UNIVERSITA’ VITA-SALUTE SAN RAFFAELE

CORSO DI DOTTORATO DI RICERCA
INTERNAZIONALE IN MEDICINA MOLECOLARE

Curriculum in Basic and Applied Immunology and Oncology

Preclinical development of an IL-1RA-based
gene therapy approach for the treatment of

autoinflammatory diseases

Director of Studies: Dr Alessandra Mortellaro

External Supervisor: Dr Greta Guarda

Tesi di DOTTORATO di RICERCA di Mariasilvia Colantuoni
Matriculation number; 013874

Ciclo di dottorato XXXIV SSD BIO/11 BIO/13
Anno Accademico 2020/2021

wmf@/@kmo



CONSULTAZIONE TESI DI DOTTORATO DI RICERCA

I1/1a sottoscritto// Mariasilvia Colantuoni
Matricola / registration number 013874
Nata a/ born at Benevento

il/on 18/01/1995

autore della tesi di Dottorato di ricerca dal titolo / author of the PhD Thesis titled

Preclinical development of an IL-1RA-based gene therapy approach for the treatment of

autoinflammatory diseases

[] AUTORIZZA 1la Consultazione della tesi / AUTHORIZES the public release of the

thesis

X NON AUTORIZZA la Consultazione della tesi per 12 mesi / DOES NOT
AUTHORIZE the public release of the thesis

a partire dalla data di conseguimento del titolo e precisamente / from the PhD thesis

date, specifically

Dal/ from ...... [ociii. [ociii. Al/to...... [oo.... /

Poiché /because:

O Dintera ricerca o parti di essa sono potenzialmente soggette a brevettabilitd/ The

whole project or part of it might be subject to patentability;



X ci sono parti di tesi che sono gia state sottoposte a un editore o sono in attesa di
pubblicazione/ Parts of the thesis have been or are being submitted to a publisher or

are in press;

O la tesi ¢ finanziata da enti esterni che vantano dei diritti su di esse e sulla loro
pubblicazione/ the thesis project is financed by external bodies that have rights over it

and on its publication.

E’ fatto divieto di riprodurre, in tutto o in parte, quanto in essa contenuto / Copyright

the contents of the thesis in whole or in part is forbidden

Data /Date Firma/Signature



DECLARATION

This thesis has been composed by myself and has not been used in any previous

application for a degree. Throughout the text I use both ‘I’ and ‘We’ interchangeably.

All the results presented here were obtained by myself, except for:

1. Collaborations

*  The purified LV.IL-1RA was produced by the SR-Tiget Processing Development
Laboratory (PDL);

*  The acquisition and analysis of the data shown in Figure 20, 21, 22 and 24 were
performed in collaboration with Luca Basso-Ricci (SR-Tiget);

* Haematoxylin and eosin staining (Figure 21 and 22) was performed by Dr
Francesca Sanvito (GLP Test Facility, SR-Tiget);

* Dr Marco Gattorno (IRCCS Istituto Giannina Gaslini, Genoa, Italy) provided the

N475K/+ .
3 mice;

bone marrow samples of the Nlrp
* The experimental autoimmune encephalomyelitis (EAE) model of multiple
sclerosis was performed in collaboration with Dr Luca Muzio (IRCCS San Raffaele

Scientific Institute).

2. Fair Use Disclaimer. The figures used in the introduction of this thesis are under
fair use as defined under section 107 of the US Copyright Act of 1976 and according to
Italian Law n. 68 of April 9 2003 «Attuazione della direttiva 2001/29/CE
sull'armonizzazione di taluni aspetti del diritto d'autore e dei diritti connessi nella
societa dell'informazione». All rights and credit go directly to their rightful owners. No

copyright infringement is intended.

All sources of information are acknowledged by means of reference.



Abstract

Systemic autoinflammatory diseases (SAIDs) delineate a group of diseases that
manifest when the immune system is activated uncontrollably. One cardinal subgroup
of SAIDs includes rare periodic fevers characterized by the dysregulated production of
the proinflammatory cytokine interleukin-1 (IL-1). There is no cure for these conditions.
Anakinra, the recombinant form of IL-1 receptor antagonist (IL-1RA), is the mainstay
therapy for these patients. However, anakinra has a short half-life and poor tissue
distribution. Severe patients respond inadequately and do not experience improvement
in symptoms. Therefore, there is a need for a durable therapy that bypasses continuous
drug administration and ensures a satisfactory resolution of tissue inflammation. In this
PhD project, we addressed the urgency to develop an effective treatment for IL-1
induced SAIDs based on haematopoietic stem and progenitor cells (HSPCs) producing
constitutively human IL-1RA using a lentiviral vector (LV)-mediated gene transfer
approach. Human and mouse HSPCs transduced with an LV encoding human IL-1RA
efficiently released this cytokine. Transduction procedure and IL-1RA over-expression
did not alter HSPCs viability, clonogenic and differentiation potential in vivo. Next, we
investigated whether, once transplanted in mice, IL-1RA-expressing HSPCs could
ameliorate acute and chronic inflammation. Three mouse models were employed. The
ectopic expression of IL-1RA by HSPC-derived immune cells suppressed neutrophil
recruitment to the site of inflammation in mice with peritonitis induced by
monosodium-urate crystals (MSU), well-known activators of the NLRP3-IL-1 axis.
This protective effect was comparable to that obtained by anakinra. Next, we exploited
an inducible mouse model of the cryopyrin-associated period syndrome (CAPS)
carrying the dominant Nlrp3”**Y mutation. Syngeneic transplant of IL-1RA-transduced
HSPCs in Nlrp3****V"CreT mice effectively prevented mice from disease onset and
progression manifested as weight loss, leucocytosis, and high serum IL-6 level. Finally,
preliminary data indicate that our gene therapy approach could improve mortality rate
and disease severity in a mouse model of experimental autoimmune encephalomyelitis.
Altogether, our results demonstrated that LV-mediated IL-1RA delivery in HSPCs is
safe and efficient approach to controlling IL-1-mediated inflammation. These findings
set the stage for future studies to evaluate the potential LV-mediated IL-1RA GT

clinical application for IL-1-mediated systemic autoinflammatory diseases.
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Chapter 1: Introduction

1.1 Immune system and Inflammation

The immune system has a vital role in host defence against harmful external agents
and perturbations of homeostasis. It comprises the innate and the adaptive immune
systems, which work together on numerous tasks. The innate immune system represents
the body’s first line of defence against germs surpassing the protection offered by the
natural barriers, such as the skin and mucosal membranes. It acts very rapidly to
counteract the spread of foreign pathogens throughout the body immediately.
Conversely, the adaptive immune response eliminates the pathogen and protects the
organism from reinfection with the same pathogen, given the presence of memory cells.
It comprises highly specialized cells, namely the T and B lymphocytes, and blood-
circulating antibodies (Parkin & Cohen, 2001).

The discovery of inflammation dates back to the ancient era of Egyptians and
Greeks. The first description of inflammation comes from the observations of Aulus
Cornelius Celsus, who defined four cardinal symptoms of inflammation: redness,
swelling, warmth and pain. Inflammation is defined as the body’s immune system
response to damage and infection and acts by removing harmful stimuli and initiating
the healing process, a defence mechanism indispensable for life (Nathan & Ding, 2010).

