome is also a source of various vitamins,
such as B vitamins, which are involved in multiple biochemical processes including

neurotransmitter metabolism (Rudzki et a/, 2021).

Apart from regulating tissue homeostasis in a direct manner, these metabolites modulate
the secretory activity of enteroendocrine cells, subsequently affecting gut hormonal
release. This includes multiple hormones with critical roles in glucose homeostasis,
satiety, obesity and brain function such as glucagon peptide 1 (GLP-1), peptide tyrosine-
tyrosine (PYY), serotonin and CCK (Martin et a/, 2019). GLP-1 is generally released by the
colonic epithelium after a meal to induce insulin and inhibit glucagon secretion in the
pancreas (Leech et al, 2011). PYY acts in the hypothalamus regulating food satiety. Obese
individuals display reduced circulating levels of this hormone as a result from attenuated
colonic secretion (Batterham et a/, 2006). Enteroendocrine cells constitute the major
source of serotonin, which apart from controlling mood and anxiety, promotes immune
cell function and diet-induced obesity (Banskota, Ghia and Khan, 2019). These cells also
regulate appetite, gastric motility and — as mentioned above — acinar secretion by

releasing CCK (Martin et a/, 2019).

5.1.2. Cellular recognition of conserved microbial ligands requlates immunity

In addition to modulating host physiology in a metabolite-dependent manner,
commensal and pathogenic microorganisms can also have a direct effect in cell signaling.

Conserved ligands present on microbial surfaces — referred to as pathogen-associated
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molecular patterns (PAMPs) - can interact with pattern recognition receptors (PRRs) to
activate intracellular signaling pathways. PRRs are mainly expressed in innate immune
cells — mostly antigen presenting macrophages and dendritic cells — and non-immune
cells such as fibroblasts and epithelial cells. In immune cells, PAMP activation results in
the production of inflammatory cytokines. This process does not only activate the innate
immune system, but also modulates antigen-specific adaptive immune responses
(Gordon, 2002; Li and Wu, 2021). This crosstalk between the immune system and the gut
microbiome is essential to establish immune tolerance during development (Zheng,
Liwinski and Elinav, 2020) and to prevent pathogen infections (Gordon, 2002; Li and Wu,
2021). On the other hand, the interaction between microbial patterns and PRRs in
enteroendocrine cells modulates gut hormone secretion, thereby affecting tissue
homeostasis in an immune-independent manner (Kidd et a/, 2009; Larraufie et al, 2017;
Lebrun et a/, 2017). Interestingly, these mechanisms can also be activated upon tissue
damage, since PRRs also recognize damage-associated molecular patterns (DAMPs)

produced by tumor, stressed or dying cells (Li and Wu, 2021).

Multiple classes of PRRs can be found in mammals, among which toll-like receptors
(TLRs) are the best characterized. TLRs localize to the cell membrane or intracellular
compartments such as the ER, endolysosomes or lysosomes. They interact with multiple
microbial components including lipids, lipoproteins, proteins, peptidoglycans and nucleic
acids. For example, bacterial lipopolysaccharide (LPS) — which constitutes a component
of the cell wall in Gram negative bacteria — is a potent activator of TLR4, while TLR5
recognizes flagellin, the major component of bacterial flagella. TLR expression in immune
cells — mostly dendritic cells and macrophages — results in the induction of the
transcription factors NF-kB and IRFs, which orchestrate innate immune responses
(Kawasaki and Kawai, 2014; Fitzgerald and Kagan, 2020). By contrast, activation of TLR in
enteroendocrine cells modulates gut hormone secretions, including GLP-1 (Lebrun et a/,

2017), serotonin (Kidd et a/, 2009) and PYY (Larraufie et a/, 2017).

In addition to TLRs, PRRs also include cytosolic NOD-like receptors (NLRs), intracellular
RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs) and AIM2-like receptors (ALRs)
(Li and Wu, 2021).
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5.2. Influence of environmental gut microbiome perturbation in host
disease

Due to its role in host homeostasis, the gut microbiome is emerging as a critical
determinant of human health. An imbalance in the composition of this community —
termed dysbiosis - is associated not only with gastrointestinal diseases such as
inflammatory bowel disease or irritable bowel syndrome (Vich Vila et a/, 2018), but also
with multiple conditions in other tissues, including diabetes (Qin et a/, 2012; Karlsson et
al, 2013), obesity (Turnbaugh et a/, 2009) and pancreatic diseases (Akshintala et a/,
2019). The richness and diversity of the gut microbiota is highly dependent on genetic
and environmental factors, such as diet, medications, age and the immune system
(Schepis et al, 2021). For instance, plant-based diets rapidly increase the abundance of
species enriched in carbohydrate hydrolases, while animal-based diets — which are rich
in proteins and fat — increase bile acid content, thereby selecting for bile acid-resistant

species (David et al, 2014).
5.3. Methods for microbiome analysis

Traditionally, microbiology has relied on culture methods for the identification of bacteria
involved in human disease. Samples are sent to a laboratory, where bacteria are enriched
in liquid and agar mediums for subsequent biochemical characterization. This method
has many limitations: a bias towards culturable bacteria, long incubation periods and the
absence of quantitative results. Although this technique is the gold standard in clinical
laboratories, it does not enable the identification of complex microbial communities
(Gupta et a/, 2019). Recently, the advent of sequencing-based technologies has made it
possible to profile entire communities, including unculturable bacteria. These alternatives
provide relative taxonomic abundance and are becoming increasingly sensitive and cost
effective. The most common techniques for microbiome analysis are gene amplicon

sequencing and shotgun metagenomics (Bharti and Grimm, 2021).

Gene amplicon sequencing involves analyzing genetic variation in genes that are
functionally conserved across microbial species. The most common amplicon used for
bacterial identification is the 16S ribosomal DNA gene (16S rDNA), which encodes a
prokaryotic ribosomal subunit required for cellular function and survival. This technique

— referred to as 16S rDNA sequencing — uses highly conserved primer binding sites to
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amplify variable regions of the gene that can discriminate taxonomic classification (Bharti
and Grimm, 2021). Recently, 16S ribosomal RNA (16rRNA) sequencing — rather than rDNA
- has also helped to identify metabolically active species in bacterial communities (Kang

et al, 2013; Wang et a/, 2017; Malayil et al, 2020).

Shotgun metagenomics involves breaking the genome into small pieces that are
sequenced individually. It provides a better taxonomic resolution than gene amplicon
sequencing analysis, since it is based on the diversity of multiple genes. It also enables
the identification of non-bacterial microorganisms and viruses (Bharti and Grimm, 2021).
Despite these major advantages, 16S rDNA sequencing constitutes the most cost-

effective alternative to explore changes in microbial populations across multiple samples.
5.4. The gut microbiome-pancreatic axis

Although traditionally considered a sterile organ, recent studies have pointed to the
existence of microbiota within the pancreas (Pushalkar et a/, 2018; Sethi et al, 2018;
Thomas et al, 2018). The anatomic connection between the main pancreatic duct and
the duodenum constitutes a possible route of migration (Pushalkar et a/, 2018), although
translocation may also occur via the mesenteric veins and lymph nodes (Diehl et al,
2013). Increasing evidence supports the existence of a close connection between the gut
microbiome and the pancreas, where one influences the other. Pancreatic secretions may
modify the composition of the gut microbiome, while this has emerged as critical

modulator of pancreatic disease (Akshintala et a/, 2019).

6. NR5A2/LRH1

6.1. NR5A2: a member of the nuclear receptor family

NR5A2 is a member of the nuclear receptor (NR) superfamily, which constitutes a large
group of transcription factors that are involved in a variety of biological processes
including development, metabolism and homeostasis. Most NRs are ligand-regulated
transcription factors that are activated by steroid hormones, such as androgen, estrogen
and progesterone, and other lipophilic molecules, such as retinoic acid, thyroid hormone
or vitamin D. These ligands diffuse through the plasma membrane and activate their

receptors inside the cell, rather than acting through cell membrane receptors as most
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intercellular messengers. Once activated, the majority of NRs function as transcription
factors, modulating gene expression through a direct interaction with the DNA (Sever
and Glass, 2013). Recent advancements in crystallography have enabled the identification
of lipid-soluble ligands for numerous NRs that were initially believed to be orphan. This
has opened the door to novel therapeutic strategies for inflammation, metabolic

disorders and cancer (Burris, Busby and Griffin, 2012; Roshan-Moniri et a/, 2014).

NRs have a conserved structure composed of an amino-terminal transactivation domain
(A/B domain), a central DNA-binding domain containing two zinc fingers (C domain, or
DBD), a variable hinge region (D domain) and a carboxy-terminal ligand-binding domain
(the E domain, or LBD) that also contributes to protein dimerization (Fig. 16A)
(Mangelsdorf et al, 1995). These receptors form monomers, homodimers, or
heterodimers that recognize repeated consensus sequences in the DNA, termed

hormone response elements (HREs).
6.2. NR5A2 location in the genome, isoforms and structure

NR5AZ2 is located on chromosome 1. The human gene encompasses eight exons, while
nine are present in the mouse orthologue (Ensemble identifier: ENSG0O0000116833 and
ENSMUSG00000026398). Four alternative splicing isoforms of 541, 495, 469 and 369
amino acids have been described for the human gene (UniProt identifier: O00482),
among which the 495 amino acid one (UniProt identifier: 0©00482-1) has been reported
as the most abundant (Li ef a/, 1998; Nitta et a/, 1999). This isoform is identical to the
largest one (UniProt identifier: O00482-2), except for a deletion in the transactivation
domain that does not affect transcriptional activity (Nitta et a/, 1999). On the other hand,
a single 560 amino acid isoform has been described for the mouse gene (UniProt
identifier: P45448). Additional potential isoforms are annotated in UniProt, although their

existence is based on computationally analysis (UniProt identifier: 000482 and P45448).

The most common isoforms in human and mouse share the same molecular structure,
consistent with the modular architecture of NRs but with some peculiarities (Fig. 16B): the
LBD contains a ligand binding pocket and a conserved activating function-2 (AF-2) region
that mediates co-regulator recruitment and the DBD includes an Ftz-F1 domain that

enables NR5A2 to interact with DNA as a monomer — contrary to most NRs - with
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response elements containing the Ftz-F1 consensus motif YCAAGGYCR (Y = pyrimidine,

R = purine) (Sun, Demagny and Schoonjans, 2021).

A
Transactivating DNA-binding Flexible Ligand binding
domain domain (DBD) hinge domain (LBD)
Generic NR N A/B B D E C
B
Phospholipid Co-regulator
binding binding
DONO) ®)
[ v [~
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®E © ®
[ ] |
mNR5A2 (560 aa) N A/B B D E B c
Ftz-F1 AF-2

Figure 16: Conserved structure of most nuclear receptors (NRs) and most abundant human and mouse
NR5A2 isoforms. (A) Most nuclear receptors have a modular structure that involves an N-terminal
transactivation domain (A/B domain), a central DNA-binding domain (C domain, or DBD), a variable hinge
region (D domain) and a C-terminal ligand-binding domain (the E domain, or LBD). (B) The most abundant
NR5A2 isoforms in human and mouse share the same molecular structure, consistent with the modular
architecture of NRs but with some peculiarities: the LBD contains an AF-2 region that modulates co-regulator
recruitment, and an Ftz-F1 motif located within the DBD dictates specificity towards Ftz-F1 consensus DNA
motifs. Conserved phosphorylation (P) and SUMOylation (S) sites are represented in orange.

6.3. Regulation of NR5A2 activity

The transcriptional activity of NR5A2 is modulated by naturally occurring phospholipids,
transcriptional co-regulators and post-translational modification events. The
interconnections between these processes coordinate NR5A2 activity in multiple tissues

(reviewed by Lazarus et al. 2012; Sun, Demagny, and Schoonjans 2021).

6.3.1. Phospholipids as potential NR5A2 ligands

NR5A2 has traditionally been considered a constitutively active orphan nuclear receptor,
since evidence for potential endogenous ligands remained inconclusive for decades.
However, an increasing number of studies support the existence of several phospholipids
that could act as natural ligands for NR5A2. Overall, ligand binding appears to induce a
conformational change in NR5A2 that promotes its association with transcriptional co-

activators, thereby enhancing its transcriptional activity (Ortlund et a/, 2005).
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Over the last two decades, crystallographic studies allowed the identification of several
phospholipids that can interact and activate human, but not mouse NR5A2. These
potential endogenous ligands include different phosphatidyl inositol (PI) species, as well
as the common bacterial phospholipids phosphatidyl glycerol (PG) and phosphatidyl
ethanolamine (PE) (Krylova et al, 2005; Ortlund et a/, 2005; Wang et al, 2005; Musille et
al, 2012; Sablin et a/, 2015). Mutations within the human NR5A2 ligand binding domain
reduce its transcriptional activity by preventing co-activator recruitment (Ortlund et a/,
2005). On the other hand, structural disruption of the ligand binding domain of mouse
NR5A2 does not impact transcriptional potency, suggesting that ligand binding is
dispensable for basal activity. Indeed, mouse NR5A2 presents a large empty pocket that
adopts a constitutive active conformation despite the absence of ligand (Sablin et al,
2003). This divergence between mouse and human NR5A2 orthologues is probably due
to differences in the amino acid sequence, which affect ligand specificity (Sablin et al,
2015). Recently, the dietary phospholipid dilauroyl phosphatidyl choline (DLPC) was
found to act as a potent activator of both human and mouse NR5A2 (Turnbaugh et a/,
2009). Structurally, DLPC association to NR5a2 is a dynamic process that dictates co-
regulator preference (Musille et a/, 2012), further supporting the role of DLPC as a
modulator of NR5A2 activity.

6.3.2. Co-reqgulator recruitment

The role of NR5A2 is critically regulated by the recruitment of co-regulators, a diverse
group of proteins that can enhance (co-activators) or reduce (co-repressors) its
transcriptional activity. These interactions occur at the AF-2 domain through helical LXXLL
motifs (where L is leucine and X is any amino acid) (Ortlund et a/, 2005; Shin and Osborne,
2008), a consensus sequence that facilitates protein interaction with nuclear receptors

(Goodwin et al, 2000).

Several proteins have been described to interact and repress NR5A2 activity in a tissue-
dependent manner. For example, the short heterodimer partner (SHP or NROB2) is
expressed in pancreas, liver and heart and constitutes one the best characterised co-
repressors of NR5A2 activity. NROB2 is an unusual member of the nuclear receptor family
that lacks the DNA-binding domain and thus requires an association with other

transcription factors to regulate gene expression (Seol, Choi and Moore, 1996). NROB2
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reduces NR5A2 transcriptional activity through a dual mechanism that involves
competition with co-activators as well as a direct repression of NR5A2 transactivation
(Lee and Moore, 2002). Notably, NR5A2 is required for NROB2 expression (Lee and
Moore, 2002), which creates a negative regulatory loop that enables the latter to control
its own expression by limiting the transcriptional activity of NR5A2 (Goodwin et a/, 2000;
Lu et al, 2000). Other co-repressors include DAX-1 (or NROB1) - a putative NROB2
paralogue that is expressed in embryonic stem cells, ovary and testis -, PROX1 — a
homeobox transcription factor expressed in heart liver and hippocampus, and the nuclear
receptor co-repressors NCOR1 and NCOR2 (reviewed by Stein and Schoonjans 2015).
Recent /n vitro overexpression experiments demonstrate that NR5A2 can also interact
with c-Jun, as well as with the NF-kb subunits p50 and p65 to repress reporter activity
(Huang, Lee and Chung, 2014).

In addition to co-repressors, several proteins have been found to potentiate NR5A2
activity, including steroid receptor coactivators (SRC-1, SRC-2, and SRC-3), peroxisome
proliferator-activated receptor gamma (PPARY) coactivator 1a (PGC-1a), multiprotein
bridging factor 1 (MBF-1), and B-catenin (reviewed in Stein and Schoonjans 2015). For
instance, B-catenin cooperates with NR5A2 in the intestinal epithelium to activate the
expression of cell cycle genes (Botrugno et al, 2004), while PGC-1a-mediated
transactivation of NR5A2 in the liver induces the expression of CYP7A1, a catalytic

enzyme involved in bile acid biosynthesis (Shin and Osborne, 2008).

Nuclear receptors, such as the glucocorticoid receptor (Hah et a/, 2013), have been found
to act as pioneer transcription factors in differentiating tissues, where they interact with
close chromatin regions and modulate their accessibility to other factors involved in cell
fate specification (Drouin, 2014). Increasing evidence supports a similar role for NR5A2.
Chromatin immunoprecipitation analyses performed in a breast cancer cell line revealed
that NR5A2 cooperates with FOXAT1 - a popular pioneer factor in endodermal tissues -
to repress the expression of cell cycle genes. NR5A2 depletion displaced histone
deacetylase 2 from the regulatory regions of these genes, promoting histone acetylation
and inducing gene expression (Bianco et a/, 2015). In addition, NR5A2 co-regulators
commonly act through the recruitment of chromatin remodelling complexes. For

instance, NROB2 can inhibit gene expression by localising SIRT1 histone deacetylase on
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target gene promoters (Chanda, Xie and Choi, 2010) and interact with histone methyl
transferases to silence accessible chromatin regions (Tachibana et a/, 2002; Boulias, 2004;
Fang et a/, 2007). In addition, NR5A2 interacts with the nuclear receptor co-repressor
complex containing NCOR and histone deacetylase 3 (HDAC3) NCOR complex to
attenuate the expression of inflammatory genes in human hepatocytes (Venteclef et al/,

2010).

Apart from modulating chromatin accessibility, the interaction between NR5A2 and other
proteins - especially transcription factors - may be crucial to modulate the expression of
different regulatory networks under certain physiological conditions. For instance, our
laboratory has shown that in the context of a mild AP NR5A2 translocates to the
promoters of inflammatory genes through the interaction with the AP-1 transcription

factor (Cobo et al, 2018). This will be further discussed in a subsequent section.

6.3.3. Post-translational modifications

NR5A2 activity can also be influenced by post-translational modifications, including
phosphorylation, SUMOylation and ubiquitination (Fig. 17). Human NR5A2 can be
phosphorylated at serine 238 and 243 in response to mitogens by extracellular signal-
regulated kinases (ERK), leading to an increase NR5A2 transcriptional activity (Lee et al,
2006). Proteinase kinase A (PKA) can also modulate human NR5A2 activity by
phosphorylating serine 469, which affects gene expression by altering its interaction with
GATA transcription factors (Bouchard, Taniguchi and Viger, 2005). SUMOylation is one of
the best characterised post-translational modifications of NR5A2. It was first identified
on lysine 224 in the hinge domain of human NR5A2 (Chalkiadaki and Talianidis, 2005), a
residue that was later on found to be conserved in the mouse orthologue (lysine 289)
(Stein et al, 2014). SUMOylation at this site has been reported to repress the
transcriptional activity of NR5A2 by recruiting co-repressors such as PROX1 (Stein et al,
2014) or the NCOR1/HDAC3 co-repressor complex (Venteclef et a/, 2010). Finally, a
recent study indicates that NR5A2 protein levels can also be modulated by protein

ubiquitination, and subsequent proteasomal degradation (Lai and Hu, 2019).
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Figure 17: Mechanisms of regulation of NR5A2 activity. The transcriptional activity of NR5A2 can be
modulated by phospholipid ligand binding, co-regulator recruitment (co-activators and co-repressors) and
post translational modifications, such as SUMOylation (S), phosphorylation (P) and ubiquitinization (Ub),
which results in proteasomal degradation. These mechanisms can either activate (arrow) or repress (OFF)
transcriptional activity.

