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ABSTRACT

Chronic immune-mediated gastrointestinal disorders such as Autoimmune Atrophic Gastritis
(AAG) and Inflammatory Bowel Disease (IBD) arise from complex interactions between genetic
susceptibility, environmental triggers, immune dysregulation, and alteration in mucosal
homeostasis. Growing evidence identifies extracellular Nicotinamide phosphoribosyltransferase
(eNAMPT) as a pivotal pro-inflammatory mediator linking these pathological processes.

This doctoral thesis aims to elucidate the contribution of eNAMPT to the pathogenesis of AAG
and IBD, define the molecular regulation of NAMPT through post-translational phosphorylation,
characterize its systemic effects on hematopoiesis, and evaluate the therapeutic efficacy of
eNAMPT-neutralizing monoclonal antibody ALT-100 in preclinical models of intestinal
inflammation.

To investigate the role of eNAMPT in AAG, in collaboration with Professor Di Sabatino from
Policlinico San Matteo, gastric biopsies and patient-derived fibroblasts were analyzed.
Transcriptomic profiling of gastric corpus biopsies from AAG patients revealed a markedly altered
gene expression signature. Functional enrichment indicated that many of dysregulated genes are
associated with fibrotic processes and extracellular matrix (ECM) remodeling. Based on these
findings, gastric fibroblasts were isolated, characterized, and subjected to RNA sequencing. The
analysis identified several differentially expressed genes, similarly, implicated in pro-fibrotic
pathways and ECM remodeling. Finally, the impact of eNAMPT was examined; however,
eNAMPT treatment elicited only minimal transcriptional and functional changes.

The involvement of eNAMPT in IBD was examined using DNBS- and DSS-induced murine
models of Crohn’s disease and ulcerative colitis. Recombinant eNAMPT exacerbates disease
severity by intensifying mucosal injury, enhancing lamina propria infiltration by granulocytes and
monocytes, and reshaping circulating myeloid subsets toward pro-inflammatory phenotypes. Ex
vivo studies further showed that eNAMPT modulates bone marrow-derived hematopoietic stem
cells expansion and differentiation, increases colony-forming capacity, and synergizes with
cytokines such as GM-CSF to influence lineage commitment and differentiation. These findings
indicate that eNAMPT functions not only as a local mucosal cytokine but also as a systemic
regulator of immune cell development.

To explore the molecular determinants of NAMPT function, phosphorylation sites were mapped
by LC-MS/MS, identifying eight residues with dominant phosphorylation at Ser 199, Ser 200, and
Ser 472. Site-directed mutagenesis revealed distinct biological roles for these sites: NAMPTS!994
and NAMPT5294 mutants showed impaired dimerization and reduced enzymatic activity, leading
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to reduced cell viability and altered subcellular localization. Conversely, the NAMPTS472A mutant
retained enzymatic function yet completely lost cytokine-like activity, thus implicating Ser 472 as
a critical determinant of receptor engagement and extracellular signaling.

Finally, the therapeutic potential of eNAMPT neutralization was evaluated using ALT-100
(Aqualung Therapeutics®), a humanized monoclonal antibody. In both DNBS and DSS colitis
models, ALT-100 treatment ameliorated clinical symptoms and tissue damage. These protective
effects highlight eNAMPT as a promising target for immunomodulation in chronic intestinal
inflammation.

Collectively, this thesis provides an integrated mechanistic framework positioning eNAMPT at
the intersection of mucosal inflammation, hematopoietic regulation, and cytokine signaling and
advances the understanding of NAMPT biology, prompting eNAMPT neutralization as a
promising therapeutic strategy for AAG and IBD.
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1. INTRODUCTION

1.1 DIGESTIVE SYSTEM

The digestive system, also referred to as the alimentary canal, is a continuous, muscular tube
extending from the oral cavity to the anus. This system facilitates the passage of ingested
food, its digestion, nutrient absorption, and the elimination of waste products. Anatomically,
it comprises in sequence: the mouth, the esophagus, and the gastrointestinal tract (GI) along
with both primary and accessory digestive organs. Indeed, the term GI specifically
encompasses the stomach, the small and large intestine, and the anal canal, as well as
accessory organs including the liver, the gallbladder, and pancreas (Fig. 1). These digestive
organs, located within the abdominal cavity, are held in place by the peritoneum, a broad
serous membranous sac. The peritoneum consists of a layer of simple squamous epithelial
cells supported by an underlying connective tissue matrix. It is structurally differentiated
into two distinct regions: the parietal peritoneum, which lines the inner surface of the
abdominal wall, and the visceral peritoneum, which envelops and supports the abdominal
organs. The space enclosed between these two layers, termed the peritoneal cavity, contains
a small volume of serous fluid that serves as a lubricant, and serves as a conduit for blood
vessels, lymphatics, and nerves.

Functionally, each component of the digestive system plays a crucial and specialized role:
the stomach initiates chemical digestion; the small intestine serves as the principal site for
nutrient absorption, and the large intestine is responsible for water reclamation and
compaction of waste material. Collectively, the GI ensures the provision of essential
nutrients and energy required for survival and growth. Nevertheless, its importance extends
over digestion. Because of its direct contact with the external environment, through food,
drink and even air particles that we ingest, it represents a potential entry point for pathogens
and toxins. To counter this, the GI houses a large proportion of the body's immune system,
protective secretion as mucous and a diverse microbiota acting as a barrier and a defense
system (12,

The oral cavity (mouth) constitutes the initial segment of the digestive tract and performs
multiple functions that are essential to both digestion and host defense. Its principal roles
include the assessment of food quality prior to ingestion and swallowing, mediated by the

taste buds present on the tongue; mechanical digestion, achieved through the action of teeth,



tongue and palatal surface; and limited chemical digestion facilitated by the enzymatic
components of saliva. Furthermore, the oral cavity contributes to immunological defense
and protection through the presence of numerous antimicrobial agents present in saliva and
tonsils @)

The esophagus is a muscular conduit, approximately 25 cm in length in adults, whose
primary function is the transport of food from the oral cavity to the stomach with the pharynx
acting as a passageway. The esophageal wall comprises two distinct layers of muscle fibers,
one arranged longitudinally and the other circularly. The upper one-third of the esophagus
consists primarily of skeletal (striated) muscles which are controlled by the voluntary
nervous system and allows voluntary initiation of the swallowing process. The middle-third
contains a mixture of skeletal and smooth muscle fibers, representing a transitional zone
between voluntary and involuntary regulation. The lower one-third is composed

predominantly of smooth muscle controlled by the enteric nervous system.

Salivary glands:
Mouth — Parotid gland

Tongue
Sublingual gland
St lar gland

Pharynx

Esophagus
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Figure 1. Overview of the human digestive system. Schematic representation of the major organs
and accessory structures of the human digestive system. The illustration shows the sequential
organization of the alimentary canal from the mouth to the anus, including the pharynx, esophagus,
stomach, small intestine (duodenum, jejunum, ileum), and large intestine (cecum, colon, rectum,
anal canal). Accessory organs such as the salivary glands, liver, gallbladder, and pancreas are also
depicted. These structures collectively contribute to the mechanical and chemical processes of
digestion, absorption, and waste elimination (Adapted from OpenStax, Anatomy and Physiology,
2" edition, 2022).



Peristalsis, a coordinated wave like muscular contraction, allows food passage along the
esophagus. During this process, the circular muscle fibers contract behind the bolus to
constrict the lumen, while the longitudinal muscle fibers contract ahead of the bolus to
shorten and widen the corresponding segment. Notably, the only voluntary phase of
swallowing is the buccal phase, which activates primary peristalsis in the upper esophagus.
This peristaltic wave then continues downwards under involuntary control, transporting the

bolus toward the stomach *).

1.2 THE STOMACH - PHYSIOLOGICAL CHARACTERISTICS

Once food enters the stomach, it undergoes temporary storage, mechanical disruption, and
chemical digestion through the combined action of muscular contractions and gastric
secretions. The stomach’s capacity for food storage derives from its high degree of
distensibility and anatomical flexibility, allowing it to expand significantly to accommodate
ingested material. Anatomically, the stomach extends approximately from vertebrate T7 to
L3, providing substantial volumetric capacity for food retention . The stomach's
mechanical processing of food is facilitated by its complex muscular architecture, which
consists of three distinct layers: an inner oblique layer, a middle circular layer, and an outer
longitudinal layer. The coordinated contraction and relaxation of these muscular layers
enable mixing and churning movements, which are essential for chyme formation.
Simultaneously, chemical digestion occurs through the activity of gastric glands, which
contain parietal cells, chief cells, G cells, foveolar cells, and mucous neck cells, which
secrete acids and enzymes necessary for nutrient breakdown 7%, The final product of these
coordinated mechanical and chemical processes is the chyme, which is gradually released
into the small intestine through the pyloric sphincter for further digestion and nutrient

absorption.

1.2.1 STOMACH ANATOMY

The stomach represents the most distensible segment of the gastrointestinal tract and is
situated intraperitoneally. It occupies the left hypochondriac region, the epigastrium, and
partially the umbilical and left lumbar regions. Macroscopically is divided into four regions:
the cardia represents the superomedial portion continuous with the esophagus through the
cardias; the fundus projects superiorly to the gastroesophageal junction and, together with

the left margin of the esophagus forms the angle of His; the body (corpus) constitutes the
3



largest and most distended part of the organ, delimited by the lesser and greater curvatures,
at the level of the angular incisure, the lesser curvature bends sharply to the right, marking
the distal boundary of the gastric body; distally the pyloric portion, consisting of the antrum
and the pyloric canal, terminates with the pyloric sphincter which opens into the duodenum

© (Fig. 2A).

Esophagus Fundus
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layer

Circular
layer
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layer

Body

oric Pylori .
orifice "YIONC | ogger Muscularis
Duodenum sphincter R
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Gastric folds

A Stomach regions, anterior view

Gastric pit Stomach lumen

Simple columnar
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C Stomach wall, sectional view

Figure 2. Structural organization and histological features of the stomach. (A) Anterior view of
the stomach displaying its major anatomical and muscular regions. (B) Transition from stratified
squamous epithelium (SSE) of the esophagus to simple columnar epithelium (SCE) characteristic of
the proximal stomach. (C) Transversal section of the stomach wall illustrating its different layers:
mucosa, submucosa, muscularis, serosa. (D) Histological section of the gastric mucosa
demonstrating the relationship between the gastric pits (P) and gastric glands (GG), inferiorly
delimited by the muscularis mucosae (MM) (Rickesha L. Wilson, Christina E. Stevenson, Anatomy
and physiology of the stomach Chapter 56, pages 634-646, 2019).
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At the microscopic level, as well as the other components of the alimentary tract, the
stomach is organized in four distinct layers, proceeding from the lumen outward: mucosa,
submucosa, muscularis externa, and serosa (Fig. 2C). The mucosa is lined by simple
columnar epithelium comprising mucous secreting cells and is structured into gastric pits.
At the base of these pits, stem cells undergo active proliferation to replenish the superficial
epithelial cells that are continuously shed into the chyme. This regenerative mechanism
ensures rapid replacement of epithelial cells if gastric acid or digestive enzymes breach the
protective mucosal barrier, thereby maintaining mucosal integrity ©.

Beneath the epithelium extends the lamina propria, which contains the gastric glands. Both
within the gastric pits and the gland themselves, multiple populations of secretory cells can
be identified. The submucosal layer is composed of dense connective tissue and
encompasses nerves, blood vessels, and lymphatic vessels, being externally delimited by the
muscularis externa (Fig. 2D). Finally, the serosal layer consists of several strata of

connective tissue that establish continuity with the peritoneum 19,

1.2.2 CELLULAR AND MOLECULAR BASIS OF GASTRIC FUNCTION

From the anatomo-functional standpoint, the gastric mucosa can be subdivided into two
distinct regions: the oxyntic and the antral-pyloric region. The oxyntic region, comprising
the proximal two-thirds of the stomach (fundus and corpus), is primarily dedicated to
exocrine secretion. Within the oxyntic glands, parietal cells predominate and secrete
hydrochloric acid (HCl), bicarbonate ions (HCO3"), intrinsic factor, and ghrelin. Chief cells
are responsible for the synthesis and release of pepsinogen and leptin, while
enterochromaffin-like (ECL) cells produce histamine. Conversely, the antral-pyloric region
is mainly involved in endocrine secretion, particularly the release of gastrin by G cells !V,
Mucous neck cells, which are ubiquitously distributed throughout the gastric mucosa, are
characterized by an apical cytoplasm enriched in hydro-soluble mucins that act as lubricants
for gastric contents. Hence, the stomach is not solely an acid-secreting organ but also
produces a range of protective regulatory factors. Mucus and bicarbonate form a critical
defensive barrier preserving the gastric epithelium from the aggressive acid-peptic
environment ¥, Moreover, trefoil factors (TFFs), secreted by surface mucous cells, exert
anti-inflammatory effects, and promote mucosal restitution following injury (34,

Ghrelin acts as an orexigenic peptide, stimulating gastric emptying, acid secretion, and

histamine release (). In contrast, leptin functions as a satiety hormone and modulates



immune and inflammatory processes !®. Pepsinogen, the inactive precursor of pepsin, exists
in two molecular forms: type I, secreted exclusively by chief cells in the oxyntic mucosa,

and type 11, synthesized throughout the entire gastric mucosa (719,
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Figure 3. Gastrointestinal hormones. Integrated signaling among D cells, G cells,
enterochromaftin-like (ECL) cells, and parietal cells in the antrum and fundus of the stomach
regulates gastric acid secretion. (A) In the antrum, gastrin-releasing peptide (GRP) stimulates G cells
to secrete gastrin, while D cells release somatostatin, which provides inhibitory feedback. (B) In the
fundus, gastrin enters the circulation and acts on CCK2 receptors located on ECL and parietal cells.
Activation of these receptors promotes histamine release from ECL cells and hydrochloric acid
secretion from parietal cells, facilitating protein denaturation during digestion (Gerald Litwack,
Chapter 7 - Gastrointestinal hormones, Academic Press, 2022).

Intrinsic factor is essential for the absorption of vitamin Bi in the distal ileum (), Gastrin
not only regulates the gastric phase of acid secretion but also exerts trophic effects on
parietal and ECL cells; its release is stimulated by dietary proteins and inhibited by gastric
acidity and somatostatin ?%. Somatostatin directly modulates acid secretion, being primarily
stimulated by antral acidification, while acetylcholine released from vagal efferent
suppresses its secretion. Histamine, stored in secretory granules of ECL cells and resident

mast cells, is released upon stimulation by gastrin, acetylcholine, or epinephrine, whereas



somatostatin acts as an inhibitory signal (Fig. 3). Collectively, acetylcholine, gastrin, and
histamine finely regulate HCl secretion by parietal cells. Hydrochloric acid plays a
fundamental role in the absorption of mineral micronutrients. It promotes solubilization of
insoluble calcium salts through the formation of calcium chloride, which is readily absorbed
in the duodenum and jejunum @Y, also facilitates the release of inorganic iron (Fe’*), a
process enhanced by the synergistic action of ascorbic acid present in the gastric lumen ?2),
and is required for the release of vitamin Bi» ®%. Finally, HCI exerts an antimicrobial
function, contributing to the prevention of intestinal colonization by pathogenic
environmental microorganisms.

Considering its physiological relevance, the release of HCI into the gastric lumen represents
a finely tuned interplay of mediators that, through interaction with their respective receptors
in the parietal cell, initiate a cascade of reactions leading to the activation of protein kinases.
Gastrin binds to the CCK2R receptor, while acetylcholine interacts with M3 receptors to
stimulate phospholipase C via G-protein-mediated mechanism. Phospholipase C converts
membrane phospholipids into inositol triphosphate, which induces the release of

2+) 2425 Histamine, through binding to the H2 receptor, activates

intracellular calcium (Ca
adenylate cyclase, leading to the production of cyclic adenosine monophosphate (CAMP).
The increase in intracellular levels of Ca** and cAMP results in the activation of protein
kinases. Conversely, inhibition of parietal cell secretion by somatostatin occurs through both
G-protein-dependent and independent mechanisms, although its suppressive action is
thought to be primarily mediated by the inhibition of adenylate cyclase ¢,

These kinases trigger a phosphorylation cascade that ultimately terminates activating the
H'/K*-ATPase proton pump. The H*/K*-ATPase (adenosine triphosphatase) is an enzyme
composed of a catalytic a-subunit and a glycoprotein B-subunit 7. The cytoplasmic tail of
the B-subunit contains a four-amino acid sequence homologous to tyrosine-based
endocytosis signals, which is essential for pump internalization and termination of acid
secretion.

Once assembled in the endoplasmic reticulum of the parietal cells, the enzyme is processed
in the Golgi apparatus and transported to the plasma membrane as a heterodimeric oligomer
2®_ Under resting conditions, proton pumps are stored in intracellular vesicles and
translocate to the apical membrane only in response to secretory stimulation ??. The enzyme
utilizes ATP hydrolysis to undergo conformational changes necessary for its secretory
function. This process occurs through a phosphorylation-dephosphorylation cycle that alters

the orientation of the ion-binding sites 9. Thus, the parietal cells secrete H" ions in
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exchange for extracellular K" in an electroneutral exchange, maintaining the transmembrane
potential difference GV. Chloride ions (CI) are released into the gastric lumen through
specific channels, while dedicated efflux channels maintain low intracellular K*

concentrations, enabling continuous H*/K* exchange ©2).

1.3 THE INTESTINE — PHYSIOLOGICAL CHARACTERISTICS

Following the stomach, the intestine constitutes the subsequent major segment of the
gastrointestinal tract, where the processes of digestion, absorption, and waste formation are
completed. This organ plays a pivotal role in maintaining metabolic homeostasis through
the assimilation of nutrients and the conversion of non-digested residues into material
destined for secretion. The intestine is a hollow organ of the digestive system, which exerts
both endocrine and exocrine functions producing hormones, enzymes, and alkaline
mucinous material %, It is anatomically and functionally divided into two principal regions:
the small intestine, in which digestion is finalized, and nutrient absorption occurs, and the
large intestine, primarily devoted to the reabsorption of water and electrolytes, as well as to
the compaction and formation of fecal matter ®*33. Like other hollow organs of the GI, the
intestinal wall is organized into several concentric layers. From the innermost to the
outermost, these include the mucosa, comprising the epithelial lining, lamina propria and a
thin layer of smooth muscle termed the muscularis mucosae, followed by the submucosa,
the muscularis externa, and finally the serosa (Fig. 4). The mucosa is responsible for
effective secretion, absorption, and local mucosal motility. Beneath the mucosa lies the
submucosa, a dense connective tissue layer that anchors the mucosa to the muscular coat
and contains blood and lymphatic vessels and submucosal glands. The muscularis externa
is typically arranged into inner circular and outer longitudinal layers of smooth muscle
whose coordinated contractions produce peristalsis and segmentation, thus promoting the
propulsion and mechanical breakdown of luminal contents. The outermost serosa consists
of a mesothelial layer supported by loose connective tissue and covers the intraperitoneal
segments of the canal ¢9).

Although the intestine exhibits this fundamental four-layered architecture throughout its
length, the small and large intestine display region-specific structural adaptations that reflect

their distinct functional roles.
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Figure 4. Histological organization of the intestinal wall. The intestinal wall is composed of four
principal layers, each with distinct structural and functional roles. From the lumen outward, the
intestine is composed of the mucosa, containing epithelium, lamina propria, and muscularis
mucosae; the submucosa; the muscularis externa; and the serosa (Anatomy and Physiology II,
module 7: The Digestive System).

1.3.1 ANATOMY AND FUNCTION OF THE SMALL INTESTINE

The small intestine extends from the pylorus to the ileocecal valve, typically measures about
6 to 7 meters in length, and is subdivided into three regions: the duodenum, jejunum, and
ileum. It exhibits an exceptionally large absorptive and secretory surface area owing to the
presence of circular folds, villi, and epithelial cells equipped with microvilli, which project
into the intestinal lumen to maximize efficiency in nutrient uptake and enzymatic activity
(3437 The duodenum is the initial C-shaped segment of the small intestine, directly
continuous with the pylorus and connecting distally to jejunum and ileum. Functionally, the
duodenum continues the digestive processes initiated in the stomach by receiving chyme
through the pyloric sphincter ©®®. Digestion in this segment is facilitated by intestinal
enzymes and secretions, as well as by bile from the liver and gallbladder and pancreatic
juices delivered via the major and minor duodenal papillae. The papillae are associated with
the sphincter of Oddi, which prevents reflux of duodenal contents into the biliary and

pancreatic ducts G%. The jejunum constitutes the second segment of the small intestine,



extending from the duodenojejunal junction to the ileum. It serves as the primary site for the
absorption of the end products of carbohydrate, lipid, and protein digestion, including
passive calcium uptake. Nutrient absorption is facilitated by numerous fingerlike mucosal
projections, the villi, each one to two cells thick, which expand the absorptive surface to
approximately 13 m2. Microvilli on the apical surface of jejunal enterocytes provide the

primary site for nutrient uptake “

. The ileum represents the terminal portion of the small
intestine, measuring approximately 3 meters in length and extending from the jejunum to
the cecum. While maintaining the same fundamental structural organization as the more
proximal segments, the ileum exhibits gradual environmental and morphological transitions,
including slower luminal transit, and shorter, broader villi with reduced digestive enzymatic
activity. By the time the intestinal contents reach this region, most absorbable nutrients have
been depleted, and the ileum assumes specialized absorptive functions, notably the uptake

of vitamin B2 and the reabsorption of bile acids “V.

1.3.2 ANATOMY AND FUNCTION OF THE LARGE INTESTINE

The unabsorbed and undigested remnants of chyme leaving the ileum pass through the
ileocecal junction to enter the large intestine. The large intestine is about 2 meters and
comprises the cecum, colon, and rectum and terminates at the anal canal. The colon itself is
subdivided into ascending, transverse, descending, and sigmoid portions. The ascending
colon functions primarily in the absorption of residual water and electrolytes from
indigestible material, thereby contributing to the progressive solidification of fecal matter.
The descending colon serves predominantly as a storage segment, retaining feces prior to
defecation “?, Through rhythmic contractions, the sigmoid colon increases intraluminal
pressure and facilitates the propulsion of fecal content into the rectum, which acts as a
temporary reservoir for feces. Unlike the small intestine, the large intestine lacks villi,
reflecting its reduced absorptive function. Instead, it is characterized by deeper intestinal
crypts and a higher density of goblet cells, which secrete mucus to ensure effective
lubrication and protection of the mucosal surface @7, omental appendices, haustra, and
taeniae coli (Fig. 5).

The colon exhibits two primary types of motilities: haustral contractions and mass
movements. Haustral contractions, triggered by the presence of chyme, slowly advance and
mix the contents within individual sacculations, facilitating water and electrolyte absorption.

Mass movements are stronger, propelling chyme rapidly toward the rectum “%), Water
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absorption occurs osmotically, driven by active sodium uptake, with potassium and chloride
exchanged according to electrochemical gradients. The colon also supports a dense
microbial community that ferments undigested material and synthesizes essential vitamins,
including vitamin K and several B vitamins *4#9 which are subsequently absorbed.
Through these processes, the colon not only completes fluid and electrolyte homeostasis but

also contributes to nutrient provision and gut microbial balance.
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Figure 5. Structural and functional distinctions between the small intestine and colon. (A)
Overview of the gastrointestinal tract. (B) Differences between the small intestine and colon: the
small intestine is characterized by villi and a continuous mucus layer that maximize nutrient
absorption, with proximal regions specialized for lipid uptake via lacteals and efficient carbohydrate
and protein digestion, crypts contain Paneth cells that secrete host defense peptides to maintain
epithelial integrity; in contrast, the colon lacks villi, exhibits deeper crypts, and possesses a dense
inner mucus layer and a loosely attached outer layer, which provides a niche for mucolytic
microbiota (Jensen BAH et al., 2023).
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1.4 ROLE OF MICROBIOTA

Over the past two decades, human gastrointestinal (GI) microbiota has emerged as a key
determinant of health and disease, profoundly influencing digestion, immunity, and
metabolic regulation. Once regarded as a passive collection of commensal organisms, the
microbiota is now recognized as a dynamic and metabolically active ecosystem that interacts
intimately with the host across distinct anatomical niches of gastrointestinal tract. Although
the intestinal microbiota has been extensively studied, growing evidence highlights the
unique and underappreciated roles of microbial communities residing in the upper GI tract,
including the stomach. These microbial populations differ markedly in composition, density,
and functional capacity from those of the distal intestine, yet their contributions to nutrient
transformation, immune modulation, and mucosal homeostasis are becoming increasingly

evident.

1.4.1 GASTRIC MICROBIOTA

The discovery of Helicobacter pylori (H. Pylori), first isolated from gastric biopsies in 1982
by Warren and Marshall, revolutionized the understanding of the stomach as a
microbiologically active organ. Previously considered sterile due to its high acidity, the
stomach is now recognized as a dynamic ecological niche hosting diverse microbial

(46) Recent studies indicate that gastric mucosa plays a central role in immune

community
regulation, coordinating both innate and adaptive responses to preserve microbial balance
and mucosal integrity 474849 These interactions hold pharmacological relevance, as they
influence the host response to drugs, microbial metabolism of xenobiotics, and the efficacy
of therapies targeting gastric and systemic diseases.

The gastric microbial load (10%-10* CFU/ml) is markedly lower than that of the intestine
(10'°-10'? CFU/ml) due to the acidic environment, which restricts but does not eliminate
bacterial survival ®%3D, While H. pylori remains the best-characterized gastric bacterium,

g (52,53,5455) Tp

the stomach hosts a complex microbiota comprising hundreds of phylotype
2006, Bik and colleagues performed a 16S rRNA-based analysis of human gastric biopsies,
identifying Proteobacteria, Firmicutes, Bacteroides, Actinobacteria, and Fusobacteria as
dominant phyla. Despite substantial interindividual variability, the presence of H. pylori did
not significantly alter the overall microbial composition. Subsequent studies confirmed that
H. pylori affects species richness and evenness without modifying the broader taxonomic

diversity 637,
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Although similarities between gastric and oronasal microbiota initially suggested a transient
community, subsequent sequencing-based investigations revealed a distinct gastric
microbial profile, supporting the existence of a resident ecosystem %%, This microbiota

likely contributes to nutrient metabolism, mucosal protection, and immunomodulation.