Ancient scientists based their studies not only on empiric observations but performed
basic experiments uncovering the dynamics of the inflammatory response. Augustus
Waller (Jarcho, 1971) and Julius Cohnheim (Malkin, 1984) isolated blood leukocytes,
pivotal cells initiating an inflammatory reaction, and described their extravasation from
the blood vessels into the tissue. Cohnheim also observed vasodilation: the swelling
phenomenon discovered by Celsus (Medzhitov, 2010). In 1858, the fifth cardinal sign,
functio laesa (disturbance of function), a general sign in all the inflammatory processes,
was described by Rudolph Virchow in the book Cellularpathologie (Majno, 1975).

A decisive moment in understanding the inflammation process was in 1892 when
Elie Metchnikoff described for the first time the process known as phagocytosis and
postulated the theory of cellular immunity. Metchnikoff also highlighted the beneficial

aspects of inflammation and revealed the critical role of macrophages and neutrophils in
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host defence and restore of tissue homeostasis (Tauber, 2003). At the same time, Paul
Ehrlich laid the foundation for the humoral theory of immunity, based on the discovery
made by Emil von Behring and Shibasaburo Kitasato about serum therapy against
diphtheria and tetanus toxins. In the late 19™ century, Robert Koch, inspired by the
work of Louis Pasteur, posited the germ theory of disease, which established that
microbial agents are the primary triggers of an inflammatory response.

Inflammation can be classified as infectious or non-infectious as it can be caused by
different factors, including infection, tissue and organ damage (Chen et al/, 2018). In
response to harmful stimuli, the body orchestrates a signalling cascade leading to
cellular and molecular responses which result in tissue repairing and homeostasis. This
process is defined as the inflammatory response, and it combines soluble mediators and
blood-derived cells residing in all tissues (Takeuchi & Akira, 2010). A proper
inflammatory reaction consists of three main stages (Figure 1):

1. Initiation;
2. Amplification;
3. Resolution and tissue repair.
The steps differ in intensity and duration and comprise different players as described in

detail in the next session (Igbal et al, 2017).
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Figure 1. Schematic representation of the inflammatory response’ phases.

When an insult invades the body, the initiation phase takes place, followed by the amplification
phase. Once the harmful agents (tissue injury, bacteria, viruses) are removed, the damage is
repaired during the resolution phase, ensuring tissue healing and returning to initial
homeostasis. Adapted from (Igbal et al, 2017).

1.1.2 The inflammatory response

The initiation step of an inflammatory response involves the pathogen recognition by
tissue-resident cells of the innate immunity [i.e., macrophages, dendritic cells (DCs),
and mast cells] via specialised receptors. Upon activation, innate cells produce different
soluble mediators, including chemokines and cytokines, which amplify the host
response by evoking from the bloodstream an inflammatory cell exudate (in particular
neutrophils) at the site of infection or injury (Stramer et a/, 2007). Neutrophils eliminate
the invading pathogens by releasing toxic components stored within intracellular
granules, such as reactive oxygen species (ROS) and reactive nitrogen species (RNS).
However, the uncontrolled release of these and others inflammatory mediators can

damage host cells and tissues as neutrophils cannot discriminate between microbes and

host cells (Nathan, 2006).
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The acute inflammatory response is successfully resolved when the infectious agent
is eliminated and the repair phase starts (Headland & Norling, 2015). At this stage, if
the inflammatory stimulus persists, the long-lasting response leads to chronic
inflammation. In this new risky condition, the neutrophils are replaced by macrophages
and T cells. If the synergistic action of these cells is still not enough to eradicate the
pathogen or the inflammatory trigger, a chronic inflammatory state propagates in
specialised structures, such as granuloma and tertiary lymphoid tissues (Drayton et al,
2006). Moreover, the chronic inflammatory state can also originate from an immune
response against self-antigens leading to autoimmune reactions.

Unravelling the signalling pathways and identifying mediators that maintain tissue
homeostasis is vital as they may provide new targets for novel drugs and improved

treatment approaches for inflammatory diseases.

1.1.3 The inflammatory pathway

Different cellular and molecular players are involved in each phase of an
inflammatory response process. Although they exert different roles depending on the
nature of the stimulus and where it is sensed throughout the body, they all share a
common pathway, which can be summarized in Figure 2, as follows:
* Recognition of detrimental stimuli by specific sensors;
* Activation of a set of inflammatory mediators;

* Recruitment of inflammatory cells at target tissue and organs.
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Figure 2. Representative scheme of the inflammatory pathway.

The inflammatory pathway is orchestrated by inducers, sensors, mediators, and target tissue
wich are the effectors. Inducers are different types of stimuli which are detected by specialized
sensors, such as Toll-like Receptors (TLRs). These receptors are normally expressed on sentinel
cells of the immune system (i.e., tissue-resident macrophages, dendritic cells, and mast cells).
The amplification of the inflammatory process occurs upon production of various mediators,
including cytokines, chemokines, and eicosanoids, which, in turn, act on various target tissues
(the effectors). Tissue-resident cells change their functional states and properties to adapt to the
new harmful conditions (e.g., infection or tissue injury) and initiate the tissue-repair final stage.
From (Medzhitov, 2010).

Exogenous inducers of inflammation are of microbial and non-microbial origins. The
former are characterized by common molecular structures and are known as pathogen-
associated molecular patterns (PAMPs) (Medzhitov & Janeway, 1997). PAMPs are
recognized by a set of receptors, known as pattern-recognition receptors (PRR), present
in innate immune cells. Some PRRs can also recognize cellular components, known as
danger-associated molecular patterns (DAMPS). They are usually sequestered
intracellularly under homeostatic conditions but are released by dying cells triggering
sterile inflammation in the absence of a pathogen (Gudkov & Komarova, 2016). Some
examples of DAMPs are chromatin-associated protein high-mobility group box 1
(HMGBI1), heat shock proteins (HSPs) and metabolites like adenosine triphosphate
(ATP) and uric acid (Chen & Nuiez, 2010).

The PRRs comprise a variety of receptors: Toll-like receptors (TLRs), C-type lectin
receptors (CLRs), retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and NOD-
like receptors (NLRs) (Takeuchi & Akira, 2010). In particular, TLRs are expressed by
innate immune cells, such as macrophages and DCs, and non-immune cells, such as
fibroblast and epithelial cells. Based on their localization, TLRs are classified in cell
surface TLRs (TLR1, TLR2, TLR4, TLRS5, TLR6) and intracellular/endosomal TLRs
(TLR3, TLR7, TLRS, TLR9, TLR11, TLR12, and TLR13) (Kawai & Akira, 2010). The

first class is specialized in recognizing microbial membrane elements like lipids,
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proteins and lipoproteins. For example, TLR4 binds lipopolysaccharide (LPS) localized
on the Gram-negative bacterial cell wall. This receptor can also recognize other signals,
such as proinflammatory HMGBI. On the other hand, intracellular TLRs detect nucleic
acid fragments of host, bacterial and viral origin (Blasius & Beutler, 2010). TLRs
activation by PAMPs and DAMPs is determined by myeloid differentiation factor-88
(MyD88), which leads to the nuclear translocation of transcription factors activator
protein-1 (AP-1), nuclear factor kappa B (NF-Kb), and interferon regulatory factor 3
(IRF3), resulting in the modulation of different intracellular pathways (Figure 3) (Kawai
& Akira, 2010; Akira et al, 2001). Inducers-sensors interaction and subsequent
activation of downstream signalling pathways lead to the production of many
inflammatory mediators, which in turn act on tissue-resident cells, the effectors of an

inflammatory pathway.
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Figure 3. TRL signalling pathway.