6.4. NR5A2 function

Like many other nuclear receptors, NR5A2 regulates essential functions in development,
differentiation and metabolism. NR5A2 is expressed from initial stages of embryonic
development and plays a critical role in embryonic stem cells. It directly regulates
expression of Oct4in the epiblast, thereby maintaining pluripotency prior to gastrulation
(Gu et al, 2005) and can replace the latter during reprogramming of murine somatic cells
into pluripotent stem cells (Heng et a/, 2010). In fact, homozygous Nr5aZ2 deletion is
associated with embryonic lethality, further supporting its crucial role throughout
development (Paret et a/, 2001; Schoonjans et al, 2002; Falender et a/, 2003). In adult
mammals, NR5A2 is mainly expressed in exocrine pancreas, intestine, liver, ovary and
brain, although low levels of expression are detected in heart, lungs and immune cells

(Fayard, Auwerx and Schoonjans, 2004).

6.4.1. NR5AZ2 in pancreatic development and maintenance of acinar identity

NR5A2 plays a crucial role in pancreatic organogenesis and acinar cell maturation. It is
expressed in the pancreatic epithelium at early developmental stages (E9.5) (Rausa et al,
1999). During the secondary transition, NR5A2 becomes expressed at the tips of the

branching epithelium, where it controls the generation and expansion of MPC and pre-
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acinar cells. Nr5a2 inactivation in the nascent pre-pancreatic epithelium results in
developmental and functional defects in all three pancreatic lineages, although these are
more profound in the exocrine compartment. These observations were performed using
Ptf1a*/“"e: Nr5a2°”"*, which involves recombination in the pancreatic epithelium at E9.5
(Hale et al, 2014). By contrast, Nir5aZ ablation at late gestational stages does not affect
pancreatic specification, but destabilizes acinar differentiation post weaning. In this case,
the authors used the Pdx-Cre?® driver, which induces recombination in the pancreatic
epithelium at E12.5 under the control of the Pdx7 promoter (Von Figura et a/, 2014). In
addition, Ar5aZ inactivation in adult mice - using a ubiquitous tamoxifen-induced
Rosa26-CreER diver - impairs pancreatic secretion upon hormonal stimulation (Cobo-
Vuilleumier, Petra | Lorenzo, et al, 2018). However, the constitutive loss of a single Nr5a2
allele does not lead to the down-regulation of the acinar program in basal conditions

(Cobo et al, 2018).

These studies indicate a crucial role of NR5A2 in acinar identity. Indeed, NR5A2 is
expressed at high levels in adult acinar cells (Rausa et a/, 1999; Fayard et a/, 2003; Flandez
et al, 2014), where it has been found to directly regulate the expression of digestive
enzymes, as well as transcription, secretion and mitochondrial proteins (Fayard et al,
2003; Cobo-Vuilleumier, Petra | Lorenzo, et al, 2018). This is thought to occur through
an interaction with the PTF1 complex (Molero et al/, 2012; Cobo-Vuilleumier, Petra |

Lorenzo, et al, 2018).

6.4.2. NR5A2 during pancreatitis

Acinar dedifferentiation is a crucial step in pancreatic disease. In response to cerulein-
induced pancreatitis, acinar cells down-regulate the expression of the acinar program,
transiently adopting a duct-like morphology and acquiring the expression of ductal
markers. In normal pancreas, dedifferentiation is rapidly resolved and acinar morphology
is restored (Jensen et a/, 2005; Fendrich et a/, 2008; Molero et a/, 2012; Flandez et al/,
2014). Similar to the acinar transcriptional program, NR5A2 expression is transiently
down-regulated in ductal structures during pancreatitis and re-established in
regenerated acinar cells, further supporting the role of NR5A2 in the maintenance of

acinar identity (Flandez et a/, 2014; Von Figura et al, 2014).
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Recently, our laboratory described a dual role of NR5A2 in the control of acinar
differentiation and pancreatic inflammation. In basal conditions, NR5A2 regulates the
expression of acinar genes. However, under certain conditions that result in a down-
regulation of Nr5aZ2 expression, such as during pancreatitis or in the context of Nr5aZ2
constitutive heterozygosity, NR5A2 translocates to the promoters of inflammatory genes,
inducing their expression through an interaction with the AP-1 transcriptional complex
(Fig. 18) (Cobo et al, 2018). These results indicate an anti-inflammatory role of NR5A2 in
the pancreas. In concordance with this, AMr5a2inactivation in the pancreas (using the Pdlx-
CreP* driver) impairs acinar re-differentiation following pancreatitis induction, leading to
persistent acinar atrophy and ductal metaplasia (Von Figura et al, 2014). Similarly,
germline Nr5a2 heterozygous mice (Nr5a2*”) experiment an exacerbated response and
delayed recovery from cerulein-induced pancreatitis. This is thought to result from
NR5A2 haploinsufficiency in pancreatic epithelial cells, since a similar phenotype was
observed using Ptf1a*/“": Nr5a2*"* mice (Flandez et al, 2014). Together, these results

support the role of NR5A2 in the suppression of pancreatic inflammation.

wt, basal — NR5A2 — NR5A2 | OFF

Acinar genes Inflammatory genes

wt, pancreatitis NR5A2 ) —— [ NRSA2 I_' NR5A2 I

Nr5a2*/, basal
Acinar genes Inflammatory genes

Figure 18: Mechanism by which NR5A2 regulates acinar and inflammatory gene expression in mice. In
wtmice in basal conditions, NR5A2 regulates the expression of acinar genes. In response to cerulein-induced
pancreatitis, or in the context of constitutive Nr5a2 heterozygosity - two conditions that down-regulate
Nr5a2expression in acinar cells - NR5A2 translocates to the promoters of inflammatory genes, inducing their
expression through an interaction with the AP-1 transcriptional complex. Thus, in basal conditions Nr5a2*"
mice present an inflammatory transcriptome that is reminiscent of early stages of pancreatitis. Simplified
version of the model proposed by Cobo et al. (2078).

6.4.3. NR5A2 in pancreatic oncogenesis

The role of NR5A2 in pancreatic oncogenesis has been explored using mutant Kras-
driven mouse models, in combination with constitutive Ar5a2 heterozygosity or
pancreatic Nir5aZablation. Von Figura et a/. (2014) found that, in the context of oncogenic
Kras, Nr5a2 inactivation in the pancreas (using Pdx-Cre?® driver) resulted in an almost

complete replacement of the pancreatic parenchyma by ductal structures and lesions,
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that were also present in Pdx-Cré?®: Nr5a2*"** mice. On the other hand, our laboratory
described that constitutive Ar5aZ heterozygosity cooperates with Kras-driven
tumorigenesis and pancreatitis to promote neoplastic initiation in the pancreas (Flandez
et al, 2014). This acceleration in tumor development has been proposed to occur though
NR5A2 haploinsufficiency in pancreatic epithelial cells, since using the Ptf1a-Cre driver
to promote recombination in pancreatic epithelial cells in the context of oncogenic Kras
also led to an increase in the number of neoplastic lesions (Flandez et a/, 2014; Von
Figura et al/, 2014). In addition, genome-wide association studies (GWAS) have revealed
an association between pancreatic cancer and single-nucleotide polymorphisms (SNPs)
in the vicinity of the NR5AZ2 gene (Petersen et a/, 2010; Zhang et a/, 2016; Chen et a/,

2018). Together, these results suggest a tumor suppressive role for NR5A2.

On the other hand, NR5A2 was found to promote — rather than inhibit — proliferation of
several human PDAC cell lines /n vitro, suggesting an oncogenic role for NR5A2 once the
tumor has been established (Benod et a/, 2011). In concordance with this, NR5A2
overexpression has been associated with a worse clinical outcome in patients with

pancreatic cancer (Dong et a/, 2011).

6.4.4. A close up into the Nir5a2*~ model

In the last decade, our laboratory has worked under the assumption that the NR5A2
genetic variants that predispose for pancreatic cancer development lead to a partial loss
of function, which can be modelled using Nr5a2* mice. Since these mice constitute the
model of study of this thesis, the most relevant findings derived from this work — which

were published in two independent articles — have been summarised in Boxes 1 and 2.

6.4.5. Other roles of NR5A2 in the pancreas

In addition to acinar cells, NR5A2 expression has also been reported in ductal (Benod et
al, 2011) and B-cells in adult pancreas (Baquié et a/, 2011). While the role of NR5A2 in
ductal cells has been poorly characterised, NR5A2 expression in B-cells has been reported
to protect them from stress-induced apoptosis (Baquié et a/, 2011) and NR5A2 agonism

protects against type 1 diabetes (Cobo-Vuilleumier, Petra I. Lorenzo, et al, 2018).
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BOX 1: Nr5a2 heterozygosity sensitises to, and cooperates with, inflammation in
KRas%12V-driven pancreatic tumorigenesis (Flandez et al. 2014)

Nr5a2 heterozygosity leads to impaired recovery
from acute caerulein-induced pancreatitis

NR5A2 is expressed at high levels in the exocrine
compartment of the mouse pancreas.

Ductal

The pancreata of adult wt and Nr5a2*~ mice were
histologically undistinguishable.

To determine whether Nr5a2 is involved in
pancreatic regeneration following pancreatic injury,
we induced a mild acute pancreatitis by
administering 7 hourly caerulein doses. Histological
analysis showed an exacerbated response in
Nr5a2*/~ mice. Although loss of one Nr5a2 allele is
dispensable for basal pancreatic function, these
results show that both alleles are required for
appropriate recovery from mild acute caerulein-
induced damage.

24h 48h

Epithelial Nr5a2 is required for appropriate
recovery after caerulein-induced pancreatitis

To determine whether the observed phenotype
results from Nr5a2 haploinsufficiency in pancreatic
epithelial cells or in other cell types, we generated
mice in which one Nr5a2 allele was selectively
inactivated in the pancreas (Nr5a2'°/*;Ptf1a/*). An
acute pancreatitis was induced and mice were
analysed at 48h. Lack of one Nr5a2 allele in
epithelial cells was sufficient to cause increased
inflammation at 48 h to a level comparable with the
response observed in Nr5a2*/~ mice. These results
show that two Nr5a2 alleles are required in
epithelial cells for proper acinar regeneration upon
injury in the pancreas.

Nr5a2 heterozygosity cooperates with pancreatitis
in KRas%*?V-driven tumorigenesis

To evaluate whether inactivation of one Nr5a2
allele contributes to PDAC development, we
generated KRas®2V; Ptf1a®* mice of either wt or
Nr5a2*/~ genotype. One month after the induction
of a single episode of acute pancreatitis, the
pancreatic area affected by preneoplastic lesions
was significantly larger in Nr5a2*~ mice than in
controls. These results indicate that, after injury,
Nr5a2 heterozygosity leads to accelerated
progression of KRas®?V-driven tumorigenesis,
supporting the notion that loss of Nr5a2 cooperates
with inflammation and KRas mutations in the
pancreas.

wt

KRGSGﬂv,'Ptfl aCre

Nr5a2*
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BOX 2: Transcriptional regulation by NR5A2 links differentiation and inflammation in

the pancreas (Cobo et al. 2018)

Nr5a2 heterozygosity leads to an epithelial-cell
autonomous pre-inflammatory state in the
pancreas

We used RNA sequencing to compare the
transcriptome of wt and Nr5a2*/~ pancreases. Gene
set enrichment analysis revealed an upregulation of
inflammatory pathways in Nr5a2*- mice, that was
not associated to increased abundance of
inflammatory cells, based on quantification of CD45
expression.

Gene set enrichment analysis
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Quantitative reverse transcription PCR analyses
confirmed upregulation of inflammatory mediators
in isolated acini, suggesting that the defect is
specific of acinar cells.
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promoter of inflammatory genes in Nr5a2*/-
pancreases

Chromatin immunoprecipitation (ChIP) sequencing
analysis revealed that only 7% of the genes that
were upregulated in Nr5a2*- mice exhibit NRSA2
binding within their promoter, suggesting the
participation of an indirect mechanism. Promoter
scanning analysis of upregulated genes revealed an
enrichment of AP-1 motifs. In addition, AP-1
proteins were significantly upregulated in Nr5a2*/-
pancreases.
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The NR5A2 transcriptional switch

We performed ChIP followed by gqPCR on the
promoters of acinar and inflammatory genes. In wt
mice in basal conditions, NR5A2 bound to the
promoters of acinar genes, but transiently
translocated to those of inflammatory genes after
one dose of caerulein. This transcriptional switch
was also observed in untreated Nr5a2*- mice,
indicating that Nr5a2 haploinsufficiency mimics
acute pancreatitis at the transcriptome level.
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We found that NR5A2 coimmunoprecipitated with
the AP-1 member JUN in the pancreas of untreated
Nr5a2*/- mice and in wt mice 1 h after caerulein
administration, but not in untreated wt mice,
supporting the proposition that JUN and AP-1
cooperate in producing the NR5A2 transcriptional
switch.
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The proposed model of the NR5A2 transcriptional
switch further detailed in Fig. 18
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Pancreatic inflammation is one of the major risk factors for pancreatic cancer. Our group
has shown that germline Nr5a2heterozygosity in mice induces pre-inflammation in basal
conditions, sensitising the pancreas to inflammation and Kras-driven tumorigenesis.
Increasing evidence indicates an association between non-genetic risk factors and
pancreatic inflammation, including obesity as well as the occurrence and composition of
the gut microbiome. These associations are very relevant from the clinical standpoint,

since they offer an opportunity to act on modifiable factors to prevent pancreatic disease.

In this context, we aimed to determine the contribution of non-genetic risk factors to
pancreatic inflammation in Ar5a2”" mice. We hypothesised that obesity-related
disorders could promote pancreatic inflammation in ANr5a2*” mice and that their
increased sensitivity to pancreatic inflammation may be modulated by the gut

microbiome.
The specific objectives of this thesis were:

1) To investigate the effects of obesity and associated metabolic disorders on
pancreatic inflammation in Air5a2*” mice.
2) To investigate the role of the gut microbiota on pancreatic inflammation in

Nr5a2* mice.









MATERIALS AND
METHODS
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1. Mouse strains

Mouse strains used for this project had a predominant C57BL/6 background with the
following genetic modifications (alone or in combination): Nr5a2”" (Botrugno et al,
2004), Nr5a2*"** (Botrugno et al, 2004); Villin-CreERT2* (el Marjou et al, 2004; JAX stock
#020282) and Pdlx7-CreERT" (Hingorani et al, 2003; JAX stock #014647). Mice were bred
to generate: Nr5a2*", Villin-CreERT2*"; Nr5a2*"* and Pdx1-Cre™’; Nr5a2*"* mice and
maintained under standard specific pathogen-free conditions at the animal facility of
CNIO. Littermates were used as experimental controls. Experiments were approved by
the Animal Ethical Committee of Instituto de Salud Carlos Il and performed following
guidelines for Ethical Conduct in the Care and Use of Animals. Mice were randomised
across experimental conditions. Unless otherwise stated, both males and females mice

were used.

2. In vivo procedures

2.1. Tissue collection

Mice were sacrificed by cervical dislocation and the pancreas was quickly collected. A
small piece from the tail of the pancreas was flash frozen and stored at -80°C for
subsequent RNA extraction, while the rest was fixed in formalin for histological analysis.
For the microbiome-related experiments, bacterial contamination was minimised by
cleaning dissection tools with ethanol and sterile PBS prior to pancreas dissection. Tissues
used for fluorescence /n situ hybridisation (FISH) analysis were embedded in optimal
cutting temperature compound (OCT), flash frozen and maintained at -80°C until use.

When specified, the spleen was also collected, weighted and fixed in formalin.
2.2. Cerulein-induced AP

Mild AP was induced by seven hourly intraperitoneal (i.p.) injections of cerulein (Bachem)
at 50 ug/kg. Saline-treated mice were used as experimental controls. Serum was collected
at 24 hours (h) for amylase quantification and mice were sacrificed 48 h after the first
injection. Severe AP was induced by seven hourly i.p. injections of cerulein (50 pg/kg) for
two non-consecutive days, with one day intermission. Serum was collected at 8 h for
amylase quantification and mice were sacrificed at 48 h, counting from the first injection

of the second day.
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2.3. Diet intervention

Mice were fed either a control diet (CD; 2018S, Harlan Laboratories) or a high fat diet
(HFD; D12451i, Brogaarden) containing 45% of calories from fat. Food and drinking water
were provided ad /ibitum. Macronutrient composition of the diets is detailed in Table M1.
For the HFD experiments, mice were weighted on a weekly basis. As further detailed in
the experimental timelines of each experiments, mice were exposed to different
procedures at 8-13 weeks post diet intervention, including the evaluation of glucose
tolerance, insulin resistance evaluation, plasma extraction to measure cholesterol and
triglyceride levels, cerulein-induced mild AP, and tissue pathological evaluation. These
experiments were performed with males and females, although in this thesis we focus on

the results obtained in males.

Macronutrient CD (3.1 kcal/g) HFD (4.7 kcal/g)
Protein 24% 20%
Carbohydrate 58% 35%
Fat 14% 45%

Table M1: Macronutrient composition of diets (% of calories) used in this thesis. CD: control diet. HFD: High
fat diet.

2.4. Glucose tolerance test (GTT)

Mice were fasted overnight (for 13h) and basal glycemia was measured from tail blood.
Mice were subsequently weighted and administered an i.p. injection of a 20% glucose
solution (2 g/kg). Blood glucose levels were measured using a glucometer (Accu-Chek®

Aviva) at 15, 30, 60 and 120 minutes.
2.5. Antibiotic (ABX) administration protocol

ABX administration was performed following a published protocol (Reikvam et a/, 2011)
that consists of three days of amphotericin B (amphB; 1 mg/kg) — an antifungal substance
used to suppress overgrowth of Candida species - followed by five days of an
ABX/antifungal concoction composed of vancomycin (50 mg/kg), neomycin (100 mg/kg),
metronidazole (100 mg/kg) and amphB (1 mg/kg). Compounds were dissolved in normal
drinking water and administered by oral gavage every 12 hours (200 ul/mouse). From
day three on, ampicillin (1 mg/ml) was added to drinking water and renewed weekly.

Experimental controls were administered normal drinking water.
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2.6. Microbiome reconstitution

Microbiome reconstitution was performed through: i) cohousing microbiome-depleted
mice with mice reared in conventional conditions, in which case only females were used
to facilitate cohousing, or ii) through weekly cage supplementation with fecal pellets from
donor mice. In both cases, microbiome reconstitution was coupled with the interruption

of ABX treatment.
2.7. Tamoxifen-induced recombination

Recombination in Villin-CreERTZ2"*: Nr5a2*" mice was induced in 6-week-old mice by
administering tamoxifen-containing food (TAM400/CreER, Harlan) ad /ibitum for 2
weeks. Recombination of the Nr5aZ floxed allele was verified by standard PCR using
published primers (Coste et al, 2007): ACE225 5" GTCATAGGGAGTCAGGATACCATGG 3/,
ACE228 5' GTTCTGACCACTTTCATCTCCTCACG 3 and ACE231 5'
GTTAGCAATTTGGCAGATTTACGC 3' (data not shown).

3. Biochemical analysis in plasma/serum

Mouse blood was collected from the submandibular vein in 1.5 ml heparin or EDTA tubes,
incubated for 30 min at RT and centrifuged for 10 min at 10000 rpm. The serum/plasma
was transferred to a new tube and either immediately processed or stored at -80°C. For
amylase measurements 1.5 ml heparin or EDTA tubes were used indistinctively. For
insulin, glucose, triglyceride and cholesterol measurements, mice were fasted for 5 hours

and plasma was obtained by collecting blood in heparin tubes.
3.1. Triglyceride and cholesterol quantification in plasma

Triglyceride and total cholesterol determination was performed within 2 h from plasma
collection using TG Color GPO/PAP AA (1780107, Wiener lab.) and Colestat enzimatico

AA (1220110, Weiner lab.) kits, according to manufacturer’s instructions.
3.2. Assessment of insulin sensitivity

Plasma insulin and glucose levels were measured using the Ultra Sensitive Mouse Insulin
ELISA (90080, Crystal Chem) and Mouse Glucose Assay kits (81692, Crystal Chem)

respectively, according to manufacturer’s instructions. For insulin detection we followed
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the high range assay protocol. HOMA-IR was calculated as previously described

(Matthews et a/, 1985):

. mmol . . (uU
fasting glucose ( [ )x fasting insulin (W)
22.5

HOMA-IR index=

A conversion factor of 1 yU = 6.00 pmol/L was used to convert insulin levels from
conventional to international units, since it was recently proposed as the optimal

conversion factor (Knopp, Holder-Pearson and Chase, 2019).
3.3. Serum/plasma amylase quantification

Serum/plasma samples were diluted 1:50 in distilled water (0123, Braun). Amylase
quantification was performed in an ABX Pentra automated clinical chemistry analyser

(HORIBA ABX) using Amylase CP diagnostic reagents (A11A01628, HORIBA ABX).