1.4.2 INTESTINAL MICROBIOTA

While the stomach represents a unique but relatively low-density microbial niche, the
intestine hosts the most diverse and metabolically active microbial ecosystem in the human
body. The intestinal microbiota is composed of arche, eukaryotes, viruses, parasites, and
bacteria . Among these, the bacterial community is the most extensively studied, with
Bacteroides and Firmicutes representing the predominant phyla. These microorganisms
thrive in the intestinal environment and perform key protective, metabolic, structural, and
neuroactive functions 60,

The intestinal microbiota is established at birth, evolves in parallel with its host, and is
influenced by multiple factors including long-term dietary habits, social and behavioral
practices, antibiotic exposure, stress, and pathological conditions ©%6D, Successful
colonization of the intestine requires microorganisms to possess specific enzymatic
repertoires for nutrient metabolism, surface molecules that facilitate adhesion, and
mechanisms to evade bacteriophages and the host immune system ¢?. Each compartment
of the intestinal tract hosts a distinct microbial community. In the duodenum, Firmicutes
and Actinobacteria are the dominant phyla. In the jejunum, Gram-positive species and
facultative anaerobes prevail (2. Toward the ileum, aerobic species become more abundant,
whereas near the ileocecal valve, Gram-negative anaerobes predominate ©?. Along the
entire small intestine, both microbial density and diversity progressively increase, reaching
their peak in the colon, which is dominated by anaerobic bacteria, primarily Firmicutes and
Bacteroidetes 3. Intestinal microbiota is essential to host protection through the synthesis
of bioactive metabolites, including tryptophan derivatives and polyamines generated from
arginine metabolism. These compounds enhance mucosal protection and modulate
inflammation (45, Moreover, its structural function is closely linked to its protective role,
as both are essential for maintaining intestinal barrier integrity. Certain probiotic strains have
been shown to increase the expression of tight junction proteins in intestinal epithelial cells,
thereby reducing permeability and preventing the uncontrolled translocation of pathogens

or pro-inflammatory molecules into the systemic circulation ©9).
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1.5 THE GASTRIC AND INTESTINAL IMMUNE SYSTEM

Given the substantial load of microbial antigens in the gastric and intestinal lumen, the host
must generate immune responses that are both protective and tolerogenic. Therefore, the
mucosal defense system functions as a distinct immunological compartment, largely
independent of systemic immunity, capable of protecting the epithelium against pathogens

while maintaining tolerance to dietary and commensal antigens.

1.5.1 GASTRIC IMMUNE REGULATION

The relationship between the gastric microbiota and the immune system is reciprocal and
complex. Immune activity shapes microbial community composition, while microbial
infection can disrupt the equilibrium between inflammatory and tolerogenic responses,
contributing to the onset of gastric diseases 7.

The gastric mucosa functions as a specialized immune organ; although the stomach lacks a
dedicated mucosa-associated lymphoid tissue (MALT), it contributes actively to immune
defense through both innate and adaptive mechanisms (Fig. 6). The gastric mucosa contains
abundant CD4" T cells expressing high levels of integrin a4p7, which facilitates migration
to mucosal tissues 8%79_ Gastric epithelial cells play a central role in mucosal immunity
by interacting directly with macrophages and dendritic cells, promoting T and B cell
activation, and secreting cytokines such as IL-6, IL-8, TNF-a, IL-10/pf, GM-CSF, MCP-1
and TFG-B in response to infection or tissue injury 717273 These epithelial cells also express
MHC II molecules, enabling antigen presentation and contributing to the regulation of local

(74.75.76) Recognition of microbial components occurs through pattern

immune responses
recognition receptors (PRRs) that detect pathogen-associated molecular patterns (PAMPs),
initiating signaling cascades leading to cytokine and chemokine production and activation
of Th1 and Th2 immune pathways 77-787), Recruitment of macrophages, dendritic cells, and
natural killer (NK) cells into the lamina propria is mediated by chemokines, while infection
also induces CD8" T cell activation and cytotoxic responses ®%3D_ A critical link between
innate and adaptive immunity is provided by innate lymphoid cells (ILCs). Studies in human
and murine gastric mucosa indicate a predominance of ILC2s, typically associated with
allergic and chronic inflammatory responses, whereas ILCls and ILC3s, important for

epithelial repair and antitumor defense, are less represented (82:83:83.83.86),
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Figure 6. Immune system of gastric mucosa. Innate immunity involves NK cells, macrophages,
dendritic cells (DCs), and innate lymphoid cells (ILCs), while adaptive immunity includes CD4"and
CD8" T cells, differentiating into Th1, Th2, Th17 and Treg subset, and B cells that produce IgA,
IgG, and IgM. Gastric epithelial cells also contribute by recognizing pathogen-associated molecular
patterns (PAMPs) via pattern recognition receptors (PRRs), releasing cytokines and chemokines,
and presenting antigen through MHC 1I to activate CD4" T cells (Zhou M. et al.,2024).

1.5.2 THE INTESTINAL BARRIER AND ITS IMMUNOLOGICAL ROLE

The intestinal mucosa represents a highly specialized barrier that prevents microbial
translocation while enabling controlled interactions between luminal antigens and the host
immune system, thereby preserving epithelial integrity and immunological homeostasis
(878%) " This defense relies on the coordinated action of physical, chemical, and
immunological components.

The mucus layer constitutes the first line of defense against luminal microorganisms and
antigens. It is primarily composed of mucins secreted by goblet cells and differs along the

gastrointestinal tract: in the small intestine, it forms a single gelatinous layer, whereas in the

colon it is organized into two strata: an outer, loose layer that supports commensal
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colonization and an inner, dense layer that limits microbial contact with the epithelium. It
also contains antimicrobial peptides and secretory IgA, which contribute to mucosal
protection ®9), Beneath the mucus, the epithelial barrier consists of tightly connected cells
joined by tight junctions, adherent junctions, and desmosomes that regulate paracellular
permeability and tissue cohesion ®%°0 Among epithelial subtypes, Paneth cells secrete
antimicrobial peptides such as defensins and lysozyme, while M cells mediate antigen
sampling and presentation to dendritic cells ©V. The lamina propria hosts both innate and
adaptive immune cells °?. Recognition of microbe-associated molecular patterns (MAMPs)
by PRRs, including TLRs and NLRs, triggers cytokine-driven signaling that coordinates
immune responses ®¥. Within the innate compartment, dendritic cells capture luminal
antigens, migrate to mesenteric lymph nodes, and induce adaptive responses while
promoting tolerance toward commensal bacteria O34

The adaptive immune system is mainly composed of T lymphocytes and plasma cells. Tregs
secrete IL-10 and TGF-f3 to maintain tolerance and prevent immune overactivation, whereas
effector T cells produce pro-inflammatory cytokines essential for pathogen clearance >,
Plasma cells, derived from B cells, secrete IgA, which neutralizes pathogens and modulates
microbiota composition, contributing to immune equilibrium ©7) (Fig. 7).

The metabolic and protective functions of the intestinal microbiota are closely
interconnected. Undigested carbohydrates are fermented by intestinal microbes, producing
short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate. These metabolites
bind to specific receptors (GPR41, GPR43, and GPR109A) on epithelial and immune cells,
activating diverse signaling pathways ®®. Butyrate induces the production of TGF-J and IL-
10, promotes epithelial repair, activates regulatory T cells (Treg), and suppresses

(60.99) ~ Acetate enhances the

inflammation by inhibiting the NF-kB signaling pathway
secretion of IgA and mucus, thereby strengthening the mucosal barrier (%0, whereas
propionate, together with butyrate, activates Tregs and reduces the production of pro-
inflammatory cytokines such as IL-6 and IL-12 (10D,

Together, these interconnected components ensure effective mucosal defense and immune

regulation, maintaining a balance between tolerance and inflammation critical for intestinal

homeostasis.
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Figure 7. Intestinal mucosal barrier and immune system. The figure illustrates the key
components of the intestinal barrier and their roles in immune protection against the luminal
microbiota. The mucus layer, composed of mucins from goblet cells and antimicrobial peptides from
Paneth cells, prevents microbial adhesion to the epithelium. The epithelial layer includes Paneth
cells, which secrete antimicrobial proteins, and goblet cells. In the lamina propria, dendritic cells
sample luminal antigens and migrate to mesenteric lymph nodes, activating T cells and IgA™ B cells.
These cells differentiate into effector T cells, regulatory T cells (Tregs), and IgA-secreting plasma
cells, which release bacteria-specific IgA to maintain microbial balance. Cytokines such as IL-10
and TGF-f regulate immune tolerance, ensuring homeostasis between host defense and commensal
microorganism (adapted from Hooper et al., 2010).
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1.6 IMMUNOPATHOGENESIS AND CLINICAL PERSPECTIVES IN
GASTROINTESTINAL DISEASES

Gastrointestinal diseases represent a heterogeneous group of disorders that affect the
structure and function of the digestive system, with significant implication for global
morbidity and quality of life. After upper respiratory tract infection, acute gastroenteritis is
the most common illness in the United States 1%, These conditions encompass a broad
spectrum, ranging from functional disturbances to chronic inflammatory and autoimmune
processes that compromise the integrity of gastrointestinal mucosa. Among these disorders,
Autoimmune Atrophic Gastritis (AAG) and Inflammatory Bowel Disease (IBD) exemplify
chronic, immune mediated conditions of the gastrointestinal tract.

In recent decades, advances in immunology, molecular biology, and microbiome research
have greatly enhanced our understanding of the complex interplay between genetic
predisposition, environmental factors, and immune responses that support gastrointestinal
pathology. Despite these advances, many aspects of the pathogenesis and progression of
gastrointestinal disorders remain incompletely understood.

This chapter explores key concepts in gastrointestinal immunopathology, with a focus on

reviewing the current state of the art on AAG and IBD.

1.6.1 AUTOIMMUNE ATROPHIC GASTRITIS (AAG)

Since 1973, two major forms of chronic gastritis have been distinguished: Autoimmune
Atrophic Gastritis (Type A), restricted to the gastric body, PCA positive, associated with
severe achlorhydria, vitamin Bi> deficiency, hypergastrinemia, and reduced serum
pepsinogen I; and Multifocal Atrophic Gastritis (Type B), caused by HP infection,
progressing slowly from the antrum and body, characterized by PCA negativity and low
gastrin levels.

Autoimmune Atrophic Gastritis (AAG) is a chronic, non-self-limiting inflammatory

disorder that affects the oxyntic mucosa, leading to progressive mucosal atrophy (193104105,

106,107 This topographic restriction reflects the localization of parietal cells, which
constitutes the main target of the autoimmune response (!10%110) Specifically, AAG results
from immune-mediated destruction of parietal cells triggered by anti-parietal cell antibodies
(PCA), which recognize subunits of the gastric H'/K'-ATPase proton pump. The

inflammatory process appears to be mediated by autoreactive T lymphocytes, although the
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exact initiating factor remains unknown ('1.,

The global prevalence of AAG has been estimated between 0.5% and 4.5% (12, with an
annual incidence of approximately 25 new cases per 100.000 individuals (1314 Women
are affected up to three times more frequently than man, and the disease predominantly
occurs in individuals over 60 years of age with reported increased incidence in the 35-45

age range ('>115 and more recently in pediatric patients aged between 8 months and 18

years (116:117.118)

1.6.1.1 AAG SYMPTOMS

A major challenge associated with AAG is its substantial diagnostic delay, as most patients
remain asymptomatic until the onset of anemia or neurological manifestations, while others
present with nonspecific dyspeptic symptoms. This diagnostic lag contributes to significant
impairment in quality of life and the development of irreversible, potentially life-threatening
complications (!9, Clinically, AAG manifestations are often nonspecific and mild,
especially in early stages prior to the development of micronutrient deficiencies. When
present, symptoms primarily involve the gastrointestinal, neurological, hematopoietic, and
cardiovascular systems ('1,

Gastrointestinal symptoms, the most common complaint, include dyspepsia, non-acid
gastroesophageal reflux with heartburn and regurgitation, epigastric pain, bloating, and
abdominal distension, all resulting from impaired digestion and motility (120:121:122.123),
Achlorhydria and hypergastrinemia may delay gastric emptying, causing postprandial
fullness or early satiety, with potential consequences on eating habits, nutritional status, and
small intestinal bacterial overgrowth (124125,

In 2016, Tenca et al. reported that 58% of AAG patients exhibited psychological alterations,
which could evolve into depressive or anxiety-related states. Neurological manifestations
primarily result from vitamin B deficiency. Common findings include myelopathy with or
without associated neuropathy, cognitive impairment, optic neuropathy, and paresthesia, all
stemming from spongiform degeneration and demyelination within the spinal cord, leading
to axonal degeneration and gliosis. Neuropsychiatric symptoms encompass memory decline,
personality changes, psychosis, and delirium (29, Vitamin B> deficiency is also associated
with infertility, recurrent spontaneous miscarriage, assisted reproduction failure, pregnancy
complications, and neural tube defects in the newborn (127:128,129,130),

Anemia and micronutrient deficiencies cause fatigue, reduced concentration, brittle nails
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and hair, and delayed wound healing. In advanced stages, dyspnea, headache, and
tachycardia may occur, while in elderly patients, chest pain and palpitations are also reported
(131,132).

AAG is also recognized as a preneoplastic condition, associated with an increased risk of
developing type I gastric neuroendocrine tumors (NETs), due to persistently elevated
gastrin-17 levels, leading first to ECL cell hyperplasia, progressing through dysplasia to
neoplasia via a multistep process (13*134135_and a threefold higher risk of developing gastric

adenocarcinomas (GA) (3137 compared with the general population.

1.6.1.2 ETIOPATHOGENESIS OF AAG

Genetic predisposition plays a relevant role in AAG. Up to 16.5% of patients have a first-
degree relative with the disease, and approximately 30% of relatives show circulating PCA

(138139.119) "PCA production follows a hereditary pattern consistent with an incompletely

penetrant dominant, non-Mendelian model (140:14D),

Two pivotal studies identified specific HLA haplotypes as predisposing factors: HLA-
DRB104, DQB103, and DRB103 (4%143) These class II HLA alleles are involved in the
presentation of exogenous antigens to CD4" T cells, and are associated with other
autoimmune disorders, including type I diabetes mellitus, celiac disease, systemic lupus
erythematosus, and multiple sclerosis (144,

The primary autoantigen recognized by PCA is the gastric H/K"-ATPase proton pump.
Although PCA serve as diagnostic markers, they do not play a direct pathogenic role.

In 1970 Tanaka et al. demonstrated that administration of PCA from AAG patients to rats
induced marked parietal cell loss without gastric mucosal inflammation.

Ex vivo studies revealed that the H'/K'-ATPase proton pump is also the target of
autoreactive Thl and cytotoxic T cells present in AAG gastric mucosa. Approximately 25%
of CD4* T cell clones from the gastric body of AAG patients proliferated in response to
porcine proton pump and produced TNF-a, promoted immunoglobulin production by B
cells, expressed perforin-mediated cytotoxicity against antigen-presenting cells, and induced
Fas-Fas ligand-mediated apoptosis in target cells (!4, Recently, Troilo et al. reported that
20% of CD4" T cell clones from AAG gastric mucosa were directed against intrinsic factor,
predominantly Thl or Thl7 (94%), producing TNF-o and IL-21 and stimulating

immunoglobulin secretion by B cells.

The frequent detection of Helicobacter pylori (HP) in individuals with gastric autoimmunity
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suggests a potential triggering role (146110 According to Amedei et al., in genetically
predisposed subjects, HP may activate cross-reactive CD4" T cells that recognize both
gastric ATPase and HP antigens, though not the bacterium’s dominant proteins (CagA,
VacA, or urease). These cross-reactive peptides induced T-cell proliferation and a Thl
cytokine profile. HP infection also alters the gastric microbiota: reduced bacterial abundance
and diversity are observed in HP-related atrophic gastritis, whereas patients with AAG

display a microbiota composition more like healthy controls (147

1.6.1.3 INFLAMMATORY AND IMMUNOMODULATORY CYTOKINES IN AAG

In AAG, aberrant production of cytokines, immune cells, and infiltrating intracellular
material contribute to direct injury of gastric parietal cells. The primary immune cells
involved include CD4"and CD8" T lymphocytes, Th1, Th2, Th17, and Treg subset, B cells,
mast cells, dendritic cells, macrophages, and NK cells. Associated cytokines include IL-6,
IL-8, IL-9, IL10, IL-13, IL-15, IL-17, IL-21, IL-27, IFN-y, TNF-a, TSLP, and eNAMPT
(148,149) (Fig. 8).

Ex vivo studies on gastric biopsies from AAG patients have demonstrated elevated TNF-a
and IL-15 levels compared to healthy controls !>9. TNF-o contributes to epithelial injury
and is associated with gastric cancer risk, while IL-15 promotes Ig production, CD4" and
CD8" T cells proliferation, and NK cells activation, favoring apoptosis (131152,

Reduced IL-33 levels have also been reported, suggesting a role in atrophy and
adenocarcinoma; IL-33 acts as an alarmin with protective effects but can induce IL-13
secretion from ILC2, promoting intestinal metaplasia and M2 macrophage polarization
(153,154,155)

IFN-y is another key mediator of parietal cell atrophy and metaplasia. In murine TxA23
models, IFN-y knockout prevents metaplasia 39, IFN-y, primarily produced by CD8" T
cells, synergizes with IL-17 from Th17 cells to trigger inflammation via ROS and NLRP3
inflammasome activation (37148 TL-17A induces apoptosis in gastric organoids, and its
neutralization reduces atrophy and metaplasia in murine AAG models (%%,

IL-21 also plays a central role in disease progression by regulating T and B cells through
JAK/STAT, MAPK, and PI3K pathways.

Comparative studies indicate elevated IL-6 and IL-8 even in H. pylori negative atrophic
gastritis, with IL-6 mediating epithelial-macrophage interactions in tumorigenesis and IL-8

recruiting neutrophils that induce oxidative stress and mucosal injury (3%160),
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Extracellular Nicotinamide phosphoribosyltransferase (eNAMPT), which will be described
in detail in chapter 1.8, has recently emerged as a key pro-inflammatory mediator in AAG.
Gastric biopsies from AAG patients secrete higher eNAMPT levels, which induce IFN-y
and IL-6 production in organoid cultures, amplifying mucosal immune responses (139,
Conversely, anti-inflammatory mediators protect the gastric mucosa. Treg cells suppress
autoimmune responses via IL-10 and TGF-, reducing disease severity in murine AAG
models (1D, IL-10 inhibits inflammatory cytokines synthesis, while TGF-B supports Treg
function and suppresses autoreactive T and Th17 cells (192163149 1[-27 exhibits protective
effects in murine models, reducing atrophy and metaplasia, but may also enhance INF-y and

IL-17 production (38148 (Fig, 8).
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Figure 8. Immune mediators of AAG. Cytokines, immune cells, and infiltrating intracellular
components contribute to direct damage to gastric parietal cells. Key immune cells include CD4"
and CD8" T lymphocytes, Thl, Th2, Th17, Treg, B cells, mast cells, dendritic cells, macrophages,
and natural killer cells. Associated cytokines comprise IFN-y, TNF-a, IL-21, IL-15, TGF-B, IL-27,
IL-10, IL-13, IL-33, TSLP, IL-17, IL-8, eNAMPT, IL-6, and PMNs (Cascetta et al., 2024).

Overall, AAG reflects a complex interplay of pro- and anti-inflammatory cytokines that
orchestrate mucosal damage, immune regulation, and potential preneoplastic changes,

highlighting the critical role of cytokine networks in disease pathogenesis.
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1.6.2 INFLAMMATORY BOWEL DISEASE: Ulcerative Colitis and Crohn’s Disease

Inflammatory bowel diseases (IBD) comprise a heterogenous group of chronic, relapsing,
and progressive disorders of the gastrointestinal tract, mainly represented by Crohn’s disease
(CD) and ulcerative colitis (UC). These conditions are characterized by persistent intestinal
inflammation, alternating period of remission and relapse, mucosal injury, microbial
dysbiosis, and various systemic and biochemical abnormalities (194169 IBD represents one
of the most prevalent gastrointestinal disorders worldwide. Since its initial description in the
early twentieth century, both incidence and prevalence of CD ad UC have increased
markedly, particularly in industrialized nations such as those in North America, Europe,
Australia, and New Zealand (19167 According to the Global Burden of Disease (GBD) 2019
report, approximately five million individuals are currently affected by IBD, with around
400.000 new cases diagnosed each year 17, IBD affects both sexes and may occur at any
age, although the peak incidence is typically observed in early adulthood 1%®. Mortality rates
in IBD vary depending on disease subtypes and comorbidities. Epidemiological studies have
shown increased mortality in patients with CD, mainly due to colorectal cancer,
cardiovascular and respiratory diseases (19170 whereas UC does not appear to significantly

increase overall mortality 171-172),

1.6.2.1. IBD CLINICAL FEATURES

IBD presents a wide spectrum of intestinal and extraintestinal manifestations, contributing
to diagnostic delays and therapeutic challenges (7*!7. The most common intestinal
symptoms include chronic diarrhea, abdominal pain, rectal bleeding, and weight loss (173:176),
Symptoms distribution differs between CD and UC: in UC, pain is typically localized in the
lower left abdomen, and associated with bloody diarrhea, whereas CD often causes right
lower quadrant pain with less frequent rectal bleeding. Intestinal obstruction due to wall
thickening is a frequent complication in CD, often accompanied by nutrient malabsorption
and nutritional deficiencies 177,

In addition, IBD is considered a systemic condition due to the high prevalence of
extraintestinal manifestation (EIMs), reported in 25-40% of patients (7. These commonly
affect the joints, skin, eyes, and hepatobiliary tract, but may also involve the liver, lungs,
and pancreas. EIMs can occur either before or after the intestinal onset, preceding
gastrointestinal symptoms in about 26% of patients (¥, They may appear concomitantly

with intestinal inflammation or independently, often exerting a more profound impact on
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quality of life than intestinal symptoms themselves (7. The presence of EIMs may
influence treatment decisions and therapeutic response (18181 and their frequency seems
higher in early-onset disease or in younger individuals, although this association remains

debated (182,

1.6.2.2 ETIOLOGY AND PATHOGENESIS OF IBD

The etiology of IBD remains multifactorial and not yet completely understood. Current
evidence supports the concept that these disorders result from a complex interplay among
genetic susceptibility, environmental influences, intestinal dysbiosis, and immune
dysregulation, none of which alone is sufficient to induce disease (133189,

Genetic predispositions represent one of the major risk factors for IBD development.
Genome-wide association studies (GWAS) have identified over 200 genetic loci associated
with disease susceptibility (183184185 including 30 specifics for CD, 23 for UC, and 28
shared between both (136169 n 2001, Ogura et al. identified NOD2 as the first gene
associated with CD. Upon ligand binding, NOD2 activates the NF-kB signaling pathway,
inducing TNF and IL-12 production, as well as antimicrobial peptides (67, NOD2
stimulation also promotes autophagy, modulating bacterial clearance and antigen
presentation, and supports immune tolerance (187:188.18%168) - Also mutations in ATG16L1,
another key autophagy gene, contribute to immune dysfunction in IBD. The T300A variant,
associated with CD, reduces the ability of epithelial and dendritic cells to eliminate
intracellular pathogens and present antigens to CD4" T cells (87, IL23R, encoding the IL-
23 receptor subunit, is also implicated in both UC and CD by modulating Th17-mediated
inflammatory responses. The Arg381GlIn variant has been identified as protective, reducing

(188,167)  Finally, HLA gene

receptor signaling and downstream inflammation
polymorphisms, such as rs2395185 and rs2097432, have been associated with greater
disease severity, need for surgical intervention, and EIM occurrence (1°?,

In recent years, the increasing prevalence of IBD in industrialized countries highlights the

crucial contribution of environmental factors (179,

Smoking remains one of the most
significant environmental modifiers: it increases the risk of CD and its extraintestinal
complication while exerting a protective effect in UC (17191192 This dual role likely reflects
differences in receptor expression along the intestinal tract and the effects of nicotine and
carbon monoxide on immune modulation (3.

Dietary habits also influence disease pathogenesis. Diets rich in animal fats, refined
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carbohydrates, emulsifiers, and additives, but poor in fibers, vitamins, fruits, and vegetables,
can compromise intestinal barrier function, alter microbiota composition, and promote
inflammatory processes 1?+1921°D_ Antibiotic exposure, particularly to metronidazole and
fluoroquinolones, has been linked to increased CD risk by reducing microbial diversity and
stability (1921°D_ Additional environmental contributors include viral infections,
psychological stress, use of oral contraceptives and NSAIDs, alcohol consumption,
surgeries such as appendectomy and tonsillectomy, and vitamin D deficiency (19199, Air
pollution, particularly exposure to nitrogen dioxide (NOz) and sulfur dioxide (SO>), has also
been associated with a higher risk of CD and UC (7,

Loss of intestinal homeostasis is a hallmark of IBD pathogenesis (!°®. Patients exhibit
reduced commensal bacteria and increased potentially pathogenic species 19°-200-20D ‘leading
to epithelial barrier dysfunction and enhanced intestinal permeability 292209, It remains
unclear, however, whether dysbiosis is a cause or a consequence of inflammation 2%, Other
microbial domains also contribute to disease pathogenesis. Bacteriophages influence

(167.205) " while fungal dysbiosis, characterized by

bacterial composition and virulence
increased Candida albicans and reduced Saccharomyces cerevisiae, has been reported in
both CD and UC %6297 Protozoa such as Blastocystis and Diantemoeba fragilis are
decreased, facilitating pathogenic colonization and inflammation %829 Within the Archea

domain, Methanobrevibacter smithii correlates with remission 210167,

1.6.2.3 IMMUNE DYSREGULATION IN IBD

Immunological dysregulation plays a central role in IBD pathogenesis. Under physiological
conditions, the adaptive immune response maintains tolerance to commensal microbiota
while defending against pathogens. In IBD, this balance is disrupted, leading to excessive
activation of immune cells and overproduction of pro-inflammatory cytokines !¢”) (Fig. 9).
The intestinal barrier and antigen-presenting cells (APCs) are key regulators of immune
homeostasis. Disruption of epithelial cells (IECs) permits microbial translocation, triggering
dendritic cells and macrophages activation with secretion of TNF, INF-y, and multiple
interleukins (IL-1B, IL-6, IL-8, IL-12, IL-18, IL-23) G!LI9LI6T)

IL-1P exacerbates tissue injury and sustains inflammation through IL-17 and IFN-y release
by T cells and innate lymphoid cells ?'?. IL-23 induces IFN-y production via STAT4
activation in memory T cells @' and stimulates Th17 cytokine synthesis ?'4. Together, IL-

23 and IFN-y promote cytotoxic molecules release by NK cells ¢15:19D,
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CD is predominantly associated with a Thl-driven immune response characterized by

elevated IFN-y and TNF following IL-12 stimulation, whereas UC exhibits a Th2-type

response marked by increased IL-13, IL-4, and IL-5 ?!9_ Th17 cells contribute to both forms
by secreting IL-17A and IL-21 ?!7, High mucosal IL-17A levels have been detected in both

CD and UC @!8219) promoting monocytes and neutrophils recruitment 229

Overexpression of IL-21 further confirms Th17 involvement in IBD pathogenesis 2!:222),
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Figure 9. Immune dysregulation in IBD. In the normal gut (left), balanced Th2/Treg and Th1/Th17
responses, anti-inflammatory cytokines (IL-10, TGF-), and stable ILC subsets maintain epithelial
integrity. In IBD (right), microbial dysbiosis, mucus loss, and increased permeability drive dominant
Th1/Th17 activity, excessive antigen presentation, and neutrophil NETosis. Macrophages shift to a
pro-inflammatory M1 phenotype, promoting fibrosis, while dysregulated ILC3s overproduce IL-17
and IL-22, sustaining epithelial injury and chronic inflammation (de Mattos BR et al., 2015).
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1.6.2.4 CROHN'’S DISEASE

Crohn’s Disease (CD) is a chronic, relapsing inflammatory bowel disease characterized by
discontinuous, transmural granulomatous inflammation that can affect any segment of the
gastrointestinal tract, from the mouth to the anus, and may also involve extraintestinal organs
(223.229) " The disease most frequently affects both the terminal ileum and the colon
(approximately 50% of cases), followed by isolated involvement of the small intestine
(about 30%) or the colon alone (around 20%). Perianal complications, such as fissures,
abscesses, and fistulas, occur in roughly one-quarter of patients, while upper gastrointestinal
or extraintestinal manifestations are less common 2> (Fig. 10).