Upon TLR engagement, MyD88- and TRIF-dependent TLR signalling is activated, resulting in
AP-1, NF-kB, and IRF3 translocation in the nucleus, where these transcription factors
modulate the gene expression of a variety of cytokines, chemokines and inflammatory mediators
to amplify the inflammatory response. Abbreviations; IRF3; interferon regulatory factor 3,
MyDS88; Myeloid differentiation factor-88, TAM; Tyro3, Axl, and Mer, TIRAP; Domain
Containing Adaptor Protein, TLRs, Toll-like receptors, TRAF6; TNF receptor-associated factor
6, MAPK; mitogen-activated protein kinase, NF-Kb, nuclear factor kappa B.

Adapted from (Chen et al, 2018). Created with Microsoft PowerPoint software.

Mediators of inflammation derive from plasma and secreted proteins. The formers
are inactive in the plasma, but their levels can markedly increase during the acute-phase
response. The latter are usually released by specialized myeloid cells, such as tissue-
resident macrophages and mast cells. Inflammatory mediators are classified as
vasoactive amines, peptides, fragments of complement components, lipid mediators,
cytokines, chemokines, and proteolytic enzymes. In particular, cytokines are essential in
regulating the immune response and inflammation via a complex network of
interactions. Indeed, pro and antinflammatory cytokines promote and halt inflammation,

respectively (Table 1). The most known proinflammatory cytokines are the tumour
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necrosis factor (TNF), interleuikin-1 (IL-1), interleuikin-6 (IL-6), and many others.
They are produced by different cells (in particular macrophages and mast cells) during
the acute phase of an inflammatory response, with the biological function of promoting
endothelium activation and favouring leukocytes recruitment at the site of infection or
injury. Antinflammatory cytokines, such as IL-1 receptor antagonist (IL-1RA), IL-10,
and IL-13 inhibit inflammation, counteracting proinflammatory cytokine activity and

promoting the resolution phase.

Table 1. Main cytokines and their roles in the inflammatory response.
Adapted from (Chen et al, 2018). Abbreviations; NK, Natural killer.

Cytokine Main source Function
Pro-inflammation, proliferation,
IL-1p Macrophages, monocytes apoptosis, differentiation
IL-1RA Macrophages, monocytes, Anti-inflammation, inhibition of the
dendritic cells, epithelial cells proinflammatory cytokines
Anti-inflammation, T cell and B cell proliferation,
IL-4 T helper cells B cell differentiation
. Promotes inflammation, differentiation,
IL-6 Macrophages, T cells, adipocytes cytokine production
Macrophages, epithelial cells, Pro-inflammation,
IL-8 . . . .
endothelial cells chemotaxis, angiogenesis
IL-10 Monocytes, T cells, B cells Antl—lnﬂammatlon, 1nh1b1t19n of the
proinflammatory cytokines
L-12 Dendritic cells, macrophages, Promotes inflammation, cell differentiation, NK
neutrophils cell activation
Fibroblasts, neurons, Anti-inflammation, differentiation,
IL-11 o . .
epithelial cells acute phase protein induction
TNF Macrophages, NK cells, Promotes cytokine production, cell proliferation,
CD4" T cells, adipocytes apoptosis, anti-infection
IFN-y T cells, NK cells, NKT cells Pro—'lnﬂ’ammat’lon, 1n1}at§,
adaptive immunity, anti-viral

The complement is also a soluble mediator of inflammation and it includes a group
of proteins that activate cells of the innate immune system. The key complement
components for acute inflammation include C3a and C5a, also known as
anaphylatoxins. C5a is a chemotactic factor for neutrophils, eosinophils, and
macrophages, while C3a complement component has a pivotal role during opsonization
for phagocytosis. The formation of the membrane attack complex (MAC) represents the
final step during the activation process of the complement cascade. The MAC leads to
the activation of neutrophils, monocyte, and mast cells (Haddad & Wilson, 2021;

Bardhan & Kaushik, 2022).
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The effectors of an inflammatory response are the cells and the tissues, which modify
their functional state to adapt to the new harmful condition. They actively contribute to
the resolution of inflammation, supervising key events of this final stage, such as
inhibition of neutrophil influx and signalling pathways associated with leukocyte
survival. Neutrophils elimination by phagocytosis is mediated by macrophages, and it
occurs in a wide range of inflammatory sites (Savill, 1997). The phagocytosis process
may also contribute to the initiation of signals that govern the inflammatory
macrophage’ migration alongside the inflamed tissues, reaching the lymphatics vessels
(Bellingan et al, 1996). Moreover, upon phagocytosis of apoptotic cells, macrophages
can also release mediators that stop the inflammatory response, such as the
antinflammatoy cytokine transforming growth factor-p1 (TGF-f1), which can
counteract proinflammatory signalling from TLRs (Fadok et al, 1998). Such
antinflammatoy mediators can, in turn, promote the activity of enzymes needed for the
production of other classes of eicosanoids such as lipoxins which are key components of
this late stage (Levy et al, 2001).

In conclusion, cellular and molecular effectors are meant to activate dedicated
signalling pathways to start the repair phase and properly preserve tissue integrity and

restore homeostasis.

1.1.4 The inflammasome complex

Some intracellular PRRs, such as NLRs and absent in melanoma 2 (AIM2), can form
multimeric complexes that Martinon and colleagues named inflammasome (Martinon et
al, 2002). To date, different inflammasomes have been described based on the sensor
protein involved in the formation of the inflammasome scaffold. They include members
of the NLR (NLRP1b, NLRC4, and NLRP3 inflammasomes) (Zambetti et al, 2012),
HIN200/AIM2-like receptor (AIM2 inflammasome), and Pyrin/TRIM20 (pyrin
inflammasome). However, the inflammasome family is rapidly expanding, and other
NLR-family proteins, such as NLRP2, NLRP6, NLRP7, NLRP9, and NLRP12, have
been shown to form an inflammasome complex under certain circumstances (Xue et al,
2019). The inflammasome signalling has been extensively studied in macrophages,
DCs, and neutrophils, but some sensor proteins are also expressed in non-immune cell

types, such as epithelial and microglial cells (Martinon et a/, 2009).
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Diverse inflammasomes are assembled and controlled by mechanisms that depend on
inflammasome protein structures and expression patterns. NLR family members
typically share a standard structure which consists of three domains: 1) an N-terminal
caspase activation and recruitment domain (CARD) or pyrin (PYD) domain; 2) a central
nucleotide-binding and oligomerisation (NACHT) domain, common to all the NLRs
members, which activates the signalling via ATP-dependent oligomerisation and 3) a
variable number of C-terminal leucine-rich repeats (LRR), which sense stimuli
(Schroder & Tschopp, 2010). NLRP1b, NLRC4/NAIP, and NLRP3 belong to this
family of receptors.