4. Histological analysis

4.1. Tissue preparation

Mouse pancreata were fixed overnight in 4% PBS-buffered formaldehyde. After fixation,
they were embedded in paraffin and serially sectioned (3 um) and either stained with

hematoxylin and eosin or used for immunohistochemical analysis.
4.2. Histological scoring

Histological scoring was performed in H&E stained sections. Pancreatic inflammation-
related histological parameters (edema, leukocyte infiltration and ADM) were scored by
adding the grade of severity (0-3) to the extension of the pathological feature (0: absent,
1: focal, 2: multifocal and 3: diffuse). The individual scores were then added into a global
histoscore that ranges from 0-18. When specified, lipomatosis was scored based on its
severity and extension, as described above (0-6). Pancreas sections were reviewed blindly
by F. X. Real and I. Millan. Liver steatosis was scored based on the abundance of micro
(0-3) and macrosteatosis (0-3) in periportal, midlobular and pericentral areas separately.
Individual scores were then added to obtain a global steatosis score for each liver (0-18).
Liver samples were reviewed and scored blindly by a pathologist (E. Caleiras,

Histopathology Unit, CNIO), C. Massillo and I. Millan.
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4.3. Immunohistochemistry analysis

Immunohistochemistry analyses were performed at the Histopathology Unit in the CNIO.

The primary antibodies used are listed in Table M2.

Antibody Company, reference, clone Clone
aF4/80 ABD Serotec, MCA497 Cl:A3-1
aCD45 Cell signalling technology, 70257 D3F8Q
aPAX5 Santa Cruz Biotechnology, sc-1974 C-20

Table M2: Antibodies used in immunohistochemistry analyses.
4.4. Antigen-specific signal quantification

Slides were digitalised with Axio Scan.z1 (Zeiss) and processed with ZEN 2.3 lite software.
Quantification was performed using six randomly selected fields of 5000 x 5000 pixels.
Hematoxylin and antigen-specific signals were separated into different channels using
the Color Deconvolution plugin of Image J software, and the pixel area of each individual
channel was quantified using the same software. The antigen-specific signal was then

normalised to the hematoxylin area.
5. Fluorescence in situ hybridization

Fluorescence /n situ hybridization (FISH) analyses were performed at the Molelular
Cytogenetics Unit in the CNIO using probes specifically designed to a complementary
16S rRNA sequence unique to eubacteria. Sections of 5 ym of OCT-preserved pancreata
were mounted on positively charged slides (SuperFrost, Thermo Scientific). Briefly, tissues
were postfixed in freshly prepared 4% paraformaldehyde. After enhancement of the
bacteria wall permeabilization by lysozyme treatment (10g/L Tris HCI 6.5M), the samples
were incubated for 1 hour at 45°C in the presence of the specific probe in a hybridizer
machine (Dako). This was performed in 20 pl of hybridization buffer (20 nM Tris, pH 8.0.
0.9 M NaCl, 0.02% SDS, 30% formamide) containing 100 ng of the probe. Finally, tissues
were washed in washing solution (70% formamide, 10mM Tris pH7.2 and 01% BSA),
dehydrated in a series of ethanol, air-dried and stained with 0.5 ug/ml DAPI/Antifade
solution (Palex Medical). FISH images were captured using a Leica DM5500B microscope

with a CCD camera (Photometrics SenSys) connected to a PC running the CytoVision
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software 7.2 image analysis system (Applied Imaging). Images were blinded analyzed to

score for the number of FISH signals.

6. RNA analysis

6.1. RNA isolation from total pancreas

Pieces of mouse pancreas were homogenised using ULTRA-TURRAX T10 homogeniser
(IKA) in cold GTC buffer (4M guanidine thiocyanate, 0.1M Tris-HCl pH 7.5 prepared in
DEPC treated water) to which 1% 2-mercaptoethanol was added immediately before use
and total RNA was isolated using the phenol-chloroform method (Chirgwin et a/, 1979).
Total RNA was then treated with DNase | (DNA-free DNase Treatment & Removal

Reagents, Ambion) according to manufacturer's instructions.
6.2. RNA-sequencing (RNA-seq) analysis of mouse pancreata

RNA quality was determined with the RNA Integrity Number (RIN) using an Agilent 2100
Bioanalyazer. Gender and RIN-matched samples with RIN values ranging from 6.9 to 9
were sent to the Genomics Unit at the CNIO for library preparation and sequencing. Total
number of reads per sample ranged from 18 to 24 million. RNA-seq data was processed
using Nextpresso v1.9.2.4 (Grafa et al, 2018) using default parameters. This software
enables us to evaluate read quality, align reads to a mouse reference genome (mm10),
and perform differential expression analysis using DEseq to obtain a list of deregulated
genes between samples. Statistical significance was set at p-adj < 0.05. Ranked gene lists
generated by DEseq (in which genes are ranked based on log2-fold change) were
subjected to GSEAPreranked v6.0.12 using the GO biological processes, REACTOME and
KEGG libraries. This analysis was performed using the GenePattern platform (Reich et a/,
2006). A highly restrictive threshold of FWER p-val < 0.05 was used to establish

significance, unless otherwise stated.

Genes/pathways that overlap across conditions were identified using Venny 2.1 online
software and represented using the Eulerr R package. Heatmaps were generated using

the online Morpheus software (https://software.broadinstitute.org/morpheus/).

Mouse MCP-counter (mMMCP-counter) was used to estimate the immune and stromal

composition in pancreas samples using transcriptomic data (Petitprez et a/, 2020).
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To explore immune gene set enrichment across comparisons, pathways that contained
one of these terms within their names were selected: immune, inflammatory, B cell, T cell,
cytokine, antigen, interleukin, IL, interferon, chemokine, leukocyte, neutrophil, defense,

myeloid and tumor necrosis factor.
6.3. RNA-seq analysis of published transcriptomic data from intestine

Published transcriptomic data from duodenum and ileum of mice reared in germ-free
(GF) and conventional conditions (CV) was downloaded from GEO (GEO accession:
GSE114399). Read counts were normalised using DESeq?2 (Love, Huber and Anders, 2014),
in the R v4.0.3 framework or higher using RStudio. The enrichment of ABX-related
signatures was assessed using single sample GSEA (ssGSEA) 10.6 from the GenePattern

platform (Reich et a/, 2006).
6.4. Transcriptomic analysis of human pancreas

Transcriptomic data of 328 human pancreas samples from the Genotype-Tissue
Expression (GTEx) project were used (Consortium, 2017). The enrichment of ABX-related
signatures was assessed using single sample GSEA (ssGSEA) 10.6 from the GenePattern

platform (Reich et a/, 2006).

7. Microbiome analysis

7.1. Feces collection and DNA isolation

To minimise bacterial contamination, fresh fecal pellets were collected directly from mice
into 1.5 ml tubes and stored at -80°C. Total DNA extraction was performed using the
QlAamp® Fast DNA Stool Mini Kit (51604, Quiagen) according to manufacturer’s
instructions, increasing the lysis temperature to 95°C as recommended for Gram-positive

bacterial detection.
7.2. Bacterial DNA quantification

Bacterial DNA quantification was performed by quantitative PCR (gqPCR), as previously
described (Reikvam et a/, 2011). Degenerate primers were used to amplify the V2 and V6
regions of the 16S rDNA gene. The number of 16S copies was normalised to mouse
genomic DNA, quantified using primers for mouse poly immunoglobulin receptor

(mplgR). Primers used for this analysis are listed in Table M3. Reactions were carried out
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with 5 ng of DNA using SYBR® Green PCR Master Mix in the QuantStudio 6 Flex system

(Thermofisher).
Target Primer name Sequence (5'-3')
16S-V2-101F AGYGGCGIACGGGTGAGTAA
16S V2 region
16S-V2-361R CYIACTGCTGCCTCCCGTAG
16S-V6-784F AGGATTAGATACCCTGGTA
16S V6 region
16S-V6-1061R CRRCACGAGCTGACGAC
mplgRgenomic.for TTTGCTCCTGGGCCTCCAAGTT
Mouse plgR genomic region
mplgRgenomic.rev AGCCCGTGACTGCCACAAATCA

Table M3: Target region, name and sequence of primers used for amplification of bacterial 16S and mouse
genomic DNA. The matching forward and reverse primers targeted to mouse cDNA lie in separate exons.
Primers extracted from Reikvam et a/. (2011).

7.3. 16S rDNA sequencing, library preparation and data processing

Library preparation and DNA seguencing

Fecal DNA from 6-8 week old cohoused Nr5a2*” and wt mice was isolated as described
above. Libraries were prepared by the Genomics Unit at Complutense University of
Madrid (UCM) according to Illumina’s 16S Metagenomic Sequencing Library Preparation
protocol. Samples were indexed with the Nextera XT Index Kit v2 Set D (FC-131-2004,
[llumina). The individual libraries were pooled in equimolecular concentrations and
sequenced by the Sequencing and Bioinformatic Service at FISABIO (Valencia) in a MiSEq
sequencer using paired 300 bp reads. Sequencing depth ranged from 16953-59609 reads

per sample.

Amplicon sequence variant (ASV) construction and taxonomy assignment

Amplicon sequence variant (ASV) construction was performed in collaboration with M.
D. Alonso and N. Malats (Genetics and Molecular Epidemiology Group, CNIO) using the
DADA2 pipeline according to developers’ instructions (DADA2 Pipeline Tutorial 1.16).
Upon read quality inspection, reads were trimmed to 245 bp and error models were
performed using all sequences. Paired-end reads were then merged according to their =
30 bp overlap and filtered by length, keeping sequences ranging from 438-469 bp.

Finally, taxonomies were assigned using Silva NR 99 138.1 species training set.
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Taxonomic diversity analysis

ASVs were normalised to median sequencing depth using phyloseq R package. To
evaluate microbial diversity within each sample (alpha diversity), we computed observed
ASV numbers as well Shannon and Simpson indices accounting for both microbial
richness and evenness. Microbial diversity across samples (beta diversity) was visualised
via non-metric multidimensional scaling plots (NMDS) based on Bray-Curtis dissimilarity
matrices. The significance of differences between Nr5a2*” and wt mice was tested using
permutational multivariate analysis of variance (PERMANOVA) with 999 permutations,
using vegan R package. Microbiome diversity plots were depicted using ggplot2 R
package. Confidence interval ellipses were represented using the stat_ellipse function.
Alpha and beta diversity was also computed on data that was agglomerated at different
taxonomic levels (i.e. phylum, class, order, family, genus, species) using the phyloseq R

package.

Differential taxonomic abundance analysis

Differential taxonomic abundance analysis was performed using DESeq2 R package
(Love, Huber and Anders, 2014) by comparing i) Nir5a2"” versus wt samples and ii) wtor
Nr5a2”" samples with highest histopathological scores during pancreatitis vs those with
lowest scores, at different taxonomic levels - phylum, class, order, family, genus, species,

and ASV. The significance threshold was set at p-adj < 0.05.

All analyses were conducted in the R v4.0.3 framework or higher using RStudio. Unless
otherwise indicated, analyses in the main text were performed using ASVs, rather

agglomerated data.

8. Flow cytometry analysis of immune cells

8.1. Immune cell isolation

Mouse blood (~ 300 pl) was collected from the submandibular vein in EDTA tubes and
kept at RT until used. Blood samples were transferred to 15 ml tubes, incubated with 5ml
of EL Erythrocyte lysis buffer (79217, Quiagen) for 10 min at RT and subsequently diluted
with 10 ml of PBS. After centrifugation at 1600 rpm for 3 min at RT, the supernatant was

carefully aspirated (leaving ~ 200 pl) and transferred to 96 well V-bottom plates. Cells
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were then centrifuged at 1600 rpm for 3 min at RT, washed with 200 pl of PBS and
centrifuged again at the same speed prior to resuspension in viability marker (described

in 8.2).

Mouse spleens were collected in cold PBS and kept on ice until processing. Tissues were
disaggregated by pressing the spleen with the plunger head of a 1 ml syringe through a
40 pm cell strainer placed on a 50 ml tube. To maximise cell collection, strainers were
washed with 10 ml of cold PBS. Cell suspensions were centrifuged at 1600 rpm for 3 min
at 4°C, resuspended in cold PBS and counted in a Countess 3 Automated Cell Counter
(Invitrogen). Next, 2 x 10° cells from each sample were transferred to 96 well V-bottom

plates.
8.2. Cell staining with surface markers

Once tissue suspensions were placed in 96-well V-bottom plates, cells were pelleted by
centrifugation. Unless specified, all centrifugations were performed at 1600 rpm for 3 min
at 4°C. Cells were resuspended in 200 pl of a 1:200 dilution of the viability marker
LIFE/Dead™ Fixable Aqua (L34965, Invitrogen) and incubated for 30 min at RT. Cells were
then centrifuged, washed with 200 ul of PBS and centrifuged again for subsequent
resuspension in 100 pl of cold blocking buffer, consisting on a 1:200 dilution of Mouse
Fc Block™ (553142, BD Biosciences) in PBS staining (1% BSA, 0.05% sodium azide in PBS).
After a 15 min incubation at 4°C, cells were centrifuged, resuspended in 50 pl of
fluorescently labelled antibodies prepared in PBS staining and incubated for 30 min at

4°C in the dark. A list of the antibodies used for flow cytometry is provided in Table M4.

Next, cells were washed by adding 150 pl of cold PBS staining and centrifuging. A final
fixing step was performed by resuspension in 100 ul of 4% PFA in PBS and incubation in
the dark for 10 min on ice, followed by centrifugation at 1600 rpm for 5 min at 4°C. To
avoid tandem dye degradation, fixing time never exceeded 15 min (including
centrifugation). The fixing solution was meticulously removed after centrifugation, by
pressing the plate against filter paper prior to resuspension in 100 ul of cold PBS staining

and storage at 4°C in the dark.

Cell suspensions were processed within 24 h with an LSRFortessa™ X-20 cell analyser (BD

Biosciences) and analysed with FlowJo v10 sotfware. UltraComb eBeads™ Compensation
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Beads (01-222-42, Invitrogen) were used as compensation controls. Cell populations
were gated after excluding doublets (discriminated by FSC-A and FSC-W), non-viable
cells and cell debris (discriminated by FSC-A and SSC-A) using the combinations of

markers listed in Table M5.

Target Fluorophore Clone Company, reference Dilution
B220 PECy5 RA3-6B2 Biolegend, 103222 1:100
CD3 APC 145-2C11 Biolegend, 100312 1:50 - 1:100
CD3 PE CF594 145-2C11 Bioscience, 562332 1:200
CD4 APC eF780 RM4.5 eBioscience, 17-0042-83 1:100-1:200
Ly6G PE 1A8 Pharmingen, 551461 1:100 - 1:200
LyeC FITC HK1.4 Biolegend, 128006 1:100

CD11b BV570 M1/70 Biologend, 101233 1:50 - 1:100
CcD8 FITC 53-6.7 Beckman, 733264 1:200
NK1.1 BV421 PK136 BD Pharmigen, 562921 1:100
CD25 PerCP Cy5.5 PC61.5 eBioscience, 45-0251-82 1:100

Table M4: List of antibodies used for flow cytometry analyses.
Source Population Markers
B cells CD3- B220+
T cells CD3+ B220-
CD4" T cells CD3+ B220- CD4+
Blood
CD8" T cels CD3+ B220- CD8+

Monocytes/macrophages CD3- B220- CD11B+ Ly6G-

Neutrophils CD3- B220- CD11B+ Ly6G+ Ly6C+
NK cells CD3- NK1.1+
B cells CD3- B220+
Spleen T cells CD3+ B220-
CD4* T cells CD3+ B220- CD8- CD4+
CD8" T cells CD3+ B220- CD4- CD8+

Table M5: Markers used to identify the immune populations immunoprofiled in this thesis.

9. Statistical analysis
Statistical analysis of the 16S rDNA sequencing experiment was performed using the R

v4.0.3 software. Significance of the RNA-seq experiments was calculated by the

Nextpresso v1.9.2.4 pipeline, with the exception of the statistical analysis of the overlap
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between two groups of genes or pathways, which was performed using an online tool

(http://nemates.org/MA/progs/overlap_stats.ntml). The remaining statistical analyses

were performed using the software GraphPad PRISM v8.0.1. The type of statistical test
used is specified in the figure legends. In all cases, P < 0.05 was considered significant.

Exact P values were reported when P < 0.01, while P > 0.01 were reported as ns.
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Effects of high fat diet on pancreatic
inflammation in Nr5a2*/ mice

To investigate the effects of obesity in the context of Nr5aZ2 heterozygosity, adult w¢and
Nr5a2"" mice were fed a HFD and their response was compared in basal conditions and
upon induction of a mild AP. Mice fed a CD were used as experimental controls. The
experiments described in this chapter were performed with mice of both sexes, but only
the results obtained in males have been included in this report, since the metabolic

effects of HFD feeding were more evident in these mice.

1.1. Nr5a2 heterozygosity has no major effects on HFD-induced alterations
in glucose metabolism and plasma lipid content

To determine whether Nr5a2 heterozygosity sensitises mice to the development of
obesity-associated disorders, we explored the effects of HFD feeding on multiple
parameters that are well known to be affected in obese individuals, including: body
weight, insulin resistance, glucose metabolism and plasma lipid concentrations. The

timeline of this experiment is depicted in Fig. R1A.

Wt and Nr5a2*~ male mice were fed either with a CD or a HFD and their weekly weight
was compared over a period of ten weeks. We did not detect significant differences in
body weight between genotypes at the start of diet intervention (Fig. R1B). At the end of
the ten weeks, HFD-fed mice displayed significantly higher body weight compared to CD
controls regardless of genotype (Pw: < 0.001, Pnssa2- < 0.001). However, there were no
significant differences in body weight increase across genotypes for either of the diets
administered (Fig. R1C). The same observations were made for gonadal white adipose
tissue weight (data not shown). These results indicate that Nr5a2 heterozygosity does
not have a major impact on HFD-induced alterations in body weight or adipose tissue

accumulation.
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To assess insulin resistance, we measured fasting plasma glucose and insulin levels and
calculated HOMA-IR at week eight of diet intervention. HFD feeding led to an increase
in fasting glucose (Fig. R1D), insulin (Fig. R1E), and HOMA-IR both in control and Nr5a2*”
mice (Fig. R1F). However, no significant differences were detected across genotypes in
either of the dietary conditions, indicating that Nr5a2 heterozygosity does not affect
insulin sensitivity (Figs. R1D, R1E, RTF).

To assess glucose homeostasis, we performed a GTT at week nine of diet intervention.
HFD feeding resulted in impaired glucose tolerance in mice of both genotypes, as
reflected by the significant increase detected in the area under blood glucose curve (AUC)
(Fig. RTH). However, no major differences were detected across genotypes upon both
dietary interventions (Figs. R1G and R1), indicating that Ar5aZ2 heterozygosity does not

affect glucose tolerance.

We also evaluated the effects of HFD feeding on plasma lipid content at week eight of
diet intervention. HFD-fed mice displayed increased total plasma cholesterol levels
compared to CD mice regardless of genotype (Fig. R1l), while plasma triglyceride levels
remained unaffected upon HFD feeding (Fig. R1J). No differences were observed across
genotypes in any experimental condition analysed, indicating that Nr5aZ2 heterozygosity

does not affect plasma levels of the lipids analysed.