Clinically, three major phenotypes are recognized: inflammatory, stenosing, and penetrating
(fistulizing). The inflammatory subtype is defined by mucosal inflammation in the absence
of obstructions or fistulas, which may progress to the fibro-stenotic form due to chronic
submucosal thickening and fibrosis. Persistent transmural inflammation can also lead to
penetrating disease, with fistula formation between intestinal loops or adjacent organs such
as the bladder, vagina, or skin. Patients may present overlapping features, and a gradual
transition from the inflammatory to the stenosing or penetrating phenotype is common 2,
Crohn’s disease patients present chronic diarrhea, abdominal pain, weight loss, fatigue, and
low-grade fever. Diagnosis relies on a comprehensive evaluation combining clinical
presentation with laboratory, endoscopic, histological, and radiological data.

Among histopathological features, non-caseating granulomas are considered characteristic
of CD, although they are identified in less than one-quarter of cases (226227,

From a pathophysiological perspective, CD results from an inappropriate immune response
to intestinal microbiota in genetically predisposed individuals. The inflamed mucosa is
infiltrated by CD4"and CD8" T cells, B cells, monocytes, and NK cells, guided by integrins
and adhesion molecules such as MAdCAM-1. Extracellular matrix remodeling, mediated by
MMP-1 and MMP-3, facilitates leukocytes infiltration and tissue injury 28169 Cytokines
dysregulation plays a central role in disease perpetuation, with increased levels of 1L-12,
IFN-y, TNF-a, IL-23, and IL-34 promoting Th1/Th17 immune polarization, whereas I1L-25

expression is reduced and inversely correlated with inflammation (22%-164),

1.6.2.5 ULCERATIVE COLITIS

Ulcerative colitis (UC) is a chronic inflammatory bowel disease primarily affecting the

colon, typically initiating in the rectum and extending continuously to proximal segments
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(230.23D The inflammatory process is confined to the superficial layers of the intestinal wall,
namely the mucosa and submucosa, and is histologically characterized by features such as
cryptitis and crypt abscesses (1), A sharp demarcation often separates inflamed mucosa
from apparently normal tissue, although microscopic alterations can also be present in
macroscopically unaffected areas 332233, Unlike CD, ulcerations in UC develop exclusively
within inflamed mucosa ?*¥ (Fig. 10). Over time patients may experience complications
such as benign strictures, intestinal dysmotility, and anorectal dysfunction 39,

The Montreal classification categorizes UC according to the extent of the inflammation:
proctitis (E1) if limited to the rectum, left-sided colitis (E2) if involving up to the
rectosigmoid colon, and extensive colitis (E3) if extending beyond the splenic flexure.
Population studies report variable disease distribution: proctitis (30-60%), left-sided colitis
(16-45%), and extensive colitis (14-35%) 3.

Clinically, UC follows a relapsing-remitting course with periodic exacerbations @39, and
disease onset age influences severity, with later-onset cases generally exhibiting milder
manifestations 37), Risk factors for severe disease include age at onset below 40 years,
pancolitis, incomplete endoscopic healing during clinical remission, and deep ulcerations
(238)_ Disease activity is stratified into four stages: remission, mild, moderate, and severe,
assessed via clinical indices (Mayo, Lichtiger, SCCAI), endoscopic scores (Mayo, UCEIS),
and histological indices (Robarts, Nancy) 323D,

Although the precise pathogenesis of UC remains incompletely understood, it is widely
accepted to result from a complex interplay between host genetic predisposition and
environmental factors, triggered by events compromising the intestinal barrier, altering
microbiota composition, and inducing aberrant immune responses (6%,

UC is distinguished from CD by the central role of colonic epithelial cells and mucosal

barrier integrity 3V,

Dysregulation involves reduced PPAR-y expression, defects in
endoplasmic reticulum stress responses, alteration in trefoil factors, and goblet cell
depletion, contributing to impaired barrier function ?3**%%. Immune involvement includes
neutrophils accumulation, dendritic cells activation, and innate lymphoid cell-mediated
cytokines production, particularly IL-17A, IL-22, and IL-23 ?4%-24D Adaptive immunity
features a Th2-mediated response, with CD34" Th9 cells producing IL-9, which inhibits
tissue repair and promotes TNF-a expression (242231,

Clinically, UC patients commonly present diarrhea and hematochezia, as well as tenesmus,

fatigue, nocturnal bowel movements, and abdominal cramps, with pain being less

pronounced than in CD. Severity correlates with disease extent, and extraintestinal
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manifestations occur in approximately one-third of patients, most frequently peripheral
arthritis, primary sclerosing cholangitis, and pyoderma gangrenosum (7%, Diagnosis relies
on symptom assessment, endoscopic and histological evaluation, and exclusion of
alternative etiologies **¥. Stool analysis is recommended to rule out concurrent infections,

while blood tests can reveal anemia, leukocytosis, thrombocytosis, hypoalbuminemia, or

g (234243)
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Figure 10. Intestinal morphology in healthy intestine, UC, and CD. Macroscopic and
microscopic differences between the healthy intestine and the inflamed mucosa in UC and CD. (A)
Endoscopic images show normal mucosa with intact folds and vascular pattern (a), diffuse mucosal
inflammation with ulceration typical of UC (b), and discontinuous, transmural inflammation with
deep ulcers and cobblestoning characteristic of CD (c). (B) Schematics illustrate inflammation
patterns: continuous and limited to the colon in UC (b) versus segmental, transmural, and anywhere
in the GI tract in CD (c), compared to normal bowel (a). (C) Cross-sections show structural changes:
UC (b) involves mucosa/submucosa with ulceration, pseudo-polyps, and loss of haustra; CD (c)
shows transmural inflammation with wall thickening, fissures, fat wrapping, and cobblestoning.
Both IBD subtypes commonly cause inflammation, ulceration, diarrhea, abdominal pain, weight
loss, fatigue, fever, and extraintestinal complications (Amodeo et al., 2023).
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1.6.2.6 BONE MARROW-GUT AXIS IN INTESTINAL INFLAMMATION

Recent studies have revealed a strong link between intestinal inflammation and bone marrow
hematopoiesis. Using a DSS-induced murine model of acute colitis, Sezaki et al.
demonstrated that acute inflammation triggers the expansion of long-term hematopoietic
stem cells (LT-HSCs) and multipotent progenitors (MPP2/MPP3) in the bone marrow.
These populations exhibit a myeloid-biased differentiation, leading to increased common
myeloid progenitors (CMPs) and reduced common lymphoid progenitors (CLPs) (244249,
The concurrent accumulation of hematopoietic stem and progenitor cells (HSPCs) in the
spleen and peripheral blood suggests activation of extramedullary hematopoiesis.

This response is mediated by innate immune signaling through Toll-like receptors (TLRs)
and the interleukin-1 receptor (IL-1R), activated by bacterial components such as LPS from
commensal Bacteroides (246249, Pro-inflammatory cytokines including GM-CSF, IL-1,
interferons, and IL-6 further promote myeloid differentiation at the expense of lymphoid
lineages. Importantly, HSPCs migrate from the bone marrow to inflamed mesenteric lymph
nodes (MLNs), where they proliferate and differentiate into Ly6C"/Ly6G™ myeloid cells
with immunosuppressive and tissue-repairing functions. Depletion of these cells exacerbates
colitis symptoms, highlighting their protective role (47-244),

Overall, intestinal inflammation activates an inter-organ gut-bone marrow communication
axis that drives myeloid-biased hematopoiesis to support tissue regeneration. However,
chronic inflammation appears to impair HSC self-renewal and disrupt hematopoietic

balance, a process that remains incompletely understood 4%,

1.7 CURRENT THERAPIES

At present, no specific therapy exists to prevent, reverse, or restore the histopathological
alterations characteristic of AAG. Consequently, clinical management primarily focuses on
correcting nutritional deficiencies resulting from impaired gastric secretory function. Early
diagnosis is of primary importance, as it allows timely initiation of micronutrients
supplementation and the establishment of an appropriate endoscopic follow-up to monitor

potential neoplastic complications 411D,

In accordance with the European MAPS
(Management of Precancerous Conditions and Lesions in the Stomach) guidelines,
endoscopic surveillance with histological confirmation is recommended every 3-5 years,

with shorter intervals advised for patients presenting intestinal metaplasia or a family history
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of gastric cancer ?%0).

Similarly, no curative therapy is currently available for inflammatory bowel diseases (IBD),
and treatment strategies are aimed at inducing and maintaining remission. The therapeutic
goals extend beyond symptom control to include endoscopic healing, prevention of long-
term complications, and improvement in patients’ quality of life ). Pharmacological
management relies on several classes of drugs capable of modulating the dysregulated
immune response, including aminosalicylates, corticosteroids, immunomodulators, and
biological agents ?°?. However, treatment response is highly variable and often transient,

with loss of efficacy observed after an initial favorable outcome (233234235,

1.7.1 THERAPEUTIC APPROACHES IN AAG

Management of AAG primarily relies on lifelong vitamin Bi2 supplementation to correct
pernicious anemia and prevent neurological complications. Early intervention is crucial, as
delayed treatment may result in irreversible neuronal damage °. Iron-deficiency anemia
frequently coexists with B12 deficiency due to chronic mucosal inflammation and impaired
gastric secretion. Oral iron preparations are generally effective and well tolerated, whereas
intravenous formulations or transfusions are reserved for severe cases 237111,

Acid-suppressive therapy with proton pump inhibitors (PPIs) is commonly used to alleviate
dyspeptic symptoms but is generally inappropriate in AAG, as it may worsen hypochloridria
and exacerbate hypergastrinemia, thereby promoting enterochromaffin-like (ECL) cell
hyperplasia °%25), H2 receptor antagonists such as famotidine are considered safer
alternatives and may also exert anti-inflammatory effects. Adjunctive agents including
sucralfate and rebamipide can enhance mucosal protection by stimulating bicarbonate
secretion, prostaglandin synthesis, and tissue regeneration, while reducing oxidative stress
(260) Current research is focused on targeted strategies addressing the immunopathogenesis
of AAG. Conventional immunosuppressive agents, such as corticosteroids or azathioprine,
have shown limited efficacy and are unsuitable for long-term use 21262, Novel therapeutic
approaches aim to deliver locally acting anti-inflammatory molecules directly to the oxyntic
mucosa, thereby reducing inflammation and preventing progression to atrophy and intestinal
metaplasia ®*?). Advances in gastric stem cell biology suggest that regulating stem cells
differentiation and proliferation may contribute to mucosal regeneration and mitigate
neoplastic transformation (263-264),

At the molecular level, several proinflammatory cytokines, such as IL-6 TNF-a, INF-y, IL-
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13, IL-17, and eNAMPT, have been implicated in the immune-mediated destruction of
parietal cells. These mediators represent promising pharmacological targets for novel
immunomodulatory therapies, including monoclonal antibodies designed to inhibit key
cytokine pathways ('), Although no targeted biological treatments are currently available,
the development of cytokine- and cell-based interventions represents a major frontier in the

management of AAG.

1.7.2 THERAPEUTIC MANAGEMENT OF IBD

Therapeutic management of IBD generally follows either a step-up or top-down strategy.
The step-up approach begins with less aggressive agents such as aminosalicylates or
corticosteroids, escalating immunosuppressant, biologics, or small molecules in refractory
cases or to achieve steroid-free remission. Conversely, the top-down approach recommends
early administration of high-efficacy therapies in patients with poor prognostic indicators.
The therapeutic choice depends on disease severity, localization, subtype, prior response,
and clinical features such as age at onset, extent of intestinal involvement, and extraintestinal

manifestations (263:266.267.268) (Fig. 11).

Corticosteroids
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Biologics

Immunomodulators
(AZA or 6-MP or MTX)

5-ASA(oral and/or topical)(UConly)

AZA: azathioprine; 6-MP: mercaptopurine;
MTX: methotrexate; 5-ASA: aminosalicylates
Figure 11. Step-up and top-down therapeutic strategies in inflammatory bowel disease. The
diagram illustrates the hierarchical approach to medical and surgical management of inflammatory
bowel disease. The step-up strategy progresses upward from less aggressive to more intensive
therapies. In contrast, the top-down approach initiates treatment with more potent therapies earlier
in the disease course (Gill M. and Bryant R.V., 2019).
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Despite substantial advances, a considerable proportion of patients exhibit primary non-
response or secondary loss of response, necessitating new treatment options 32,

Emerging strategies, such as small molecule inhibitors, microbiota modulators, apheresis,
and cell-based therapies, aim not only to induce and maintain remission but also to achieve
mucosal healing by eliminating local inflammation and restoring epithelial integrity 32, In
severe complications or pharmacological failure, colectomy remains indicated, being
curative in UC but not in CD (77,

Aminosalicylates, including sulfasalazine and mesalazine (5-ASA), are first line anti-
inflammatory agents for mild to moderate UC. Their mechanisms involve inhibition of
cyclooxygenase and lipoxygenase pathways, scavenging of reactive oxygen species,
suppression of immune cells recruitment and cytokines production, and induction of
regulatory T cells via TGF-B 32269, Mesalazine is effective in both induction and
maintenance of remission ?727D and reduces colorectal cancer risk by up to 75% @72,
Sulfasalazine has comparable efficacy but greater toxicity ?’?. In CD, evidence for 5-ASA
efficacy is limited @7, though prolonged use may reduce healthcare utilization and
postoperative recurrence 74275,

Corticosteroids, such as budesonide, act via cytoplasmic glucocorticoid receptors that
translocate to the nucleus to repress pro-inflammatory and activate anti-inflammatory genes,
with additional membrane receptor effects 227", They are used to induce remission in
mesalazine-refractory UC or mild to moderate CD @7®, but not for maintenance due to
adverse effects including infections, metabolic disorders, and osteoporosis 27280,
Immunomodulators include thiopurines, methotrexate, and calcineurin inhibitors.
Thiopurines inhibit lymphocyte proliferation by interfering with DNA synthesis and Racl
activation ?®D); azathioprine reduces hospitalizations and surgeries in UC and CD but causes
myelosuppression and hepatotoxicity 282283, Methotrexate suppresses DNA synthesis and
cytokines release, inducing remission in up to 72% of CD patients ?®¥), though evidence in
UC is limited ©®%). Calcineurin inhibitors block NFAT activation and cytokines
transcription; cyclosporine A is effective in 80% of acute refractory UC cases 289, while
tacrolimus offers greater potency but variable outcomes and nephrotoxicity 87283,
Biological therapies have transformed IBD management. Anti-TNF-o monoclonal
antibodies (i.e. Infliximab, Adalimumab) inhibit TNF-mediated inflammation, reducing
hospitalization and surgery ?%%2°0, though 40% of patients are primary non-responders and

up to half lose response within one year ?°V. IL-12/23 inhibitors (i.e. Ustekinumab,

Risankizumab, Mirikizumab) block cytokine signaling via p40 or p19 subunits, attenuating
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(292,293)

intestinal inflammation Anti-integrin therapy (i.e. Vedolizumab) prevents

lymphocyte adhesion to intestinal mucosa by blocking a4p7-MAdCAM-1 binding, showing
excellent safety, even after anti-TNF failure (294295:296.297),

Small molecules, such as the JAK inhibitor Tofacitinib, modulate cytokine signaling and T-
cells activation and are effective in moderate to severe UC, including anti-TNF-resistant
cases (298:299)

Given the role of the gut microbiota in IBD, strategies such as antibiotics, prebiotics,
probiotics, synbiotics, and postbiotics are being explored (300-301,302.303304) ' Fecal microbiota
transplantation (FMT) restores microbial balance and achieves clinical remission in 33% of
UC and 52% of CD cases 3%, Additional innovations include apheresis, which removes
activated leukocytes 3%, and stem cell-based therapies, promoting mucosal regeneration
and barrier restoration 332,

Taken together, the therapeutic approaches to AAG and IBD reflect the current limitations
in fully understanding their pathogenesis. Ongoing research into targeted
immunomodulatory and regenerative strategies holds promise for more effective and
personalized treatments in the future. In this evolving landscape, extracellular Nicotinamide
phosphoribosyltrasferase (6eNAMPT), a proinflammatory cytokine that has emerged as a key
mediator of immune activation and tissue damage, finds its way. Its dual role in
inflammation and cellular metabolism positions eNAMPT as a promising novel therapeutic
target, with early studies demonstrating encouraging results in modulating disease activity

and restoring mucosal homeostasis.

1.8 THE PROTEIN NAMPT AND ITS DUAL IDENTITY

The protein Nicotinamide phosphoribosyltrasferase (NAMPT) has been described in
literature under three distinct names: Pre-B cell colony-enhancing factor (PBEF), Visfatin,
and NAMPT. It was first identified in 1994, following the isolation of its coding gene from
a cDNA library derived from human peripheral blood lymphocytes.

Due to its capacity to stimulate the formation of Pre-B cell colonies and to promote B cell
maturation in synergy with IL-7 and stem cell factor (SCF), the protein was initially termed
PBEF 07,

Subsequent studies revealed that the same protein functions as an insulin-mimetic adipokine
secreted predominantly by visceral adipose tissue, exhibiting the ability to bind the insulin

receptor at a site distinct from that of insulin itself G%). This discovery led to its alternative
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designation as Visfatin.

At present, NAMPT is the official nomenclature assigned to both the protein and its
corresponding gene, as recognized by the Human Genome Organization (HUGO), the Gene
Nomenclature Committee, and the Mouse Genomic Nomenclature Committee G99,

The gene encoding NAMPT is located on the long arm of chromosome 7, between regions
7q22.1 and 7q31.33. It comprises 11 exons and 10 introns (Fig. 12), with a coding sequence
of 2.357 base pairs (02319,

NAMPT gene
q22.3
Chromosome 7
GRCh38.p14 5’ ) ) ) ) ) ) ) 3
106,287 106,282 106,277 106,272 106,267 106,262 106,257 106,252 106,247 Kb
Exon 1 2 3 4 56 78 910 11
NM_005746.3 L1 1 Ll | | I I
5 11 L] | 1 T - 3
rs59744560, 5%
(8.106285832C>A) rs4730153, 44%

(8.106263704A>G)
rs977024, 13%

(8.106285885C>T)

rs2110385, 50%
(8.106289573T>G)

D - exons I - exons (translated region) n% - minor allele frequency (MAF) in the world population

Figure 12. NAMPT Gene. NAMPT gene structure, chromosome location, and variants (Ratajczak-
Pawlowska AE et al., 2025).

The NAMPT protein consists of 491 amino acids, has an estimated molecular mass of
approximately 52 kDa %), and exhibits a three-dimensional structure characterized by 19
B-strands and 13 a-helices organized into two distinct domains @'V, The crystal structure of
NAMPT, resolved through X-ray crystallography by Kim and colleagues (Fig. 13),
classified the enzyme as a member of the class II dimeric phosphoribosyltransferases G!1.

In its catalytically active form, NAMPT exists as a homodimer composed of two identical
monomeric subunits. Dimerization is essential for the proper assembly of the active site and,

consequently, for enzymatic activity ¢12).
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Figure 13. Crystal structure of human NAMPT. Structural representation of NAMPT in its
homodimeric state. The two identical monomeric subunits, depicted in orange and green, dimerize
to generate the functionally active enzyme (PDB:3DGR, Ho M et al., 2009).

Two major forms of NAMPT have been identified: the intracellular form (iNAMPT) and
the extracellular form (eNAMPT). Although these isoforms share the same amino acid
sequence, they differ in subcellular localization, regulatory control, and biological function.
iINAMPT is primarily localized in cytosol, but it can also be detected in the nucleus and

mitochondria 12,

Functionally, iNAMPT contributes to cell proliferation, energy
homeostasis, cell survival, and adaptive stress responses. Its enzymatic activity is modulated
by intracellular signaling pathways and is tightly coupled to cellular metabolic demands
G133 Conversely, eNAMPT is found in the extracellular compartment and is secreted by
adipocytes, immune cells, and other cell types, although the mechanism of secretion remains
a matter of debate G!9. Several functions have been attributed to eNAMPT, including its
proposed ability to activate insulin receptors and stimulate triglyceride accumulation in

adipocytes, thereby exerting an insulin-mimetic hypoglycemic effect G%). In addition,

eNAMPT plays a role in modulating inflammatory processes and immune responses !9,

1.8.1 INTRACELLULAR NAMPT (iNAMPT)

The expression of iINAMPT is ubiquitous across all human tissues, underscoring its

fundamental role in cellular physiology. Accumulating evidence demonstrates that INAMPT

36



is indispensable for organismal viability. Knockout iNAMPT mice exhibit embryonic
lethality, confirming the essential requirement of NAMPT for embryonic development and
survival G'7, Within mammalian cells, INAMPT constitutes the rate-limiting enzyme in the
nicotinamide adenine dinucleotide (NAD") salvage pathway, thereby governing
intracellular NAD" homeostasis. It catalyzes the reaction between phosphoribosyl
pyrophosphate (PRPP) and nicotinamide (NA) to form nicotinamide mononucleotide
(NMN) and pyrophosphate (PP), with NMN then further converted to NAD™ by the action
of Nicotinamide mononucleotide adenosyl transferase (NMNAT), which catalyzes the

condensation of NMN and ATP G'® (Fig. 14).
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Figure 14. iNAMPT involvement in NAD" salvage pathway. iNAMPT mediates the formation of
Nicotinamide mononucleotide (NMN) and pyrophosphate (PP) starting from phosphoribosyl
pyrophosphate (PRPP) and nicotinamide (NA) in an ATP dependent manner (Siyuan T. et al., 2023).

Through this function, iNAMPT exerts a central regulatory role in multiple NAD*-
dependent biological processes, including energy metabolism, cell proliferation, apoptosis,
cellular senescence, and aging, as well as in the activity of several NAD"-consuming
enzymes such as sirtuins (SIRTs), poly (ADP-ribose) polymerases (PARPs), and ADP-
ribosyl cyclases (CADPRs) G19:319),

Given its widespread expression, NAMPT contributes critically to both physiological
homeostasis and pathophysiology of numerous disorders. However, the degree of tissue
dependence on iNAMPT activity is modulated by the relative efficiency of alternative NAD™*
biosynthetic routes, such as those mediated by nicotinic acid phosphoribosyltrasferase
(NAPRT) and nicotinamide riboside kinase (NRK) pathways ¢29. Importantly, iNAMPT
has been implicated in the molecular mechanisms of aging and senescence. Numerous

studies have documented an age-associated decline in NAD™ levels across multiple tissues,
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including skeletal muscles, pancreas, liver, and white adipose tissue. A similar reduction in
intracellular NAD" content has been observed in human cells @2V, This phenomenon appears
to arise from alterations in NAD" biosynthetic pathways, with compelling evidence

indicating a progressive decrease in NAMPT expression during aging 2%,

1.8.2 EXTRACELLULAR NAMPT (eNAMPT)

Extracellular NAMPT is a multifunctional protein that acts as an adipokine, a pro-
angiogenic factor, and a pro-inflammatory cytokine. Unlike its intracellular isoform, the
biological effects of eNAMPT are primarily non-enzymatic and influence multiple
physiological and pathological processes.

eNAMPT has been detected in human circulation, as well as in feces and various other
biological fluids, including cerebrospinal fluid, saliva, synovial fluid, and seminal plasma.
Initially described as an adipokine regulating systemic metabolism, eNAMPT is secreted by
visceral, subcutaneous, and epicardial adipose tissues. Early studies suggested that
eNAMPT could lower blood glucose levels through direct activation of the insulin receptor,
though these findings were later retracted due to limited reproducibility 3%, Subsequent
research has only partially confirmed the insulin-mimetic effects of eNAMPT, leaving its
precise role in insulin signaling an open question ¢23).

Independent of insulin signaling, eNAMPT contributes to pancreatic B-cell viability and
metabolic functionality, protecting these cells from lipotoxic apoptosis induced by free fatty
acids and maintaining insulin secretion in response to glucose. This effect is largely
dependent on eNAMPT enzymatic activity, rather than direct receptor-mediated signaling
(324,325 Thus, eNAMPT plays a critical role in glucose homeostasis and endocrine pancreas
function, linking extracellular signals to intracellular metabolic pathways.