Inflammasome aggregation is an organised process involving several steps: the
upstream recognition of endogenous and exogenous stimuli via immune receptors, the
activation of the intracellular sensors, the recruitment of adaptor proteins, and the
activation of downstream effectors (Figure 4). Upon sensing specific inflammatory
stimuli, the inflammasome sensor protein recruits the adaptor apoptosis-associated
speck-like protein containing a CARD (ASC), which, through its CARD domain,
recruits the precursor of caspase-1 (pro-caspase-1) via a CARD-CARD interaction
(Man & Kanneganti, 2016). NLRs containing a CARD domain can directly interact
with the CARD of caspase-1 without requiring the ASC protein. Upon inflammasome
complex formation, pro-caspase-1 is activated by autocatalytic processing (Yang et al,
1998). Activated caspase-1 processes the precursor of the proinflammatory cytokines
pro-IL-1p and pro-IL-18 into their bioactive forms (Martinon et al, 2002).Moreover,
activated caspase-1 also processes the pore-forming protein gasdermin D (GSDMD),
leading to the inflammatory cell death known as pyroptosis. Indeed, once processed, the
N-terminal domain of GSDMD (GSDMD-NT) domain relocates to the plasma
membrane and oligomerises to form a pore through which the mature form of IL-1f and

IL-18 are released (He et al, 2015; Shi et al, 2015).
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Figure 4. Inflammasomes structure and mechanisms of activation.

Abbreviations: LRR, leucine-rich-repeat domain;, NBD, nucleotide-binding domain, B, B-box
domain,; FIND, function-to-find domain; BIR, baculovirus inhibitor of apoptosis repeat. AIM?2,
absent in melanoma 2; B, Bacillus;, DHX9, DEAH-box helicase 9; NAIP, NOD-like receptor
family apoptosis inhibitory protein;, NEK7, NIMA-related kinase 7; S. Typhimurium, Salmonella
enterica serovar Typhimurium. Figure from (Xue et al, 2019).

The NLRPI inflammasome was the first inflammasome to be described. Three NLRP1
paralogs (NLRP1a—c) have been identified in mice. The human NLRP1 protein contains
a CARD domain, and thus it can interact directly with pro-caspase-1 bypassing the ASC
requirement. However, it has been shown that NLRP1 interaction with ASC improves
inflammasome activity (Faustin et al, 2007). In contrast, ASC is dispensable for
caspase-1 activation in the mouse setting since the NLRP1b orthologous lacks a
functional PYD domain. Both rodent and human NLRP1 proteins are directly activated
by the lethal anthrax toxin secreted by B. anthracis (Chavarria-Smith & Vance, 2013).

The NLRC4 inflammasome plays a pivotal role in antimicrobial defence via
intracellular sensing of a set of bacterial components, including NAIP-mediated
recognition of flagellin and components of type 3 secretion systems (TTSS) of the
facultative intracellular pathogens S. #yphimurium, S. flexneri, P. aeruginosa, B.
thailandensis, and L. pneumophila (Kofoed et al, 2012). Since the NLRC4 receptor
contains a CARD domain, it can directly bind pro-caspase-1.

The AIM2 inflammasome is triggered by double-stranded (ds) DNA of at least 70 bp
long of microbial and host origin in a sequence-independent manner (Hornung et al,

2009). The flexibility in DNA sensing allows AIM2 to recognize genetic material from
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a broad spectrum of pathogens and from damaged cells that accumulate endogenous
DNA within the cytoplasm (Schroder et al, 2009).

The pyrin protein encoded by MEFV gene form the pyrin inflammasome, which is
activated by Rho-modifying proteins, such as pathogens-toxins (glycosyltransferase
TcdB of Clostridium difficile, adenyltransterase VopS of Vibrio parahaemolyticus, and
the GTPase-activating protein YopE and cysteine protease YopT of Yersinia pestis) in
murine and human macrophages (Xue et al, 2019). At steady state, active Ras homolog
family member (Rho) A recruits the serine-threonine protein kinases (PKN) 1-2, which
leads to pyrin phosphorylation at serine residues 208 and 242 in human cells (Park et al,
2016). These phosphorylated elements then attract pyrin 14-3-3 inhibitor proteins which
block pyrin activation. Bacterial toxins remove these endogenous barriers by promoting
RhoA inactivation, pyrin dephosphorylation and inhibition of 14-3-3 proteins binding,

leading to inflammasome activation .(Xu et al, 2014).

1.1.5 The NLRP3 inflammasome

The NLRP3 inflammasome is the prototypic inflammasome. NLRP3 protein
responds to various endogenous and exogenous stimuli, and its mechanisms of
activation are by far the most characterized. NLRP3 is triggered by cellular stress
induced by bacterial, viral, and fungal pathogens and endogenous DAMPs, such as
particulates and environmental irritants. Understating how NLRP3 inflammasome
activation takes place remains to be fully elucidated.

Since NLRP3 inflammasome plays a crucial role during an inflammatory process, its
regulatory mechanisms need to be tightly controlled. There are two modalities by which
the NLRP3 inflammasome is activated, defined as canonical and non-canonical
pathways (Figure 5). The canonical NLRP3 activation is a two-step process in which a
first signal from microbial molecules and endogenous cytokines associated to a second
signal provided by extracellular molecules (ATP, pore-forming toxins, particulate
matters) lead to NLRP3 inflammasome activation. In detail, the priming step involves
the recognition of PAMPs and DAMPs by some PRRs (such as TLRs) as well as
proinflammatory cytokines (e.g., TNF). The mainstem function of the priming step is to
upregulate NLRP3 expression and induce pro-IL-1B and pro-IL-18 (Bauernfeind et al,
2009). The additional function of this licensing step is the induction of different post-

28



translational modifications (PTMs) of NLRP3 through phosphorylation and
ubiquitination to maintain the protein in an auto-suppressed state. Indeed, priming
signals cause NLRP3 activation through the deubiquitinating enzyme BRCC3 (BRCC36
in humans) (Juliana et al, 2012; Lopez-Castejon et al, 2013). A further consequence of
the priming step is the Jun N-terminal kinase (JNKI1)-mediated NLRP3
phosphorylation, which represents a crucial step for NLRP3 self-assembly and
inflammasome activation (Song et al, 2017). Thus, the licensing step prepares the cells
to mount an appropriate inflammatory response. However, a second trigger is necessary
for a full blow activation of the NLRP3 inflammasome (Kelley et al/, 2019). Several
different stimuli have been identified, including:

- ATP, K ionophores (nigericin and maitotoxin);

- Heme;

- Particulate matter [monosodium urate (MSU) crystals, alum, silica, asbestos,

amyloid-f, cholesterol crystals, and calcium crystals];

- pathogen-associated RNA and small antiviral components;

- Bacterial and fungal toxins and elements.