Figure R1 (see on next page): Nr5a2 heterozygosity has no major effects on HFD-induced alterations
in glucose metabolism and plasma lipid content. (A) Experimental timeline: wt and Nr5a2*” mice were
fed a HFD or a CD for 10 weeks and the incidence of multiple obesity-associated metabolic disorders was
assessed through plasma measurements and GTT. (B) Baseline body weight. Significance was calculated
using unpaired two-tailed t test, assuming a consistent SD (n = 12-13/group). (C) Weekly body weight gain,
shown as a percentage of weight increase from baseline value. (D) Fasting plasma glucose levels. (E) Fasting
plasma insulin levels. (F) HOMA-IR index. (G) GTT. (H) Area under glucose tolerance curve (AUC). (I) Fasting
total plasma cholesterol. (J) Fasting plasma triglyceride levels. For C, G, data show mean + SEM and
significance was calculated using two-way ANOVA on repeated measures and Sidak’s multiple comparison
test (n = 6-7/group). For D, E, F, H, I, J data show mean * SD and significance was calculated using two-way
ANOVA on repeated measures (n = 6-7/group). HFD, high fat diet; CD, control diet; GTT, glucose tolerance
test.
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1.2. Nr5a2 heterozygosity may attenuate HFD-induced hepatic steatosis

HFD feeding has been reported to alter pancreatic histology (Rouse et a/, 2014) and
induce hepatic steatosis (Tsuru et a/, 2020). In this context, we aimed to determine
whether Nr5a2*” mice were more sensitive to HFD feeding. For this, we evaluated
pancreas and liver sections from HFD- and CD-fed wtand Nr5a2*” male mice at 13 weeks
of diet intervention (Fig. R2A). Representative images of pancreas and liver sections are

shown in Fig. R2B and R2C.

Pancreatic histology scores were determined based on the presence of edema, leukocyte
infiltration, and ADM. We also evaluated pancreatic lipomatosis. We did not detect major
alterations in the histology and lipomatosis scores across groups but there was a
tendency for a non-significant increase in lipomatosis in HFD-fed w¢ mice compared to
CD controls (P = 0.100, Fig. R2D and R2E). Hepatic steatosis scores were determined
based on the abundance of micro- and macro-steatosis in the periportal, mid-lobular,
and pericentral zones. We found increased steatosis scores in HFD-fed mice compared
to CD controls (Fig. R2F), although this was only significant in Nr5a2*" mice, possibly due
to the limited number of w¢ mice used (Pu: = 0.100, Pnssa2.- = 0.024). Interestingly, we
also detected a non-significant reduction in steatosis in HFD-fed Nr5a2”" males

compared to wt controls (Fig. R2F).

These analyses suggest that: i) HFD administration does not induce major
alterations in pancreatic histology but causes liver steatosis in mice of both
genotypes, ii) Nr5a2 heterozygosity has no major effect on basal pancreas
histology, and iii) Nr5aZ2 heterozygosity may protect from HFD-induced hepatic
steatosis. Due to the limited number of mice used for these analyses, a more in-

depth analysis using a higher number of mice is warranted.
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Figure R2: Nr5a2 heterozygosity may attenuate HFD-induced liver steatosis. (A) Experimental timeline:
wt and Nr5a2* mice were fed a HFD or a control diet CD and sacrificed at week 13. (B) Representative
images of pancreas sections. Scale bar: 200 ym. (C) Representative images of liver sections. Scale bar: 500
pum (D) Histological scores (0-18) of pancreas sections, as described in methods. Data is presented as mean
+ SD. (E) Pancreatic lipomatosis score (0-6). (F) Violin plot showing liver steatosis scores based on the
abundance of micro- and macro-steatosis, as described in methods. Statistical significance was calculated
using Mann Whitney test (n = 2-6/group). HFD, high fat diet; CD, control diet.
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1.3. Nr5a2heterozygosity does not cooperate with HFD-induced pancreatic

inflammation

To investigate whether HFD feeding modulates the effects of cerulein administration in
the context of a mild AP in Nir5a2*” mice, HFD- and CD-fed wtand Nr5a2” mice were

given seven hourly injections of cerulein at week 10 of diet intervention (Fig. R3A).

To evaluate pancreatic exocrine damage, plasma amylase levels were measured at 24
hours post pancreatitis induction. Mice were sacrificed at 48 h and their pancreata were
collected for histologic analysis. CD-fed Ar5a2” males displayed higher pancreatic
histopathological scores (Fig. R3C) and plasma amylase levels (Fig. R3D) compared to w¢
controls, confirming our previous reports that Ar5a2 heterozygosity sensitises to
pancreatic inflammation (Flandez et a/, 2014; Cobo et al, 2018). As expected, HFD-fed
wt mice presented increased histopathological scores (Fig. R3C) and plasma amylase
concentration (Fig. R3D) compared to CD controls, confirming previous reports indicating
that HFD-induced obesity induces pancreatic injury (Rouse et a/, 2014). However, such
increase was not observed in Nr5a2*” mice, indicating that NVr5a2 heterozygosity does
not cooperate with HFD to induce pancreatic inflammation. Representative images of

pancreas sections are shown in Fig. R3B.

We took advantage of these experiments to replicate the protective effect of Nr5a2
heterozygosity on hepatic steatosis. In agreement with the observations described
above, we found an increase in steatosis scores in HFD-fed mice compared to CD
controls, regardless of genotype (Fig. R3E). In addition, HFD-fed Nr5a2*" mice displayed
lower steatosis scores than their wt counterparts, supporting the notion that Ar5aZ2

heterozygosity attenuates HFD-induced liver steatosis.

These results indicate that HFD-induced obesity increase the severity of
pancreatitis in wt, but not in Nr5a2*” males, suggesting that Nr5a2 heterozygosity

protects from HFD-induced pancreatic damage in males.
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Figure R3: Nr5a2 heterozygosity does not cooperate with HFD-induced pancreatic inflammation. (A)
Experimental timeline: wtand Nr5a2*" mice were fed a HFD or a CD and exposed to seven hourly injections
of cerulein (50 pg/kg) at week 10. (B) Representative images of pancreas sections, 48 h post-pancreatitis
induction. Scale bar: 200 um. (C) Histological scores (0-18) of pancreas sections, as described in methods.
Data is presented as mean + SD. (D) Plasma amylase levels, 24 h post-pancreatitis induction. (E) Violin plot
showing liver steatosis scores based on the abundance of micro- and macro-steatosis, as described in
methods. Statistical significance was calculated using Mann Whitney test (n = 6-7/group). P-values > 0.100
are reported as ns. HFD, high fat diet; CD, control diet.
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Role of the gut microbiome in pancreatic
inflammation in Nr5a2*/~ mice

2.1. ABX-mediated gut microbiome depletion protects Nr5a2*/- mice from
cerulein-induced pancreatic damage

To determine whether the gut microbiome contributes to the pancreatic inflammatory
phenotype of ANir5a2*” mice, we assessed the effect of inducing a mild AP in mice that
received an ABX cocktail known to deplete the gut microbial flora (Fig. 9A). The gut
microbiome regulates inflammation in multiple tissues (Al Bander et a/, 2020). Since
Nr5a2*~ mice are sensitised to the effects of cerulein administration, we aimed at
identifying whether their exacerbated response to cerulein-induced AP was dependent

on the presence of the gut microbiome.

We depleted the gut flora by oral administration of broad-spectrum ABX using a
published protocol (Reikvam et a/, 2011). This consisted of three days of oral gavage with
amphB - an antifungal substance used to suppress overgrowth of Candida species -
followed by five days of oral gavage with an ABX/antifungal concoction composed of
vancomycin, neomycin, metronidazole and amphB. From day three on, ampicillin was
added to drinking water. Mice that followed this procedure will be referred to as ABX-
treated mice. Experimental controls were administered normal drinking water (H>O). As
expected, ABX treatment led to successful and sustained depletion of gut bacteria, as

indicated by 16S DNA quantification in feces at day 24 (Fig. R4B).
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Figure R4: Exploring the role of the gut microbiome in cerulein-induced pancreatic damage using
broad-spectrum ABX. (A) Experimental timeline: 6-8 week old wrand Nr5a2*” mice received ABX and were
exposed to seven hourly injections of cerulein (50 pg/kg). Effects on exocrine pancreas were assessed by
measuring serum amylase levels at 24 h and through histologic analysis of the pancreas at 48 h. Controls
received H>O. (B) Bacterial DNA load in fecal pellets: 16S ribosomal DNA was determined by quantitative
PCR amplification of the V2 and V6 regions, normalised to mouse genomic DNA. Graph shows log-
transformed means + SD. Statistical significance was calculated using Mann Whitney test (n = 23-27/group).
V, vancomycin; N, neomycin; M, metronidazole; amphB, amphotericin B; amp, ampicillin; ABX, antibiotics.

Prior to exploring the effects of ABX treatment upon AP induction in cerulein-treated
mice, saline controls were used to determine the effects of the ABX cocktail on the
pancreas in basal conditions. Histological analysis of the pancreas did not reveal any
alterations upon ABX treatment in mice of either genotype (Figs. R5A, R5B, R5C). Serum
amylase levels were not significantly different in ABX-treated w¢ mice compared to
untreated controls (P.: = 0.126), while a mild - but significant - increase was detected in
Nr5a2”" mice (Fig. R5D). These results indicate that ABX-mediated gut microbiome
depletion does not cause major alterations on the exocrine pancreas in basal conditions.
Representative images of pancreas sections are shown in Fig. R5A. We then assessed the
effects of AP induction in ABX-treated and control mice of both genotypes. Cerulein
administration to wt and Nr5a2” mice not treated with ABX resulted in a significant
increase in histopathological scores (Figs. R6B and R6D) and serum amylase levels (Fig.
R6E). Both pancreatic damage (Figs. R6B and R6D) and serum amylase levels (Fig. R6E)

were significantly higher in Nr5a2* mice compared to their wt counterparts, confirming

that Nr5aZ2 heterozygosity sensitises to pancreatic inflammation.
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Figure R5: ABX administration has no major effects on pancreas histology and basal serum amylase
levels. Effects of ABX administration on the histology of the pancreas (see timeline in Fig. R4A). (A)
Representative images of pancreas sections showing no alterations. (B) Histological scores (0-18) of pancreas
sections, as described in methods. Scale bar: 200 pm. (C) ADM, edema and leukocyte infiltration individual
scores (0-6). (D) Serum amylase levels. B, C, D show means + SD (n = 5-8 mice/group). Statistical significance
was calculated using Mann Whitney test. P-values > 0.100 are reported as ns. V, vancomycin; N, neomycin;
M, metronidazole; amphB, amphotericin B; amp, ampicillin; ABX, antibiotics.

Next, we evaluated the effect of AP induction in ABX-treated mice. In wt mice that were
exposed to cerulein-induced AP, the histopathological scores were significantly higher
than in saline-treated mice (Figs. R6C and R6D), but serum amylase levels were not
significantly increased (Fig. R6F). In contrast, in Nir5a2*” mice that had received ABX prior
to AP induction, neither histopathological scores (Figs. R6C and R6D) nor serum amylase
levels (Fig. R6F) were significantly different than in saline controls. These results indicate

that ABX-mediated gut microbiome depletion protects Nr5a2”" mice from cerulein-

induced damage. Representative images of pancreas sections are shown in Fig. R6A.
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Figure R6: ABX-mediated gut microbiome depletion protects Nr5a2*/- mice from cerulein-induced
mild acute pancreatic damage. Effects of ABX administration on exocrine pancreas during mild AP (see
timeline in Fig. R4A). (A) Representative images of pancreas sections at 48 h post AP induction: a noticeable
reduction in histologic damage is observed in ABX-treated Ar5a2” mice compared to controls. Zoomed
section shows a cell-infiltrated area. Scale bar: 200 um. (B, C) Histological scores (0-18) of pancreas sections,
as described in methods. (D) ADM, edema and leukocyte infiltration individual scores (0-6). Dashed line
shows representative basal histoscore. (E, F) Serum amylase levels at 24 h post AP induction. Data is
presented as mean * SD. Statistical significance was calculated using Mann Whitney test (n = 5-8/group). P-
values > 0.100 are reported as ns. AP, acute pancreatitis; ABX, antibiotics.

To determine whether ABX treatment also rescued mice from a more severe pancreatitis,
mice were exposed to seven hourly cerulein injections on two non-consecutive days (Fig
R7A). | confirmed that ABX treatment led to successful microbiome depletion (Fig. R7B).
Mice of both genotypes that were administered ABX and then exposed to severe AP,

displayed a non-significant reduction in histopathological scores, but these did not reach

the scores expected for mice in basal conditions (Fig. R7C). These results suggest that
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ABX-mediated microbiome depletion only leads to partial protection from cerulein-

induced severe AP.
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Figure R7: ABX treatment results in partial protection from severe cerulein-induced damage. (A)
Experimental timeline: A severe AP was induced in ABX-treated (ABX) and control mice (H.O) by seven hourly
injections of cerulein (50 pg/kg) on days 0 and 2. Mice were sacrificed at 48 h. (B) Bacterial DNA load in fecal
pellets. 16S ribosomal DNA was determined by quantitative PCR amplification of the V2 and V6 regions,
(Fig. R7 cont.) normalised to mouse genomic DNA. Graph shows log-transformed means + SD, n = 6/group.
(C) Histological scores (0-18) for pancreas sections at 48 hours post induction, as described in methods.
Dashed line shows representative basal histoscore. Graph shows means + SD (n = 3-4/group). Statistical
significance was calculated using Mann Whitney test. P-values > 0.100 are reported as ns. AP; acute
pancreatitis.

To demonstrate that the protective effects described above were indeed mediated by
gut microbiome depletion, we evaluated the effects of cerulein on ABX-treated Nr5a2*”
mice upon gut microbiome reconstitution (Fig. R8A). This was achieved by administering
ABX for eight days, followed by three weeks of cohousing with mice reared in
conventional conditions. This approach has been consistently reported as a successful
method for rapid microbiome reconstitution (Liang et a/, 2020). Given that we did not
find major differences among male and female mice in the experiments described above
(data not shown), and to facilitate cohousing, only Ar5a2*”" females were used.
Consistent with the above-mentioned results, Nr5a2*" mice that had received ABX prior
to AP induction displayed reduced histopathological scores (Fig. R8C) and plasma
amylase levels (Fig. R8D) compared to untreated controls. In contrast, Nr5a2*” mice in
which the gut microbiome had been reconstituted after ABX treatment, cerulein
administration led to an increase in both the histopathological scores (Fig. R8C) and

plasma amylase concentration (Fig. R8D). Microbiome reconstitution required

interruption of the ampicillin treatment (from day eight onwards, Fig. R8A); therefore, the
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ABX-treated and reconstituted groups did not receive the exact same ABX treatment
regimen. To control for this difference, | also evaluated the effects of mild AP in mice that
received only maintenance ampicillin treatment. No significant differences were detected
between cerulein-induced untreated, ampicillin-treated and reconstituted mice. These
results provide strong evidence that the effect of ABX on the severity of pancreatitis is
mediated by gut microbiome depletion. Representative images of pancreas sections are

shown in Fig. R8B.

Together, the results described above indicate that ABX-mediated gut microbiome

depletion protects Nr5a2*” mice from cerulein-induced pancreatic damage.
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Figure R8 (see on previous page): Gut microbiome reconstitution restores the sensitivity of Nr5a2*
mice to cerulein-induced pancreatic damage. (A) Experimental timeline: Nr5a2” females were subjected
to tree different procedures: ABX administration (ABX), ABX administration and microbiome reconstitution
by cohousing with untreated Ar5a2*” mice (reconstituted) or ampicillin administration (ampicillin). Mice
were subjected to seven hourly injections of cerulein (50 pg/kg) and their response was compared to that of
H,O treated mice. (B) Representative images of pancreas sections show a notorious increase in tissue
damage upon microbiome reconstitution. (C) Serum amylase levels at 24 h post induction. Scale bar: 200um.
(D) Histological scores (0-18) of pancreas sections at 48 h post-induction, as described in methods. Data is
presented as mean + SD. Statistical significance is calculated using Mann Whitney test, n = 6-7/group. P-
values > 0.100 are not reported. V, vancomycin; N, neomycin; M, metronidazole; amphB, amphotericin B;
amp, ampicillin.

2.2. Nr5a2 heterozygosity does not promote pancreatic inflammation by
increasing the abundance of intrapancreatic bacteria

Intestinal bacteria have been reported to contribute to pancreatic disease by
translocating to the pancreas and directly influencing the pancreatic microenvironment
(Pushalkar et al, 2018; Aykut et al, 2019; Riquelme et a/, 2019). Intestinal barrier
dysfunction has been proposed as the initial phenomenon responsible for this process.
Since NR5A2 is expressed in intestinal epithelial cells and participates in intestinal
homeostasis (Fernandez-Marcos, Auwerx and Schoonjans, 2011; Bayrer et a/, 2018), and
our experiments were conducted on mice that had germline heterozygosity, we
hypothesised that intestinal haploinsufficiency could contribute to pancreatic
inflammation in Air5a2*” mice by increasing the permeability of the gut epithelium and

bacterial migration to the pancreas.

To determine whether germline Nr5aZheterozygosity compromises the intestinal barrier,
we evaluated gut permeability to FITC-dextran in basal conditions and during mild AP,
as depicted in Fig. R9A. Four hours after oral administration, plasma FITC dextran levels
were comparable across genotypes and conditions (i.e. mice in basal conditions vs AP,
Fig. R9B), supporting the notion that neither Nr5a2 heterozygosity nor our model of
pancreatitis induction compromise the permeability of the gut epithelium. In line with
these results, no changes in bacterial abundance — quantified by FISH using a 16S rRNA
probe — were detected across groups (Figs. R9C and R9D), suggesting that the higher
pancreatic damage observed in Nir5a2”” mice does not result from an increased bacterial

translocation to the pancreas.



114 | Results: Chapter Il

A B ns ns
wt and Nr5a2* s s
12-14 weeks FITC dextran  Sacrifice 12 -
. =
Fasting =
£ 38 *
1) i Basal 2 °
- 5 4 1.
il | AP N
I-p- Injectl 24 13 0 24 £ 0
hour
Basal AP
C wt Nr5a2+- D
ns ns
ns ns
— 120
a
@ s
T 80
.o
(%]
I 40 °
2 - 2 +
0 a: %
Basal AP
(a1
<
wt °  Nr5a2*”

Figure R9: Nr5a2*/- mice display a functional intestinal barrier and normal bacterial abundance in the
pancreas. (A) Experimental timeline to evaluate gut permeability in wtand Nr5a2* mice in basal conditions
and during a mild AP, assessed through the administration of FITC dextran (440 mg/kg) by oral gavage,
followed by FITC quantification in plasma at 4 h. Data in basal conditions and pancreatitis correspond to two
independent experiments. (B) Plasma FITC dextran levels 4 h after oral administration. (C) Representative
FISH images of pancreas sections using a 16S ribosomal RNA fluorescent probe. (D) Quantification of FISH
signal. Data is presented as mean + SD. Statistical significance is calculated using Mann Whitney test (n =
6/group). P-values > 0.100 are reported as ns. * = Outlier removed since value > 3xSD.
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Figure R10: Nr5a2 heterozygosity in the gut epithelium does not sensitise mice to the effects of
cerulein-induced damage. (A) Experimental timeline: Tamoxifen treated Villin-CreERT*"; Nr5a2** or Villin-
CreERTT; Nr5a2*” were exposed to mild AP by seven hourly injections of cerulein (50 pg/kg). (B) Serum
amylase levels at 24 h. (C) Histological scores (0-18) for pancreas sections at 48 h, as described in methods.
Data is presented as mean + SD. Statistical significance was calculated using Mann Whitney test (n =
6/group=. P-values > 0.100 are reported as ns. AP; acute pancreatitis.
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2.3. Nr5a2*/- mice display a normal fecal microbiome composition and
diversity

The above-mentioned experiments were performed with cohoused wt and Nr5a2*”
littermates, a practice that is well known to homogenise the gut microbiota (Liang et a/,
2020). However, since our results indicate that cerulein-induced pancreatic damage in
Nr5a2*” mice relies on the presence of the gut microbiome and an association between
certain gut microbiome signatures and pancreatic disease has been reported (Riquelme
et al, 2019; Kartal et al, 2022), we aimed at identifying whether Nr5a2”" mice had a
distinct microbiome composition that could explain their increased sensitivity to

pancreatic inflammation.