In addition to its metabolic functions, eNAMPT exerts pro-angiogenic effects, promoting
endothelial cell proliferation, migration, and tubular network formation. These activities are
mediated through the MAPK and PI3K/AKT/mTOR signaling pathways, which enhance
VEGF expression and secretion as well as VEGFR-2 upregulation in endothelial and
epithelial cells. eNAMPT also stimulates the release of pro-angiogenic mediators such as
IL-6, CXCLS, FGF2, and MCP-1, and contributes to extracellular matrix remodeling via
upregulation of metalloproteinases, facilitating vascular growth and tissue repair 26327
328329) Beyond angiogenesis, eNAMPT functions as a pro-inflammatory cytokine and

damage-associated molecular pattern (DAMP). It activates NF-kB, MAPK, and STAT3
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signaling pathways, leading to increased production of cytokines (IL-18, IL-6, CXCLS, IL-
10, TNF-a) and chemokines (CCL2, CCL3, CCL18, CCL20). eNAMPT also acts as a
chemoattractant, promoting the recruitment, migration, proliferation, and differentiation of
monocytes, B lymphocytes, and neutrophils, and regulates macrophage polarization toward
M1 or M2 phenotypes depending on the tissue microenvironment 30316330 Tn human
monocytes, eNAMPT enhances the expression of co-stimulatory molecules (CD40, CD54,
CD80), increasing phagocytic capacity, while in macrophages it promotes cell survival via
STATS3 activation and inhibition of ER stress-induced apoptosis 332333,

eNAMPT also contributes to vascular inflammation by upregulating ICAM-1 and VCAM-
1 in endothelial cells, facilitating leukocyte adhesion, and activating the NLRP3
inflammasome, resulting in IL-1p release ¢3433%, Importantly, these pro-inflammatory and
pro-angiogenic effects (Fig. 15) are independent of eNAMPT enzymatic activity and
dimerization 36333 Clinically, elevated eNAMPT levels have been associated with a wide
range of pathological conditions, including metabolic disorders (obesity, diabetes),
cardiovascular diseases (atherosclerosis), chronic inflammatory conditions (osteoarthritis,
rheumatoid arthritis, IBD), and cancer. These findings underscore the multifactorial role of
eNAMPT in disease pathogenesis and support its potential as both a biomarker and a

therapeutic target.
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Figure 15. Functional roles of eNAMPT. eNAMPT is released by most of cell types and exerts
multifunctional effects in the extracellular environment, acting as an adipokine, a pro-angiogenic
factor, and a pro-inflammatory cytokine/DAMP. It can activate downstream intracellular pathways
by stimulating a subsequent release of other cytokines (Grolla A et al., 2016).
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1.8.3 MECHANISMS REGULATING eNAMPT SECRETION AND MODE OF ACTION

Despite the growing understanding of NAMPT intracellular functions, much remains
unclear regarding its mechanism of action in the extracellular space. The complexity of its
regulation, combined with the absence of classical secretion signals and the diversity of its
biological effects, suggests that eNAMPT operates through unconventional and cell-type
specific pathways. Unraveling these mechanisms is essential to fully comprehend the

multifaceted role of NAMPT in health and disease.

1.8.3.1 eNAMPT SECRETION

To date, the mechanism underlying NAMPT secretion into the extracellular environment
remains only partially elucidated. Initially, it was hypothesized that the release of NAMPT
occurred as a passive consequence of cell lysis or death, given that the protein lacks both a
signal peptide sequence and caspase-1 cleavage sites 337,

However, subsequent studies refuted this assumption, demonstrating that although
eNAMPT levels may increase following such events, its release is in fact a highly regulated
and cell type-specific active process ©2. Supporting the notion that NAMPT is secreted
through a non-classical pathway, its extracellular release has been shown to be insensitive
to ER-Golgi transport inhibitors such as brefeldin A and monensin ¢2333%),

The potential involvement of lysosomal trafficking has also been investigated, as exposure
to chloroquine increases extracellular NAMPT levels; nevertheless, alternative mechanisms
such as exosome- or macrovesicle-mediated release appear to contribute only marginally to
the overall process 333 Moreover, metabolic and nutritional stress conditions have been
shown to significantly influence eNAMPT secretion. Stressful stimuli such as ischemia 339,
oxygen-glucose deprivation (OGD) @49 and hypoxia ¢3® markedly increase eNAMPT
release from neurons, glial cells, and melanoma cells. Similarly, oxidative stress and
endoplasmic reticulum stress have been associated with enhanced NAMPT secretion G41:342),
Also, inflammatory stimuli have been identified as potent inducers of eNAMPT release.
Treatment of activated monocytes with lipopolysaccharide (LPS) and ATP resulted in a
robust increase in extracellular NAMPT levels G4D. Similar results have been observed in
leukocytes exposed to LPS, in amniotic epithelial cells treated with TNF-o. ¢4, and in
cardiomyocytes stimulated with IL-1p G4,

More recently, attention has turned to the role of post-translational modifications in the

regulation of NAMPT secretion.
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In 2013, Pillai and colleagues demonstrated that treatment with histone deacetylase

inhibitors (e.g., trichostatin A) suppresses NAMPT secretion, suggesting that deacetylation

represents a critical regulatory event in eNAMPT release 4. Subsequent studies confirmed

that SIRT1-mediated deacetylation of lysine 53 is essential for the export of NAMPT from

the intracellular to the extracellular compartment 349,

Cell type
Adipocytes ® 3T3-L1 adipocytes
* SGBS adipocytes

 Adipocytes derived
from healthy donors

 HIB-1B adipocytes
Immune cells e LPS-activated monocytes

* Macrophages in
visceral adipose tissue

® Leucocytes

e Peripheral blood lymphocytes
® PC12 cells

® Primary neurons

Brain cells

e Primary glial cells

Cancer cells * Hepatoma cells (HepG2, Huh-7)

e Colorectal cancer
cells (HCT-116, LS180)

® Breast cancer cells
(MCF10A, MCF7, T47D, MDA-MB-231,
BT549, MDA-MB-468)

* Melanoma cells (B16, MeWo,
HMCB, SkMel28, LB24)

¢ Neuroblastoma and glioma cells
(SH-SY5Y, SK-N-Be, U87)

* Mesothelioma (MSTO)
¢ Prostate cancer cells (DU-145)
e Cervical cancer cells (HeLa)

¢ Chronic lymphocytic
leukemia lymphocytes

* Fibroblast (COS-7, PA317, CHO)
e Amniotic epithelial cells
¢ Inflamed HUVECs

¢ Neonatal rat cardiomyocytes

Other cells

* Pancreatic beta cells
¢ |solated human islets
® Sebocytes

* Melanocytes

Modulation of eNAMPT release

Increased by Ox-LDL,
CTRP3, glucose, rosiglitazone,
adipocyte differentiation

Decreased by insulin,
PI3K and AKT
inhibitors, quercetin

Increased by ATP, LPS

Increased by CoCl,, ischaemia, OGD

Increased by anti-CD38
and differentiation in CCL,
oxidative stress (H,0,), hypoxia

Increased by LPS, TNF-a,
IL-1, starvation and
oxidative stress (H20>),
differentiation, glucose,
C-peptide

Reference

(Fukuhara et al., 2005)

(Tanaka et al., 2007)

(Chen et al., 2013)

(Derdemezis et al., 2011)

(Li et al., 2014a)

(Haider et al., 20064, b)

(Haider et al., 2006b)

(Revollo et al., 2007)

(Schilling and Hauschildt, 2012)
(Curat et al., 2006)

(Friebe et al., 2011)

(Samal et al., 1994)

(Kang et al., 2011)

(Jing et al., 2014)

(Zhao et al., 2014)

(Samal et al., 1994)

(Garten et al., 2010)

(Soncini et al., 2014)
(Ghaemmaghami et al., 2013)

(Audrito et al., 2015)

(Lin et al.,, 2015)

(Grolla et al., 2015)

(Samal et al., 1994; Jia et al., 2004)
(Ognjanovic et al., 2005)
(Romacho et al., 2013)

(Pillai et al., 2013)

(Revollo et al., 2007)

(Kover et al., 2013)

(Kovacs et al., 2016)

(Grolla et al., 2015)

PubMed was used to retrieve the evidence using ‘visfatin’ or ‘PBEF’ as a search string. Only cultured cell lines were considered for this table.

Table 1. Modulation of eNAMPT release in different cell types. This table summarizes the cell
types reported to release eNAMPT and the stimuli or conditions that modulate its secretion (Grolla

A etal., 2016).
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1.8.3.2 eNAMPT POST-TRANSLATIONAL MODIFICATIONS

Post-translational modifications (PTMs) represent a fundamental regulatory layer in protein
biology, occurring after translocation to modulate protein stability, localization, activity, and
interactions. Through chemical alterations such as phosphorylation, acetylation,
ubiquitination, and glycosylation, PTMs enable dynamic and context-dependent control of
cellular processes. These modifications are crucial for fine-tuning protein function in
response to physiological and environmental changes, thereby playing a central role in
maintaining cellular homeostasis and signaling fidelity.

Current knowledge regarding the post-translational modifications of NAMPT remains
limited. Nevertheless, several predicted modifications, such as phosphorylation,
ubiquitination, and acetylation at specific amino acid residues identified through
bioinformatic approaches, are thought to play key regulatory roles in the protein’s activity,
localization, stability, and expression 343 (Table 2). Among the experimentally confirmed
PTMs, two modifications have been functionally characterized: phosphorylation at histidine
247 (H247) and deacetylation at lysine 53 (K53). The SIRT1-mediated deacetylation of K53
has been shown to promote NAMPT expression and the secretion of its extracellular form

in adipocytes (49,

PTM RESIDUE Enzyme FUNCTIONAL REFERENCE
(where known) EFFECT
Phosphorylation Ser 199 AMPK, MAPKs Enzymatic activity Revollo et al.,
Ser 301 (putative) and NAD* 2007; Garten et al.,
Ser 380 biosynthesis, 2015; Kim et al.,
His 247 subcellular 2015; Burgos et al.,
localization, 2009
secretion
Acetylation/ Lys53 P300/CBP Catalytic efficiency Revollo et al.,
Deacetylation Lys393 SIRT1 2004; Yoshino et

al., 2011; Imai and
Yoshino, 2013

Ubiquitination - E3 ubiquitin ligases Proteasomal Garten et al., 2015;
(uspecified) degradation Zhao et al., 2019
SUMOylation Predicetd lysine SUMO E3 ligases Subcellular Wang et al., 2018;
residues localization Zhao et al., 2019
Glycosylation Predicted Asn - Secretion and Audrito et al.,
motifs stability 2015; Grolla et al.,
2015

S-Nitrosylation /
Oxidation

Reactive cysteine
residues

Nitric oxide donors,
ROS

Alters enzymatic
conformation

Romacho et al.,
2013; Garten et al.,
2015

PubMed was used to retrieve the evidence using ‘NAMPT’, ‘visfatin’ or ‘PBEF’ as a search string.

Table 2. Known PTMs of NAMPT. This table summarizes the known post-translational
modifications of NAMPT identified in mammalian systems, highlighting their regulatory enzymes,
target residues, and functional consequences.
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Supporting these findings, inhibition of histone deacetylases or sirtuins in cardiomyocytes
results in reduced intracellular NAMPT levels and a complete blockade of stress-induced
eNAMPT release 49, Phosphorylation at H247 has been associated with NAMPT’s ATPase
activity, which adds to its canonical phosphoribosyltrasferase function. This modification
leads to a substantial increase in catalytic efficiency and substrate affinity, enhancing
NAMPT’s ability to convert NAM and PRPP into NMN 47 Mutagenesis studies have
confirmed the essential role of H247, as its substitution markedly reduces enzymatic activity
(13 Structural analyses further indicate that phosphorylation at this site promotes a
conformational rearrangement that strengthens dimer interaction and increases the enzyme’s
affinity for PRPP, a prerequisite for efficient NAM binding (343349,

Collectively, these findings suggest that NAMPT activity and secretion are finely modulated

by specific PTMs, which serve as critical molecular switches linking its intracellular

enzymatic role to its extracellular signaling functions.

1.8.3.3 eNAMPT PUTATIVE RECEPTORS

The mechanisms regulating the release of extracellular NAMPT are intricately linked to its
diverse biological functions. As previously discussed, eNAMPT secretion is a tightly
controlled, cell type-specific, and non-classical process, modulated by PTMs and various
stress, nutritional or inflammatory stimuli. However, a key unresolved question concerns
how eNAMPT exerts its biological effects once secreted. It remains uncertain whether these
effects arise from a residual extracellular enzymatic activity or from direct interactions with
specific membrane receptors. Given the low extracellular concentrations of NAD*
precursors and the rapid activation of intracellular signaling cascades such as ERK, STAT3,
and NF-kB following eNAMPT exposure, the most plausible hypothesis is that eNAMPT
functions primarily as a cytokine-like ligand binding to cell surface receptors 0.

To date, two potential membrane receptors for eNAMPT have been proposed: the C-C
chemokine receptor type 5 (CCRS) and the Toll-like receptor (TLR4).

The first evidence of a direct interaction between eNAMPT and CCRS was provided by Van
der Bergh et al. in 2012 through surface plasmon resonance (SPR) analysis. Subsequent
studies confirmed this interaction, revealing a structural similarity between eNAMPT and
CCL7, a known CCRS ligand, and suggesting that eNAMPT may function as a CCR5
antagonist 3>V, Nevertheless, the involvement of CCRS5 as a biologically relevant receptor

for eNAMPT remains controversial, as pharmacological inhibition of CCRS with maraviroc
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does not completely abolish eNAMPT-induced cellular effects @3, In parallel, a possible
interaction between eNAMPT and TLR4 has been proposed, mediating NF-kB pathway
activation 332, Supporting this hypothesis, computational analyses revealed a high degree
of sequence homology between eNAMPT and MD-2, a known TLR4 ligand in the presence
of LPS. Unlike MD-2, however, eNAMPT can directly activate TLR4 even in the absence
of bacterial infection or cofactors ¢32). Further evidence from Manag0 et al., in 2019,
demonstrated that silencing of TLR4 markedly reduced eNAMPT-induced NF-kB
activation, confirming the receptor’s functional involvement. Site-directed mutagenesis
identified two regions within the N-terminal domain of eNAMPT (B1-2 loop: aa 41-52, al-
a2 loop: aa 68-77) as critical for receptor binding. This finding was later corroborated by
Kim et al., in 2022, who identified an additional interaction site (aa 57-65) within a leucine-
rich domain of TLR4 and a potential C-terminal binding site (aa 445-457).

Nevertheless, Colombo et al. have demonstrated that eNAMPT can boost INF-y macrophage
polarization even in the absence of TLR4 33D,

Despite these advances, the identity of biologically relevant eNAMPT receptors remains to
be fully established. Recent protein-protein interaction analyses suggest that eNAMPT may
engage with multiple surface receptors, extending beyond CCR5 and TLR4 G353,

Together, these finding highlight the dualistic nature of NAMPT: intracellularly, it functions
as a key enzymatic regulator of NAD" biosynthesis, while extracellularly, it acts as a
pleiotropic signaling molecule, modulating processes such as inflammation, angiogenesis,

and metabolic regulation through receptor-mediated mechanisms.

1.8.4 eNAMPT INVOLVEMENT IN AAG AND IBD

Given its multifaceted biological roles, numerous chronic and metabolic diseases show
increased expression of extracellular NAMPT, including rheumatoid arthritis, osteoarthritis,
COPD, diabetes, obesity, atherosclerosis, inflammatory bowel diseases (BD), acute
respiratory distress syndrome (ARDS), lupus vasculitis, pulmonary hypertension, and
hepatic fibrosis $233%, In addition, in 2022, Lenti et al. demonstrated that NAMPT
transcripts were significantly elevated in AAG patients compared with healthy controls,
suggesting its potential as both biomarker and a therapeutic target.

To date, AAG remains an important unmet medical need, owing to the lack of targeted
biological therapies addressing the underlying disease pathogenesis. In recent years, it has

been hypothesized that certain pro-inflammatory cytokines, which play a pivotal role in the
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progression of AAG, such as eNAMPT, may represent a potential pharmacological target
for the development of future immunomodulatory treatments.

Among the various inflammatory conditions involving the extracellular form of NAMPT,
chronic inflammatory bowel diseases represent one of the pathological contexts in which its
contribution appears particularly relevant. Recent experimental and clinical evidence had
highlighted an active role of eNAMPT in the pathogenesis of these disorders, identifying it
as a key mediator of the pro-inflammatory cascade.

In particular, prior to my involvement with the group, our research team demonstrated that,
in chemically induced murine models of colitis, administration of recombinant eNAMPT
exacerbates intestinal pathology by promoting colonic inflammation. It has been
demonstrated that this process is associated with increased expression of pro-inflammatory
cytokines such as TNF-a and IL-1f and degradation of IkB-a, indicating activation of the
NF-kB signaling pathway 39,

Supporting these findings, the group has developed C269, a murine monoclonal antibody
capable of neutralizing eNAMPT without affecting intracellular levels. Treatment with
C269 in mice with colitis resulted in reduced inflammation in both acute and chronic models,
accompanied by decreased colonic infiltration of pro-inflammatory monocytes and
neutrophils, reduced activation of pathogenic Thl cells and cytotoxic T lymphocytes, and
diminished production of effector cytokines, including TNF, IL-1, IL-6, IL-17A, IL-23, and
IFN-y 339, Preclinical data are consistent with clinic observation showing that patients with
IBD display elevated circulating levels of eNAMPT, which correlate with adverse disease
outcomes. Specifically, in Crohn’s disease, serum eNAMPT concentrations are elevated
regardless of disease activity, whereas in ulcerative colitis, levels increase significantly only
during active disease (32339 As observed in other inflammatory disorders, a positive
correlation has also been reported between eNAMPT levels and classical inflammatory
markers such as IL-6, platelet count, and ESR 36357,

Furthermore, in IBD, eNAMPT has emerged as a potential predictive and diagnostic
biomarker; its serum concentration markedly decreases in patients responding to anti-TNF-
o therapy, whereas it remains elevated in non-responders ®°®. Notably, eNAMPT levels
have also been shown to predict, with high sensitivity and specificity, relapse in active

ulcerative colitis 337,
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1.9 CURRENT AND EMERGING NAMPT-TARGETED THERAPIES

For all the reasons outlined above, eNAMPT has been extensively investigated for its
involvement in the pathophysiology of chronic and metabolic disorders. Numerous
strategies have been employed to inhibit NAMPT activity, aiming to modulate its role in
inflammation and metabolic regulation. Small-molecule inhibitors and neutralizing
monoclonal antibodies, along with more recent approaches such as PROTACSs and antisense
oligonucleotides, represent the most studied strategies to target NAMPT. Nonetheless, their
long-term effects, particularly in chronic inflammatory conditions like intestinal diseases,
remain unclear, making it essential to evaluate both sustained efficacy and the potential for

adverse effects during prolonged treatment.

1.9.1 NAMPT INHIBITORS

Over the past decades, growing interest in NAMPT has driven the development of inhibitors
primarily targeting its intracellular form, investigated for their antitumor potential as well as

(359.325.350)  Prominent

their immunomodulatory and anti-inflammatory properties
compounds in this class include F866, CHS828, GNE617, and OT-82.

FK866, also known as APO866, was the first high-affinity NAMPT inhibitor developed ¢,
Despite promising preclinical results, it showed limited clinical efficacy as an antitumor
agent and significant myelotoxicity, with dose-limiting thrombocytopenia 3¢-362), Similar
adverse effects, including potential retinal and cardiac toxicity, have been reported for other
inhibitors in this class 363369,

CHS828, also known as GMX-1778, initially identified as a cytotoxic agent *%%, also failed
in clinical trials due to minimal therapeutic benefit and severe adverse events, such as
diarrhea, vomiting, thrombosis, and myelotoxicity (366367,

GNEG617, an imidazopyridine derivative, exhibited poor water solubility, inhibitory activity
against CYP2C9, and formation of toxic metabolites. Targeted structural modifications,
including reduced aromaticity and removal of specific substituents, improved its ADMET
properties G6%),

OT-82, selected via screening in hematopoietic cells, shows high selectivity and promising
cytotoxicity. In animal models, it demonstrates good tolerability, with toxicity largely
restricted to hematopoietic and lymphoid tissues, and no detectable cardiac, neurological or

retinal effects %9, OT-82 is currently undergoing Phase 1 clinical trials and represents a

promising therapeutic approach for certain hematologic malignancies, including acute
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myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL).
The resolution of the FK866-NAMPT crystal structure, revealing a narrow, elongated active
site formed by head-to-tail dimerization of two protein subunits, enabled the identification

of key structural features for effective interaction with NAMPT (Fig. 16).

Figure 16. Crystal structure analysis of NAMPT in complex with FK866. Overall view of the
dimeric NAMPT structure (shown in cyan and yellow) bound to the inhibitor FK866 (in orange).
The inset panels highlight detailed interactions between FK866 and key amino acid residues within
the binding pocket. Structural visualization emphasizes the spatial arrangement of critical residues
contributing to ligand recognition and binding affinity (Zhang et al., 2017).

This led to a common pharmacophore model guiding rational inhibitor design, consisting of
four elements: a head group, typically a pyridine ring or heterocyclic analogue, mimicking
nicotinamide and interacting via w and hydrogen bonds; a linker unit, such as an amide or
hydrogen-bond acceptor, stabilizing the interaction; a hydrophobic linker, including
aromatic or aliphatic chains, spanning the catalytic pocket and engaging nonpolar regions;
and a tail group, oriented toward the solvent-exposed region, modifiable to enhance
metabolic stability and cellular permeability, ensuring selective targeting of intracellular

NAMPT (Fig. 17)370:371372),
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NAM Spacer ; ] Solvent-Exposed
Mimic Group Tunnel Binder Moiety

Figure 17. NAMPT inhibitors pharmacophore. The pharmacophore consists of four key elements:
a head group (NAM Mimic), a linker unit (Spacer Group), a hydrophobic linker (Tunnel Binder),
and a tail group (Solvent-Exposed Moiety) (Sampath D. et al., 2015).

Using these pharmacophoric elements, increasingly selective and potent NAMPT inhibitors
with improved ADMET properties have been developed. These can be classified into three
categories: (1) molecules adhering to the pharmacophore model, (ii) structurally alternative
molecules, and (iii) hybrid compounds combining NAMPT inhibition with additional
pharmacological effects 3.

Despite the substantial advances achieved, a significant limitation remains the limited
specificity of these compounds. They exert their activity indiscriminately across different
tissues, thereby interfering with NAMPT function also in healthy cells, which may result in
systemic toxicity G7*374375) Moreover, these inhibitors have been shown to predominantly
target the intracellular isoform, iNAMPT, whereas accumulating evidence indicates that,
particularly in inflammation and oncological settings, selective inhibition of the

extracellular isoform, eNAMPT, would be more advantageous G73).

1.9.2 EMERGING APPROACHES

In recent years, novel therapeutic strategies have emerged with the aim of selectively
modulating NAMPT activity without compromising the physiological functions of the
organism. Among these, one of the most innovative approaches is represented by the
PROTAC (Proteolysis Targeting Chimera) technology, which enables the targeted
degradation of the intracellular form of NAMPT through induced proteolysis ©¢7®. The
reduction of iNAMPT levels results in a concomitant decrease of the extracellular form,
suggesting that PROTAC molecules may simultaneously inhibit both the intracellular
enzymatic and extracellular non-enzymatic activities of NAMPT.

Preliminary in vitro and in vivo studies have reported promising results G77:379),

demonstrating superior antitumor efficacy compared with the classical inhibitor FK866.
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In addition, these molecules were shown to suppress pro-inflammatory signaling pathways
such as NK-kB and MAPK/ERK1/2, which are involved in the DAMP-related functions of
eNAMPT G77, Overall, PROTAC-based degraders represent a promising new generation of
molecules capable of overcoming some of the limitations associated with traditional
enzymatic inhibitors.

In parallel, antisense oligonucleotides (ASOs) have been developed to block NAMPT
synthesis at the transcription level, offering another means of reducing protein expression
(348) This approach holds potential for achieving a fine-tuned downregulation of NAMPT,
although its application remains in the early experimental stages.

To further minimize the systemic side effects associated with iNAMPT inhibition,
triazolopyridine-based compounds have also been designed. These molecules possess a
highly hydrophilic triazole moiety that prevents cellular entry, thereby increasing selectivity
for the extracellular form ©72. This structural modification allows for the preferential
targeting of the extracellular protein, potentially mitigating the cytotoxicity observed with

pan-NAMPT inhibitors.

1.9.3 MONOCLONAL ANTIBODY-BASED APPROACHES

Building on the limitations of small-molecule inhibitors, whose lack of selectivity often
results in systemic toxicity; recent research efforts have shifted toward biologic therapies
aimed at specifically targeting the extracellular form of NAMPT. In this context,
monoclonal antibodies have emerged as a promising class of agents capable of selectively
neutralizing eNAMPT while preserving intracellular NAMPT activity.

Given that the pathogenic functions of NAMPT are largely independent of its enzymatic
activity, therapeutic strategies targeting the intracellular enzyme have shown limited effect
in counteracting its extracellular effects. Monoclonal antibodies (mAbs) therefore represent
a more suitable therapeutic option, as they can specifically neutralize extracellular mediators
(323)_ Starting from this, several research groups, our group included, have investigated this
approach through preclinical studies conducted both in vitro and in vivo, reporting promising
results. Among the neutralizing antibodies developed so far, the murine clone C269
demonstrated significant efficacy in chemically induced models of acute and chronic colitis.
Treatment with C269 effectively reduced intestinal inflammation by suppressing the
expression of inflammatory mediators such as TNF-o, IL-1B3, IL-6, and IL-8, without

affecting the enzymatic activity of the protein 33,
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Among the most advanced and promising candidates is ALT-100, a humanized IgG4
monoclonal antibody developed by Dr. Joe G.N. Garcia and collaborators at Aqualung
Therapeutics®. ALT-100 was designed to selectively inhibit the interaction between
eNAMPT and its proposed receptor TLR4, thereby preventing the activation of the NK-kB-
dependent inflammatory cascade ©7. Due to its cross-reactivity with NAMPT from
multiple mammalian species, ALT-100 has been widely employed in in vivo studies across
different animal models. Preclinical data have demonstrated that ALT-100 exerts broad anti-
inflammatory and anti-fibrotic effects, effectively reducing disease severity in several
pathological contexts. These include acute lung injury in mice and swine ®3%3D_ pulmonary
hypertension in rats %), radiation-induced pulmonary fibrosis ®%), and myocardial
infarction, where the antibody mitigated chronic inflammation and cardiac fibrosis,
improving ventricular function ®39. Moreover, in a preclinical prostate cancer model, ALT-
100 was shown to reduce tumor cell proliferation, invasiveness, and metastatic potential by
inhibiting the eNAMPT/TLR4/NF-kB signaling axis 38

The safety and pharmacokinetic profiles of ALT-100 have been evaluated in a Phase 1
clinical study on health volunteers 3. The antibody was well tolerated at all administered
doses, with no treatment-related serious adverse events or clinically significant changes in
vital signs or laboratory parameters. Mild or moderate side effects resolved spontaneously
without clinical sequelae. Pharmacokinetic analyses revealed a dose-dependent half-life of
up to 27 days, indicating sustained systemic exposure.

Currently, ALT-100 is undergoing Phase 2A clinical trials for the treatment of moderate to
severe acute respiratory distress syndrome (ARDS) and ventilator-induced lung injury
(VILI), with the goal of reducing the duration of mechanical ventilation and improving

clinical outcomes @89,

Importantly, this therapeutic approach differs from conventional anti-
cytokine therapies (e.g., anti-TNF-a, anti-IL-1f) by targeting eNAMPT upstream, thereby
potentially preventing the onset of the so-called “cytokine storm”. Through this mechanism,
ALT-100 aims to control uncontrolled inflammation and progressive fibrosis in severe
inflammatory diseases.