Since these triggers exhibit different biochemical structures, it has been hypothesised
that NLRP3 does not directly interact with all these agonists. Indeed, it is unlikely that
these inflammasome activators can induce a common cellular signal. However, the
plethora of NLRP3 inflammasome-activating agents induce multiple cellular
perturbations, including ionic flux, lysosomal disruption, mitochondrial DNA (mtDNA)
release into the cytoplasm, mitochondrial dysfunction and production of ROS,
metabolic changes and trans-Golgi disassembly (Swanson et al, 2019). K* efflux has
long been identified as an ionic event shared among different NLRP3 stimuli, like
nigericin, ATP and particulate matter (Perregaux & Gabel, 1994; Smith et al, 2013).
Another critical signal for NLRP3 inflammasome activation is the cytosolic Ca*" flux
through the opening of plasma membrane channels and the endoplasmic reticulum
(ER). Nigericin, alum and MSU crystals cause K" efflux, which, in turn, leads to the
reverse Ca’ " influx (Triantafilou ef al, 2013; Murakami ez al, 2012). After phagocytosis,
particulate components can hamper lysosomal integrity causing the cytosolic release of
lysosomal content. Lysosomal damage appears as a critical signalling event. Indeed, it

has been demonstrated that the lysosomotropic peptide Leu-Leu-OMe triggers NLRP3
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inflammasome activation.(Hornung et a/, 2008) Other lysosomal-derived enzymes, such
as cathepsin-B, may act as NLRP3 inflammasome activating agents (Weber &
Schilling, 2014).

Regarding the contribution of mitochondrial dysfunction and ROS production, pieces
of evidence support the idea that ROS, accumulated through the inhibition of the
mitochondrial respiratory chain can activate the NLRP3 inflammasome (Zhou et al,
2011). Finally, the Chen group reported that the trans-Golgi network (TGN) dispersion
might be a common signalling event upstream of NLRP3 inflammasome activation

(Chen & Chen, 2018). However, the canonical NLRP3 triggers and how they initiate the
dispersion of the TGN still need to be elucidated (Chen et al, 2019). The NLRP3

inflammasome assembly is fully executed through the interaction of NLRP3 with ASC
and pro-caspase-1. Additionally, the NEK7 protein is a critical component in this stage.
In particular, NEK7 is fundamental for ASC specks formation, IL-1p release and
pyroptosis (McKee & Coll, 2020).

The two-step canonical NLRP3 inflammasome activation was challenged by the
discovery that mouse bone-marrow derived and splenic DCs can secrete mature 1L-13
following LPS stimulation without the requirement of ATP (He et al, 2013). Moreover,
human monocytes can also release IL-1p in response to LPS alone, primary through
caspase 4-5 activation (Vigano et al, 2015) . Importantly, second-signal-independent
NLRP3 activation was also observed in vivo. LPS intraperitoneal administration is
sufficient for producing mature IL-1f in serum (He ef al/, 2013). Some reports proposed
that this unconventional process might be mediated by complement activation. Indeed
the complement component membrane attack complex has been shown to activate
NLRP3 in vivo (Triantafilou et al, 2013; Laudisi et al, 2013).

Finally, it was demonstrated that cytoplasmic LPS sensing can induce endotoxic
shock in mice, independently of TLR4 signalling (Hagar et al, 2013; Kayagaki et al,
2013). This pathway, defined as non-canonical NLRP3 inflammasome activation,
represents a further layer of defence in response to Gram-negative. Intracellular LPS
directly binds to human caspase-1, 4, and 5, and murine caspase-11, which process the
GSDMD protein, leading to pyroptosis and K™ efflux-mediated NLRP3 inflammasome
(Xue et al, 2019).
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Figure 5. The two-step NLRP3 Inflammasome activation model.
Signal 1: the priming step involves the recognition of different PRRs, which promote the
transcription of the inflammasome components NLRP3, pro-IL-1§ and pro-IL-18. Signal 2: the
activation step triggered by various extracellular agents (nigericin, ATP, and crystal particles)
leads to different intracellular responses, including K efflux, lysosomal disruption, Golgi
fragmentation and mitochondrial damage. (McKee & Coll, 2020)

1.2 The IL-1 family

The IL-1 is the first cytokine to be discovered. It exists in two different isoforms: IL-
la and IL-1PB. Before understanding their precise biological role, in 1974, Charles
Dinarello described IL1a and IL-1B as two different “leukocytic pyrogens” thanks to
their ability to induce fever in rabbits (Dinarello & Bernheim, 1981). A further step
towards understanding how a single polypeptide could lead to various biological effects
was made one decade later with the isolation of the human IL-1 cDNA (Auron et al,
1984). Since then, many studies have elucidated the role of this cytokine in the
inflammation area and host defence.

Thereafter, other members of the IL-1 family have been discovered, and their pivotal

roles in innate and adaptive immunity revealed. The IL-1 gene family consists of eleven
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soluble proteins and ten IL-1 receptors. In the first group there are seven ligands with
agonist activity (IL-1a, IL-1B, IL-18, IL-33, IL-36a, IL-36f, IL-36y) and four with
antagonistic activities [IL-1 receptor antagonist (IL-1RA), IL-36Ra, I1L-37, IL-38). IL-1-
like proteins are key in the innate immune response to infections, sterile tissue damage,
and inflammation. In addition, their function in the activation and maturation of innate
and adaptive compartments elucidated the broad spectrum of IL-1 system activity
(Mantovani et al, 2019).

A crucial factor that links IL-1 family members to the innate response dates back to
the discovery of the high homology between the cytoplasmic domain of the IL-1
receptor type I (IL-1RI) and the Toll protein of the fruit fly (Gay & Keith, 1991).The
researchers postulated that IL-1 family members probably arose from a duplication of a
common ancestral gene and named the cytosolic domain of the IL-1R1 as Toll IL-1
receptor (TIR), similarly to the TIR domains of the TLRs. In particular, these proteins
share an amino acid sequence that folds in a two 6-stranded B-barrel (Taylor et al,
2002).

Based on the IL-1 consensus sequence and the ligand binding receptor, the IL-1
family members can be further stratified into 3 subgroups: IL-1, IL-18 and IL-36
subfamilies Garlanda et al, 2013). All the family proteins, except for IL-1RA, lack a

signal peptide and are not constitutively secrete.

1.2.1 Biological roles of IL-1

IL-1a and IL-1B, the most investigated cytokines of the IL-1 superfamily; they are
mainly produced by macrophages and dendritic cells of different lymphoid (thymus,
spleen, lymph nodes, Peyer's patches, and bone marrow) and non-lymphoid organs
(lungs, digestive tract, and liver). Furthermore, many other different cell types express
both forms of IL-1, including neutrophils, keratinocytes, epithelial and endothelial cells
(Takacs et al, 1988).

Although their biological functions are almost overlapping since they bind to the IL-
IRI, the processes leading to their activation differ significantly. IL-1a and IL-1 are
expressed as precursor proteins that require proteolytic cleavage to exert their cytokine

activity (Afonina et al, 2015).
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IL-1o was initially considered to act as a precursor protein without the requirement
of proteolytic cleavage. However, more recent works demonstrated that mature IL-1a
exerts a much higher activity than pro-IL-la (Afonina et al/, 2011). Indeed, IL-1a is
described as a "dual-function cytokine", namely it can be found in the nucleus where it
binds to DNA and as soluble cytokine that binds to the IL-1RI to initiate signal
transduction. There are pieces of evidence that nuclear IL-1a acts as a transcription
factor, promoting the expression of proinflammatory cytokines like IL-8 (Werman et al,
2004). Upon stress conditions, pro-IL-1a can be processed by proteases, including Ca*"
dependent protease calpain, granzyme B (a cytotoxic T and NK cell protease),
neutrophil elastase, and mast-cell chymase, reaching up a ~10-fold increase in activity
over pro-IL-la (Afonina et al, 2011). The IL-1a precursor is constitutively expressed
by epithelial cells. Upon its release from necrotic cells, it acts as an endogenous DAMP
that induces inflammation via binding to IL-1RI expressed by tissue-resident
macrophages (Di Paolo & Shayakhmetov, 2016).