We profiled fecal microbiomes from cohoused w#(n = 10) and Nr5a2*” (n = 10) mice by
16S ribosomal DNA gene (16S rDNA) sequencing. Reads were used to construct unique
"amplicon sequence variants" (ASVs). After normalization to median sequencing depth,
we did not detect significant differences in alpha (within sample) and beta (across
sample) diversity between genotypes (Fig. R11A and R11B). After correcting for multiple
testing, differential abundance analysis using DEseqg?2 led to the identification of a single
ASV that was overrepresented in the wt microbiota (ASV1) and two ASVs that were
overrepresented in the Nr5a2*” microbiome (ASV2 and ASV3) (Fig. 11C). None of these
ASVs was resolved at the species level. ASV1 and ASV2 belonged to the Muribaculaceae

family and differed in a single nucleotide, while ASV3 belonged to the Rikenella genus.

To further compare the fecal microbiome composition of wt and Nr5a2” mice, | also
computed alpha and beta diversity measures and performed differential abundance
analysis at different taxonomic levels (i.e. species, genus, family, order, class and phylum).
There were no significant differences in microbial diversity and taxon abundance

between genotypes at any taxonomic resolution.

These results indicate that the composition of the fecal microbiome is comparable
across genotypes, suggesting that the increased sensitivity of Nr5a2*” mice to
pancreatic inflammation does not result from the presence of a pro-inflammatory

microbiome.
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Figure R11: ANr5a2* mice display a normal fecal microbiome composition and diversity. The
microbiota from wt (n = 10) and Nr5a2” mice (n = 10) mice in basal conditions was profiled by 16S rDNA
sequencing of fecal samples. (A) Alpha diversity analysis (i.e. within sample diversity based on species
richness and evenness) with the most common indices. Boxplots represent median, first and third quartile.
Whiskers show minimum and maximum spread. Significance was calculated using Mann Whitney test. (B)
Beta diversity analysis (i.e. between sample diversity) with Bray non-metric multidimensional scaling (NMDS).
Statistical significance was calculated using PERMANOVA with 999 permutations. Ellipses represent 95%
confidence interval. (C) DESeq?2 differential abundance analysis of ASVs in Nr5a2*" vs wt mice resulted in
the identification of one ASV that was significantly overrepresented in wt mice (blue) and two that were
significantly overrepresented in Ar5a2* mice (purple), using a significance threshold of p-adj < 0.05. No
differentially abundant taxa were found upon agglomeration of ASVs by species, genus, family, order, class
or phylum (data not shown).

2.4. Horizontal transmission factors are not responsible for the Nr5a2*-
phenotype

To obtain additional evidence for the absence of a distinct pro-inflammatory microbiota
in Nir5a2*” mice, we compared the effects of inducing a pancreatitis in Nr5a2*” and wt
mice that had been either cohoused or separated by genotype for three months (Fig.
R12A). While cohousing homogenises the gut microbiomes, separate breeding was
reported to result in progressive divergence in bacterial composition (Liang et a/, 2020).
| did not find significant differences in the severity of cerulein-induced pancreatitis
between cohoused and separately bred mice regardless of genotype, strongly

suggesting that the Nr5a2*” phenotype is not transferred to wt mice upon cohousing
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(Fig. R12B). These results further support the notion that horizontal transmission factors
(i.e. microbes) are not responsible for the increased sensitivity to pancreatic damage

observed in Nr5a2*” mice.
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Figure R12: Microbiome homogenization through cohousing of Nr5a2*- and wt mice does not
modulate the severity of a mild AP. (A) Experimental timeline: Nr5a2”~ and wt mice were cohoused or
separated by genotypes for three months. Mice underwent a mild acute pancreatitis with seven hourly
injections of cerulein (50 pg/kg). (B) Histological scores (0-18) for pancreas sections at 48 hours, as described
in methods. Data is presented as mean + SD. Statistical significance is calculated using Mann Whitney test
(n = 7/group). AP; acute pancreatitis.

2.5. An exploratory analysis identifies bacterial taxa that may predispose to
cerulein-induced pancreatic damage in wtand Nr5a2*/- mice

To identify bacterial taxa that may predispose wt and Nr5a2”” to increasing levels of
pancreatic damage, | took advantage of the fact that some of the mice used to analyse
the gut microbiome were later used for the experiment depicted in Fig. R4A. | compared
the gut microbiome from w¢ mice that experienced higher damage (n=3) to those with
lower damage (n=3), as determined from the histological damage scores. Differential
abundance analysis revealed a predominance of phyla Deferribacterota and
Desulfobacterota, classes Desulfovibrionia and Deferribacteres, family Deferribacteracea
and genus Lachnospiraceae, Bilophila and Mucispiriflum in high-damage wt mice, while
low-damage mice were enriched in phyla Proteobacteria and Verrucomicrobiota, class
Verrucomicrobiae and genus [Eubacterium] ventriosum group (Fig. R13A). On the other
hand, differential abundance analysis at different taxonomic levels between high damage
(n = 2) and low damage (n = 2) Nr5a2”" mice revealed a predominance of
Acholaplasmataceae and Turicibacter at the family and genus level, in high damage
Nr5a2"" mice (Fig. R13B). A taxonomic tree of differentially abundant taxa is depicted in
Fig. R13C.
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Figure R13: An exploratory analysis identifies bacterial taxa that may predispose to cerulein-induced
pancreatic damage in wt and Nr5a2*/" mice. Following gut microbiome profiling, wt and Nr5a2*” mice
were exposed to cerulein-induced mild AP, meaning that the microbial composition could be associated to
their response to pancreatic damage. Differential abundance analysis with DESeq2 was performed to
compare mice of either genotype displaying the highest pancreatic histoscores (high damage) with those
that displayed the lowest histoscores (low damage). Differential abundance analysis were performed at each
taxonomic level. Tables display taxa that were found to be differentially abundant at p-adj < 0.05 in (A) wt
(Fig. R13 cont.) (n = 3/group) and (B) Nir5a2*" mice (n = 2/group). (C) Phylogenetic tree of the identified
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To investigate whether the identified taxa associated with high pancreatic damage were
consistent across genotypes, we explored the enrichment of differentially abundant taxa
in wt and Nr5a2"”” mice. These analysis revealed an inconsistency between genotypes:
taxa that were significantly enriched in one direction (i.e. high or low damage) in w¢mice
displayed a non-significant trend in the opposite direction in Nr5a2” mice (Fig. R14).
The only exception was the family Acholeplasmataceae, which was significantly enriched
in high damage Nr5a2” (log, fold-change = 7.47; p-adj = 0.048) and displayed the same
trend in high damage wt mice (log, fold-change = 1.88; p-adj = 0.844) (Fig. R14).
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Figure R14: Enrichment of differentially abundant taxa across genotype. Heatmap of the log2 fold
changes obtained in DESeq?2 differential abundance analyses from high vs low damage wt and high vs low
damage Nr5a2*” mice. Graph shows taxa whose abundance was significantly different (p-adj < 0.05) in at
least one comparison.
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While exploratory, these analyses suggest that specific bacterial taxa may
predispose wt and Nr5a2”” to cerulein-induced pancreatic damage. In addition,
these results suggest that wtand Nr5a2*” may differ in their sensitivity to bacterial
taxa. However, these findings need to be replicated in independent experiments

and with increased sample size.

2.6. Transcriptomic effects of ABX-mediated gut microbiome depletion in
mouse pancreas

To dissect the molecular mechanisms through which ABX-mediated microbiome
depletion protects ANr5a2*” mice from cerulein-induced pancreatic damage, we
performed a comprehensive RNA-seq analysis on total pancreas from wt and Nr5a2”
mice, receiving either ABX or Hz0, in basal conditions and during AP (n = 3/group; Fig.
R15A). H,O-treated mice were used as controls to explore the transcriptomic effects of
ABX administration, and mice in basal conditions were used as experimental controls to
assess the effects of AP induction. To assess intra and intergroup variability and to detect
possible outliers, we performed a correlation analysis across samples. This revealed
Pearson correlation coefficients (r) values above 0.99 between replicates, with the
exception a sample from the Nr5a2*~ ABX basal group, which was considered an outlier
and excluded from the dataset (Fig. R15B). Principal component analysis (PCA)

representation of the remaining samples is shown in Fig. R15C.

Global transcriptomic changes across conditions were evaluated by performing
differential gene expression and GSEA using the Gene Ontology Biological Processes,
KEGG and Reactome databases. To overcome the limitations derived from the low
number of differentially expressed genes (DEGs) detected in some comparisons, GSEA
was performed using pre-ranked gene lists, in which genes are ranked based on log2-
fold change rather than significance. Due to the large number of deregulated pathways
detected, a highly restrictive threshold of FWER p-val < 0.05 was used to establish

significance, unless otherwise stated.
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Figure R15: Overview of the RNA-sequencing experiment performed to assess the transcriptomic
effects of ABX-mediated gut microbiome depletion in basal conditions and during pancreatitis. (A)
Experimental conditions used to assess the transcriptomic effects of ABX-mediated gut microbiome
depletion in basal conditions and upon induction of a cerulein mild AP (see timeline on Fig. R4A). (B)
Heatmap representing Pearson correlation coefficients between samples; an outlier belonging to the
Nr5a2*~ ABX B group can be pointed out. Scale bar represents the range of the correlations (r) of rlog-

transformed normalised counts with DESeq. (C) Principal component analysis, excluding the outlier. B, basal;
AP, acute pancreatitis; ABX, antibiotics.

Through the analysis of these data we aimed to answer the following questions: 1) what
are the transcriptomic effects of depleting the gut microbiome in basal conditions?, 2)
what are the transcriptomic effects of inducing a mild AP in the presence of the gut
microbiome?, 3) what are the transcriptomic effects of inducing a mild AP in the absence
of the gut microbiome?, and 4) are pancreata from ABX and control mice

transcriptomically different during AP?



122 | Results: Chapter Il

What are the transcriptomic effects of depleting the gut microbiome in basal
conditions?
To explore the transcriptomic effects of depleting the gut microbiome in basal

conditions, | performed differential expression and GSEA by comparing the
transcriptome of ABX-treated vs. control mice of both genotypes (Fig R16A). Treatment
with ABX induced transcriptomic alterations both in wtand Nr5a2*” mice, although the
effects were stronger in w¢ mice, possibly due to differences in the number of biological
replicas: we found 400 DEGs and 252 enriched pathways in the pancreas of ABX-treated
wt mice, while there were only 7 DEGs and 159 enriched pathways in ABX-treated
Nr5a2"”" pancreata (Fig. R16B and R16C). At the gene level, a single gene was found to
be up-regulated in mice of both genotypes (Clec77a), while no overlap in down-

regulated genes was detected (Fig. R16D).

To assess whether gene set enrichment was consistent across genotypes, | represented
the normalised enrichment scores (NES) of all pathways in each comparison (Fig. R16E).
Eighty-two percent of the pathways analysed displayed the same directionality of
regulation — either positive (12.1 %) or negative (69.4%) NES - in mice of both genotypes
(Fig. R16E, see Q2 and Q3). In addition, all terms that were significantly deregulated in
one of the two comparisons displayed the same directionality in the opposite one (Fig.
16E), indicating a high consistency in the transcriptomic effects of ABX treatment in wt
and Nir5a2"” mice. This was further confirmed using Cytoscape (Shannon et a/, 2003;
data not shown), a platform that enables pathway enrichment analysis visualization and
annotation: pathways that were deregulated by ABX treatment in wtand Nr5a2” mice
referred to the same biological processes, as summarised in Fig. R16F. In short, treatment
with ABX resulted in the up-regulation of pathways related to mitochondrial function,

protein synthesis, and RNA metabolism and in the down-regulation of pathways related

Figure R16 (see on next page): Transcriptomic effects of ABX-mediated gut microbiome depletion in
basal conditions. (A) Representation of the RNA-seq comparisons performed to explore the transcriptomic
effects of depleting the gut microbiome in basal conditions. (B) Number of differentially expressed genes
(DEGs) detected at p-adj < 0.05. (C) Number of enriched pathways detected at FWER pval < 0.05. (D) Venn
diagram representing the overlap of up-regulated and down-regulated genes in wtand Nr5a2* pancreata.
(E) Representation of normalised enrichment scores (NES) of all pathways in each comparison. (F)
Representative pathways that were enriched in both wt and Nr5a2*” pancreata. B, basal; AP, acute
pancreatitis; ABX, antibiotics.
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to extracellular matrix (ECM) organization, coagulation and — importantly - immune
response. In addition, ABX administration led to the up-regulation of acinar signatures in

both wtand Nr5a2” mice (data not shown).

Together, these results indicate that, at the transcriptomic level, ABX-mediated gut
microbiome depletion has comparable anti-inflammatory effects both in wt and

Nr5a2* mice.

What are the transcriptomic effects of inducing a mild AP in the presence of the
gut microbiome?

| then explored the transcriptomic effects of inducing a mild AP in the presence of the
gut microbiome in mice of both genotypes (Fig. R17A, upper diagram). The
transcriptomic changes resulting from cerulein administration were more profound in
Nr5a2"”" mice, as expected from our previous work (Flandez et a/, 2014; Cobo et al, 2018):
630 DEGs and 47 enriched pathways were identified in wt mice, compared with 6529
DEGs and 168 enriched pathways in Ar5a2*” mice (Fig. R17B and R17C, see H,0). In line
with these findings, the transcriptome of pancreata from Ar5a2” mice upon AP
displayed the lowest intergroup correlation coefficients (Fig. R14B) and clustered apart

from all other samples in the PCA (Fig. R14C).

To explore the differences resulting from inducing a pancreatitis in wtand Nr5a2*” mice,
we represented gene set enrichment in both comparisons (Fig R17D). Seventy-six percent
of the pathways displayed the same directionality of regulation in mice of the two
genotypes, indicating an overall consistency in the transcriptomic changes (Fig. R17D,
see Q2 and Q3). Accordingly, there was an up-regulation of immune pathways and down-
regulation of amino acid metabolism independently of the genotype (Fig. R17D, see 2-
7). In Nr5a2*” pancreata, this was accompanied by the up-regulation of cell cycle
pathways (Fig. R17D, see collapsed pathway curation 2). Interestingly, pancreatitis also
had some opposite effects across genotypes: the pathways related to protein synthesis

and mitochondrial function were significantly down-regulated in Nir5a2”~ AP pancreata
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while they were up-regulated in w¢ AP pancreata (Fig. R17D, see collapsed pathway

curation 8-10).

Together, these results indicate that: i) AP induction promotes an inflammatory
transcriptome independently of the genotype, ii) the transcriptomic effects of
inducing an AP are more profound in Nr5a2*" than in wt mice, and iii) in Nr5a2"”
mice, AP induction is accompanied by the up-regulation of cell cycle pathways and

the down-regulation of protein synthesis and mitochondrial function gene sets.

What are the transcriptomic effects of inducing a mild AP in the absence of the
gut microbiome?

In this analysis, | aimed at acquiring a deeper insight into how the ABX-mediated gut
microbiome depletion protects Nr5a2”" mice from a mild AP. | compared the
transcriptome of mice, wt and Nr5a2”°, that had undergone an AP after ABX
administration (Fig. R17A, lower diagram). | also compared the number of DEGs and de-
regulated pathways in these conditions to those detected upon pancreatitis induction in
control mice (reported above). A similar number of genes and pathways was deregulated
in control and ABX-treated wt mice upon AP induction: 1622 genes and 178 pathways
were deregulated in ABX-treated wt mice undergoing an AP vs. 630 genes and 47
pathways deregulated in control pancreata (Fig. R17B and R17C). By contrast, 17 genes
and 95 pathways were deregulated in ABX-treated Ar5a2*” mice and 6529 genes and
168 pathways were deregulated in control Ar5a2*” pancreata, indicating that the
transcriptomic effects associated with AP are attenuated in ANr5a2”" mice that had

undergone ABX-mediated microbiome depletion (Fig. R17B and R17C).

Overall, these results indicate that ABX administration effectively diminish the

transcriptomic effects of cerulein in Nr5a2”” mice, but not in wt mice.
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Figure R17 (see on previous page): Transcriptomic effects of inducing a mild AP in ABX-treated and
control mice. (A) Representation of the RNA-seq comparisons performed to explore the effect of inducing
a mild AP in the presence and absence of gut microbiome. (B) Number of differentially expressed genes
(DEGs) detected at p-adj < 0.05. (C) Number of enriched pathways detected at FWER pval < 0.05. (D)
Representation of normalised enrichment scores (NES) of all pathways in each comparison with manual
pathway curation. B, basal; AP, acute pancreatitis; ABX, antibiotics.
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Figure R18: ABX treatment has a major impact on the transcriptomic effects of pancreatitis in Nr5a2*
mice. (A) Representation of the RNA-seq comparisons performed to identify the transcriptomic differences
between microbiome-depleted and conventional mice during pancreatitis. (B) Number of DEGs detected at
p-adj < 0.05. (C) Number of enriched pathways detected at FWER pval < 0.05. B, basal; AP, acute pancreatitis;
ABX, antibiotics, DEGs, differentially expressed genes.

ABX administration induces a sub-inflammatory state in basal conditions that
rescues pre-inflammation in Nr5a2*~ mice

To further explore the anti-inflammatory effect of ABX, we represented the enrichment
of immune-related pathways across conditions using control mice as reference (mice that
had received regular water and had not undergone a pancreatitis) (Fig. R19). This graph
enables visualising the pre-inflammatory phenotype present in ANir5a2*” mice, which is
characterised by the enrichment of immune pathways in basal conditions (Fig. R19, see
2). To allow comparison with the transcriptomic analyses that led to the characterization

of this phenotype (Cobo et a/, 2018), these observations were done using a more relaxed
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false discovery rate (FDR) of 25%. This representation revealed that ABX administration
induces a sub-inflammatory state in wt and Ar5a2” mice in basal conditions, thus
rescuing pre-inflammation in Air5a2*” mice (Fig. R19A, see 2 and 3). The induction of a
mild AP resulted in the up-regulation of immune-related pathways, both in wt and -
more predominantly — in Air5a2*" mice (Fig. R19A, see 5 and 6). Administration of ABX
prior to pancreatitis induction attenuated the up-regulation of immune pathways only in
Nr5a2”" mice (Fig. R19A, see 7 and 8). Importantly, upon pancreatitis induction, ABX-
treated Nr5a2*” mice return to their basal pre-inflammatory state (Fig. R19A, see 2 and

8).

These results indicate that i) treatment with ABX induces a sub-inflammatory state
in basal conditions that rescues pre-inflammation in Air5a2*” mice, ii) in wt mice
pancreatitis induction up-regulates the immune response both in H,O and ABX
treated mice, iii) while pancreatitis induction profoundly up-regulates immune
terms in HO treated NVr5a2”” mice, ABX treated Nr5a2"" transition from the sub-
inflammatory state to their basal pre-inflammatory state upon pancreatitis

induction.

Enrichment of immune pathways

3 1 2 G 4 5 6 7 (8

2 AR Significance (FDR qgval < 0.25)

® Significant

NES
(compared to wt H,0 basal)
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Fig R19: ABX administration induces a sub-inflammatory state in basal conditions that rescues pre-
inflammation in Nr5a2*/- mice. Normalised enrichment scores (NES) of immune-related pathways, taking
control wtmice in basal conditions as a reference. Color represents significance using a permissive threshold
of FDR gval < 0.05. Graph shows that: i) Mr5a2*" mice display a basal pre-inflammatory phenotype (see 1
and 2), ii) ABX administration results in down-regulation of immune signatures in basal conditions, rescuing
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pre-inflammation in Nr5a2”~ mice (see 3 and 4), iii) pancreatitis results in up-regulation of immune
(Fig. R19 cont.) pathways, especially in Nr5a2*” mice (see 5 and 6) and iv) ABX administration attenuates
immune pathway up-regulation only in Nr5a2*" mice (see 7 and 8). AP, acute pancreatitis.