In conclusion, monoclonal antibodies targeting eNAMPT represent a promising therapeutic
innovation capable of overcoming the limitations of traditional NAMPT inhibitors. By
specifically neutralizing the extracellular form, these agents open new avenues for the

treatment of inflammatory and fibrotic diseases in which eNAMPT plays a pivotal role, as

are AAG and IBD.
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2. AIMS

Nicotinamide phosphoribosyltrasferase (NAMPT) is a pleiotropic protein expressed in all
cells of the body. In mammals, it exists in two distinct forms: the intracellular form
(iINAMPT) and the extracellular form (eNAMPT). iNAMPT functions as a rate-limiting
enzyme in the NAD" salvage pathway, catalyzing the conversion of nicotinamide into
nicotinamide mononucleotide (NMN), a reaction essential for maintaining cellular energy
homeostasis. In contrast, eNAMPT acts as a pro-inflammatory cytokine, and its
dysregulated expression has been implicated in a wide range of inflammatory disorders.

In autoimmune atrophic gastritis (AAG), a chronic immune-mediated condition
characterized by the destruction of gastric parietal cells, eNAMPT is emerging as a key
mediator of inflammation. Parietal cell loss reduces gastric acid and intrinsic factor
production, impairing micronutrient absorption, and weakening the gastric barrier.
Understanding the role of eNAMPT in driving gastric inflammation, as well as its effect on
fibroblast activity and extracellular matrix remodeling is crucial, particularly given the
absence of effective therapies and the risk of progression to gastric neuroendocrine tumors
or adenocarcinoma.

Through a productive collaboration with Dr. Di Sabatino, from Policlinico San Matteo,
gastric biopsy samples were obtained from both patients and healthy individuals. Fibroblasts
were subsequently isolated from these samples and analyzed to provide deeper insight into
eNAMPT’s role in AAG.

In addition to AAG, eNAMPT has been implicated in chronic inflammatory bowel diseases
(IBD), including Crohn’s disease and ulcerative colitis. Elevated eNAMPT levels have been
detected in the blood and feces of patients, and circulating levels correlate with disease
severity and response to conventional therapies. Although the precise molecular
mechanisms remain incompletely understood, eNAMPT is believed to contribute to
intestinal inflammation and systemic immune modulation, highlighting its potential as a
therapeutic target in IBD. Preclinical murine models, including DSS- and DNBS-
chemically induced UC and CD, combined with recombinant eNAMPT administration, have
been used to assess the effects of eNAMPT on disease progression and severity.
Furthermore, trying to unravel eNAMPT molecular mechanisms at the base of IBD
progression, it has been shown that eNAMPT can influence hematopoietic cells
differentiation and maturation. Ex vivo studies on bone-marrow-derived cells allow the

investigation of how eNAMPT modulates hematopoietic processes during inflammation,
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providing insight into systemic effects beyond the local tissue environment. Understanding
these effects is crucial for elucidating the full spectrum of eNAMPT-mediated immune
regulation in chronic inflammatory diseases.

PTMs, particularly phosphorylation, provide an additional layer of regulation for NAMPT
activity, influencing protein function, enzymatic activity, subcellular localization, secretion,
and protein-protein interactions. While some modifications, such as histidine 247
autophosphorylation and lysine 53 deacetylation, have been described, many
phosphorylation sites remain unexplored. Characterizing these modifications will provide
critical insight into the regulation of eNAMPT activity and its function as an extracellular
cytokine in inflammatory conditions.

Finally, this thesis evaluates the therapeutic potential of ALT-100, a humanized monoclonal
antibody that neutralizes eNAMPT. Using preclinical models of DNBS-induced Crohn’s
disease and DSS-induced colitis, the efficacy of ALT-100 is assessed in reversing disease
phenotypes and reducing inflammation. Developed by Dr. Joe G.N. Garcia (Aqualung
Therapeutics®) and currently in Phase 2A for ARDS treatment, ALT-100 represents a
promising candidate for targeted therapy in chronic immune mediated gastrointestinal
disorders.

Collectively, this thesis aims to provide: (i) a comprehensive understanding of eNAMPT’s
contribution to AAG and IBD pathogenesis, (ii) elucidate the molecular regulation of
NAMPT through phosphorylation, (iii) characterize its effects on hematopoietic cells, and
(iv) evaluate the therapeutic potential of ALT-100, ultimately advancing strategies for the

treatment of chronic immune-mediated gastrointestinal diseases.
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3. MATERIALS AND METHODS

This chapter describes the experimental approaches and methodological strategies employed
throughout the present doctoral research. In the first part, attention is focused on the
procedures, models, and analytical techniques used to investigate the pathophysiological
mechanisms underlying Autoimmune Atrophic Gastritis. In the second part, the
experimental methods used to assess the role of eNAMPT in the progression of
Inflammatory Bowel Disease are illustrated, together with the techniques employed to
evaluate its effect on hematopoietic stem cells and the therapeutic potential of the ALT-100
monoclonal antibody. Finally, the methodological approaches applied to investigate how
NAMPT phosphorylation influences protein localization, enzymatic activity, oligomeric
state, and receptor interaction are presented. Collectively, these sections provide a
comprehensive overview of the experimental design, ensuring clarity, reproducibility, and

contextual understanding of the results discussed in subsequent chapter.

3.1 EXPERIMENTAL APPROACHES IN THE STUDY OF AAG

3.1.1 RNA EXTRACTION FROM GASTRIC BIOPSIES AND FIBROBLASTS

Biopsies, generously provided by Prof. Di Sabatino’s group, were sonicated, and total RNA
was extracted using the RNeasy Mini Kit (QIAGEN®, Cat.No. 74106) according to the
manufacturer’s protocol. Cells were lysed in Buffer RLT supplemented with 1% -
mercaptoethanol. An equal volume of 70% ethanol was added to the lysate, and the mixture
was applied to RNeasy Mini spin columns. Columns were washed sequentially with Buffer
RW1 and Buffer RPE, and a final dry spin was performed. RNA was eluted in 20 pl of
RNAse-free water.

After isolation, fibroblasts were cultured in Medium C until reaching confluence. HC
derived fibroblasts were treated with recombinant human NAMPT (500 ng/ml, Adipogen®),
and RNA extracted as previously described.

RNA concentration and purity were assessed spectrophotometrically at 260 nm using the
NanoReady FC-3100. Samples were considered suitable for downstream applications if the
A260/A280 ratio was >1,8-2,0 and the A260/A230 ratio was = 1,7, indicating minimal

contamination.
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3.1.2 RNA SEQUENCING FROM BIOPSY SAMPLES

Total RNA from biopsy samples was sequenced by Lexogen (Vienna, Austria). RNA was
shipped following the manufacturer’s guidelines.

Libraries were prepared using the QuantSeq 3> mRNA-Seq Library Prep Kit (Lexogen®)
and sequenced on the Illumina NextSeq 500 platform. Raw sequencing data were
normalized to library size. Differential gene expression analysis was performed with DESeq
(v2.21) using thresholds of FDR < 0,05 and absolute fold change > 1 to identify differentially
expressed genes (DEGs). Functional enrichment of DEGs was conducted using DAVID
(v6.8) and Panther Classification System (v12.0) to identify significantly represented

biological pathways, processes, and functional categories.

3.1.3 FIBROBLASTS ISOLATION

A protocol for the isolation of fibroblasts from gastric body biopsies was established and
optimized in our laboratory. Fibroblasts were isolated from biopsies obtained from healthy
controls (HC) and AAG patients. For tissue dissociation, biopsies were incubated in HBSS
medium without Ca®>’Mg?*, supplemented with 0,04% EDTA and 1% penicillin-
streptomycin, under gentle agitation at 37°C for 1 hour. The suspension was filtered through
a 100 pm cell strainer, and residual fragments were resuspended in Medium A (RPMI 1640,
10% FBS, 1% L-glutamine, 2% penicillin/streptomycin, 0,25% gentamicin) containing
Img/ml collagenase A and 50 ng/ml DNase. Enzymatic digestion was performed for 2 hours
at 37°C with vigorous agitation. Post-digestion, the cell suspension was filtered, centrifuged
at 1500 rpm for 10 minutes, and if necessary, subjected to red blood cell lysis. The pellet
was resuspended in Medium C (DMEM + GlutaMAX"™, 20% FBS, 1% MEM, 2%
penicillin/streptomycin, 0,25% gentamicin, 0,4% amphotericin B), and cell viability was
assessed. Cells were seeded according to yield and cultured in Medium C, with medium
replacement after 24 hours to enrich fibroblasts. Cultures were maintained at 37°C in a

humidified incubator with 5% CO».

3.1.4 CELL VIABILITY AND PROLIFERATION ASSAY

Fibroblast’s viability and proliferation were assessed using the MTT colorimetric assay,
based on the reduction of the yellow tetrazolium salt MTT to insoluble purple formazan

crystals by NAD(P)H-dependent cellular oxidoreductases in metabolically active cells. For
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the assay, 15.000 cells per well were seeded, and metabolic activity was evaluated at 24, 48,
72 and 96 hours. At each time point, cells were washed with Locke’s buffer (140 mM NaCl,
5 mM KCl, 10 mM HEPES, 10 mM glucose, 1,2 mM MgCl,, 2,2 mM CaCly, pH 4,7).
Subsequently, MTT prepared in Locke’s buffer was added, and cells were incubated at 37°C
in the dark for 2 hours. After incubation, isopropanol containing 0,1 M HCI and 1% Triton
X-100 was added, and formazan crystals were solubilized. Absorbance was measured at 575

nm using an INNO-S spectrophotometer.

3.1.5 CELL MIGRATION ASSAY

Fibroblast’s migratory capacity was assessed using the wound healing assay. Fibroblasts
were seeded and cultured in Medium C until reaching confluence. Once a monolayer was
established, a linear scratch was made. HC fibroblasts received recombinant human NAMPT
(AdipoGen®) at 500 ng/ml. Images of the wound area were acquired at 0, 24, 48, and 72
hours. Quantitative analysis of wound closure was performed by measuring the residual gap

area (%) at each time point using the ImageJ® software.

3.1.6 FIBROBLAST’S PHENOTYPIC CHARACTERIZATION

Fibroblast’s phenotypic characterization was performed using immunocytochemistry.
Fibroblasts were seeded in Medium C at 10.000 cells per coverslip, previously coated with
Poly-L-Lysine (100 pg/ml), and were cultured for 48-72 hours before fixation. Fixation was
performed with 4% paraformaldehyde (PFA) in PBS for 15 minutes at 4°C. Cell
permeabilization was achieved by incubation with 0,1% Triton X-100 in PBS for 10 minutes
at room temperature (RT). Non-specific antibody binding was blocked using 2% BSA.
Primary antibody incubation was performed overnight (o/n) at 4°C using anti-Alpha-Smooth
Muscle Actin (a-SMA, monoclonal mouse, 2,5 pg/ml; Invitrogen®) in PBS with 0,2% BSA.
Coverslips were then incubated with the Alexa Fluor 488-conjugated goat anti-mouse
secondary antibody (2 pg/ml; Invitrogen®) for 45 minutes at RT in the dark. Nuclei were
counterstained with Hoechst 33342 for 15 minutes. Coverslips were mounted on slides with
ProLong™ Gold Antifade Reagent (Invitrogen®), allowed to cure o/n in the dark, and
visualized using LEICA TCS SP8 X confocal microscope. Images were analyzed with LAS

X Life Science Software.
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3.1.7 NAMPT EXPRESSION

NAMPT expression in fibroblasts was evaluated by Western Blot.

Cultured fibroblasts were lysed in RIPA buffer (50 mM Tris-HCIL, pH7,2, 150mM NaCl, 0,5
mM EDTA, 0,1% NP-40) supplemented with protease and phosphatase inhibitor cocktail.
Lysis was facilitated by mechanical disruption. Following incubation on ice for 15 minutes,
lysates were clarified by centrifugation and total protein concentration was determined using
the Bradford assay. Proteins were loaded onto 10% polyacrylamide gel and subsequently
transferred onto nitrocellulose membrane using the Trans-Blot Turbo Transfer System
(BioRad®). Membranes were incubated o/n at 4°C with a mouse anti-NAMPT primary
antibody (AdipoGen®) and then with a secondary anti-mouse antibody (BioRad®). Protein
bands were detected using the ChemiDoc MP system and analysed with ImageLab Touch
software (BioRad®). Band intensities were normalized to two reference proteins: B-actin and

a-SMA.

3.1.8 GENE EXPRESSION PROFILING

Gene expression profiling of fibroblasts was performed in collaboration with Prof. Elisabetta
Panza (University of Naples “Federico I1I”). Total RNA from HC- and AAG- derived
fibroblasts was reversed-transcribed into cDNA according to the manufacturer’s instructions
(QIAGEN® RT? First Strand Kit). cDNA was then loaded onto an RT? Profiler PCR Array
plate (QIAGEN®, PAHS-120Z, Cat. No. 330231), containing 96 genes related to
inflammatory and fibrotic pathways, along with housekeeping genes and internal quality
controls. PCR amplification was carried out using RT?> SYBR Green qPCR Mastermix
(QIAGEN®, Cat. No. 330529) on a CFX Opus 96 thermocycler (BioRad®) under
recommended cycling conditions. Ct values were exported and analyzed via QIAGEN®
GeneGlobe. Gene expression was normalized to housekeeping genes using ACt method, and
relative expression changes (AACt) were calculated as the difference between test and
control ACt values. Fold changes were computed as 2"(-AACt), with values > 1 indicating
upregulation and < 1 indicating downregulation. Statistical significance was assessed using
two-tailed, unpaired Student’s t-tests on 2(-ACt), assuming equal variance, with p < 0,05

considered significant.

56



3.2 EXPERIMENTAL APPROACHES IN THE STUDY OF IBD

3.2.1 PRODUCTION OF RECOMBINANT NAMPT

Recombinant NAMPT used in this study was produced in-house using ClearColi BL21 cells,
genetically engineered to eliminate the endotoxin activity of LPS on human cells. Bacterial
cells were transformed by electroporation with the pET28 plasmid containing the NAMPT
coding sequence fused to an N-terminal His-tag and grown in commercial 2xTY medium.
Protein expression was induced by the addition of IPTG (0,3 mM). Following bacterial lysis,
NAMPT was purified using nickel affinity chromatography, and its purity was confirmed
by Western Blot analysis. Endotoxin contamination was assessed and excluded using the

ToxinSensor™ Cromogenic LAL Endotoxin Assay Kit (GenScript®).

3.2.2 ANIMAL MODELS

All animal procedures in this study were approved by the Animal Ethics Committee of the
University of Pavia (protocol No. 120/2018 DB064.27 dated 07/10/2017;8751/2024). Male
BALB/c or C57BL/6 mice aged 8-10 weeks and weighing approximately 25 g were
purchased from Charles River Laboratories.

Animals were housed in individually ventilated cages under controlled environmental
conditions (temperature 22-25°C; relative humidity 50-60%) with a 12 hours light/dark
cycle. Food and water were provided ad libitum throughout the experimental period.
Experimental treatment protocols were initiated following a 7-days quarantine and
acclimatization period. In accordance with current animal welfare regulations and the
principles of the 3Rs, mice were euthanized at the end of the experimental period by cervical

dislocation. Death was confirmed by the absence of cardiac activity.

3.2.3 DNBS MODEL

Acute intestinal inflammation was induced by intrarectal administration of
dinitrobenzenesulfonic acid (DNBS), which modifies colonic proteins and elicits a Thl-
driven immune response via NK-kB activation, producing a pathology resembling Crohn’s
disease (e.g., severe diarrhea, rectal bleeding, intestinal wall thickening, reduced colon
length, and weight loss). DNBS was dissolved in a 1:1 mixture of ethanol and 0,9% NaCl

and administered at 2 mg/mouse (moderate disease) or 3 mg/mouse (severe disease), based
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on preliminary dose-response studies. Mice were anesthetized with isoflurane (0,5%-3%,
maintained at 2%) in an induction chamber, and 100 pl of DNBS solution was delivered into
colon using a disposable gavage needle (38 mm, 1,6 mm diameter). Control animals (CTRL)
received vehicle only. To prevent reflux, animals were held in a supine Trendelenburg
position for 90 > s post-instillation. Animals were monitored for 5 days, during which

clinical parameters were evaluated daily.

3.2.4 NAMPT TREATMENT

During the 5-days monitoring period, mice in the treatment group received a daily
intraperitoneal (i.p.) injection of 50 pg of recombinant NAMPT dissolved in 100 pl of
physiological saline. Control (sham) mice were administered 100 ul of physiological saline
alone under the same conditions to exclude potential effects related to injection-induced

stress.

3.2.5 ACUTE DSS MODEL

Acute intestinal inflammation was chemically induced in 8-weeks-old C57BL/6 mice by
administering 2,5% DSS in drinking water for 7 days, followed by a washout period of three
days. Dextran Sulfate Sodium (DSS) disrupt the colonic epithelial barrier, promoting
immune cell infiltration and mucosal inflammation producing a pathology resembling
ulcerative colitis (e.g., diarrhea, rectal bleeding, reduced colon length, and weight loss).
Animals were divided into three experimental groups: sham, DSS, DSS + ALT-100 (1
mg/kg).

3.2.6 CHRONIC DSS MODEL

In collaboration with the Scripps Institute, University of Florida, chronic inflammation was
induced in 8-weeks-old C57BL/6 mice by administering 2% DSS in drinking water for 7
days, followed by a 12-days washout period, and a second 7-days DSS cycle. After an
additional 3 days washout, mice were sacrificed, for a total duration of 28 days. Throughout
the experiment, mice received intraperitoneal injections of the monoclonal antibody ALT-
100 every 7 days at doses of 1 mg/kg or 4 mg/kg, according to preliminary data. Two control

groups were added: one that received no treatment (sham) and another that was administered
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PBS intraperitoneally.

3.2.7 ALT-100 TREATMENT

Concurrently with DNBS- and DSS-induced colitis, animals received subcutaneous (s.c.)
injections of the monoclonal antibody (mAb) ALT-100, kindly provided by Dr. Garcia
(Aqualung Therapeutics), at two different doses: 1 mg/kg or 4 mg/kg. Control (sham)
animals were administered 100 pl of physiological saline or PBS per mouse via the same

route.

3.2.8 ISOLATION OF LAMINA PROPRIA CELLS

Colons were open longitudinally, cut into 1 cm pieces, and incubated twice in 20 ml HBSS
containing 2,5 mM EDTA on a rotating shaker at RT for 20 minutes (35-40 rpm) to remove
epithelial cells. After each incubation, tissue fragments were filtered, collected, and
transferred to fresh EDTA buffer. Fragments were then transferred to HBSS containing 5
mM CaCl: to neutralize EDTA prior enzymatic digestion. Tissues were minced into 1 mm
pieces and incubated in 10 ml HBSS supplemented with collagenase/dispase (1 mg/ml),
DNase (40 pg/ml), and collagenase IV (250 pg/ml) for 40 minutes under rotation (35-40
rpm) at RT. The resulting cell suspension was sequentially filtered through 100 um and 70
pm strainers, each followed by washing with RPMI-1640. Cells were pelleted by
centrifugation (1450 rpm, 8 minutes, 4°C), resuspended in 1 ml FACS buffer (HBSS, 0,5%
FBS, ImM EDTA), and counted. A total of 5 x 10° cells were plated per well in round-

bottom 96-well plates for antibody staining and subsequent flow cytometric analysis.

3.2.9 ISOLATION OF PERIPHERAL BLOOD CELLS

Peripheral blood was collected from each mouse via intracardiac puncture and immediately
mixed with 100 pl of 0,5 M EDTA to prevent coagulation. To lyse red blood cells, 100 pl
of whole blood was dispensed into round-bottom 96-well plates and incubated with an equal
volume of ACK lysis buffer (150 mM NH4Cl, 170 mM Tris, pH 7,7). Samples were
incubated on ice for 30 minutes and subsequently centrifuged at 1200 rpm for 10 minutes at
4°C. This step was repeated until complete erythrocyte removal, yielding a white cell pellet,

which was resuspended in 100 ul of FACS buffer.
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3.2.10 ISOLATION OF BONE MARROW CELLS

Bone marrow was isolated from the femur and tibia of both hind limbs. Residual muscle and
adipose tissues were removed using PBS-soaked gauze. Femur and tibia were separated by
gentle torsion at the knee joint and PBS was flushed through the marrow cavity to extrude
the bone marrow. The resulting cell suspension was centrifuged at 1200 rpm for 5 minutes
at RT. After supernatant removal, the pellet was resuspended in 1 ml of ACK lysis buffer
and incubated for 10 minutes at RT. Subsequently, 5 ml of PBS was added to neutralize the
lysis buffer, and the sample was centrifuged again under the same conditions. Following
supernatant removal, the pellet was resuspended in 1 ml of FACS buffer. A total of 5 x 10°
cells were plated per well in round-bottom 96-well plates for antibody staining and

subsequent flow cytometric analysis.

3.2.11 FLOW CYTOMETRY (FACS)

Before staining, isolated cells from lamina propria, bone marrow, and blood were subjected
to nonspecific binding blocking with 10 pl of Fc-blocking solution (10% v/v in FACS
Buffer) on ice for 5 minutes, except for hematopoietic stem cell precursors. Cells were then
incubated with 50 pl of antibody cocktail in a 1:1 mixture of FACS buffer and Brilliant Stain
Buffer (BD Horizon®) for 30 minutes on ice in the dark. Following staining, cells were
washed twice with 100 pul FACS buffer (1200 rpm, 5 minutes, RT), fixed with 1% PFA for
15 minutes on ice, and washed twice more. Specific anti-mouse antibodies (Table 3) were
used to identify hematopoietic progenitors, myeloid cells, T cells, and B cells. Antibodies
included CD34, Sca-1, CD117, CD86, CD206, CD45 B220, F4/80, Ly6G, CD3, CD4, CD8
(1:100); Ly6C and CDI11b (1:200); Lineage cocktail (20 pl/sample); and Vitality dye
(1:1000). Data were acquired using a BD FACSLyric™ Flow Cytometer (BD Biosciences®)
at the Centro Grandi Strumenti (CGS), University of Pavia.
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Cell Type Antibody Fluorochrome Laser (nm)
B Cells CD45 B220 FITC 488
Vitality dye APC-Cy7 640
T Cells CD45 FITC 488
CD3 PerCP-Cy5.5 488
CD8 V500-C 405
CDh4 APC 640
Vitality dye APC-Cy7 640
Hematopoietic Precursors Lineage cocktail APC 640
Sca-1 BV786 405
CD34 PE 488
CD117 V450 405
CD16 FITC 488
Vitality dye APC-Cy7 640
Myeloid Cells CD45 FITC 488
CDl11b APC 640
Ly6G V500-C 405
Ly6C PE-Cy7 488
F4/80 APC 640
CD86 PerCP-Cy5.5 488
CD206 PE 488
Vitality dye APC-Cy7 640

Table 3. Summary of the antibody panels used for FACS analysis. The table lists the specific
anti-mouse antibodies, corresponding fluorochromes, and excitation lasers (nm) employed to
identify distinct immune cell populations, including B cells, T cells, hematopoietic precursors, and
myeloid cells.
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3.2.12 IMMUNOHISTOCHEMICAL ANALYSIS (IHC)

For immunohistochemical analysis, following removal of sigmoid portion, colons were
rolled into histology cassettes, with the proximal end oriented toward the center of the spiral.
The cassettes containing the samples were fixed in 20% formalin for 24 hours at RT. After
fixation, samples were transferred to 80% ethanol and submitted to Cogentech (IFOM,

Milan) for IHC analyses.

3.2.13 COLONY-FORMING UNIT (CFU) ASSAY

To assess the clonogenic potential of hematopoietic stem and progenitor cells (HSPCs), we
established and optimized a colony-forming unit (CFU) assay using MethoCult™ semisolid
medium (STEMCELL"™ Technologies).

The protocol was first optimized using bone marrow cells isolated from healthy untreated
mice (sham controls). Various conditions were tested to achieve optimal colony growth and
medium stability. The final protocol employed 50.000 cells per 35 mm culture dish, which
provided an even cellular distribution and prevented medium desiccation during incubation.
Following optimization, the CFU assay was applied to bone marrow cells isolated from 4
experimental groups: (i) healthy untreated mice (controls), (ii) mice with moderate DNBS-
induced intestinal inflammation, (iii) DNBS-treated mice receiving recombinant NAMPT,
and (iv) mice with severe DNBS-induced inflammation. The aim was to assess the
clonogenic capacity of bone marrow cells in the presence or absence of stimulatory factors,
specifically: recombinant NAMPT (500 ng/ml), IL-6 (10 ng/ml), and hematopoietic
cytokines (G-CSF 20 ng/ml, GM-CSF 50 ng/ml) alone or in combination. Cells were
incubated at 37°C in a 5% CO; atmosphere for 7 days. At the end of the incubation period,

hematopoietic colonies were counted.

3.2.14 STATISTICAL ANALYSIS

Flow cytometry data were analyzed using FlowJo software (license code 107152-100).
Statistical analyses were performed with GraphPad Prism software. Prior to assessing
statistical significance, a normality test was conducted to determine data distribution. Based
on the results, either a Student’s t-test, a paired t-test, or a non-parametric Wilcoxon-Mann-
Whitney test was applied, as appropriate. Data were considered statistically significant for

p-values < 0,05 (*), 0,01 (**), 0,001 (**%).
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3.3 EXPERIMENTAL APPROACHES IN THE STUDY OF PTMs

3.3.1 CELL CULTURE

For in vitro experiments, murine melanoma B16 cells were used. These adherent cells were
cultured in DMEM with high glucose, supplemented with 10% FBS, 1% penicillin-

streptomycin, and 1% L-glutamine at 37°C in a humidified atmosphere containing 5% COx.

3.3.2 GENERATION OF MUTANT CELL LINES

Four mutant B16 murine melanoma cell lines were generated through lentiviral transduction,
designed to over-express either wild-type (WT) NAMPT or its mutated variants. The murine
NAMPT gene was amplified using the following primers:

FW: 5’-CGAGATCTAATGCTGCGGCAGAAGCC;

RW: 5’-CGGTCGACCTAATGAGGTGCCACGTCCTG.