IL-1p is a pleiotropic cytokine whose processing, release and activation are tightly
regulated. In contrast to IL-la, IL-1B is not expressed under normal homeostatic
conditions, and its precursor is inactive. Therefore, as previously mentioned, the
inflammasome-activated mature form of IL-1B represents the primary source in
macrophages and neutrophils during an inflammatory response. Nevertheless, it is
worth mentioning that, besides caspase-1, other proteases can process and activate IL-
1B in an inflammasome-independent fashion. This pathway involves IL-1 processing
by neutrophil-derived enzymes, such as serine proteases, neutrophil elastases, cathepsin
G, and granzyme A (Coeshott et al, 1999). This alternative pathway sustains IL-1
production in inflamed tissues, where neutrophils are abundant.

Despite its well-known nature of proinflammatory cytokine, IL-1p has other roles in
cells and tissues. First, it is involved in haematopoiesis. Indeed, it was initially
described as hemopoietin-1 for its ability to sustain haematopoiesis. Indeed, while acute
IL-1B administration favours haematopoietic stem cell (HSC) regeneration after
myeloablation and transplantation, long exposure to IL-1p promotes differentiation of
stem cells into the myeloid cell-linage in vivo (Pietras et al, 2016). This phenomenon,
known as “emergency haematopoiesis,” promotes uncontrolled HSC division and

premature exhaustion (Manz & Boettcher, 2014).
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Moreover, IL-1B has been investigated for its biological effects on T lymphocytes.
More in detail, IL-1f3, in combination with IL-23, activates a peculiar set of innate
lymphoid cells (ILCs), which, similarly to IL-17 producing CD4+ T helper (TH) cells,
release IL-17 and IL-22 (Spits et al, 2013). Indeed, IL-1 supports the differentiation
and the cytokine response of TH17 cells, which favour the development of chronic
inflammatory diseases in which the prostaglandin E2 (PGE2) is a crucial mediator
(Zielinski et al, 2012). Finally, IL-1p activates yd T cells, which are an additional source
of IL-17 in tissues, and also a subset of TH1 cells expressing CD161, which are known
as NKT cells (Sutton et al, 2009)(Cosmi et al, 2008).

There are other roles attributed to IL-1 that do not involve immune cell activation.
For example, IL-1 acts on muscle catabolism, promoting synovial cell proliferation and
the expression of extracellular matrix enzymes, such as collagenases. IL-1B can also
promote bone-resorbing osteoclasts differentiation from precursors (Dayer, 2004). At a
systemic level, IL-1P acts on the hypothalamus in the central nervous system to induce
fever, lethargy, slow-wave sleep, and other signs of inflammation (Dinarello &
Bernheim, 1981). Finally, IL-1p is also entailed in the apoptosis of pancreatic B-cells
(Masters et al, 2010).
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Figure 6. IL 1 functions.

IL-1p drives the activation of different innate immune cells, like neutrophils and monocytes.
Many T-cell types, including T helper 17 (TH17) cells and yo T cells, and innate lymphoid cells
type 3 (ILC3), are stimulated by IL-1 activation. IL-1 also favours osteoclasts differentiation
through the macrophage colony-stimulating factor (M-CSF) and receptor activator of NFxB
ligand (RANKL). IL-1p is a catabolic factor for the articular cartilage and bones, promotes
blood-vessels inflammation and it is key for the fever response and pain processing in the
hypothalamus. Finally IL-1f is also involved in the apoptosis of pancreatic-f cells. Adapted
from (Schett et al, 2016).

1.2.2 IL-1 receptors and downstream signalling

The IL-1R complex is a critical component in the inflammatory response induced by
IL-1. Many physiological mechanisms exist to negatively regulate its activation
including either antagonist cytokines or decoy receptors.

The general protein architecture of the IL-1 receptors is based on an extracellular
immunoglobulin-like domain responsible for ligand binding and an intracellular portion
consisting of the TIR domain for signal transduction (Boraschi ef al, 2018). The IL-1R
complex is composed of the ligand-binding protein IL-1RI and the accessory protein IL-
1IR3 (also known as IL-1RAcP) (Figure 7). IL-la or IL-1p binding leads to a
conformational change of the IL-1RI, which allows its dimerization with IL-1R3. The
homotypic interaction between IL-1RI and IL-1R3 leads to the signalling amplification
via the two intracellular TIR domains and the recruitment of MYDS88 and IL-1 receptor-
activated protein kinase (IRAK) 4 (Thomas et al, 2012; Briskos et al, 2007). As a result,
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this signalling machinery elicits the recruitment and oligomerization of TNF—associated
factor (TRAF) 6 and the phosphorylation of IRAK1 and IRAK2. TRAF6 and IRAK
proteins dissociate from the initial complex and activate the NF-«B and p38
transcription factors, JNKs, extracellular signal-regulated kinases (ERKs), and mitogen-
activated protein kinases (MAPKs) (Dunne & Neill, 2003). The IL-1-mediated
activation of NF-kB depends on the Ik-B kinase (IKK) complex. Upon activation, the
IKK system phosphorylates the NF-kB inhibitor I-kB leading to its degradation. P50
and p65 NF-«kB subunits are then free to translocate into the nucleus, and bind to the
consensus DNA sequences of genes encoding various inflammatory cytokines, such as
IL-6, IL-8, monocyte chemoattractant protein 1 (MCP1), and cyclooxygenase 2 (COX2)
(Weber et al, 2010).

A soluble form of IL-1RI has also been described. It binds to IL-1RI ligands thus
preventing their interaction with the IL-IRI receptor complex and blocking the
signalling activation (Svenson et al, 1993; Burger et al, 1995). Moreover, a second IL-
IR isoform (IL-1R2) has also been discovered. It can properly bind to IL-1 ligands, but
as it lacks the intracellular domain, when combined with the accessory protein IL-1R3,
it cannot signal (Colotta et al, 1993) (Figure 7). Thus, IL-1R2 acts as a decoy receptor
that downregulates the biological response to IL-1. Immune and non-immune cells
differentially express the IL-1RI and IL-1R2 receptors. For example, neutrophils mainly
express IL-1R2; therefore, higher concentrations of IL-1p are needed to activate
neutrophils, while a low amount is enough to activate endothelial cells. The inhibition
of the IL-1-mediated signalling relies on cytokines belonging to the IL-1 family
exerting an inhibitory activity. One of these is the IL-1 receptor antagonist (IL-1RA),
which has been discussed in the next paragraph in more detail.

In conclusion, the IL-1R complex is a critical component in the inflammatory
response induced by IL-1. Its activation is tightly regulated either via the inhibition of

receptor-binding site or interaction with inhibitory cytokines and decoy receptors.
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Figure 7. Schematic illustration of the IL-1R complex.

Activation Step. The IL-1a/f cytokines bind to the IL-1R1 inducing signalling. Inhibition Step.
The interaction between IL-1R1 and the antagonist cytokine IL-1RA, IL-1R2 and the soluble
receptors sIL-1R1, sIL-1R2, and sIL-1R3 can form inhibitory complexes to block IL- I binding
to the receptor. Created with Microsoft PowerPoint website and modified from (Boraschi et al,
2018).