Treatment with ABX and pancreatitis induction modulate the same transcriptional
pathways in an opposite manner in Nr5a2*~ mice and, to a lesser extent. in wt
mice

The above-mentioned results suggest that ABX administration and cerulein have
opposite transcriptomic effects on the activity of immune-related pathways and protein
synthesis/mitochondrial pathways in Nr5a2*" mice. To further explore this notion, we
represented the overlap between pathways that were enriched during pancreatitis in
mice harbouring gut microbiota (H.O AP vs H,O B) and those enriched upon ABX
administration in basal conditions (ABX B vs H,O B). In wt mice, 24 of the 42 pathways
up-regulated during AP (57%, involved in immune response) were regulated in the
opposite direction by ABX. However, 8 (19%, involved in protein synthesis) were
regulated in the same direction. Regarding the pancreatitis down-regulated pathways,
the overlap did not reach the significance threshold (P = 0.109). These results indicate
that, in wt mice, pancreatitis and ABX modulate the expression of immune pathways in
an opposite manner, but modulate the enrichment of protein synthesis pathways in the

same direction (Fig. R20A).

In Nr5a2”” mice, out of the 131 pancreatitis up-regulated pathways, 31 (27%, involved in
immune response) were regulated in the opposite direction by ABX. Regarding the
pancreatitis down-regulated pathways, out of the 37 pathways, 22 (59%, involved in
protein synthesis, mitochondrial function and amino acid metabolism) were regulated in
the opposite direction by ABX. No pathways were regulated in the same direction in any
case. These results indicate that, in Nr5a2*” mice, pancreatitis and ABX modulate the
expression of immune pathways, protein synthesis, mitochondrial metabolism and amino

acid metabolism in opposite manners (Fig. R20A).

Together, these results indicate that the transcriptomic effects of ABX
administration partially counteract those of pancreatitis induction, especially in

Nr5a2*” mice, suggesting a possible mechanism for the protective effects of ABX.
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Fig R20: Treatment with ABX and pancreatitis induction modulate the same transcriptional pathways
in an opposite manner in Nr5a2*/- mice and, to a lesser extent, in wt mice. (A) Venn diagram
representing overlap between pathways deregulated during pancreatitis in w¢ mice harbouring microbiota
(tAP and |AP) and those deregulated upon ABX administration in basal conditions (tABX and |ABX) at FWER
pval < 0.05, showing that pancreatitis and ABX regulate the expression of immune pathways in an opposite
manner, but affect protein synthesis pathways in the same direction. (B) Venn diagram representing overlap
between pathways deregulated during pancreatitis in w¢ mice harbouring microbiota (AP and |AP) and
those deregulated upon ABX administration in basal conditions (tABX and |ABX) at FWER pval < 0.05,
showing that pancreatitis and ABX modulate the expression immune pathways, protein synthesis,
mitochondrial metabolism and aminoacid metabolism in opposite manners. P values represent the
significance of the overlap. B, basal; ABX, antibiotics; AP, acute pancreatitis.

2.7. Identification of potential modulators of the anti-inflammatory effect
of ABX

The results presented in the previous section suggest that the protective effects of ABX
in Nr5a2”" mice could result — at least partially — from inhibition of the immune response
in basal conditions. In this context, we aimed to determine whether the effect of ABX was
mediated by specific TFs. We postulated that such TFs should meet two requirements: i)
their DNA-binding motif should be enriched in regulatory regions of ABX down-
regulated genes, and ii) ABX administration should affect their expression levels in mouse

pancreas.

First, | generated two signatures using the leading edge of the top ten most significantly
down-regulated pathways in ABX-treated mice of both genotypes compared to

untreated controls (Fig. R21A). The resulting “| ABX +/+" and “| ABX +/-" signatures
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contained 274 and 511 genes, respectively, and overlapped in 218 of them (Fig. R21A).
Next, | performed motif enrichment analysis on the promoters (-300 +50 bp around the
transcriptional start site, TSS) of the genes included in these two signatures using
HOMER. A single motif was found to be significantly enriched in “| ABX +/+" genes at
gval < 0.05, while 29 were detected in “| ABX +/-" genes, possibly due to differences in
the number of genes in the signatures (data not shown). The most significantly enriched
motifs are represented in Fig. R21B. Genes included in the “| ABX +/+" signature were
enriched in the DNA binding motifs for SMAD4, PU.1, KLF14, SPIB, IRF8, SMAD2 and
CEBPB, while genes included in the “| ABX +/-" signature were enriched in IRF8, ELF3,
PU.1, ETV2, ERG and ETS1 motifs (Fig. R21B).

Analysis of the normalised expression values of these TFs across our RNA-seq data in
basal conditions revealed that ABX administration was associated with a down-regulation
of the expression of most of these TFs: CEBPB, ELF3, PU.1 (encoded by the Sp/7 gene),
KLF14, IRF8, ETST1 and ERG (Fig. R21C). Interestingly, these TFs were also up-regulated in

Nr5a2"" mice compared to wtmice (Fig. R21Q).

Together, these results point to a putative role of CEBPB, ELF3, PU.1, KLF14, IRF8,

ETS1 and ERG as potential modulators of the anti-inflammatory effect of ABX.

To validate potential modulators of ABX down-regulated genes in human pancreas, |
analysed the transcriptomic data of 328 human pancreas samples from the GTEx project
(Consortium, 2017). We postulated that the expression of putative modulators of the
anti-inflammatory effect of ABX should correlate with the enrichment “| ABX +/+" and
"l ABX +/-" signatures in human pancreas. The RNA expression of all these TFs, except
for KLF14, was correlated with the enrichment of these signatures across all samples
using ssGSEA. Notably, PU.1 (encoded by the SP/7 gene) was the TF with the highest
correlation, followed by ETS1 and ERG (Fig. R22). These results further suggest a putative
role of CEBPB, ELF3, PU.1, IRF8, ETS1 and ERG, but not KLF14, as potential modulators of

the anti-inflammatory effect of ABX.
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Figure R21: Motif analysis identifies potential transcription factors involved in the anti-inflammatory
effect of ABX. (A) Strategy used to identify potential transcription factors involved in the anti-inflammatory
effect of ABX in basal conditions: Motif analysis was performed in signatures obtained by combining the
leading-edge genes of the top ten most significant pathways down-regulated by ABX treatment in Nr5a2*"
and wt mice in basal conditions. The resulting “| ABX +/+" (274 genes) and "| ABX +/-" (511 genes)
signatures overlapped in 218 genes. (B) Motif analysis in the promoters (-300 + 500 around transcriptional
start site, TSS) of genes in the gene sets, showing the most significantly enriched motifs identified using
HOMER software. (C) RNA expression of TFs identified through motif analysis; data correspond to normalised
count expression in basal conditions, represented as z-scores. Dashed line shows a group of TFs whose
expression is regulated upon ABX administration in basal conditions. B, basal; ABX, antibiotics.
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Correlation between signature enrichment and TF RNA expression in human pancreas
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Figure R22: The expression of putative modulators of the anti-inflammatory effect of ABX correlates
with the enrichment of ABX-related signatures in human pancreas. Correlation between the enrichment
of the ABX-related signatures “| ABX +/+" and "| ABX +/-" and expression of selected TFs in human pancreas
samples from GTEx. RNA-seq expression is expressed as transcripts per million (TPM). Enrichment is
expressed in ssGSEA arbitrary units. Heatmap shows Pearson correlation coefficients (r) for cases in which
the enrichment was significant, at p < 0.05. Not significant (ns) enrichments are shown in grey. ABX,
antibiotics.

2.8. The transcriptomic effects of gut microbiome depletion in the
pancreas are reminiscent of those distinguishing the intestine of
germ-free (GF) vs conventionally (CV) reared mice

The above-mentioned results suggest that gut microbiome depletion down-regulates
the expression of putative modulators of the immune response in the pancreas. However,
additional effects of the ABX administered could not be ruled out. To acquire further
evidence for an involvement of the gut microbiome, | explored published transcriptomic
data from duodenum and ileum of mice reared in GF and CV conditions (Weger et al,
2019). This revealed a down-regulation of Sp/7 (encodes PU.1), £ts7 and /rf8 transcripts
in GF mice compared to CV controls in both tissues (Fig. R23A). Using ssGSEA, we also
detected a down-regulation of the | ABX +/+" and “| ABX +/-" signatures in GF mice
compared to CV controls, both in duodenum and ileum (Fig. R23B). This indicates gut
microbiome depletion has similar transcriptomic effects in the pancreas and in the small

intestine.
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Together, these results indicate that: i) we have identified a set of TFs that are
down-regulated upon gut microbiome depletion both in the pancreas and in the
intestine and could act as potential modulators of the anti-inflammatory effect of
ABX, ii) the expression of these TFs correlates with enrichment of ABX-related
signatures in human pancreas, and iii) the effects of gut microbiome depletion in

the pancreas are comparable to those in the intestine.
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Figure R23: The transcriptomic effects of gut microbiome depletion in the pancreas are reminiscent
of those distinguishing the intestine of germ-free (GF) vs conventionally (CV) reared mice Analysis of
published transcriptomic data of duodenum and ileum from mice reared in germ-free (GF) and conventional
(CV) conditions. (A) DEseq2 normalised counts from the RNA-seq analysis, normalised to the mean of CV
values. Statistical significance was calculated using unpaired two-tailed t test with Holm-Sidak correction for
multiple testing, without assuming a consistent SD. P > 0.05 ns, P < 0.05 (*), P < 0.01 (**), P < 0.001 (***). (B)
Z-score normalised expression of ssGSEA enrichment of the ABX-related “| ABX +/+" and "] ABX +/-"
signatures in duodenum and ileum from GF and CV mice. NE: not expressed.
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2.9. Nr5a2*/- mice have elevated levels of T and CD4+ cells, that are

normalised upon ABX administration

To assess whether the sub-inflammatory state was accompanied by changes in the
abundance of immune cell populations, | used mMMPC-counter (Petitprez et a/, 2020) to
estimate the immune and stromal composition in mouse pancreas. This analysis revealed
a reduction in the scores of T cells, B derived cellss, memory B cells and
monocyte/macrophages in ABX-treated mice, independently of the genotype (Fig. R24A).
Interestingly, the scores obtained for these immune populations were higher in Nr5a2*”
mice, suggesting that their increased sensitivity to pancreatic inflammation may have an
immune component (Fig. R24A). | then stained for CD45, F4/80, and PAX5 to quantify
leukocytes, macrophages, and B cells, respectively, in pancreas tissue but did not detect
any significant differences across conditions, possibly due to the very low number of

inflammatory cells present in basal conditions in this tissue (Fig. R24B and not shown).
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Figure R24: Immune and stromal composition analysis reveals that the effects of ABX and ANr5a2
heterozygosity may have an immune component. (A) Mouse MCP-counter estimates of immune and
stromal composition in ABX and H,O treated mouse pancreas, represented in a heatmap as z-scores of MCP-
counter arbitrary units, showing a group of immune populations whose MCP-counter estimated abundance
is modulated upon ABX administration in basal conditions. Grey indicates no expression was detected. (B)
CD45+ area quantification, normalised to hematoxylin area. (C) F4/80+ area quantification, normalised to
hematoxylin area.. Data is presented as mean + SD. Statistical significance is calculated using Mann Whitney
test (n = 5-8/group).
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To asses whether ABX administration had in systemic effects on immune cell populations,
| immunoprofiled peripheral blood from w¢ and Nr5a2” mice under three different
conditions: basal, post-ABX administration, and upon gut microbiome reconstitution (Fig.
R25A). Following the gating strategy depicted in Fig. R25B, | quantified the abundance
of B cells (CD3- B220+), T cells (CD3+ B220-), CD4+ T cells (CD3+ B220- CD4+),
monocytes/macrophages (CD3- B220- CD11B+ Ly6G-), and neutrophils (CD3- B220-
CD11B+ Ly6G+ Lyb6C+). ABX administration led to a significant decrease in the
abundance of total T and CD4+ T cells that was rescued upon gut microbiome
reconstitution. Interestingly, these populations were also increased in basal conditions
and microbiome-reconstituted Ar5a2*” mice, but not in microbiome-depleted mice (Fig.
R25C). Gut microbiome depletion was also found to affect the abundance of
monocytes/macrophages and neutrophils in wtan Nr5a2*” mice respectively, although

these were not rescued upon microbiome reconstitution (Fig. R25C).

Activation of splenic CD4+ T cells was recently reported to correlate with the severity of
AP in mice (Glaubitz et a/, 2020). To determine wether gut microbiome depletion and/or
Nr5a2 heterozygosity also had an impact on this population, | immunoprofiled control
and ABX-treated wtand Nr5a2” mice (Fig. R26A). Following the gating strategy depicted
in Fig. R26B, | quantified the abundance of B (CD3- B220+), T (CD3+ B220-), CD4+ T
(CD3+ B220- CD4+), CD8+ T (CD3+ B220- CD4+), and NK cells (CD3- NK1.1+). | did not
find statistically significant differences in the abundance of any of these cell types.
However, consistent with the above-mentioned results, there was a borderline significant
increase in the percentage of T cells (P = 0.078) and CD4+ T cells (P = 0.056) in Nr5a2"”

mice, compared to w¢ mice, and this difference was not observed in ABX-treated mice.

Together, these results indicate an association between the abundance of T and
CD4+ T cells and pancreatic susceptibility to inflammation, suggesting a
mechanism through which Nr5a2 heterozygosity may sensitise the pancreas to
inflammation and a cellular explanation for how gut microbiome depletion could

protect Nr5a2*” mice from the effects of pancreatic inflammation.
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Figure R25: Nr5a2*/- mice have elevated levels of circulating CD4+ T cells that are normalised upon
ABX administration. (A) Experimental setup: immune cell populations in blood were examined in w¢ and
Nr5a2*" mice in basal conditions, after ABX-mediated gut microbiome depletion, and upon gut microbiome
reconstitution through exposure to fecal pellets from donor mice. (B) Gating strategy on live blood cells. (C)
Graphs representing % of live cells of the following immune populations: B cells (CD3- B220+), T cells (CD3+
B220-), CD4+ T cells (CD3+ B220- CD4+), monocytes and macrophages (CD3- B220- CD11B+ Ly6G-) and
neutrophils (CD3- B220- CD11B+ Ly6G+ Ly6C+). Data is presented as mean * SD. Significance across
conditions is calculated using two-way ANOVA with Sidak’s multiple comparison test, and represented for
wt (blue) and Nr5a2*” (purple). Significance between genotypes is calculated using unpaired two-tailed t-
test for each condition and represented in black. P > 0.05 not shown, P < 0.05 (*), P < 0.01 (**), P < 0.001

(‘k**).
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Figure R26: ABX administration reduces the levels of splenic CD4+ T cells selectively in Nr5a2*/ mice.
(A) Experimental setup: ABX- and H,O-treated wtand Nr5a2*" mice was extracted in basal conditions, after
ABX-mediated gut microbiome depletion and upon reconstitution of the gut microbiome through cage
supplementation with fecal pellets from donor mice. (B) Gating strategy on live cells from blood. (C) Graphs
representing % of live cells of the following immune populations: B cells (CD3- B220+), T cells (CD3+ B220-
), CD4+ T cells (CD3+ B220- CD4+), CD8+ T cells (CD3+ B220- CD8+) and NK cells (CD3- NK1.1+). Data is
presented as mean * SD. Significance across conditions is calculated using two way ANOVA with Tukey's
multiple comparison test (n = 7-8/group).
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2.10. Nr5a2 heterozygosity in the pancreas is not sufficient to elicit an
inflammatory response as intense as the one observed in Nr5a2*~
mice upon AP induction

Our results suggest that the increased pancreatic damage observed in Nir5a2"”” mice may
have an immune component, rather than being completely dependent on NR5A2
haploinsufficiency in pancreatic epithelial cells. In this context we aimed to determine
whether NR5A2 haploinsufficiency in the pancreatic epithelium was sufficient to elicit an
inflammatory response as intense as the one observed in Air5a2*” mice upon pancreatitis
induction. For this, we induced an AP with cerulein in Pdx7-Cre””; Nr5a2*", in which
one Nr5aZ2 allele is constitutively deleted in the pancreatic epithelium (Fig. R27A). Pdx7-
Cre””; Nr5a2*"* mice displayed increased histopathological scores and serum amylase
levels compared to Pdx7-Cre™”; Nr5a2”* controls during pancreatitis (Fig. R27B and
R27C). However, these were lower to those observed cerulein-treated Nr5a2”" mice,
suggesting that NR5A2 haploinsufficiency in the pancreas does not elicit an inflammatory

response as intense as the one observed in Nir5a2”" mice (Fig. R27B and R270).

The Pdx7-Creallele has been reported to generate mosaic recombination in the pancreas
(Hingorani et a/, 2003). To investigate whether the reduced sensitivity to pancreatic
inflammation observed in Pdx7-Cre*”. Nr5a2*** mice resulted from incomplete
recombination, we assessed Nr5aZ recombination in the pancreas by qPCR (Fig. R27D).
Unexpectedly, no recombination was detected in pancreata from cerulein-induced Pdx7-
Cre””,  Nr5a2”® mice, possibly resulting from an increased proliferation of

unrecombined cells post pancreatitis induction.



140 | Results: Chapter II

A wt .
Nr5a2+- Cerulein ~ Serum
9-12 weeks (7 hourlyi.p.) amylase Sacrifice

Pdx1-Cre*" ; Nr5a2*/* i

Pdx1-Cre*/T ; Nr5a2+/"ox hour 0 24 48
9-12 weeks
B C D Recombination efficiency
0.001 0.002 (post pancreatitis)
ns ns N ns
o3 3 — — =2 a ns ns
15 = 30 T c P
s l : y 25 w0 1 § F
S :
2 10 S E 28
% I £ : | S c s0
T 5 . e 10 I . o 2
= lee ,$. .... c E’
0 g 0 2 0
f N < &N R R
S S S S o S o
N WO N
X\ ‘x\«.V X\ ‘x\ A E} ‘\'\V
e
&7 @ 7 @ G @
N C TSNS
I P S

Figure R27: Nr5a2 heterozygosity in the pancreas is not sufficient to elicit an inflammatory response
as intense as the one observed in Nr5a2*/- mice upon AP induction. (A) Experimental timeline: Pdx7-
CreERTT: Nr5a2*"* and Pdx7-CreFRT*"; Nr5a2** mice were exposed to mild AP with seven hourly
injections of cerulein (50 pg/kg) and their response was compared to that in Nr5a2*" and wt mice. (B)
Histological scores (0-18) for pancreas sections at 48 hours, as described in methods (n = 7-10/group). (C)
Serum amylase levels at 24 hours (n = 9-10/group). (D) Recombination efficiency of the Nr5a2 gene in the
pancreas 48 hours after pancreatitis induction, based on qPCR amplification of exon 5 normalised against
exon 9 (n = 5-7/group). Data is presented as mean + SD. Statistical significance is calculated using Mann
Whitney test. AP; acute pancreatitis. AP; acute pancreatitis.
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1. Nr5a2 haploinsufficiency reduces the sensitivity to obesity-induced
pancreatic inflammation

Animal studies have supported the association between obesity and exocrine pancreatic
disease: HFD-induced obesity in rodents causes mild defects in the exocrine pancreas
(Rouse et al, 2014), cooperates with pancreatic inflammation (Rouse et a/, 2014; Hong
et al, 2020; Xu et al, 2021), and increases the incidence of neoplasia in mouse models of

Kras-driven pancreatic cancer (Dawson et al, 2013; Philip et a/, 2013).