The amplified product was cloned (BglIl/Sall) into the pEGFP-C1 vector. Subsequently, the
NAMPT-GFP fusion was subcloned (Xbal/Sall) into the bicistronic pLV-IRES-GFP vector.
Correct insertion and sequence integrity were verified by DNA sequencing. The mutant
forms of NAMPT (NAMPT S199A, NAMPT S200A, NAMPT S472A) were generated
from the NAMPT WT construct using site-directed mutagenesis (QuikChange XL II kit,

Agilent Stratagene). The primer sequences used for mutagenesis are reported in table 4:

Mutation | FW Primer (5°2>3°) RW Primer (5°2>3)

SIYA  1GGTTACAGAGGAGTCG GCAGTCTCTTGCGAAGCGA
CTTCGCAAGAGACTGC CTCCTCTGTAACCA

S200A  CAGTCTCTTGCGCAGAGA ACTTTGGTTACAGAGGAG
CTCCTCTGTAACCAAAGT TCTCTGCGCAAGAGACTG

S472A  TTTTTCTGACTTCATCAAA TGGTTACAGAGGAGTC

TGCGTAGCTTTTTGTCACCTTCCC GCTGCGCAAGAGACTGCTGG

Table 4. Primers used for the generation of NAMPT mutant constructs. Forward and reverse
primers designed for site-directed mutagenesis to obtain NAMPT S199A, NAMPT S200A, NAMPT
S472A variants.

B16 cells were stably engineered to express NAMPT fused to GFP at the N-terminal region.
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3.3.3 IDENTIFICATION OF PHOSPHORYLATION SITES

To obtain purified murine NAMPT, immunoprecipitation was performed using GFP-Trap
agarose beads. For phosphosite identification, B16 cells were serum-starved for 4 hours,
then lysed in RIPA buffer supplemented with protease and phosphatase inhibitor cocktail.
Lysates were centrifuged at 13.000 rpm for 10 minutes at 4°C, and the resulting supernatant
incubated o/n at 4°C with GFP-Trap agarose beads. After incubation, the beads were
pelleted, washed four times with cold IP buffer, and bound proteins were eluted with 0,2 M
glycine (pH 2.5). Phosphorylated peptides were identified by the group of Prof.
Wohlschlegel (UCLA) using LC-MS/MS analysis. The samples were analysed with a
Dionex Ultimate 3000 ultra-high-pressure liquid chromatography system (Thermo
Scientific®) coupled to an Orbitrap Fusion™ Tribrid™ mass spectrometer (Thermo

Scientific®) equipped with a Phoenix Nimbus ion source (Phoenix S&T®).

3.3.4 MUTANTS PURIFICATON

For the production and purification of recombinant mutated NAMPT proteins, the same
methodological approach described previously in paragraph 3.2.1 was employed. Briefly,
protein variants were expressed in ClearColi and subsequently purified through affinity
chromatography. The identical purification strategy allowed for direct comparison of the

biochemical and biophysical properties between the WT and mutated NAMPT forms.

3.3.5 ENZYMATIC ACTIVITY ASSAY

The enzymatic activity of WT and mutated recombinant NAMPT was evaluated via its role
in NADH synthesis in the presence of ATP and substrates. NADH production was measured
spectrophotometrically at 340 nm. The reaction was performed in HEPES buffer containing
NAM (30 mM), PRPP (50 mM), ATP (12,5 mM), ADH/BSA, MgCl, (1IM), DTT (100 mM),
1 pg NMNAT, and 1 pg NAMPT. Absorbance was recorded using Synergy HT

spectrophotometer (BioTek®).

3.3.6 CELL VIABILITY ASSAY

Mutant cell lines viability was assessed using the MTT assay as described in paragraph 3.1.4.

25.000 cells were seeded and cultured in complete DMEM. Cell growth was evaluated at 0,
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24, 48, and 72 hours. At each time point, cells were washed with Locke’s buffer and then
incubated with MTT solution. Formazan crystals were solubilized and absorbance was read

at 575 nm using a Synergy HT spectrophotometer (BioTek®).

3.3.7 CELLULAR LOCALIZATION

Cellular localization of WT and mutated NAMPT was assessed by immunofluorescence as
previously described in paragraph 3.1.6. Briefly, 20.000 cells were seeded and growth in
DMEM for two days. Cells were washed, fixed and permeabilized with 80% ethanol. Nuclei
were stained with Hoechst and coverslips were mounted with Mowiol® 4-88 (Calbiochem®).

Images were acquired using a Carl Zeiss™ Axio Vert. Al FL-LED microscope.

3.3.8 ASSESSMENT OF NAMPT EXPRESSION AND RELEASE

To evaluate whether the introduced mutations affected NAMPT expression and release,
Western Blot assays were performed. For analysis, 250.000 cells were seeded in complete
DMEM and cultured for 24 hours without reaching confluence. The medium was then
replaced with serum-free DMEM to induce nutrient deprivation. To assess NAMPT release,
the supernatant was collected and concentrated using Amicon® Ultra centrifugal filters with
a 30 kDa cut-off by repeated centrifugation at 8.000 rpm, 4°C, for 8 minutes. Samples were
loaded onto 10% polyacrylamide gels. For intracellular NAMPT analysis, cells were lysed
as previously described in paragraph 3.1.7 and protein quantified. 50 pg of protein were
loaded on 10% polyacrylamide gels. After electrophoresis, proteins were transferred to
nitrocellulose membranes, and Western Blot analysis was performed as previously

described. Anti-NAMPT and anti-actin antibodies were used.

3.3.9 BLUE NATIVE GEL ELECTROPHORESIS

To determine the oligomeric state of the various NAMPT mutant forms, we established and
performed native gel electrophoresis protocol in the presence of Coomassie Blue G-250. To
facilitate the migration of non-denatured proteins, a 6% polyacrylamide gel in the absence
of denaturing agents was used. Dry wells were loaded with 50 pg of protein and filled with
cathode buffer (0,15 mM Bis-Tris, SmM Tricine, 0,002% Coomassie Blue G-250, pH 7).
Cathode buffer was also added to gel support, while the remainder of the running cassette

was filled with anode buffer (5 mM Bis-Tris, pH 7). Electrophoresis was performed at 140V
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for 4 hours. Protein bands were then transferred on nitrocellulose membranes and Western

Blot was performed as previously described.

3.3.10 GEL FILTRATION CHROMATOGRAPHY

Protein samples were concentrated to 3 mg/ml using 30 kDa Amicon® Ultra centrifugal
filters pre-equilibrated with storage buffer (50 mM NaH;POs, 0,5 mM B-mercaptoethanol),
and centrifuged at 3.000 rpm for 10 minutes at 4°C. WT and mutant NAMPT proteins at the
desired concentration were analyzed by size-exclusion chromatography to assess their
aggregation state. Separations were performed on an analytical Superdex® 200 Increase
5/150 GL column equilibrated with 0,05 M KoHPOj4 buffer (pH 7,2). Samples (20 pl) were

injected and eluted at 0,2 ml/min under 1,5 MPa column pressure.

3.3.11 EVALUATION OF PRO-INFLAMMATORY CYTOKINE ROLE OF MUTANT
NAMPT FORMS

Murine peritoneal macrophages (PECs) were isolated from C57BL/6 mice by inducing
inflammation through intraperitoneal injection of 1 ml 3% (w/v) thioglycolate. After 5 days,
mice were euthanized, PECs were collected by peritoneal lavage with PBS, centrifuged at
1.200 rpm for 8 minutes, and treated with ACK red blood cell lysis buffer. Cell number was
determined using Tiirk’s reagent, and 3 x 10° cells were seeded and incubated at 37°C for 1
hour in complete RPMI medium. After cellular adhesion cells were treated with recombinant
WT or mutated NAMPT (500 ng/ml), alone or combined with IFN-y (200 U/ml), for 3 hours
in serum-free RPMI medium. Cells were then lysed, total RNA was extracted and reverse-
transcribed into cDNA, and gPCR was performed using the CFX Opus 96 system (BioRad®)
to evaluate pro-inflammatory gene expression (IL-6, IL-13, CXCL10).
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4. RESULTS
4.1 THE ROLE OF NAMPT IN AUTOIMMUNE ATROPHIC GASTRITIS

4.1.1 DIFFERENTIAL GENE EXPRESSION IN AAG BIOPSIES

Our primary objective was to identify gene expression differences in patients with
Autoimmune Atrophic Gastritis to uncover novel pathways involved in disease pathogenesis
and potential therapeutic targets. To this end, in collaboration with Prof. Antonio Di
Sabatino, gastric body biopsies were obtained from healthy controls (HC, n=10) and AAG
patients (AAG, n=10). After RNA extraction, samples were subjected to gene expression
profiling by bulk RNA sequencing (Lexogen), and data analysis was performed by Dr. Ilaria
Massaiu (Istituto Cardiologico Monzino). Transcriptomic analysis revealed a marked
alteration in gene expression profiles in AAG samples compared with healthy controls, with
858 genes significantly upregulated and 577 genes downregulated in AAG patients (Fig.
18).
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Figure 18. Gene expression in AAG biopsies. (A) Principal Component Analysis (PCA) between
HC (blue) and AAG (red) samples. (B) Volcano plot showing differentially expressed genes between
AAG patients and healthy controls (HC). Differentially expressed genes (DEGs) were defined as
those with p< 0,05 and logFC > 0,5.

Detailed transcriptomic analysis identified several genes potentially involved in fibrosis,
extracellular matrix remodeling, and chronic inflammatory response, key processes in the
pathophysiology of AAG (Fig. 19). Among the upregulated genes (Fig. 19A), ONECUT3,
BPIFB1, MUC6, MUCS5B, and SLC28A2 were prominent, associated with intestinal
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metaplasia, mucin production, and ion channel regulation. Conversely, several genes
essential for gastric function were markedly downregulated (Fig. 19B), including PGAS,
PGA3, CHIA, and PSAPLI consistent with the loss of parietal cell activity. With respect to
tissue remodeling and fibrotic mechanisms, INHBB, IL1B, and IL11 were significantly
downregulated. This reduced expression may reflect a disruption in the balance between
pro- and anti-fibrotic signaling during AAG progression. Additionally, SERPINB8 and
TTC7B, both downregulated, have been associated with cell differentiation, tumor

suppression, and tissue remodeling processes.

A AAG vs Ctrl B AAG vs Ctrl
ONECUT3 PGAs-H [ |
BPIFB1 | ATP4A- [ ]
ANPEP | ATP4B [
REG3A- | CDH2 [
LTF | CHIA- [
CFI | EPHB6 [
APOA1 - | KCNJ16 [ ]
PCK1 | CPA2- [ ]
MUC6 | SERPINB8 - [ ]
GABRP - | PGA3 [ ]
LYZ | FAM20A [
C6orf58 | PSAPL1 [ ]
ADH1C | SPRR1B [ ]
ALDOB - | CKMT2 [ ]
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MUC5B | BCL6B - (]
MTTP | IL11- ]
SLC28A2 | IL1B []
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Figure 19. AAG gene expression profile. (A) Up-regulated, and (B) down-regulated genes in AAG
vs HC.
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Collectively, these findings indicate that AAG 1is characterized by a pronounced
dysregulation of genes involved in cell differentiation, immune responses, and tissue
remodeling, with potential implications for gastric fibrosis and intestinal metaplasia.

To gain an overview of the biological processes altered in AAG, Gene Set Enrichment
Analysis (GSEA) was performed by comparing gene expression profiles from gastric
biopsies of AAG patients and healthy controls (HC) (Fig. 20). The analysis revealed
significant enrichment of immune- and inflammation- related pathways in AAG samples,
including humoral and organ-specific immune responses and chronic inflammatory
processes (Fig. 20A). Molecular function analysis further highlighted increased activity of
genes encoding structural extracellular matrix (ECM) proteins, consistent with enhanced

matrix deposition and remodeling (Fig. 20B).
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Figure 20. Gene Set Enrichment Analysis (GSEA). (A) Main dysregulated biological processes,
and (B) principal deregulated molecular functions in AAG. The size of each dot indicates the number
of genes involved in the pathway, while the color represents the false discovery rate (FDR) value.

These findings suggest aberrant activation of tissue remodeling mechanisms, prompting
further investigation into the role of resident mesenchymal cells, particularly gastric

fibroblasts, in AAG pathogenesis.

4.1.2 ROLE OF FIBROBLASTS IN AAG PROGRESSION

To investigate the potential involvement of fibroblasts in the pathogenesis of AAG, this
study aimed to optimize a protocol for the isolation of fibroblasts from gastric body biopsies.
This approach enabled the establishment of primary fibroblast cultures from both AAG
patients and HCs (Fig. 21), which were subsequently used for morphological, functional,

and immunocytochemical characterization studies.
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Day 1 Day 10

Figure 21. Fibroblasts derived from gastric bodies of AAG and HC growth. Representative
images of in vitro growth of gastric fibroblasts from HC (top) and AAG (bottom) at 1, 10, 20, 30,
and 40 days after isolation. Images were acquired at 10x and 4x magnification.

Immunocytochemical analysis using an anti-a-smooth muscle actin (a-SMA) antibody was
performed to confirm fibroblast identity. Confocal microscopy revealed a.-SMA expression

in most cells from both groups, with AAG-derived fibroblasts showing more intense and

homogeneous staining (Fig. 22A).
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Figure 22. Phenotypic characterization of fibroblasts. (A) Representative images showing -
SMA expression in fibroblasts derived from HC and AAG patients. Lower panels display individual
channels for DAPI (nuclei) and FITC (a-SMA). (B) Quantification of a-SMA" cells in HC and AAG
derived fibroblasts. (C) High-magnification images highlighting cell morphology and actin
cytoskeletal organization in the two groups. Images obtained using a LEICA TCS SP8 X confocal
microscope, 40x objective.
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Quantitative analysis indicated a higher proportion of a-SMA™ cells in AAG fibroblasts
(96.38%) compared with HC fibroblasts (82.49%) (Fig. 22B), suggesting a more activated
phenotype consistent with enhanced tissue remodeling and fibrotic potential.

To better quantify a-SMA protein expression, Western Blot analysis was performed

followed by densitometric quantification using ImagelJ software (Fig. 23).
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Figure 23. a-SMA protein expression quantification. (A) Western Blot analysis for a-SMA
performed on HC and AAG-derived fibroblasts. (B) Densitometric quantification. Data are shown

as mean *+ SD.

Although some biological variability was observed, densitometric analysis revealed higher
a-SMA expression in AAG-derived fibroblasts compared with HC, consistent with
immunocytochemical findings. AAG fibroblasts tended to express increased levels of a-
SMA, indicating a more pronounced contractile and activated phenotype than those from

HC.

To assess the proliferative capacity of fibroblasts, an MTT assay was performed at different

time points (24, 48, 72, and 96 hours) (Fig. 24).
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Figure 24. Fibroblast proliferation. MTT assay showing comparison between proliferation of HC-
and AAG- derived fibroblasts.
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The results, expressed as the percentage of proliferation relative to to, showed a progressive
increase in cell growth in both groups. However, no significant differences in proliferation
rates were observed between AAG- and HC-derived fibroblasts.

To assess potential differences in migratory capacity between HC and AAG fibroblasts, a
wound healing assay was performed, monitoring wound closure at 0, 24, 48, and 72 hours
(Fig. 25). Both groups exhibited a progressive reduction of the wound area over time,
indicative of active cell migration. AAG-derived fibroblasts displayed an enhanced
migratory ability, resulting in a faster wound closure compared to HC fibroblasts.
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Figure 25. Fibroblast migration capacity. Wound healing assay. (A) Representative 4x images of
HC and AAG fibroblasts migration. (B) Quantification of the residual scratch area at 24, 48, and 72
hours relative to time 0. Data are presented as mean + SD.

To further investigate the transcriptional behavior of fibroblasts, RNA sequence analysis
and an RNA array were performed using RNA extracted from HC- and AAG- isolated
fibroblasts.

25 1"

A B
—
® HC . A
A G .
50
. A .
" ©
o ° .'
25- E] e, e,
L s # 0™ o ®
a
a g
0] =
. 2
. A
-25- . A A
.
. 0
50- = -4 -2 0 2 4
-4.0 6 4'0 Log2 Fold Change
PC1

Figure 26. Gene expression in AAG fibroblasts. (A) Principal Component Analysis (PCA)
between HC (blue) and AAG (red) samples. (B) Volcano plot showing differentially expressed genes
between AAG- and HC- isolated fibroblasts. Differentially expressed genes (DEGs) were defined as
those with p< 0,05 and logFC > 0,5.
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Transcriptomic analysis revealed a moderate alteration in gene expression profiles in AAG-
isolated fibroblast compared with healthy controls, with 11 genes significantly upregulated
and 25 genes downregulated in AAG patients (Fig. 26).

More detailed analyses revealed that most of the differentially expressed genes in AAG-
derived fibroblasts are involved in cytoskeletal remodeling. For instance, among up-
regulated genes, SYNE2, KIF20B, and KIF1B encode for a nesprin protein that links the
nucleus to the cytoskeleton, and for two kinesin proteins involved in microtubule dynamics
and transport (Fig. 27A). The GSEA confirms the upregulation of several genes involved in

cytoskeletal remodeling (Fig. 27B).
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Figure 27. Differential gene expression in AAG fibroblasts. (A) Up- and down-regulated genes
in AAG-isolated fibroblasts compared with HC controls. (B) Heatmap of genes involved in
cytoskeletal remodeling. The size of each dot indicates the number of genes involved in the pathway,
while the color represents the false discovery rate (FDR) value.

These data show that AAG-derived fibroblasts show morphological alterations and
upregulation of cytoskeletal organization pathways.

Moreover, analyzing a panel of genes involved in fibrotic and inflammatory processes (Fig.
28), we observed that AAG-derived fibroblasts exhibited upregulation of several genes with
potential immunoregulatory activity, including IFNG, IL10, IL4, IL13, and BMP7. PDGFA
and PDGFB levels were markedly increased in AAG fibroblasts, suggesting enhanced
activation of pathways associated with fibroblast-to-cancer-associated fibroblast (CAF)
transition and acquisition of a pro-tumorigenic phenotype.

Notably, FASLG expression was also elevated, indicating potential modulation of fibroblast
interaction with immune and stromal cells. Additionally, SERPINA1 expression was

increased, consistent with its reported role in promoting fibroblast-to-myofibroblast
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differentiation and cell migration. Conversely, a downregulation of genes involved in
extracellular matrix remodeling (MMP2, MMP3, MMP14, PLAT, PLAU) and TGF-
signaling (TGFBR2, TGIF1) was observed, suggesting an altered regulatory balance
between pro-fibrotic and matrix-degradative pathways in AAG fibroblasts.

These findings suggest that fibroblasts derived from AAG mucosa acquire a distinct
transcriptional phenotype characterized by anti-inflammatory features and a myofibroblast-
like transition, resembling cancer-associated fibroblasts rather than conventionally activated
fibroblasts. This alternatively activated state may represent a compensatory mechanism
aimed at limiting chronic tissue damage in the context of persistent lymphocytic infiltration

and glandular destruction.
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Figure 28. Transcriptional profile of HC and AAG fibroblasts. Heatmap of RNA array analysis
performed using a panel of genes involved in fibrosis and inflammation. In green downregulated
genes, in red upregulated genes. On the left main differentially expressed genes.
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Data on AAG fibroblasts altered ECM were further confirmed through RT-PCR analyses
(Fig. 29).
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Figure 29. Expression profiles of ECM genes in AAG-isolated fibroblasts. (A-H) RT-PCR
quantification of MMP9 (A), MMPS (B), MMP2 (C), COL1A2 (D), COL6AS (E), COL15A1 (F),
FBLNI1 (G), and ACTA2 (H) expression in HC and AAG fibroblasts. Data are expressed as mean *
SD.

RT-PCR analysis shows that fibroblasts isolated from AAG patients exhibit reduced
expression of MMP2, FBLNI1, and ACTA2, indicating decreased ECM remodeling and
fibroblast contractility, and increased expression of MMPS, COL1A2, COL6AS, and
COL15A1, suggesting altered collagen deposition and ECM composition compared to
healthy controls.

These data demonstrate that fibroblasts from AAG patients may exhibit a dysfunctional
phenotype with reduced ECM degradation and remodeling and altered ECM deposition.
This pattern could contribute to gastric tissue atrophy by impairing normal tissue turnover
and repair while promoting an abnormal ECM environment. This may reflect fibroblast

adaptation to chronic inflammation or autoimmune signaling.

4.1.3 NAMPT INVOLVEMENT IN AAG

In 2022, in collaboration with Prof. Lenti, it was demonstrated that NAMPT is
overexpressed in gastric body biopsies from patients with Autoimmune Atrophic Gastritis

and that its extracellular form (eNAMPT) is released at significantly higher levels.
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Moreover, eNAMPT was shown to exert a pro-inflammatory effect on the gastric mucosa,
comparable to other well-characterized cytokines. Specifically, treatment of healthy control
gastric biopsies with recombinant eNAMPT resulted in a significant upregulation of INF-y
and IL-6 expression (39,

To further elucidate the role of NAMPT in modulating the transcriptional profile of the
gastric mucosa, bulk RNA sequencing was performed on gastric body biopsies from HCs
treated with recombinant NAMPT (500 ng/ml, 24 hours) (Fig. 30).
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Figure 30. Gene expression in HC biopsies treated with NAMPT. (A) PCA and (B) Volcano plot
of HC biopsies treated with recombinant NAMPT (orange) compared to untreated control biopsies
(blue).

The PCA plot shows that the two groups do not form clearly separated clusters, indicating
that eNAMPT induces only modest global transcriptional changes in HC biopsies. The
partial overlap of the two conditions suggests that only a limited subset of genes is affected
(Fig. 30A). Despite the absence of a strong separation at the whole-transcriptome level,
differential expression analysis reveals a specific but relatively small gene-expression
signature driven by eNAMPT treatment. Volcano plot analysis revealed that, in total, 83
genes were significantly modulated by eNAMPT: 68 genes were upregulated (orange), and
15 genes were downregulated (blue) (Fig. 30B). The distribution of significant genes
illustrates that eNAMPT triggers a selective transcriptional response, rather than a broad
inflammatory activation. This indicates a potential immunomodulatory effect of eNAMPT
within the inflammatory context of AAG.

Figure 31 lists the top up- (Fig. 31A) and down-regulated (Fig. 31B) genes in HC biopsies
after NAMPT treatment. Many of significantly upregulated genes are associated with
extracellular matrix (ECM) organization (MXRAS, FBLN1, and LUM), immune activation
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(CCL11), and endothelial-stromal interaction (ICAM1, SELE, and EDIL3), suggesting that
eNAMPT induces a mild pro-remodeling and pro-inflammatory response. Notably, several
down-regulated genes are markers of epithelial differentiation (IHH), mucin production
(REG4, MUC4, and PLLP), and gastric homeostasis, indicating a partial suppression of
epithelial-associated programs. These findings support the hypothesis that eNAMPT acts on

stromal and endothelial compartments of the stomach, with more limited effect on epithelial

cells.
A B
gene logfC FDR gene logfC FDR
MXRA5  1.59 1.60E-02 REG4 -0.93 3.42E-02
MRC2 1.47 1.17E-02 MUC4  -0.84 2.37E-02
FBLN1 1.36 8.41E-05 IHH -0.80 2.29E-02
ICAM1 1.23 8.41E-05 ASPHD2 -0.68 3.84E-02
LUM 1.14 2.04E-03 PRR15 -0.66 1.72E-02
KRT15 1.13 2.02E-02 SLC4A2  -0.64 1.59E-02
PCLO 1.12 2.62E-02 IL11 -0.63 2.62E-02
DCN 1.11 5.48E-04 LINC01559 -0.61 2.57E-02
SoD3 1.11 2.57E-02 TNFRSF1B -0.60 2.67E-02
PTN 1.08 1.92E-02 PLLP -0.59 1.12E-02
SELE 1.08 5.29E-03 MYEOV  -0.58 2.29E-02
EDIL3 1.04 3.10E-02 AKR1C3 -0.58 1.17E-02
MGP 1.03 2.77E-03 OAS1 -0.56 8.69E-03
BCL2A1 1.01 4.73E-02 IL1B -0.54 2.76E-02
COL3A1 0.98 4.80E-04 ECM1 -0.50 1.92E-02
COL1A2 0.94 3.37E-04
CFD 0.91 2.36E-02
NEGR1 0.91 4.80E-02
CCL11 0.84 2.65E-02
POSTN 0.83 8.88E-04

Figure 31. Gene expression profile in HC biopsies treated with NAMPT. Main (A) up-regulated
and (B) down-regulated genes in HC biopsies treated with NAMPT compared to untreated HC
samples.

A Gene Ontology Enrichment Analysis (GO) was also performed. In HC samples treated
with NAMPT compared to untreated controls, GO revealed enrichment of pathways
associated with extracellular structure organization, external encapsulating structure
organization, cytoplasmic translation, humoral immune response, and chronic inflammatory
response (Fig. 32A). In addition, Cell Type Enrichment Analysis (CTEA) showed a
reduction in the presence of endothelial cells, pericytes, and macrophages (Fig. 32B).
Together these findings suggest that NAMPT presence exerts coordinated effects on both

molecular pathways and cell type dynamics in the stomach.
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Figure 32. GO and CTE analysis on HC biopsies treated with NAMPT. (A) Main biological
processes altered in NAMPT-treated HC biopsies compared to untreated controls. (B) Main cell
types altered in NAMPT-treated HC biopsies compared to untreated controls. The size of each dot
indicates the number of genes involved in the pathway, while the color represents the false discovery
rate (FDR) value.

4.1.4 NAMPT EXPRESSION IN FIBROBLASTS

In parallel with the biopsy analyses, NAMPT expression was evaluated in isolated HC and
AAG fibroblasts by Western Blot and RT-PCR (Fig. 33).
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Figure 33. NAMPT expression in HC and AAG fibroblasts. (A) Western Blot analysis of
NAMPT expression in HC and AAG fibroblasts. (B) Densitometric quantification using ImagelJ. (C)
RT-PCR quantification of NAMPT expression in HC and AAG fibroblasts. Data are expressed as
mean + SD.

Data showed moderate increased levels on NAMPT expression, both at transcription and
expression levels. Therefore, NAMPT treatment effects were also evaluated on fibroblast
cell migratory capacity using the wound healing assay (Fig. 34). Fibroblasts isolated from
HC were treated with recombinant NAMPT monitoring wound closure at 0, 24, 48, and 72

hours.
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Figure 34. HC and AAG fibroblasts migratory activity after treatment. (A) Representative 4x
images of wound healing assay. (B) Quantification of the residual scratch area at 24, 48, and 72
hours relative to time 0. Data are presented as mean + SD.