1.3 IL-1 Receptor Antagonist (IL-1RA)

IL-1RA (also called IL-1RN) was the first antagonist cytokine of a cytokine receptor
to be discovered in the early 1980s in human fluids during endotoxin fever (Dinarello et
al, 2021). A specific IL-1-blocking molecule was then isolated from human monocytes
and urine of patients with juvenile arthritis (Arend et al, 1985). In 1987, this IL-1
inhibitor was described as a specific receptor antagonist for IL-1a and IL-1 binding to
the IL-1R1 (Seckinger et al, 1987). The first cDNA coding for a secreted form of the
molecule was cloned from a human monocyte library (Eisenberg et al, 1990). The

similarity in exon-intron structure organization and the close proximity with the genes
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encoding IL-1a and IL-1p suggested that the IL-1RA originated from gene duplication
(Eisenberg et al, 1991).

Originally, IL-1RA was described as a protein mainly secreted by myeloid cells
(monocytes/macrophages, DC, neutrophils), but it is also released by epithelial cells.
Secreted IL-1RA (sIL-1RA) is synthesized as a pre-protein of 177 amino acids
comprising a 25-amino acid leader sequence that is removed prior to the secretion of the
152 amino acid glycosylated protein. However, three additional intracellular isoforms of
IL-1RA (icIL-1RA) have also been identified, although their biological roles remain
unclear (Martin et al, 2020). The first identified intracellular isoform of IL-1RA (icIL-
IRA1) is an alternative splicing form differing in the first exon from the sIL-1RA as it
lacks the signal peptide and therefore it is retained in the cytoplasm (Haskill et al,
1991). IcIL-1RA isoform 1 is constitutively expressed by keratinocytes and other
epithelial cells and is also produced with prolonged kinetics by stimulated monocytes
and macrophages. The second and third intracellular protein sequences were further
characterized. IcIL-1RA2 is encoded by an additional exon downstream of the icIL-
1RA1-first exon, while icIL-1RA3 originates from an alternative translational initiation
(Muzio et al, 1995; Malyak et al, 1998).

In summary, the IL-1RN gene encodes for four proteins, one secreted and three
intracellular isoforms, which play a fundamental role in halting the stimulatory effects

of IL-1.

1.3.1 Biological roles of IL-1RA

The main biological effect of sIL-1RA is to block the inflammatory effects of IL-1
by competitive binding to the IL-1R1 (Figure 7) (Arend et al, 1998). In spite of the
similar binding affinity between IL-1RA and IL-10/B, the former lacks a peptide loop
between the B-strands 5 and 6. This structural difference block the conformational
change that allows IL-1R1 to couple with IL-1R3, resulting in the inhibition of the
signalling amplification (Schreuder et al, 1997). Consequently, IL-1RA-mediated
occupancy of IL-1R1 prevents IL-1 binding and negatively regulates its
proinflammatory activity. A 100-fold excess of IL-1RA over IL-1 is necessary to
suppress an IL-1-mediated response efficiently (Arend, 1993).
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The first evidence pointing to an antinflammatory property of IL-1RA derives from
experiments performed in animal models of inflammatory arthritis. Neutralization of IL-
I1RA worsened LPS-induced arthritis in rabbits (Fukumoto et al, 1996). Conversely, IL-
IRA treatment ameliorated the development of arthritis in various animal models
(Arend et al, 1998). Mice genetically deficient for the IL-1RA gene developed a more
premature and severe collagen-induced arthritis (CIA) than IL-1RA sufficient mice (Ma
et al, 1998). In contrast, amelioration of CIA was showed in mice transgenic for sIL-
IRA (Palmer et al, 2003). Similarly, IL-1RA knockout mice were more responsive to
lethal endotoxemia and less to listeria infection than wild-type mice. These findings
indicate that IL-1RA endogenously produced is a limiting factor that counteracts the
aberrant effects of endotoxin, while IL-1 is pivotal in host defence to Listeria (Hirsch et
al, 1996). Therefore, a balance between IL-1 and its antagonist IL-1RA should be
maintained during a physiological response to infections. Concurrently, the
antinflammatory role of endogenous IL-1RA might not be adequate to sustain a robust
antinflammatory activity during inflammatory events (Arend & Gabay, 2000).

The biological role of the icIL-1RA isoforms remains largely under investigated. In
vitro results using recombinant icIL-1RA proteins support the idea that, upon release,
they can compete for IL-1R1 binding with sIL-1RA (Garat & Arend, 2003). In
particular, Martin et al. demonstrated that the release of icIL-1RA type 1 by
keratinocytes inhibits the IL-1-mediated signalling via the IL-1R1 complex (Martin et
al, 2020).

1.4 The role of the IL-1 in human diseases

Inappropriate production of IL-1 has been linked to a broad spectrum of human
diseases. In most cases, the dysregulated production of IL-1 can result either from an
uncontrolled inflammasome activation or originate from an insufficient downstream
antinflammatory activity. The pathological conditions in which IL-1 is involved are
related to the basic biologic functions of this cytokine. As anticipated, IL-1p plays a
pivotal role in haematopoiesis, as such its dysregulation could lead to some
haematological diseases such as acute myeloid leukemia (AML) and myelodysplastic

syndrome (MDS) (Arranz et al, 2017).
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Exaggerated levels of inflammatory cytokines are key features of chronic
inflammation and have been found to promote initiation and progression of metabolic
diseases (Robbins et al, 2014). For example, NLRP3 inflammasome can be
hyperactivated upon chronic exposure to excessive levels of free fatty acids and
glucose, leading to increased IL-1B-mediated apoptosis of B-cells in obese type 2
diabetes mellitus (T2D) condition (Maedler et al, 2002; Zhou et al, 2010). Furthermore,
IL-1 is also a critial regulator of tissue response to injury and disease in the Central
Nervous System (CNS) playing a pivotal role in neuroinflammation. Indeed, IL-1 levels
were found elevated in patients following acute brain injury and those suffering from
neurodegenerative diseases, such as Alzheimer's disease (AD) and multiple sclerosis
(MS) (Liu & Quan, 2018).

IL-1B dysregulation also contributes to the spectrum of cardiovascular diseases.
Indeed, it is central to the pathological response to injury and represents a critical factor
in forming the atherosclerotic plaques and during the myocardial response to ischemic
and non-ischemic injury. IL-1 and NLRP3 inflammasome are potential targets also for
the risk of developing acute myocardial infarction (AMI), heart failure (HF), and
recurrent pericarditis (Abbate et al, 2020).

Apart from all these conditions in which IL-1 may contribute to the complex clinical
picture, this cytokine is historically linked to a group of systemic autoinflammatory

diseases.