Nr5a2 haploinsufficiency also increases susceptibility to pancreatic disease in mice. In
basal conditions, it promotes an inflammatory transcriptome in the absence of
histological alterations (Cobo et a/, 2018). In this context, we hypothesised that Nr5a2
heterozygosity could sensitise mice to obesity-induced pancreatic injury. Contrary to
what we expected, HFD administration did not cause major alterations in pancreatic
histology in basal conditions neither in wt nor in Nr5a2” mice (Fig. R2B). The
interpretation of these results is limited by the fact that a low number of mice was used
for these analyses. In addition, we cannot rule out that a more thorough evaluation of
pancreatic injury might reveal subtle changes in pancreatic features that have been
reported to be altered in HFD-fed mice but that were not evaluated (e.g. apoptosis, ductal

changes, acinar hypertrophy, necrosis and vascular injury) (Rouse et a/, 2014).

Since Nr5aZ haploinsufficiency sensitises the pancreas to inflammation and Kras-driven
tumorigenesis (Flandez et al, 2014; Von Figura et al, 2014; Cobo et al, 2018), we also
hypothesised that obesity could further exacerbate pancreatitis in Ar5a2*~ mice. Our
experiments confirm, as previously reported, that HFD-induced obesity exacerbates
pancreatitis in w¢ mice (Rouse et al, 2014; Xu et al, 2021). However, Nr5a2* mice were
protected from obesity-induced pancreatic inflammation (Figs. R3B, R3C and R3D). While
this may reflect functional redundancy between haploinsufficiency and obesity, an
analysis of transcriptomic data from the normal human pancreas GTEx dataset revealed
a modest positive correlation between NR5A2 expression and the activity of an obesity
signature (containing the most significant genes enriched in the pancreas from BMI-high
vs -low individuals) (r = 0.20, P < 0.001, data not shown), indicating that the effects of

obesity in human pancreas do not converge with those of low NR5A2 expression.
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Obesity is a complex disease, in which excess body weight co-exists with other
conditions, such as type 2 diabetes, hyperlipidemia, hepatic steatosis, and systemic
inflammation. This intricate scenario complicates the identification of the exact
mechanisms through which obesity promotes pancreatic disease. Several obesity-related
metabolic conditions — such as type 2 diabetes (Solanki, Barreto and Saccone, 2012;
Goodger et al, 2016), hypertriglyceridemia (Albai, Roman and Frandes, 2017) and hepatic
steatosis (Yoon et al/, 2017) — are independent risk factors for acute pancreatitis. Thus,
obesity is thought to contribute to pancreatic inflammation through these intermediate
conditions (Fig. D1A) (Khatua, El-Kurdi and Singh, 2017). This idea is supported by some
experiments that were not included in this thesis, in which | compared the effects of HFD-
induced obesity in wt males and females. While HFD-induced obesity was comparable
across sexes, an exacerbation of pancreatitis was observed only in wt males. Importantly,
only wt males - but not females - displayed insulin resistance, glucose intolerance, and
severe hepatic steatosis upon HFD feeding, supporting that the effects of obesity on
pancreatic inflammation are mediated through intermediate pathologies (Fig. D1A). In
this context, | postulate two different mechanisms through which Nr5aZ2
haploinsufficiency may be associated with reduced obesity-induced pancreatic damage.
First, it may protect from obesity-associated intermediate conditions, thereby resulting
in reduced pancreatic inflammation. Second, it may reduce the effect of these

intermediate conditions that promote pancreatic disease (Fig. D1B).

Full Nr5a2/NR5A2 dosage B Nr5a2/NR5A2 haploinsufficiency
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Figure D1: Mechanisms through which Nr5a2/NR5A2 haploinsufficiency may protect from obesity-
induced pancreatic inflammation. (A) The literature suggests that obesity promotes pancreatic disease
through the development of intermediate conditions that predispose for pancreatic disease. (B) In this thesis,
| found that Ar5aZ2 haploinsufficiency protects from obesity-induced pancreatic inflammation. Our results
indicate that this may occur through two different mechanisms: by protecting from obesity associated
intermediate conditions and/or by reducing the sensitivity to these intermediate conditions that promote
pancreatic disease.
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Does Nr5aZ/NR5A2 haploinsufficiency protect from obesity-associated
intermedlate condlitions?

To date, GWAS studies have not reported any associations between NR5A2 variability
and obesity-associated metabolic conditions, such as diabetes, hyperlipidemia, and
hepatic steatosis (GWAS Catalog and PheGenl databases, accessed on 14/05/2022).
However, multiple studies have reported an association between SNPs in the vicinity of
NR5A2 and anthropometric measurements, such as BMI (Fox et a/, 2007), waist-to-hip
ratio (Kichaev et a/, 2019; Pulit et a/, 2019), BMI-adjusted waist-to-hip ratio (Lotta et a/,
2018; Zhu et al, 2020), and height (Yengo et a/, 2018).

Our model of HFD-induced obesity caused insulin resistance, glucose intolerance, and
hypercholesterolemia (Fig. R1). Our results indicate that Nr5aZ2 haploinsufficiency does
not predispose to any of these obesity-associated alterations. In line with this, feeding a
HFD was reported to have similar effects on glucose tolerance and insulin resistance in
Nr5a2”~ and wt mice (Hattori et al, 2014). These observations support that Ar5a2
haploinsufficiency does not affect HFD-induced glucose intolerance, insulin resistance,
and hyperlipidemia. To validate these observations, in collaboration with M.E. Lopez de
Maturana and N. Malats (Genetic and Molecular Epidemiology Group, CNIO), we have
performed preliminary analyses to explore the association between obesity and diabetes
in humans (not shown). First, we generated a NR5AZ2 genetic risk score based on 13 SNPs
that reflects the risk of developing pancreatic cancer. The NR5A2 gene score was not
associated with the risk of type 2 diabetes, further supporting the observations we made
in mice. In contrast, NR5A2 was reported to be associated with a reduced risk of type 1
diabetes - an autoimmune disease caused by autoimmune destruction of pancreatic B
cells - through the induction of self-tolerance, increased B-cell survival and regeneration
(Baquié et al, 2011; Cobo-Vuilleumier, Petra | Lorenzo, et a/, 2018; Cobo-Vuilleumier and
Gauthier, 2020). While our results do not support a major impact of NR5AZ2
haploinsufficiency on glucose homeostasis, NR5A2 agonistic activation was found to

improve glucose tolerance and insulin sensitivity in w¢ mice (Lee et a/, 2011).

On the other hand, our experiments indicate that Nr5aZ2 heterozygosity attenuates HFD-
induced hepatic steatosis (Figs. R2C, R2F and R3E). This could be mediated through a

modulation of lipid absorption. NR5A2 is a major regulator of bile acid metabolism
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(Mataki et a/, 2007; Lee et al, 2008) and its loss in hepatocytes was reported to reduce
bile acid levels in the liver, gallbladder, and intestine, thereby compromising intestinal
lipid absorption (Mataki et a/, 2007). In addition, changes in bile acid composition —
induced by chemical inhibition of intestinal bile acid uptake — were reported to protect
from HFD-induced non-alcoholic fatty liver disease and to improve glucose tolerance
(Rao et al, 2016). This offers a possible mechanism through which Ar5a2
haploinsufficiency in hepatocytes could protect from HFD-induced liver steatosis (Fig.
D2). In addition, NR5A2 activation decreased liver steatosis in HFD-fed mice (Lee et al,
2011). NRH-25, the NR5A2 C elegans homolog, was also found to regulate lipid
metabolism in response to dietary components (Lin and Wang, 2017). Interestingly, the
protective effects of Nr5aZ haploinsufficiency in the liver may not influence glucose
tolerance, since liver-specific Nr5aZ2 ablation has no effects in glucose homeostasis (Lee

etal, 2011).

The validation of these findings/hypothesis in humans is complicated by the fact that
epidemiological studies rarely include information on whether subjects present hepatic
steatosis. To overcome this limitation, we plan to explore the association between the

NR5AZ2 genetic risk score and transcriptomic steatosis signatures in the GTEx dataset.

Importantly, hepatic steatosis has been proposed as a prognostic factor for AP, even after
adjusting for BMI (Reddy, 2013; Xu et a/, 2015; Yoon et al, 2017). These findings suggest
that Nr5aZ/NR5A2 haploinsufficiency could protect from obesity-associated pancreatic

damage through the attenuation of hepatic steatosis (Fig. 2D).

Full Nr5a2/NR5A2 dosage Nr5a2/NR5A2 haploinsufficiency
Obesity Obesity
Hepatic steatosis Hepatic steatosis
Pancreatic disease Pancreatic disease

Figure D2: Nr5a2/NR5A2 haploinsufficiency may protect from obesity-induced pancreatic
inflammation through the attenuation of hepatic steatosis. Hepatic steatosis is one of the mechanisms
through which obesity may promote pancreatic disease. Our results indicate that NVr5a2 haploinsufficiency
attenuates obesity-induced hepatic steatosis, thereby suggesting a possible mechanism through which
Nr5a2/NR5A2 haploinsufficiency may protect from obesity-induced pancreatic damage.
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Does Nr5aZ/NR5A2 haploinsufficiency reduce the sensitivity to intermediate
condltions that promote pancreatic disease?

Nr5aZ/NR5A2 haploinsufficiency may also reduce the sensitivity to the effects of
intermediate conditions that promote pancreatic disease, such as diabetes (Fig. D1C). To
test this hypothesis using human data, we have stratified individuals based on the NR542
genetic risk score into WT-like (those harbouring NR5A2 variants not predisposing to
PDAC development) and HET-like (those whose NVR5AZ2 variants predispose for PDAC
development). Our preliminary data indicate that, while diabetes is associated to PDAC
development in WT-like controls, this is not the case in HET-like individuals (data not
shown). This suggests that NR5AZ2 haploinsufficiency may indeed reduce the sensitivity
to intermediate conditions that promote pancreatic disease. Further analyses will explore

the association with pancreatitis phenotypes.

The ensemble of mouse and human data emphasize the existence of a complex
interaction between genetic and non-genetic factors. However, little is known
about these interactions. Our results indicate that a genetic defect associated with
increased susceptibility to pancreatic disease may at the same time reduce the

penetrance or sensitivity to non-genetic risk factors that predispose to PDAC, such

2. Gut microbiota depletion induces a sub-inflammatory state and rescues
genetic susceptibility to pancreatic disease in Nr5a2*/~ mice

Increasing evidence supports the existence of a close connection between the gut
microbiome and the pancreas, where one influences the other. Pancreatic secretions
modify the composition of the gut microbiome, while the latter modulates pancreatic
disease (Pan et a/, 2021; Schepis et a/, 2021). Although traditionally considered a sterile
organ, recent studies have pointed to the existence of microbiota within the pancreas
(Pushalkar et al, 2018; Sethi et al, 2018; Thomas et a/, 2018; Aykut et al, 2019). The
anatomic connection between the main pancreatic duct and the duodenum constitutes

a possible route of migration of gut microbia to the pancreas (Pushalkar et a/, 2018),
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although translocation may also occur via the mesenteric veins or lymph nodes (Diehl et
al, 2013). Under physiological conditions, the permeability of the intestinal epithelium is
restricted by tight junctions. However, these critical structures can be damaged,
compromising the intestinal barrier function and leading to bacterial translocation into
the mesenteric circulation (Ulluwishewa et a/, 2011). Although a pancreatic microbiome
can be identified in physiological conditions, an increase in the abundance of this
community has been associated to pancreatic oncogenesis (Pushalkar et a/, 2018; Aykut
et al, 2019) In addition, intestinal homeostasis has been reported to modulate the
pathogenesis of AP: commensal bacteria were reported to aggravate acute necrotizing
pancreatitis through the induction of intestinal injury (Zheng et a/, 2019), intestinal
permeability correlates with the severity of AP in humans (Ammori et a/, 1999), and
probiotic treatment was recently reported to suppress experimental AP through the

induction of intestinal homeostasis (Pan et a/, 2019).

Dysbiosis - an imbalance in the composition of the gut microbiome - is associated with
multiple pancreatic diseases, such as acute (Zhu et a/, 2019) and chronic pancreatitis
(Frost et al, 2020), diabetes (Wen et a/, 2008; Qin et al, 2012), and pancreatic cancer
(Riquelme et a/, 2019; Kartal et al, 2022). However, it is unclear whether these alterations
are the cause or the consequence of pancreatic disease (Pan et a/, 2021; Kartal et al,
2022). On the one hand, pancreatic disease could alter the gut microbiota by modulating
acinar secretions. On the other hand, the gut microbiome has been found to migrate and
shape the pancreatic microenvironment (Pushalkar et a/, 2018; Aykut et a/, 2019;
Riquelme et al, 2019). The best evidence supporting a causative link between gut
microbiome dysbiosis and pancreatic disease — to our understanding — was provided by
Rigquelme et al. (2019) who, using human-into-mice fecal transplant experiments from
short-term and long-term survival PDAC patients and control donors, were able to

modulate the immune tumor microenvironment and affect tumor growth.

Based on the data described above, the gut microbiome can promote pancreatic disease
through qualitative or quantitative changes in the composition of the pancreatic

microbiome.

One of the main objectives of my work was to determine whether the gut microbiome

could impact on the pancreatic phenotype of ANir5a2”” mice. Administration of broad-
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spectrum ABX depleted the gut microbiome (Fig. R4) and suppressed the effects of Nr5aZ2
haploinsufficiency on mouse pancreas in basal conditions and upon induction of an AP,
as indicated by transcriptomic and histologic analysis of the pancreas (Figs. R6 and R19).
Using cohousing experiments to reconstitute the gut microbiome in ABX treated Nr5a2””
mice, we were able to restore the sensitivity to pancreatic inflammation (Fig. R8),

indicating that the effects of ABX were due to gut microbiome depletion.

ABX-mediated gut microbiome depletion had no effects on pancreas histology and
serum amylase levels in basal conditions (Fig. R5). However, ABX administration resulted
in the up-regulation of the acinar transcriptomic signature in basal conditions
independently of the genotype, suggesting that it may promote exocrine differentiation
(data not shown). | also explored the effects of gut microbiome depletion on the
endocrine pancreas: an improved tolerance to glucose overload was observed only in
Nr5a2”" mice (data not shown). These effects could be mediated by NR5A2, since NR5A2
activation has been reported to improve glucose tolerance in Nr5a2”” mice (Lee et al,
2011) and PE and PG - two bacterial phospholipids — have been proposed to be NR5A2
ligands (Krylova et a/, 2005; Ortlund et a/, 2005; Wang et a/, 2005; Musille et a/, 2012;
Sablin et a/, 2015).

NR5A2 has a crucial role in gut homeostasis (Fernandez-Marcos, Auwerx and Schoonjans,
2011) and its ablation in intestinal organoids was reported to increase epithelial
permeability (Bayrer et al, 2018). In addition, NR5A2 stimulates glucocorticoid
production in the intestine (Mueller et a/, 2006), which not only regulate local immune
responses but also improve epithelial barrier function (Boivin et a/, 2007). Considering
that our experiments were conducted on germline heterozygous mice, we hypothesised
that intestinal Nr5aZ2 haploinsufficiency could contribute to pancreatic inflammation by
increasing the permeability of the gut epithelium. Using FITC dextran assays, we found
that neither Nr5a2 heterozygosity nor the pancreatitis we induced compromised the
permeability of the gut epithelium (Fig. R9A and R9B). Using FISH assays with a 16S rRNA-
specific probe, we did not detect any differences in pancreatic bacterial abundance (Fig.
RIC and RID). However, these analyses are limited by the fact that a fine time-course

was not performed.
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We then hypothesised that Nr5a2 heterozygosity could promote pancreatic
inflammation by favouring dysbiosis. Analysis of the fecal microbiome revealed that
alpha diversity (i.e. species richness and evenness within samples) and beta diversity (i.e.
species richness across samples) were not altered in Nr5a2*" mice, compared to wt
controls (Fig. R11A and R11B). Differential abundance analysis of taxa showed that the
fecal microbiomes from wt and Nr5a2* mice differed only in the abundance of three
ASVs, while no differences were detected at any other taxonomic levels (Fig. R11C). One
of the ASVs that was enriched in Air5a2"” mice (ASV3) belonged to the Rikenella genus,
which was reported to be over-represented in an experimental mouse model of CP (Wu,
Li and Chen, 2021). ASV1 and ASV2 were classified as part of the Muribaculaceae taxon,
a poorly characterised family involved in carbohydrate degradation (Lagkouvardos et al,
2019). Interestingly, these ASVs differed in a single nucleotide and were enriched in
opposite genotypes, suggesting that the intestinal microenvironment of wtand Nr5a2*”
mice may offer a selective advantage for different species of the Muribaculaceae family.
Importantly, this family was found to be enriched in an experimental mouse model of CP
(Han et al, 2019) and recently reported to promote pancreatic inflammation (Yang et a/,
2022). Whether differences in ASVs belonging to the Muribaculaceae family are
biologically relevant is only speculative, since these ASVs were detected only in some of
the mice (data not shown). In addition, while ASVs provide a more precise taxonomic
resolution than operational taxonomic units (OTUs) for the analysis of microbial
communities, they may split bacterial species into different clusters (Schloss, 2021). An
imbalance in the fungal community, which cannot be explored using 16 rDNA
sequencing, cannot be ruled out. Cohousing of wtand Nr5a2”" mice failed to modulate
the severity of pancreatitis (Figs. R8B, R8C and R8D), indicating that horizontal
transmission factors (i.e. microbes) are not responsible for the increased sensitivity to
pancreatic damage observed in Nir5a2*” mice. Together, these results point to a limited

role of bacterial dysbiosis to the phenotype of ANir5a2”” mice.

A limitation of the microbiome analysis is that it was performed with cohoused mice, a
practice that is well known to homogenise the gut microbiota (Liang et a/, 2020). The
analyses were performed in these conditions because we postulated that a microbiome

signature predisposing Nr5a2*” mice to pancreatic inflammation should be present
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under the same circumstances in which the Nir5a2*” phenotype was initially described
(i.,e. using cohoused mice). Thus, we cannot exclude the possibility that Ar5aZ2
haploinsufficiency may cause differences in the gut microbiome that are masked upon
cohousing with wt mice. In fact, a SNP in NR5A2 (rs7534666) was recently identified as
the top genetic variant associated with alpha diversity in the gut microbiome in a GWAS
(Kurilshikov et al, 2021), suggesting that NR5A2 function shapes the composition of the
gut microbiome in humans. Importantly, this SNP has not been reported to be associated
to intestinal alterations (GWAS Catalog and PheGenl databases, accessed on
14/05/2022), indicating that its effect on gut microbiome diversity is not mediated by

intestinal disease.

To recapitulate, | found that gut microbiome depletion rescued the effects of Nr5a2
haploinsufficiency in mouse pancreas. To our knowledge, this is the first reported
evidence of a genetic defect involved in pancreatic disease being completely

rescued upon modulation of a non-genetic factor.

Exploring the causative link between the gut microbiome and severity of
pancreatitis

The causative links between gut microbiome dysbiosis and pancreatic disease have been
poorly characterised. Our experiments provide a good scenario to identify bacterial taxa
that predispose to pancreatic disease, since some of the mice used for the analysis of the
gut microbiome were later exposed to pancreatitis, meaning that we could correlate
damage with microbial abundance. Using differential abundance analysis to compare the
gut microbiome from mice that displayed the highest damage during pancreatitis to their
low damage counterparts, | identified a taxa signature that was over-represented in high
damage wtand Nr5a2*” mice prior to pancreatitis induction (Fig. R13). Importantly, one
of the over-represented taxons in high-damage Nr5a2*” mice, Turicibacter genus, has
been reported to be enriched in patients with pancreatic cancer (Kim et a/, 2021), albeit
in the absence of causal evidence to the association. While our analysis has several
limitations (e.g. the low number of mice used), our results suggest that certain bacteria —

such as those of the Turicibacter genus - may impact on pancreatic disease. To mitigate
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the limitations, | will explore the correlation between bacterial abundance and the

histopathological score, measured as a continuous variable.