The results showed no significant differences in migration between treated and untreated

fibroblasts, suggesting a low sensitivity of these cells to the direct effects of NAMPT in

vitro.
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4.2 THE ROLE OF NAMPT IN INFLAMMATORY BOWEL DISEASE

4.2.1 THE CYTOKINE eNAMPT IN THE PROGRESSION OF IBD

To explore the role of the cytokine eNAMPT in the intestinal inflammatory response, an in
vivo study was conducted using a murine model of Crohn’s disease. Male BALB/c mice
were randomly allocated into 5 experimental groups: a healthy control group (sham), a
healthy group treated with recombinant eNAMPT (sham + eNAMPT), a group with
moderate Crohn’s disease induced by 2 mg/mouse of DNBS (moderate DNBS), a group
with moderate Crohn’s disease treated with eNAMPT (moderate DNBS + eNAMPT), and
a group with severe Crohn’s disease induced by 3 mg/mouse of DNBS (severe DNBS).

In the DNBS-treated groups, intestinal inflammation was induced by intrarectal
administration of DNBS at two different doses, reproducing moderate and severe forms of
the disease, respectively. In groups receiving eNAMPT (50 pg/mouse), the recombinant
protein was administered intraperitoneally once daily for 4 consecutive days (Fig. 35A). At
the end of the treatment period, changes in body weight and colon length were assessed to
monitor the progression of the inflammatory response and to evaluate the potential

contribution of eNAMPT to disease development (Fig. 35B-C).
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Figure 35. Experimental design and effects of eNAMPT treatment in a murine model of CD.
(A) Schematic of the experimental protocol. CD was induced by intrarectal administration of DNBS
(2 or 3 mg/mouse) to generate moderate and severe disease respectively. Recombinant eNAMPT
(50 ug/mouse) was administered i.p. for 4 consecutive days. (B) Body weight variation over time,
expressed as percentage of baseline (to). (C) Colon length at the end of the treatment. Data are shown
as mean = SEM, n=2.

The results showed that administration of eNAMPT to mice with moderate Crohn’s disease

(moderate DNBS + eNAMPT) led to a marked reduction in body weight compared with
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healthy controls (sham), healthy mice treated with eNAMPT (sham + eNAMPT), and
untreated mice with moderate disease (moderate DNBS). The extent of weight loss in this
group was comparable to that observed in animals with severe disease (severe DNBS),
suggesting a role for eNAMPT in promoting disease progression under inflammatory
conditions (Fig. 35B).

Consistently, colon length in mice with moderate disease treated with eNAMPT (moderate
DNBS + eNAMPT) was significantly reduced compared with the other experimental groups,
and approached values observed in animals with severe disease (Fig. 35C). This finding
supports the hypothesis that elevated levels of eNAMPT, resulting from intraperitoneal
administration of the recombinant protein, may exacerbate disease severity in the presence
of intestinal inflammation. Conversely, administration of eNAMPT to healthy animals did
not produce significant changes in either body weight or colon length, indicating that
eNAMPT alone is not sufficient to induce pathological alterations in the absence of pre-

existing inflammation.

4.2.2 EFFECT OF eNAMPT TREATMENT AT TISSUE LEVEL

To investigate the effects of exogenous eNAMPT administration at the tissue level, colon
samples were collected from all experimental groups and analyzed by
immunohistochemistry (IHC) by Cogentech (IFOM, Milan). Histological evaluation was
performed using hematoxylin and eosin (HE), Picrosirius Red, and Masson’s trichrome
staining (Fig. 36A).

HE staining revealed well-preserved tissue architecture in colons from both healthy controls
(sham) and healthy mice treated with recombinant eNAMPT (sham + eNAMPT),
confirming that eNAMPT administration alone does not induce epithelial or structural
damage. These findings are consistent with the absence of phenotypic changes in body
weight and colon length in these groups. In contrast, DNBS-treated mice with moderate
Crohn’s like inflammation (DNBS) exhibited marked epithelial disruption and mucosal
injury, which are further aggravated by eNAMPT treatment (DNBS + eNAMPT). These
observations indicate that eNAMPT amplifies the intestinal inflammatory response under
pathological conditions. Picrosirius Red staining revealed increased fibroblast activation and
collagen accumulation in colons from DNBS-treated mice (DNBS). Effect further enhanced
in DNBS + eNAMPT mice, suggesting that eNAMPT promotes fibrotic remodeling during

intestinal inflammation. No collagen deposition was detected in healthy animals (sham or

81



sham + eNAMPT), confirming that eNAMPT alone does not activate fibroblasts in the
absence of an inflammatory trigger.

Masson’s trichrome staining confirmed a significant increase in collagen deposition in
DNBS-treated mice, which was further accentuated by eNAMPT administration. These
findings collectively indicate that eNAMPT enhances the pro-fibrotic response
characteristic of chronic intestinal inflammation.
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GROUPS DISTORTION OF CHORION SUPPRESSION OF REGENERATIVE/ GLANDULAR  FIBROSIS  SCORE
GLANDULAR INFLAMMATORY ~ MUCOSECRETORY DISPLASTIC ATROPHY
ARCHITECTURE INFILTRATION ACTIVITY ALTERATIONS
SHAM 0 0 0 0 0 0
SHAM +
eNAMPT 0 0 0 0 0 0
DNBS 2 2 1 1 0 2
DNBS +
eNAMPT 2 3 2 2 0 3 12
Legend: 0= Absent 1=Mild 2=Moderate 3=Discrete 4=Severe

Figure 36. Histological evaluation of colonic tissue following eNAMPT treatment. (A)
Representative histological sections of colon from healthy controls (sham), eNAMPT-treated
healthy mice (sham + eNAMPT), DNBS-treated (DNBS), and DNBS + eNAMPT-treated mice.
Samples were stained with hematoxylin and eosin (HE), Picrosirius Red, and Masson’s trichrome
(20x magnification). (B) Semiquantitative histopathological scoring of tissue damage.

A semiquantitative histological scoring system (0-4 per parameter) was applied to assess
tissue damage based on glandular architectural distortion, inflammatory cell infiltration,
mucin secretion, regenerative dysplasia, glandular atrophy, and fibrosis (Fig. 36B). As
expected, colons from healthy mice treated with eNAMPT (sham + eNAMPT) showed no
histological alterations, maintaining a total score of 0, identical to untreated controls.

Whereas, in mice with moderate DNBS-induced disease, the total histological score reached
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8, reflecting substantial mucosal damage associated with inflammation and fibrosis. DNBS-
treated mice receiving eNAMPT displayed a marked worsening of histopathology, with
increased inflammatory infiltration (score 2 = 3), reduced mucin secretion (1 =2 2),
appearance of dysplastic regenerative changes (1 = 2), and enhanced fibrosis (2 =2 3).
Overall, these alterations increased the total histological score from 8 to 12, demonstrating
that recombinant eNAMPT administration exacerbates intestinal injury and contributes to

disease progression.

4.2.3 INFLAMMATORY INFILTRATE IN LAMINA PROPRIA OF DNBS-INDUCED
MICE

To determine whether the exacerbation of clinical symptoms observed following exogenous
eNAMPT administration was associated with an enhanced local immune response, the
inflammatory infiltrate within the intestinal lamina propria was analyzed through flow
cytometry. Flow cytometric analysis included the characterization of several immune cell
subtypes. Among these were B lymphocytes, identified by surface expression of CD45 B220
(CD45"B220") (Fig. 37A), and T lymphocytes, identified by the expression of CD45 and
CD3 (CD45"CD3") and further classified into T helper cells (Th; CD45"CD3*CD4") (Fig.
37B), and cytotoxic T cells (CD45°CD3"CD8") (Fig. 37C).
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Figure 37. FACS analysis of lymphocyte populations in lamina propria. Quantification of (A) B
cells (CD45'B220"), (B) CD4" T cells (CD45°CD3°CD4"), and (C) CD8" T cells
(CD45°CD3°CD8") in the lamina propria of sham, sham + eNAMPT, DNBS, and DNBS +

eNAMPT mice. Data are presented as mean = SD, n=2.
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The analysis revealed no significant differences in the composition of the inflammatory
infiltrate between healthy control mice (sham) and healthy mice treated with recombinant
eNAMPT (sham + eNAMPT). In contrast, DNBS-treated mice with moderate Crohn’s like
disease (moderate DNBS) showed an increased proportion of both CD4" and CD8" T cells
in the lamina propria. However, when DNBS-treated mice were administered recombinant
eNAMPT (moderate DNBS + eNAMPT), no further significant increase in either CD4" or
CDB8" T cell populations was detected. Similarly, no significant changes in the frequency of
B cells were observed in any DNBS-treated groups, suggesting that B lymphocytes are not
substantially involved in disease progression and are not influenced by eNAMPT treatment.
The analysis also included evaluation of the myeloid compartment, identified by co-
expression of CD45 and CD11b (CD45°CD11b"). Within this population, specific subtypes
were distinguished based on surface markers: monocytes (CD45°CD11b'Ly6C"),
granulocytes (CD45°CD11b'Ly6G’), and macrophages (CD45°CD11b"F4/80").
Macrophages were further classified into two distinct phenotypes: M1 macrophages,
characterized by expression of CD86, and M2 macrophages, identified by expression of

CD206 (Fig. 38A-E).
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Figure 38. FACS analysis of myeloid cell populations in the lamina propria. Quantification of
(A) total myeloid cells (CD45°CD11b"), (B) monocytes (CD45°'CD11b'Ly6C"), (C) granulocytes
(CD45°CD11b"'Ly6G"), (D) macrophages (CD45°CD11b'F4/807), and (E) M1 (CD86") or M2
(CD206") macrophages in the lamina propria. Data are presented as mean + SD, n=2.

Results indicate that treatment with cytokine eNAMPT in mice with moderate Crohn’s
disease (DNBS + eNAMPT) markedly promotes the accumulation of myeloid cells in the
intestinal /amina propria compared with animals exhibiting moderate inflammation induced
by DNBS alone. This increase predominantly involves monocytes, granulocytes, and
macrophages. Furthermore, the expansion of the myeloid compartment is associated with a

shift in macrophage polarization, characterized by a significant rise in the pro-inflammatory
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CD86" (M1) macrophage population and a concomitant decrease in the anti-inflammatory
CD206" (M2) subset. In contrast, healthy mice treated with eNAMPT (sham + eNAMPT)
exhibited slight, non-significant increases in monocyte and granulocyte levels, confirming
that the pro-inflammatory effect of eNAMPT becomes evident only in the presence of pre-

existing intestinal inflammation.

424 SYSTEMIC EFFECT OF eNAMPT ON CIRCULATING MYELOID
POPULATIONS

The systemic impact of the cytokine eNAMPT was examined. The analysis initially focused

on myeloid cells, particularly monocytes and granulocytes (Fig. 39A-C).
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Figure 39. FACS analysis of circulating myeloid populations. (A) Percentage of total myeloid
cells (CD11b") within CD45" circulating leukocytes. (B) percentage of circulating monocytes
(CD11b"Ly6C") and (C) granulocytes (CD11b"Ly6G") in the peripheral blood. Data are expressed

as mean = SD, n=2.

Since no significant differences were observed in the overall proportions of these
populations among the experimental groups, further investigation concentrated on specific
myeloid subpopulations distinguished by the expression levels of Ly6G, namely Ly6Ghigh
and Ly6G'"¥ cells, to better characterize potential shifts in cell maturation states.

Flow cytometry analysis revealed marked alterations in circulating myeloid subsets (Fig.
40F). In untreated healthy controls (sham), the peripheral blood was characterized by a

predominance of mature Ly6Ghie" granulocytes, accompanied by a smaller proportion of
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Ly6G"™" immature cells (Fig. 40A). In contrast, exogenous administration of recombinant
NAMPT in healthy mice (sham + eNAMPT) led to an increase in Ly6Gheh granulocytes,
and a substantial expansion of the Ly6G'" immature population (Fig. 40B). Mice with
moderate inflammation induced by DNBS (DNBS moderate) exhibited a pronounced
expansion of Ly6G"eh granulocytes, consistent with an acute inflammatory response, while
Ly6G"™" populations remained relatively low (Fig. 40C). However, in DNBS-treated
animals receiving recombinant NAMPT (DNBS + eNAMPT), peripheral blood analysis
revealed significant changes: mature Ly6G"e" granulocytes were markedly reduced, and
Ly6G" immature cells increased dramatically (Fig. 40D). A similar pattern was observed

in mice with severe disease (DNBS severe) (Fig. 40E).
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Figure 40. FACS analysis of eNAMPT effect on mature and immature granulocyte
populations. Representative FACS dot plots showing Ly6G (Ly6g™€" or Ly6G"™) expression
profiles in circulating myeloid cells from (A) sham, (B) sham + eNAMPT, (C) DNBS moderate, (D)
DNBS + eNAMPT, and (E) DNBS severe mice. (F) Quantification of Ly6G™ cells across

experimental groups. Data are shown as mean = SD, n=2.

Taken together, these findings suggest that eNAMPT may interfere with myeloid cell
maturation during intestinal inflammation, reducing the generation of mature effector cells

(Ly6Ghigh) and promoting the accumulation of immature myeloid forms (Ly6G'*v).
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4.2.5 EFFECT OF eNAMPT IN HEMATOPOIESIS AND CELL DIFFERENTIATION

We next investigated the potential role of eNAMPT in regulating hematopoietic processes
within the bone marrow. Flow cytometry analyses were used to evaluate the presence of
mature myeloid population (Fig. 41), hematopoietic stem cells (Fig. 42), and hematopoietic
progenitors (Fig. 43). Flowcytometry analyses revealed that in untreated healthy mice
(sham), the most abundant population consisted of mature granulocytes (Ly6Gheh), followed
by immature Ly6G'"" cells and monocytes (Ly6C™") (Fig. 41A). Comparison with the sham
+ eNAMPT group indicated that eNAMPT treatment reshaped myeloid composition within
the bone marrow, promoting granulocytic expansion while markedly reducing the
monocytic compartment (Fig. 41B). In mice with moderate colitis, a mild increase in Ly6C*
monocytes and slight decrease in Ly6Ghieh granulocytes were observed relative to healthy
controls (Fig. 41C). Notably, as seen in peripheral blood, administration of recombinant
eNAMPT (DNBS + eNAMPT) induced a pronounced expansion of the immature Ly6G'*¥
population within the bone marrow. The overall cellular composition in this group closely
resembled that of animals with severe disease (DNBS severe) (Fig. 41D-E), suggesting that
eNAMPT contributes to hematopoietic remodeling toward an immunophenotypic profile
characteristic of advanced disease stages.
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Figure 41. FACS analyses of mature myeloid populations in the bone marrow. Representative
dot plots (A-E) show the distribution of Ly6C* monocytes, Ly6G"&" granulocytes, and Ly6G'"
immature granulocytes in bone marrow for (A) sham, (B) sham + eNAMPT, (C) DNBS moderate,
(D) DNBS + eNAMPT, and (E) DNBS severe mice. Quantification of the relative proportion of (F)
Ly6C* monocytes, (G) Ly6G"¢" granulocytes, and (H) Ly6G"" immature granulocytes among
CD45"CD11b" cells is presented for all experimental groups. Data are expressed as mean + SD, n=2.
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Given the increase in immature cellular components and the concomitant reduction of
mature myeloid populations observed in bone marrow analyses, we next examined
hematopoietic stem and progenitor cells (Fig. 42 and 43) to assess whether elevated

eNAMPT levels exert an upstream effect on hematopoiesis.
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Figure 42. FACS analyses of immature populations in the bone marrow. Representative flow
cytometry dot plots showing hematopoietic stem cells in bone marrow from (A) sham, (B) DNBS
moderate, (C) DNBS severe, and (D) DNBS + eNAMPT mice. (E) Quantification of HSCs within

the live cells is indicated in each plot. Data are shown as mean + SD, n=2.

Flow cytometric analyses revealed comparable frequencies of Linc-KIT" cells in the bone
marrow of untreated healthy mice (sham) and mice with DNBS-induced moderate Crohn’s-
like inflammation (moderate DNBS). In contrast, mice with DNBS-induced moderate
intestinal inflammation treated with eNAMPT (DNBS + eNAMPT) displayed a significant
expansion of the Linc-KIT" compartment compared with the moderate DNBS group.
Notably, the proportion of Lin'c-KIT" cells in DNBS + eNAMPT was comparable to that
observed in mice with severe DNBS-induced inflammation, supporting a link between
eNAMPT elevation and hematopoietic activation under inflammatory conditions (Fig. 42E).
To further characterize hematopoietic progenitor dynamics, multiple bone marrow
subpopulations were analyzed, including megakaryocyte-erythroid progenitor (MEPs,
CD34CD16/32"), common myeloid progenitors (CMPs, CD34°CD16/32), and
granulocyte-monocyte progenitors (GMPs, CD34"CD16/32%) (Fig. 43). Flow cytometric
analyses revealed a general increase in hematopoietic progenitor cells (LSK, Lin-Sca-1*c-
KIT") in the bone marrow of DNBS-severe mice, whereas this expansion was not observed
in DNBS-treated mice with moderate inflammation (Fig. 43E). However, more accurate
analyses showed a significant reduction in the frequency of MEPs in the bone marrow of
mice with DNBS-induced moderate inflammation treated with eNAMPT (DNBS +
eNAMPT) compared with the moderate DNBS group (Fig. 43F). In contrast, the proportion
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of CMPs remained largely unchanged between the two groups (Fig. 43G), suggesting that
eNAMPT does not substantially affect this intermediate progenitor population. Notably, a
marked increase in GMP frequency was observed in DNBS + eNAMPT mice, indicating a
selective expansion of granulocyte-monocyte progenitors (Fig. 43H). This pattern closely
mirrored that observed in the severe DNBS model, suggesting that elevated eNAMPT levels
can mimic, at the hematopoietic level, the inflammatory response associated with a more
acute pathological condition, promoting an unbalanced proliferation toward granulocytes
and monocytes, which are subsequently released into the bloodstream and recruited to the

site of inflammation, where they accumulate.
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Figure 43. FACS analyses of hematopoietic progenitor cells in the bone marrow. Representative
dot plots of FACS analyses showing hematopoietic progenitors in bone marrow from (A) sham, (B)
DNBS moderate, (C) DNBS severe, and (D) DNBS + eNAMPT mice. (E) Quantification of total
progenitors within Lin™ cells, and (F) MEPs within CD34°'CD16/32" cells, and (G) CMPs, (H) GMPs
within CD34"'CD16/32 cells. Data are shown as mean + SD, n=2.

4.2.6 EFFECT OF eNAMPT ON HEMATOPOIETIC STEM CELLS GROWTH EX VIVO

Given the involvement of cytokine eNAMPT in modulating bone marrow cells
differentiation and maturation during inflammation, we developed and validated an
experimental protocol for ex vivo studies to further characterize and elucidate the effects of
eNAMPT on the hematopoietic process.

Once optimized, the protocol was applied to assess the growth and differentiation potential
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of hematopoietic stem cells isolated from the bone marrow of untreated healthy mice (sham)

and in the presence of different cytokines (Fig. 44).

A B
MethoCult
| nawer |
Aok
| ocsr |
sokkok
20097 ook |*
4 .‘. g 150-. |
c
S
3 100
b
t 50
EXH G| 0
= FELSLHE oS
s Y o R G
; F I HF N
< 2 W
(? ‘x.;"
© I

Figure 44. Effect of cytokines on bone marrow-derived colony formation. (A) Representative
images of bone marrow-derived cells cultured under different conditions: untreated control (CTRL),
NAMPT, IL-6, G-CSF, GM-CSF treated, and the combination of each cytokine with NAMPT (IL-6
+ NAMPT, G-CSF + NAMPT, GM-CSF + NAMPT). Colony formation is indicated by black
arrows. (B) Quantification of colony formation under each experimental condition. Data are
expressed as the mean £ SEM of independent experiments, n=3.

Compared with the control condition (CTRL), in which no cytokine stimulation was applied,
treatment with IL-6, G-CSF or GM-CSF resulted in significant increase in the number of
colonies formed. In contrast, NAMPT alone was unable to promote cell differentiation, as
no substantial changes in colony counts were observed. However, when NAMPT was
combined with either IL-6 or G-CSF a slight enhancement in colony formation was detected.
In addition, when combined with GM-CSF, the enhancement in colony formation was more
marked and statistically significative, indicating a synergistic effect between recombinant
NAMPT and these hematopoietic growth factors.

Therefore, the experiment was repeated in the DNBS-induced Crohn’s disease model. Bone
marrow-derived cells isolated from 4 distinct groups of animals: untreated healthy mice
(sham), mice with DNBS-induced moderate Crohn’s disease (moderate DNBS), mice with
DNBS-induced severe Crohn’s disease (severe DNBS) were cultured either in the absence

of stimulating factors or in the presence of G-CSF or GM-CSF (Fig. 45).
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Figure 45. Effect of colony stimulating-factors on bone marrow-derived cells in a DNBS-
induced Crohn’s disease model. (A) Representative images of bone marrow-derived cells isolated
from sham, DNBS moderate, DNBS + eNAMPT, and DNBS severe mice cultured under different
conditions: untreated control (CTRL), G-CSF, or GM-CSF treatment. Colony formation is indicated
by black arrows. (B) Quantification of the number of colonies formed under each condition.

Data show that hematopoietic stem cells derived from all the experimental groups responded
to cytokine stimulation by generating colonies. However, when HCSs isolated from
moderate and severe DNBS mice were compared with HCSs isolated from healthy (sham)
mice, a significant increase in colony formation was observed. In contrast, when treated with
eNAMPT, HCSs derived from DNBS mice showed a reduced colony formation capacity.
Taken together, these findings suggest that intestinal inflammation promotes expansion of
the hematopoietic stem cell compartment, leading to enhanced hematopoietic activity;
however, elevated levels of eNAMPT may drive excessive proliferation, ultimately resulting

in exhaustion of bone marrow hematopoietic stem cells.

4.2.7 EFFECT OF ALT-100 TREATMENT IN MURINE CD PROGRESSION

To evaluate the therapeutic role of the humanized monoclonal antibody ALT-100 in
alleviating IBD symptoms, acute intestinal inflammation was chemically induced in 8-
weeks-old BALB/c mice by i.r. administration of DNBS at a dose of 3 mg/mouse. Animals
were divided into three experimental groups: sham, DNBS, DNBS + ALT-100 (1 mg/kg).
At the end of the treatment period, changes in body weight and colon length were assessed

to monitor the progression of the inflammatory response and to evaluate the potential effect
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of ALT-100 to disease improvement (Fig. 46).
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Figure 46. Experimental design and evaluation of ALT-100 treatment in a DNBS model. (A)
Schematic representation of the experimental model. (B) Body weight evaluation during treatment
of experimental groups (sham, DNBS, DNBS + ALT). (C) Colon length measurements at the end of
treatment. (D) Representative images of colons collected at the end of the treatment. Data are shown
as mean = SD, n=2.

Results showed that treatment with ALT-100 did not lead to a recovery in body weight
compared with DNBS-treated mice (Fig. 46B). However, colon length in ALT-100-treated
mice appeared partially restored relative to DNBS mice, reaching values comparable to
those observed in healthy controls (Fig. 46C-D). These data suggest that the humanized anti-
NAMPT antibody is effective in reducing some of the symptoms associated with CD in an

acute DNBS-induced model.

4.2.8 EFFECT OF ALT-100 TREATMENT AT TISSUE LEVEL

Next, we evaluated eNAMPT neutralization by ALT-100 effect at tissue level through THC
analyses. Histological features were assessed using three staining techniques (Cogentech,
IFOM, Milan): hematoxylin and eosin (HE), Picrosirius Red, and Masson’s trichrome (Fig.
47A). HE staining revealed that after ALT-100 treatment, epithelial damage present in
DNBS-treated mice was notably reduced; Picrosirius Red showed a substantial reduction of
collagen deposition in DNBS + ALT-100 mice; Masson’s trichrome staining confirmed that

DNBS-induced colons displayed elevated collagen deposition and increased fibrotic
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formation, which was markedly attenuated in DNBS mice treated with ALT-100. Together,
these findings demonstrate that treatment with the humanized anti-eNAMPT antibody ALT-
100 can mitigate the profibrotic processes typically associated with chronic inflammatory

bowel disease.
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Figure 47. IHC evaluation of ALT-100 treatment. (A) Representative images of colon sections
from sham, DNBS, and DNBS + ALT-100 (1 mg/kg) mice stained with Hematoxylin and Eosin
(HE), Picrosirius Red, and Masson’s trichrome (20x magnification). (B) Semiquantitative
histopathological scoring of tissue damage.

A semiquantitative histological scoring system (0-4 per parameter) was applied to assess
tissue damage based on glandular architectural distortion, inflammatory cell infiltration,
mucin secretion, regenerative dysplasia, glandular atrophy, and fibrosis (Fig. 47B). In the
DNBS-induced murine model of Crohn’s disease, inflammation and fibrosis yielded a total
histological score of 8. Treatment with the humanized monoclonal antibody ALT-100
markedly improved tissue morphology. ALT-100 restored glandular structure, muco-

secretory activity, and epithelial integrity (all scores 0). Fibrosis was also reduced (2 = 1).
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Overall, ALT-100 administration significantly alleviated DNBS-induced intestinal damage,
lowering the total histological score from 8 to 3, demonstrating its protective and anti-

fibrotic effects.

4.2.9 EEFECT OF ALT-100 TREATMENT ON THE INFLAMMATORY INFILTRATE

The effect of ALT-100 on the inflammatory infiltrate within the colon was also investigated.
Lamina propria cells were isolated and analyzed by flow cytometry. Given that previous
data showed that eNAMPT exerts its effect primarily on the myeloid cell compartment, the
immune populations analyzed included total myeloid cells (CD45°CD11b"), specifically
monocytes (Ly6C") and granulocytes (LY6G™) (Fig. 48).
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Figure 48. Flow cytometric analysis of ALT-100 effect in lamina propria. Quantification of (A)
total myeloid cells (CD45°CD11b"), (B) monocytes (Ly6C"), and (C) granulocytes (Ly6G") within
total myeloid cells, in colon from DNBS untreated (CTRL) and ALT-100 treated mice. Data are
shown as mean + SD, n=2.

Flow cytometric analyses revealed that treatment with ALT-100 (1 mg/kg) significantly
reduced the percentage of total myeloid cells in the lamina propria (Fig. 48A). Similarly,
both monocytes (CD45°CD11b"Ly6C*) and granulocytes (CD45"CDI11b"'Ly6G") were
notably decreased following ALT-100 administration (Fig. 48B-C). This demonstrates that
the humanized anti-eNAMPT monoclonal antibody ALT-100 effectively reduces the
accumulation of myeloid cells, particularly monocytes and granulocytes, within the

inflamed colon.
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4.2.10 EFFECT OF ALT-100 ON INFLAMMATORY CELLS RECRUITMENT

After demonstrating that ALT-100 modulates the myeloid compartment within the colonic
lamina propria, its effect was investigated also at the systemic level. To this end, mature

circulating cells were analyzed in peripheral blood (Fig. 49).
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Figure 49. Flow cytometric analysis of ALT-100 effect in blood circulation. Representative dot
plots of FACS analysis (A) and (B), showing mature myeloid population (C45°CD11b") in blood of
respectively DNBS untreated (CTRL) and ALT-100 treated mice, and (C) quantification. Data are
shown as mean + SD, n=2.

Flow cytometric analysis of blood cell populations following administration of the
monoclonal antibody ALT-100 (1 mg/kg) revealed a significant reduction in the percentage
of myeloid cells. These data are consistent with the findings obtained in the lamina propria,
supporting the hypothesis that ALT-100 reduces the recruitment of myeloid cells into the

inflamed compartment.

4.2.11 EFFECT OF ALT-100 ON INFALLAMTORY CELLS DIFFERENTIATION

Following the observations that ALT-100 reduces myeloid cells infiltration at the
inflammatory site in Crohn’s like DNBS-induced model, and reduces also myeloid
recruitment at systemic level, we investigated whether this effect was due to an impaired
recruitment or altered myeloid differentiation in the bone marrow. Bone marrow cells from
DNBS-induced mice, treated or untreated with ALT-100 (1 mg/kg), were analyzed by flow
cytometry (Fig. 50). ALT-100 treatment significantly decreased hematopoietic progenitors
(Linc-KIT") (Fig. 50A). Similarly, the proportion of hematopoietic stem cells (LSK, Lin-
Sca-17¢-KIT") decreased (Fig. 50B). Consistently, mature myeloid cells (CD45"CD11b") in

the bone marrow were reduced (Fig. 50C).
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Figure 50. Flow cytometric analysis of ALT-100 effect in bone marrow. Representative dot plots
and relative quantification of (A) hematopoietic progenitors (Lin'c-KIT"), (B) hematopoietic stem
cells (LSK, Lin'Sca-1"KIT"), and (C) mature myeloid cells (CD45°CD11b") in the bone marrow of
DNBS untreated (CTRL) and ALT-100 treated mice. Data are shown as mean + SD, n=2.

Overall, these findings indicate that ALT-100 not only modulates the composition of the
local inflammatory infiltrate by reducing the myeloid component but also exerts systemic
effects by modulating hematopoietic differentiation. Specifically, ALT-100 reduces
progenitors and HCSs proliferation and myeloid output, thereby contributing to the

attenuation of inflammatory myelopoiesis in DNBS-induce Crohn’s like disease.

4.2.12 EFFECT OF ALT-100 ON FIBROTIC PROCESS

Finally, since intestinal fibrosis represents a common complication of CD, and previous data
suggested a modulatory role of ALT-100 on the fibrotic process, the expression of genes

involved in fibrosis and inflammation were analyzed through an RNA array analysis.
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The analysis involved RNA extracted from colon of untreated (sham) mice, sham mice
treated with eNAMPT (sham + eNAMPT), untreated DNBS-induced mice (DNBS), and
DNBS-induced mice treated with ALT-100 (DNBS + ALT-100) (Fig. 51A). Moreover, the
expression of two pro-fibrotic genes (MMP and TFG-) was examined through RT-PCR
(Fig. 51B-C).
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Figure 51. ALT-100 effect on pro-fibrotic process. (A) Heatmap of RNA array analysis performed
using a panel of genes involved in fibrosis. In green down-regulated genes, in red up-regulated genes.
Gene expression quantification of (B) MMP9 and (C) TGF-f through RT-PCR after ALT-100
treatment.

RNA array analysis was performed to evaluate the expression of a panel of fibrosis-
associated genes. The heatmap illustrates a broad downregulation of several pro-fibrotic
genes in ALT-100 treated samples compared to untreated DNBS controls. Notably, a
marked reduction was observed in members of the MMP family (including MMP3, MMP9,
MMPS8, MMP13, and MMP14) and in genes belonging to the TGF-f3 signaling pathway
(TGFBI, TGFB2, TGFB3, BMP7, TGFBR1, TGFBR2), both of which are key mediators
of extracellular matrix remodeling and fibrogenesis. We analyzed through RT-PCR the
expression levels of MMP9 and TGF-B. As shown in figure 51, both MMP9 (B) and TGF-
B (C) expression levels were markedly increased in the colons of DNBS-treated mice
compared with healthy controls (sham). Treatment with the ALT-100 antibody (DNBS +
ALT-100) significantly reduced the expression of these pro-fibrotic genes compared to
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untreated DNBS mice, restoring levels close to those observed in healthy animals, although
still slightly elevated, consistent with IHC analyses. Overall, these results confirm that ALT-
100 exerts a strong anti-fibrotic effect by suppressing the transcriptional activation of key

mediators involved in the fibrotic response.

4.2.13 EFFECT Of ALT-100 TREATMENT IN MURINE COLITIS PROGRESSION

To further validate the efficacy of ALT-100 in ameliorating inflammatory bowel disease
symptoms, we employed an additional model of IBD, the DSS-induced colitis model. Both
acute and chronic treatment protocols were used to comprehensively assess the therapeutic
potential of ALT-100 in different stages of intestinal inflammation.

Acute intestinal inflammation was chemically induced in 8-weeks-old C57BL/6 mice by
administering 2,5% DSS in drinking water for 7 days, followed by a washout period of 3
days. Animals were divided into 3 experimental groups: sham, DSS, DSS + ALT-100 (1
mg/kg). At the end of the treatment period, changes in body weight and colon length were
assessed to monitor the progression of the inflammatory response and to evaluate the

potential effect of ALT-100 to disease improvement (Fig. 52).
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Figure 52. Experimental design and evaluation of ALT-100 treatment in an acute DSS model.
(A) Schematic representation of the experimental model. (B) Body weight evaluation during
treatment of experimental groups (sham, DSS, DSS + ALT). (C) Colon length measurements at the
end of treatment. Data are shown as mean + SD, n=2.

98



In contrast with the DNBS model, in the acute DSS-induced colitis model, results showed
that treatment with ALT-100 did not lead to a recovery in body weight compared with DSS-
treated mice (Fig. 52B) or colon length (Fig. 52C). This lack of efficacy may be attributable
to the predominant activity of ALT-100 on fibrotic processes, which are less prominent in
the DSS model compared to the DNBS-induced model. Consequently, the relative short
treatment period during the acute inflammatory phase may have been insufficient for ALT-
100 to exert its therapeutic effects.

To further investigate this hypothesis, the efficacy of ALT-100 was subsequently evaluated
in a chronic DSS model with higher ALT-100 dosage. In collaboration with the Scripps
Institute, University of Florida, chronic inflammation was induced in 8-weeks-old C57BL/6
mice by administering 2% DSS in drinking water for 7 days, followed by a 12-days washout
period, and a second 7-days DSS cycle. After an additional 3 days washout, mice were
sacrificed, for a total duration of 28 days. Animals were divided into 4 experimental groups:
sham, DSS + PBS, DSS + ALT-100 (1 mg/kg), and DSS + ALT-100 (4 mg/kg). At the end
of the treatment period, changes in body weight and colon length were assessed to monitor
the progression of the inflammatory response and to evaluate the potential effect of ALT-

100 to disease improvement (Fig. 53).
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Figure 53. Experimental design and evaluation of ALT-100 treatment in a chronic DSS model.
(A) Schematic representation of the experimental model. (B) Body weight evaluation during
treatment of experimental groups (sham, DSS + PBS, DSS + ALT 1 mg/kg, DSS + ALT-100 4

mg/kg). (C) Colon length measurements at the end of treatment. Data are shown as mean + SD, n=2.



Results showed that DSS administration induced a progressive weight loss in vehicle-treated
mice, while ALT-100 treatment mitigates this effect. Although the reduction in weight loss
was not markedly pronounced, a trend toward recovery of normal body weight was observed
in ALT-100-treated groups (1 and 4 mg/kg) compared with DSS + PBS controls (Fig. 53B).
Measurement of colon length at the endpoint revealed that ALT-100 at both doses partially
restored colon length, suggesting a protective effect against DSS-induced tissue damage
(Fig. 53C). Overall, these findings indicate that ALT-100 exerts beneficial effects in the
chronic DSS model of colitis, promoting recovery of body weight and preservation of colon

architecture, consistent with its therapeutic potential in chronic intestinal inflammation.
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4.3 THE ROLE OF NAMPT PHOSPHORILATIONS

4.3.1 IDENTIFICATION OF NAMPT PHOSPHORYLATION SITES

The identification of phosphorylation sites within the NAMPT protein was performed in
collaboration with the research group of Professor Wohlschlegel at the UCLA, Los Angeles.
To this end, a stable murine cell line (B16) was generated to overexpress NAMPT fused at
its N-terminus with the GFP. The recombinant NAMPT-GFP protein was subsequently
immunoprecipitated using anti-GFP beads and analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) employing a data-dependent acquisition (DDA) strategy
combined with parallel reaction monitoring (Fig. 54A). This approach enabled the
identification of potential phosphorylation sites covering approximately 78% of the NAMPT
protein sequence (Fig. 54B). The remaining uncharacterized region, in white, was likely
inaccessible due to steric hindrance imposed by the N-terminal GFP.
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Figure 54. Identification of NAMPT phosphorylation sites. (A) Schematic representation of the
experimental workflow for the [P and analysis of NAMPT. (B) Sequence analysis of NAMPT: black
indicates regions of the analyzed sequence, in white the portion not covered by the analysis.

These analyses led to the identification of 8 distinct phosphorylation sites on the NAMPT
protein, which are summarized in table 5. The values of the normalized peak areas are
proportional to the degree of phosphorylation of the corresponding residue. These data
clearly indicate that serine residue 199 (7,66 £ 0,55) and 200 (6,05 £ 1,57) are the most
highly phosphorylated sites on NAMPT.

The experimentally identified phosphorylation sites were subsequently compared with those

predicted using a bioinformatic approach (https://www.phosphosite.org/). Bioinformatic

analyses revealed a total of 27 potential phosphorylation sites 4 threonines, 10 serines, and

101



13 tyrosines. Among these, serine 472 was predicted as one of the most likely

phosphorylated ones.
NAMPT MODIFIED PHOSPHORYLATED m/z CHARGE NORMALIZED AREA
PEPTIDES AMINO ACID (area average *+ SD)
Y [+80] Y175 598,9448 3 0,32 +0,05
LLETSGNLDGLETK

GVS [+80] 5199 684,9965 3 7,66 +0,55
SQETAGIGASAHLVNFK I_I

GVSS [+80] I S200 I 684,9965 3 6,05 +1,57
QETAGIGASAHLVNFK
DPVPGY [+80] Y240 755,0192 3 3,88+0,39
SVPAAEHSTITAWGK
DPVPGYS [+80] S241 755,0192 3 3,91+0,46
VPAAEHSTITAWGK
DLLNC [+57] S [+80]FK S398 538,7278 2 0,35+0,06
C [+57] SYVVT [+80] T406 644,0581 4 2,55+0,15
NGLGVNVFKDPVADPNK
SYS [+80] FDEVRK I S472 I 605,7606 2 1,03+£0,19

Table 5. NAMPT phosphorylated sites identified by LC-MS/MS. The table reports the modified
peptides, the corresponding phosphorylated amino acid residue, their mass-to-charge ratios (m/z),
charge state, and normalized peak area (mean + SD). Normalized area values are proportional to the
phosphorylation degree. In red boxes, amino acid residues identified for future analyses.

Based on these, we focused our investigation on residues S199, S200 and S472. To
investigate the functional relevance of the identified phosphorylation sites, site-directed
mutagenesis was performed to substitute the serine residues with alanine, thereby preventing

phosphorylation.

4.3.2 ENZYMATIC CHARACTERIZATION OF NAMPT MUTANT FORMS

Three recombinant NAMPT variants were generated: NAMPTS!%A NAMPTS2%A | and
NAMPTS#72A, The mutant proteins were expressed in E.coli using pET28 plasmids and an
indirect in vitro enzymatic assay was performed to assess their capacity to catalyze the
formation of nicotinamide mononucleotide (NMN) (Fig. 55). Results showed that the
NAMPT®S*2A mutant displayed enzymatic activity comparable to the wild-type protein
(NAMPT WT), whereas the NAMPTS!°A and NAMPT?%A exhibited a complete loss of
activity. Thus, only the S472A substitution did not affect NAMPT’s ability to synthesize
NMN, while mutations at S199 and S200 impaired enzymatic function in vitro. Given that
NAMPT is active exclusively as a homodimer, and that residues S199 and S200 are located
at the dimer interface, unlike S472 which lies on the outer surface, the loss of activity in the

S199A and S200A mutants may results from impaired dimer formation.
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Figure 55. Evaluation of enzymatic activity of NAMPT mutants in vitro. In vitro enzymatic
activity of recombinant NAMPT WT (red), NAMPTS'"* (green), NAMPTS*®* (blue), and
NAMPT®*72 (grey) proteins, measured as absorbance at 340 nm over time.

4.3.3 EVALUATION OF RECOMBINANT NAMPT OLIGOMERIC STATE

To investigate the oligomeric state of recombinant mutants, a native PAGE followed by
Western Blot analysis and a size-exclusion chromatography (SEC) were performed (Fig.

56).

& & &
§ &4
A s < < B WtVS S199A
g § ¥ 100 ~100
~ ~ w
) 2 2 80 80 5
Coomassie 110 kDa 5 60 /\ Fe0 S
<
55 kDa g o | 40 §
=4
’ ' ! 20 \X L20 =
anti-NAMPT 110 kDa 0 : : 0
| 55 kDa 0 1 2 3
mil
C wt VS S200A D wt VS S472A
100 - —100 100+ 100
80 80 80
3 2
o 60- c 5 60 -e0 S
3 o E 3 :
E 40 ; 40 - 40 g
=
20 3 20 20 2
0 . 0 0 : 0
0 1 3 ° 1 3

Figure 56. Analyses of NAMPT phospho-mutants oligomeric state. (A) Native PAGE followed
by Coomassie staining and WB using anti-NAMPT antibody. (B-D) Analytical size-exclusion
chromatography (SEC) profiles comparing NAMPT WT (black) with (B) NAMPT®'*4 (C)
NAMPTS* and, (D) NAMPTS*** mutants (blue).
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Native PAGE followed by Western Blot analysis with anti-NAMPT antibody (Fig. 56A)
revealed that NAMPT WT and NAMPT®S*2A predominantly exist as a dimer (110 kDa),
whereas NAMPTS2%4 in mainly monomeric (55 kDa), and NAMPTS!?A exists as both
monomer and dimer. To confirm these findings, SEC was performed on recombinant
NAMPT proteins (S199A, S200A, S472A) (Fig. 56B-C-D). The elution profile of NAMPT
WT was superimposed to the elution profiles of NAMPT mutants. Supporting Native PAGE
results, NAMPTS472A showed an identical elution volume (1,9 ml) to that of NAMPT WT,
consistent with a dimeric state, while NAMPTS2%A eluted later (2,1 ml), indicating a
monomeric form. NAMPTS!?A displayed an intermediate elution profile (2 ml), suggesting
coexistence of both species. Overall, these results indicate that mutations at S199 and S200
impair NAMPT dimerization, correlating with loss of enzymatic activity, whereas S472A

retains dimeric capacity and an enzymatic activity.

4.3.4 EFFECT OF NAMPT MUTATIONS ON CELL VIABILITY

To investigate the impact of NAMPT phosphorylation on cell viability, 5 stable B16 cell
lines were generated via lentiviral infection: B16 Scramble, expressing GFP only, B16 GFP-
NAMPT WT, B16 GFP-NAMPTS®A) B16 GFP-NAMPTS?4  and B16 GFP-
NAMPTS#72A Cell viability was assessed using the MTT assay at different time points (0,

18, 24, and 48 hours) to monitor proliferation dynamics over time (Fig. 57).
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Figure 57. Analysis of cell viability in B16 cell lines expressing WT or mutant forms of GFP-
NAMPT. Cell viability assessed by MTT assay in B16 cell lines expressing GFP only (SCR), GFP-
NAMPT WT, or the mutant forms GFP-NAMPTS'*A, GFP-NAMPT®** and GFP-NAMPTS**A at
0, 18, 24, and 48 hours. Data are expressed as percentage of viability relative to time 0.
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NAMPT WT B16 cells exhibited a slightly enhanced proliferation compared with the S199A
and S472A mutants, indicating that phosphorylation at Ser 199 and Ser 472 does not
significantly affect NAMPT’s role in supporting cell growth. On the contrary, WT and SCR
B16 cell lines exhibited enhanced proliferation compared with the S200A mutant, consistent
with impaired enzymatic activity. Data highlight functional similarity between NAMPT WT
and NAMPT®#2A and indicate that mutations impairing NAMPT enzymatic activity
negatively affect cell viability.

4.3.5 INVESTIGATION OF THE SUBCELLULAR LOCALIZATION OF NAMPT
MUTANTS

Another aspect investigated was the subcellular localization of the NAMPT mutant proteins.
As described in the introduction, WT NAMPT is distributed in both the cytosolic and nuclear
compartments. However, the mechanism governing NAMPT translocation between these
cellular regions remains unclear. Therefore, we aimed to assess whether phosphorylation at
residues S199, S200, or S472 may play a key role in this process. NAMPT localization was
analyzed by fluorescence microscopy, taking advantage of the N-terminal GFP, and nuclei

were stained with Hoechst (Fig. 58).

WT S472A S199A S200A

»

NAMPT-GFP
Hoechst

Figure 58. Fluorescence microscopy images of NAMPT mutant forms subcellular localization.
Fluorescence microscopy images of B16 cells expressing GFP-NAMPT WT, GFP-NAMPT®'%*,
GFP-NAMPT®" and GFP-NAMPT®*"*A, NAMPT localization is visualized in green (GFP), while
cell nuclei are stained in blue with Hoechst dye.

GFP-NAMPT WT fluorescence was detected in both the cytoplasm and nucleus, consistent
with previous reports. Similarly, GFP-NAMPT®*7?A and GFP-NAMPTS!%A were present in
both compartments, whereas GFP-NAMPTS2%4 appeared predominantly nuclear. These
preliminary observations suggest that the S200A mutation may alter NAMPT subcellular
distribution, implying a potential regulatory role for phosphorylation at this residue in

cytoplasm-to-nucleus transport.
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4.3.6 EXPRESSION AND SECRETION ANALYSES OF NAMPT MUTANT FORMS

To assess the effect of phosphorylation on NAMPT expression and secretion, B16 cell lines
expressing GFP-NAMPT WT or its mutant forms (S199A, S200A, S472A) were cultured
in serum-free medium for 4 hours to induce protein release under nutrient deprivation
conditions. Intracellular and extracellular protein fractions were analyzed by SDS-PAGE

and Western Blot (Fig. 59).
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Figure 59. Western Blot analysis of NAMPT mutant forms expression and secretion. Western
Blot analysis of GFP-NAMPT WT, GFP-NAMPTS'”A, GFP-NAMPT®*** and GFP-NAMPT®*?*
obtained from cell lysate or supernatant (medium).

GFP-NAMPT WT and GFP-NAMPT®S47?A4 exhibited similar expression levels, whereas
GFP-NAMPTS!®A and GFP-NAMPT®S2%A showed reduced expression. This decrease is
likely related to impaired dimerization and enzymatic activity, leading to negative selection
in culture. Despite these differences, all mutant forms were secreted at comparable levels,
indicating that phosphorylation at residues S199, S200, or S472 does not significantly affect
extracellular NAMPT release.

4.3.7 ASSESSMENT OF THE CYTOKINE-LIKE ACTIVITY OF NAMPT MUTANTS

Extracellular NAMPT (eNAMPT) has been widely recognized as a pro-inflammatory
cytokine, although the molecular mechanism underlying its activity and the identity of its
receptor(s) remain unclear. To investigate the cytokine-like activity of the NAMPT mutant
forms, murine peritoneal macrophages (PECs) were treated for 4 hours with recombinant

NAMPT WT, GFP-NAMPTS!%A, GFP-NAMPTS2%A and GFP-NAMPTS*7?A, ¢ither alone

or in combination with IFN-y. Following treatment total RNA was extracted and the
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expression of pro-inflammatory genes (IL-6, IL-1B, and CXCL10) was assessed by RT-PCR

(Fig. 60). According to results, NAMPTS!*4 exhibited markedly reduced cytokine-like
activity compared with NAMPT WT. While NAMPT WT significantly increased the

expression of IL-6, IL-1f3, and CXCL10 in murine peritoneal macrophages, this effect was

notably diminished with NAMPTS!%4,
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Figure 60. Analysis of NAMPT mutant forms cytokine activity. RT-PCR shows expression of
pro-inflammatory genes (IL-6, IL-1B, and CXCL10) after (A) NAMPT®"**, (B) NAMPT®*®* or
(C) NAMPT®*** treatment, alone or in combination with IFN-y.
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Treatment with NAMPTS2%4 regulted in a higher induction of IL-6 compared to NAMPT
WT or IFN-y alone, while IL-1p and CXCL10 levels remained similar to those elicited by
the WT protein. NAMPT®S2%4 also maintained synergistic activity with IFN-y. These
findings suggest that eNAMPT pro-inflammatory function may be partially independent of

TS472A completely lost

its enzymatic activity or dimerization state. Conversely, NAMP
cytokine activity, as no upregulation of IL-6, IL-1p or CXCL10 was observed, either alone
or in combination with IFN-y. Despite retaining enzymatic activity comparable to the wild
type, this mutant appears unable to trigger inflammatory signaling, likely due to impaired
interaction with its receptor. Given that Ser 472 is located on the protein’s outer surface, its
phosphorylation may be essential for receptor binding and cytokine function.

To conclude, table 6 summarizes the functional and cellular consequences of site-directed

mutagenesis of NAMPT at residues S199, S200, and S472, compared with the wild-type

protein.
NAMPT OLIGOMERIC ENZIMATIC  PROLIFERATION  SUBCELLULAR  SECRETION CITOKINE
MUTATED SITE STATE ACTIVITY LOCALIZATION ACTIVITY
wT DIMER ACTIVE NORMAL CYTOSOL/NUCLEUS YES YES
S199A MONOMER/DIMER  INACTIVE NORMAL CYTOSOL/NUCLEUS YES NO
$200A MONOMER INACTIVE REDUCED NUCLEUS YES YES
S472A DIMER ACTIVE NORMAL CYTOSOL/NUCLEUS YES NO

Table 6. Functional, Structural, and Cellular Characterization of NAMPT Mutants.

Collectively, the data highlight distinct functional signatures for each mutation. While the
S199A and S200A substitutions lead to loss of enzymatic activity and altered
oligomerization, they differ markedly in their effects on cellular proliferation and cytokine-
like signaling. In contrast, the S472A mutant retains wild-type-like enzymatic activity and
localization but lacks cytokine activity, suggesting that this residue plays a specific role in

mediating extracellular signaling rather than enzymatic function.
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S. DISCUSSION

In this thesis, we investigated the multifaceted contribution of NAMPT to immune-mediated
gastrointestinal diseases, such as AAG and IBD, integrating transcriptomic, cellular, in vivo,
and molecular approaches.

Through RNA sequencing of gastric biopsies, we delineated distinct transcriptional profiles
distinguishing Autoimmune Atrophic Gastritis (AAG) patients from healthy controls (HC),
revealing a coordinated dysregulation of inflammatory pathways, immune-cell recruitment
signatures, and alterations in epithelial and stromal homeostasis. Although NAMPT
emerged as an upregulated inflammatory mediator within AAG tissues (39, its direct
influence on the global transcriptional landscape appeared moderate, suggesting that
NAMPT contributes to AAG pathogenesis primarily through targeted immunomodulatory
functions rather than broad transcriptional reprogramming. Complementary RNA-seq
analyses of patient-derived gastric fibroblasts further demonstrated that AAG fibroblasts
exhibit a disease-specific transcriptional signature marked by disrupted extracellular matrix
organization, cytoskeletal architecture, and pathways associated with tissue remodeling.
Notably, NAMPT expression increased only moderately in AAG-derived fibroblast at both
the protein and gene level, and eNAMPT treatment of HC fibroblasts produced only minimal
functional effects. These findings suggest that although NAMPT contributes to AAG
progression, its pathological actions are likely mediated through other cellular
compartments, potentially epithelial populations, rather than through stromal fibroblasts
alone.

Extending the investigation to Inflammatory Bowel Disease (IBD), in vivo analyses revealed
that eNAMPT significantly exacerbates disease severity in DNBS-induced Crohn-like
disease. For instance, elevated eNAMPT levels intensified mucosal injury, promoted
expansion and recruitment of inflammatory myeloid subpopulations such as mature and
immature granulocytes (Ly6G™) within the lamina propria, and altered circulating and bone
marrow-derived progenitors’ populations, inducing the expansion of GMPs. This establishes
eNAMPT as both a local amplifier of intestinal inflammation and a systemic modulator of
hematopoiesis. Furthermore, the capacity of NAMPT to modulate the proliferation of stem
cells derived from mouse bone marrow has been validated by ex vivo studies, in which
eNAMPT was found to act synergistically with multiple growth factors, including G-CSF
and GM-CSF, thereby enhancing colony formation. Importantly, therapeutic neutralization

of eNAMPT with the humanized monoclonal antibody ALT-100 (Aqualung Therapeutics®)
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attenuated clinical symptoms in both a DNBS-induced Crohn-like murine model and in a
chronic DSS-induced colitis model. Moreover, ALT-100 was able to restore histological
disease parameters, reduced immune-cell infiltration, and preserved tissue architecture in
the DNBS-induced Crohn model, underscoring the translational feasibility of targeting
eNAMPT in intestinal inflammation.

At the molecular level, phosphosite mutagenesis studies delineated phosphorylation as a
critical regulatory mechanism governing NAMPT’s dual enzymatic and cytokine-like
activity. Ser 199 and Ser 200 were identified as essential residues for proper dimerization
and enzymatic function, whereas Ser 472 was shown to be indispensable for extracellular
cytokine activity possibly through receptor engagement, despite preserving intracellular
catalytic capacity. These findings demonstrate that NAMPT’s metabolic and pro-
inflammatory functions are modulated by discrete post-translational modifications, and
phosphorylation could represent a key element in understanding mechanisms behind
eNAMPT release and activity.

Collectively, this work advances the conceptualization of NAMPT as a key mediator of
gastrointestinal immune pathology. By integrating patient-derived transcriptomics, cell
biology, immune profiling, in vivo modeling, and molecular dissection of NAMPT
regulation, this thesis provides a comprehensive framework for understanding NAMPT-
mediated disease mechanisms and supports the development of eNAMPT-targeted

therapeutic strategies in AAG, IBD, and related immune-mediated disorders.
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