3. Mitochondrial function: a mediator of the protective effects of gut
microbiome depletion in Nr5a2*/- mice?

Despite the interest of analysing the role of the gut microbiome on disease, there is little
or no data on the transcriptomic effects of depleting the gut microbiome. This is true in
general, and more so in relationship to pancreatic disease. The RNA-seq studies
performed in my thesis have enabled me to answer some of these questions. | have
compared the transcriptomes of ABX-treated and control w¢ mice and have found that -
despite the lack of major histological changes (Figs. R5A, R5B and R5C) profound
alterations in gene expression can be demonstrated. GSEA analysis revealed an up-
regulation of pathways related to digestive enzyme secretion in ABX-treated mice (e.g.
mitochondrial function, protein synthesis, and RNA metabolism) (Fig. R16F). Together
with the up-regulation of the acinar signature (data not shown), this suggests that gut
microbiome depletion may increase enzyme production and acinar differentiation. This
was not associated with increased pancreatic injury since serum amylase levels were
within the normal range in ABX-treated wt¢ mice (Fig. R5D). Differential expression
analysis also revealed a down-regulation of pathways related to ECM organization,
coagulation and — most notably — immune pathways (Fig. R16F). All immune pathways
displayed a negative directionality of regulation in ABX-treated w¢ mice (Fig. R19),
indicating that gut microbiome depletion induces a sub-inflammatory state in the
pancreas and suggesting that the gut flora causes "basal pre-inflammation” in the

pancreas.

We also explored the transcriptomic effects of depleting the gut microbiome in Nr5a2*”
mice. Our results indicated that the transcriptomic changes caused by gut microbiome
depletion in Nir5a2*” mice were milder than those detected in w¢ mice (Figs. R16B and
R16C). While these results may have been influenced by the reduced number of mice
used for the Nr5a2*” comparisons, an analysis to test the effect of using the same

number of mice than in the w¢comparison does not support that the differences between
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the effect observed in wt and Nr5a2*” mice are due to sample size issues (data not

shown).

Despite the lower number of transcriptomic alterations detected in Nr5a2”" mice, the
effects of gut microbiome depletion were comparable across genotypes, since most
pathways were regulated in the same direction by ABX treatment in wtand Nr5a2*” mice
(Fig. R16E). At the gene level, the transcriptomic effects of ABX in wtand Nr5a2*" mice
overlapped in the up-regulation of a single gene (Clec77a), a C-type lectin receptor
involved in hematopoietic differentiation and homeostasis (Fig. R16D) (Yue, Shen and
Morrison, 2016). Interestingly, high CLEC11A expression is a favourable prognostic factor

in pancreatic cancer in humans, according to the entry of this gene in the Protein Atlas.

ABX-mediated gut microbiome depletion protected Nr5a2*” - but not wt— mice from
the effects of inducing a mild AP (Fig. R6). To explore the impact at the transcriptomic
level, we used RNA-seq. Gut microbiome depletion profoundly attenuated the effects of
inducing a pancreatitis in Ar5a2*” mice: while 6529 genes were deregulated in control
mice, only 17 genes were deregulated in ABX-treated mice (Fig. R17B and R17C). This
analysis may suffer from the lower number of mice used for the comparison including
ABX-treated mice. To overcome this limitation, we plan to repeat the analysis reducing

the number of mice used for the control condition comparison.

To identify mechanisms through which gut microbiome depletion may protect Nir5a2*”
- but not wt - mice from the damage caused by cerulein, | first explored the differences
associated with pancreatitis induction in wtand Nr5a2”” mice in mice harboring gut flora.
As expected, the effects were profoundly higher in Nr5a2*” than in wt mice: 630 genes
and 47 pathways were deregulated in wt mice, compared with 6529 genes and 168
pathways in Nr5a2*” mice (Fig. R17D). Overall, the transcriptomic effects of pancreatitis
induction were highly consistent across genotypes, with a marked up-regulation of
immune pathways and a down-regulation of amino acid metabolism. Interestingly, a few
pathways displaying opposite changes across genotypes were identified. In Nr5a2”
mice, mitochondrial and protein synthesis pathways were significantly down-regulated,
while they were up-regulated in w¢ mice. This suggests that gut microbiome depletion
may selectively protect Nr5a2*”” mice from pancreatitis by affecting mitochondrial

function.
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Mitochondrial activity plays a crucial role in acinar cells, since high protein-secreting cells
have high energy requirements. Pathological conditions, including AP, can result in
mitochondrial dysfunction and impaired cellular respiration, resulting in the
accumulation of reactive oxygen species, ER stress and Ca** clearance impairment, which
eventually leads to intracellular activation of pancreatic enzymes and acinar injury
(Gukovsky, Pandol and Gukovskaya, 2011; Biczo et a/, 2018; Lee and Papachristou, 2019;
Zheng et al, 2021). In this context, | propose a mechanism through which ABX-mediated
gut microbiome depletion could selectively protect ANir5a2”” mice from the effects of

pancreatitis through the prevention of mitochondrial dysfunction (Fig. D3).

wt mice during pancreatitis Nr5a2* mice during pancreatitis
Normal mitochondrial function Mitochondrial dysfunction F— ABX
Regeneration Oxidative stress

Impaired calcium clearance

}

Intracellular activation of digestive enzymes
Acinar injury
Impaired regeneration

Figure D3: Mechanism through which gut microbiome depletion could selectively protect Nr5a2*-
from pancreatitis through the inhibition of mitochondrial dysfunction.

Genetic defects leading to mitochondrial dysfunction and oxidative stress may also cause
acinar degeneration in basal conditions (Choi et a/, 2020, 2022), suggesting a possible
mechanism through which Nr5a2 haploinsufficiency may contribute to pancreatic
disease. A cell-autonomous role of NR5A2 in mitochondrial function has been proposed
(Michalek and Brunner, 2021). In fact, mitochondrial function is primarily regulated by
PGC-1a, a known coactivator of NR5A2 (Mays et al, 2017). Nr5aZ2 deletion in mouse
hepatocytes was recently reported to regulate mitochondrial biogenesis and function
(Choi et al, 2020), and NRH-25 - the C elegans homolog — was found to modulate
mitochondrial function in response to bacterial metabolites (Lin and Wang, 2017). In
addition, NR5A2 regulates the expression of the mitochondrial proteins P450SCC and
CYP11A1 in the ovary (Duggavathi et a/, 2008), and CYP11B1 and CYP11A1 in the
intestinal epithelium (Mueller et a/, 2006). This suggests a scenario in which NR5A2

promotes mitochondrial function and bacterial metabolites modulate NR5A2 function.
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This effect could also be mediated by bacterial metabolites acting as NR5A2 ligands (PE
and PG). Experimental confirmation that the effects of Nir5a2haploinsufficiency, either in
basal conditions or during pancreatitis, were mediated by altered mitochondrial function
and oxidative stress, would suggest exploring the effect of antioxidant therapies in
Nr5a2"" mice and - possibly - in humans. This strategy has been reported to ameliorate
acinar injury associated to a genetic defect that causes mitochondrial dysfunction and
oxidative stress (Choi et a/, 2022). As mentioned in the introduction, NR5A2 has been
proposed to have an oncogenic role in the pancreas, once a tumor has been stablished:
it promotes proliferation of several PDAC cell lines /n vitro (Benod et al, 2011) and its
overexpression is associated to a worse clinical outcome in human patients with
pancreatic cancer (Dong et al, 2011). Interestingly, mitochondria are also associated with
cancer cell survival (Vyas, Zaganjor and Haigis, 2016), suggesting a mechanism through
which NR5A2 may promote mitochondrial function and prevent pancreatic disease while
contributing to tumor cell survival. The effects of NR5A2 on mitochondrial function and

cancer cell survival have been reviewed by Michalek and Brunner (2020).

4. T cells could mediate the protective effects of gut microbiome
depletion in Nr5a2*/" mice

The sub-inflammatory state induced by gut microbiome depletion in basal conditions
suppressed pre-inflammation in Air5a2*” mice, suggesting that the protective effects of
ABX could partially result from the inhibition of basal pre-inflammation. To determine
whether this effect was mediated by specific TFs, | performed motif analysis on the
promoters of genes in the leading edge of pathways that were down-regulated in ABX-
treated mice. This unveiled motifs that were enriched in wt and/or Nr5a2*” mice,
including those for CEBPB, ELF3, PU.1, KLF14, IRF8, SPIB, ETS1, and ERG. Only the PU.1
and IRF8 motifs were present among those significantly enriched both in wtand Nr5a2*”
mice, pointing to their participation in the induction of the sub-inflammatory state in
both mouse genotypes. The transcripts coding for PU.1 and IRF8 were down-regulated
both in the pancreas of ABX-treated mice and in the intestine of GF mice (compared to
normal mice), supporting that they may contribute to the effects of gut microbiome
depletion. In addition, expression of both TFs displayed a positive correlation with

signatures that reflected the effect of ABX in wt and Nr5a2”” mice. Among them, PU.1
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displayed the highest correlation (r = 0.81-0.82), suggesting that it may be the primary

regulator of the anti-inflammatory effect of ABX.

PU.1 is a well-known regulator of immune cell development and differentiation (Li, Hao
and Hu, 2020), leading to the hypothesis that the protective effects of gut microbiome
depletion could be mediated through the modulation of the immune system prior to the
induction of mild AP. | postulate two different scenarios: one in which gut microbiome
depletion could affect the abundance or function of inflammatory cells involved in the
pathophysiology of AP through an effect on PU.1 expression and another one in which
an effect in the abundance of PU.1 expressing inflammatory cells could result in a

reduction of PU.1 expression (Fig. D4).

Reduced PU.1 . Increased abundance/function of

: . ) =l Pancreatitis
expression proinflammatory immune cells

Microbiome
depletion

Reduced abundance/function of _» Reduced PU.1 expression
proinflammatory immune cells
N Pancreatitis

Figure D4: Mechanisms through which gut microbiome depletion could protect from pancreatitis
through the regulation of pro-inflammatory immune cells.

Based on single cell RNA-seq data, PU.1 expression in the pancreas is restricted to the
macrophage compartment (data not shown), suggesting that the effects of gut
microbiome depletion on PU.1 expression could result from a reduction of the number
of macrophages in the pancreatic microenvironment. This is consistent with the
documented role of macrophages as modulators of the severity of pancreatitis (Xue and
Habtezion, 2014; Sendler et al, 2018; Wu et al, 2018, 2020). During early stages of
pancreatitis, inflammatory monocytes (CCR2+ expressing monocytes) are recruited from
the bone marrow to the inflamed pancreas, where they differentiate into pro-
inflammatory M1 macrophages (Wu et a/, 2020). The proliferation of tissue resident
macrophages may also contribute. Chlodronate-mediated macrophage depletion during
the M1-dominated phase has a protective effect on pancreatitis, while depletion during
the M2-dominated resolution phase worsens the severity of AP (Wu et a/, 2020).

Interestingly, the literature supports a role of the gut microbiome in macrophage
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polarization. On one hand, LPS is a widely used method to polarise macrophages towards
the M1 subtype /n vitro (Li, Hao and Hu, 2020). On the other, gut microbiome dysbiosis
(Kim et al, 2014) and bacterial metabolites (Ji et a/, 2016) induce M2 polarization /n vivo.
Thus, an effect of the gut microbiome on resident monocyte/macrophage abundance
could explain the sub-inflammatory state leading to pancreatitis protection. In addition,
high levels of PU.1 were reported to induce hematopoietic cell differentiation into
macrophages (Pospisil et al, 2016), suggesting that microbiome depletion could cause a
reduction in macrophage abundance through PU.1 down-regulation. PU.1 is also
involved in macrophage polarization and is required for LPS-mediated /n vitro activation
of M1 macrophages (Li, Hao and Hu, 2020), further indicating that the gut microbiome

could modulate pancreatic inflammation through an effect on macrophage function.

Mouse MCP-counter analysis revealed a down-regulation of T cell, B cell, memory B cell
and monocyte/macrophages in microbiome-depleted mice. These immune cell
populations were also up-regulated in the pancreas of Nr5a2*” mice, compared to wt
controls. While these results suggest that gut microbiome depletion decreases the
abundance of these immune cell populations in the pancreas, no differences in the
expression of CD45, F480 and PAX5 — markers used to assess leukocyte, macrophage and
B cell infiltration respectively — were found across conditions, possibly due to the small
proportion of immune cells present in basal pancreas. Alternatively, it may be function
rather than cell numbers what is modulated by depletion of the gut flora. To acquire a
better understanding of the effects of gut microbiome depletion on the abundance of
immune cell populations, | immunoprofiled blood from wtand Nr5a2*” mice under three
different conditions: basal, post-ABX administration, and upon gut microbiome
reconstitution. While gut microbiome depletion had no major effects on the percentage
of B cells, monocytes/macrophages and neutrophils, it caused profound alterations in T
and CD4+ T cell abundance, consistent with the evidence that CD4+ T cells play a crucial
role in pancreatic inflammation (Zhou et a/, 2020). While monocytes/macrophages and
neutrophils are the major immune populations that infiltrate the inflamed pancreas,
CD4+ T cells influence the evolution of AP by migrating into the pancreas and inducing
pro-inflammatory cytokine release (Zhou et a/, 2020). In addition, CD4+ T cells are

expanded in peripheral blood from patients with chronic pancreatitis (Gansauge et a/,
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2001). Recently, CD4+ T cell depletion was reported to protect from pancreatic
inflammation in experimental models of AP (Glaubitz et a/, 2020). The results from our
blood immunoprofiling revealed that gut microbiome depletion led to a significant
decrease in the abundance of CD4+ that was rescued upon gut microbiome
reconstitution. These populations were also increased in Nr5a2*”" mice in basal
conditions and upon reconstitution, indicating an impact of Nr5aZ2 haploinsufficieny on
CD4+ T cell abundance. These results suggest a correlation between the abundance of
these immune cells and pancreatic sensitization to inflammation, suggesting a possible
mechanism though which i) ANr5aZ heterozygosity could promote pancreatic
inflammation, ii) gut microbiome depletion could selectively protect Nr5a2”" mice from

pancreatitis.

Since splenic CD4+ T cell activation was recently reported to correlate with the severity
of AP in mice (Glaubitz et a/, 2020), we also immunoprofiled spleens from ABX-treated
and control wtand Nr5a2*” mice. While we failed to evaluate CD4+ T cell activation due
to the lack of expression of the activation marker CD25 (data not shown), our results
indicated that control Nr5a2*” mice presented an increased percentage of CD4+ T cells
(P = 0.056) compared to ABX-treated mice, indicating that microbiome depletion also
decreases CD4+ T cell abundance in the spleen. In agreement with this, the gut
microbiome has been found to shape CD4+ T cell populations in multiple tissues. Low
PU.1 expression promotes T cell differentiation (Rothenberg, Hosokawa and Ungerback,
2019) but we cannot rule out that the effects of gut microbiome depletion on T cell levels
may be mediated through PU.1. The increased abundance of splenic CD4+ T cell in
control Nir5a2*” mice further supports a role of NR5A2 in CD4+ T cell differentiation or
survival. In line with this, recent studies have pointed to NR5A2 as a critical regulator of

T cell function (Seitz et a/, 2019).

5. Which are the next steps?

Our results indicate that, while sensitising the pancreas to pancreatic disease, NR5A2
haploinsufficency reduces the penetrance or sensitivity to non-genetic risk factors that
predispose for pancreatic cancer development, such as obesity, diabetes and liver

steatosis. To validate these observations, we will assess the association of these metabolic
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alterations and variability in the NR5AZ2 gene in humans, and we will evaluate whether
these well-known risk factors for pancreatic disease increase the risk of pancreatitis and
pancreatic cancer development in human patients with altered NR5A2 function. If we
validate the protective effects of NR5A2 in human data, we will aim to identify the
mechanisms involved through the analysis of human transcriptomic data in multiple

tissues.

On the other hand, we found that gut microbiome depletion suppresses the effects of
NR5A2 haploinsufficency in mouse pancreas, indicating that the genetic defect can be
modulated. While no major differences have been observed in the composition of the
fecal microbiota between wt and Nr5a2*” mice, subtle differences in the duodenum
cannot be ruled out. We propose to explore this issue in greater detail, since variability
in NR5A2 was recently associated to alpha diversity of the gut microbiome (Kurilshikov
et al, 2021). We have shown that the protective effects of gut microbiome depletion
could be mediated by the regulation of mitochondrial function and inflammatory cells.
We propose to perform a thorough analysis of mitochondrial function and to explore the
possibility of suppressing the effects of NR5A2 haploinsufficency using antioxidant
treatments. We will also explore the contribution of CD4+T cells to the Nr5a2*”
phenotype: we will explore the possibility to modulate inflammation in Nr5a2*” mice
using anti-CD4 monoclonal antibodies and attempt to rescue pre-inflammation in
microbiome depleted Nr5a2* mice through adoptive CD4+ T cell transfer. In addition,

it would be important to validate our observations in germ-free mice.

Overall, our results reveal a complex interaction between NR5A2
haploinsufficiency and non-genetic factors, in which NR5A2 haploinsufficiency
may protect from the effects of specific non-genetic risk factors while sensitising
to others. Understanding the mechanisms involved may provide an opportunity to

act on modifiable factors to prevent pancreatic disease.
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. Wt and Nr5a2*” mice have a similar response to HFD administration, except that

Nr5a2*” males display an attenuated liver steatosis.

. HFD administration promotes pancreatic inflammation in w¢— but not Nir5a2*” - male

mice.

. Administration of broad-spectrum ABX depletes the gut microbiome with no major
effects on pancreas histology neither in wt nor in Nir5a2”” mice, but it results in up-

regulation of the acinar signature in mice of both genotypes.

. ABX-mediated gut microbiome depletion induces a transcriptomic sub-inflammatory

state in the pancreas, both in wtand Nr5a2”" mice.

. ABX-mediated gut microbiome depletion protects Nr5a2”" mice from cerulein-
induced pancreatic damage. Nr5a2 heterozygosity in the gut epithelium and altered
barrier function are not the mechanisms through which Ar5a2 heterozygosity

promotes pancreatic inflammation.

. Nr5a2”" mice have normal bacterial abundance in the pancreas and display a normal

fecal microbiome composition and diversity.

. An exploratory analysis suggests specific bacterial taxa that may predispose w¢ and

Nr5a2*" mice to cerulein-induced pancreatic damage.

. Nr5a2*” mice have elevated levels of circulating and splenic T and CD4+ T cells that

are normalised upon ABX administration.
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La administracion de una dieta grasa tiene efectos similares en ratones wty Nr5a2*,

con la excepcién de que los machos Nr5a2*” presentan menos esteatosis hepatica.

La administracion de una dieta grasa induce inflamacién pancreatica en ratones

macho wt pero no Nr5a2"”".

La administracion de antibidticos de amplio espectro elimina la microbiota intestinal
sin causar efectos importantes en la histologia del pancreas en ratones wty Nr5a2",

pero resulta en la induccién de la firma acinar en ambos genotipos.

La eliminacion de la microbiota intestinal mediante el uso de antibiéticos induce un

estado sub-inflamatorio en el pancreas, tanto en ratones wtcomo en Nr5a2"".

La eliminacién de la microbiota intestinal mediante el uso de antibidticos protege a
los ratones Nr5a2*” del dafio pancreético inducido por ceruleina. La heterocigosidad
para Nr5aZ2 en el epitelio intestinal o la alteracién de la barrera intestinal no son los
mecanismos a través de los cuales la heterocigosis para Nr5a2 promueve inflamacion

pancreatica.

Los ratones Nr5a2”” tienen una cantidad normal de microbiota en el pancreas y no

presentan alteraciones en la composicién y diversidad de la microbiota fecal.

Un analisis exploratorio sugiere la existencia de taxones bacterianos concretos que
podrian predisponer a los ratones wty Nr5a2*” al dafio pancreatico inducido por

ceruleina.

Los ratones Nr5a2”” tienen niveles elevados de células Ty T CD4+ en sangre y en

bazo, que se normalizan tras la administracion de antibioticos.
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