1.4.1 Systemic autoinflammatory diseases

Systemic autoinflammatory diseases (SAIDs) delineate a group of disorders caused
by a dysregulated innate immune response. As anticipated in their name, a common
aspect of SAIDs is their systemic pathophysiology, whose clinical manifestations can
affect different tissues and organs. SAIDs can be considered an expansion of the
autoimmune disease family characterized by a defective adaptive immune system. The
primary cell types belonging to the innate immune system are monocytes, macrophages,
and neutrophils, whereas it is generally accepted that autoimmune diseases are mediated
by B and T lymphocytes. Nevertheless, different processes connect the innate and the
adaptive immune system. Indeed, innate immune cells, like DCs, are required for the

activation of B and T lymphocytes and contribute in some instance to autoimmune
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diseases. Since IL-1f is also involved in adaptive immunity, this cytokine is considered
to bridge both arms of the immune system (Waldner, 2009).

Autoinflammatory diseases are characterized by a broad spectrum of symptoms
affecting multiple tissues and organs; the heterogeneous signs of inflammation may lack
specificity and may impact a clear clinical diagnosis (Rowczenio et al, 2019).

The term “‘autoinflammatory diseases” was proposed for the first time in 1999 by
Daniel Kastner, who coined this concept to describe the innate immune dysregulation
identified in two disease conditions: familial Mediterranean fever (FMF) and TNF
receptor-associated periodic syndrome (TRAPS) caused by mutations in the genes
encoding MEFV/pyrin and the TNFRSF1A/TNF receptor type 1 (TNFR1) (McDermott
et al, 1999). From that time, disease-based gene discovery and basic research have
contributed to dissect the molecular mechanisms at the basis of excessive innate
immune responses. Several mutations in more than 30 new genes have been identified
and found to be responsible for autoinflammatory phenotypes. The number of patients
showing clinical phenotypes resembling SAIDs is rapidly expanding. However, for at
least 40-60% of them, no clear diagnosis can be made, leaving these conditions as
undefined or undifferentiated SAIDs (uSAIDs). Thus, there is a strong need for a
comprehensive classification that considers both genetic mutations and clinical criteria
(Ter Haar et al, 2019). Although the central group of SAIDs has a genetic origin with
mutations affecting single genes, polygenic or multifactorial disease also exist as it
occurs for the autoimmune family of diseases (Hashkes & Laxer, 2019).

In conclusion, autoimmune and autoinflammatory diseases can be grouped in one
single group of diseases characterized by different immunologic abnormalities with
autoinflammatory syndromes at one end and autoimmune diseases at the opposite side.
Whit in this model, immunological diseases are placed along a continuum line based on

the degree of involvement of adaptive and innate immunity counterparts.

1.4.2 IL-1 mediated systemic autoinflammatory diseases
Excessive IL-1 signalling, production and release are responsible for the

inflammatory conditions of one major group of monogenic SAIDs (De Jesus et al,

2015) (Table 2).

41



Table 2. Genetic features of monogenic IL-1-mediated systemic auto inflammatory diseases
Abbreviations: AD, autosomal dominant; AR, autosomal recessive;, NA, not available. Adapted

from (De Jesus et al, 2015).

IL-1 mediated systemic autoinflammatory diseases

OMIM NO. | Inheritance gene protein
NOMID 607115 AD NLRP3 NLRP3
CAPS
(Cryopyrin-Associated MWS 191900 AD NLRP3 NLRP3
Periodic Syndrome)
FCAS 120100 AD NLRP3 NLRP3
FMF MEFV
(Familial Mediterranean fever) 249100 AR/AD MEFV /pyrin
NLRC4-MAS
(NLRC4-related Macrophage Activation NA AD NLRC4 NLRC4
Syndrome)
HIDS/MKD
(Hyper IgD Syndrome/ Mevalonate 260920 AR MVK MK
Kinase Deficiency)
TRAPS
(Tumour necrosis factor Receptor 142680 AD TNFRSFIA4 TNFR1A
Associated Periodic Syndrome)
Majeed syndrome 609628 AR LPIN? Lipin-2
DIRA
(Deficiency of Interl’eulkm— 1 Receptor 612852 AR ILIRN IL-1RA
Antagonist)

As mentioned previously, IL-1 is a potent endogenous fever-inducing pyrogen.

Therefore, there are multiple checkpoints to control IL-1 release and biological effects,
including the transcriptional regulation, the requirement of inflammasome-mediated
activation, and the presence of protein inhibitors, like IL-1RA. When any of these
surveillance mechanisms are lost, for instance, due to genetic mutations, a hyper-
inflammatory state prevails. Clinically speaking, IL-1 mediated SAIDs are severe
conditions that, in the majority of the cases, affect children and can be often fatal. The

complex clinical picture shows organ-specific patterns of inflammation, and some of

them are illustrated in Figure 8.
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Musculo-skeletal

Figure 8. Clinical manifestations in IL 1 mediates SAIDs.

(a) Urticarial rash. (b) Pustular rash. (c) Erysipelas-like erythema. (d) Erythematous dermal
macules during flares. (e) Leptomeningeal enhancement. (f) Inflammation-induced chronic
papilledema. (g) Hydrocephalus and cerebral atrophy in NOMID. (h) Widening of multiple ribs
(asterisks) and clavicles (arrows) osteomyelitis. (i) Destruction of vertebral bodies and severe
kyphosis due to osteomyelitis (j) Metaphyseal bone overgrowth (k) Cochlear enhancement. (I)
Conjunctival erythema (m) Pleural effusion. Adapted from (De Jesus et al, 2015)

Cryopyrin-associated periodic syndromes (CAPS) delineate a family of three
autosomal dominant diseases caused by gain-of-function mutations in the NLRP3 gene
(Agostini et al, 2004). They are rare diseases, with an estimated prevalence of 1-2 per
million. Germline and somatic mutations can cause CAPS, most of which are localized
in the NATCH domain of the NLRP3 receptor (Hoffman et al, 2001). As anticipated,
the CAPS spectrum includes three distinct disorders: FCAS, MWS, and NOMID
/CINCA syndromes. The three diseases have different grades of severity: FCAS is the
milder form, NOMID/CINCA presents the most severe phenotype, and the MWS
phenotype is in the middle of the spectrum. The clinical scenario of CAPS is
characterized by chronic systemic inflammation, such as fever, fatigue, headache, and
organ-specific pattern of inflammatory symptoms in the skin, musculoskeletal, ears,
eyes and central nervous system.

Mutations in NLRP3 lead to a reduced binding affinity of cellular cyclic AMP
(cAMP) and CARDS, which negatively regulates NLRP3. The resulting hyper-

activation of NLRP3 inflammasome leads to increased IL-1f secretion and uncontrolled
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inflammation (Ito et al, 2014). Indeed, blood monocytes from CAPS patients secretes
higher levels of mature IL-1p3 compared to healthy controls, following LPS-stimulation.
Indeed, patients’ cells do not require second activator signal, and inflammasome
priming with LPS alone results in maximal release of IL-1f (Gattorno et al, 2007).
Therefore, IL-1f3 continuously activates its gene transcription and priming the
inflammasome through the IL-1RI (Dinarello, 2009).

Familial Mediterranean fever (FMF) 1is the most widespread monogenic
autoinflammatory disease, affecting more than 100,000 individuals worldwide,
primarily in the Mediterranean region (Yilmaz et al, 2001). FMF is an autosomal
recessive disease, although cases of autosomal dominant inheritance have been reported
too (Stoffels er al, 2014). More than 80 distinct missense mutations in the MEFV gene
have been described with a hot-spot region in exon 10, which encodes the B30.2
domain of the Pyrin protein, a critical inflammasome-mediated sensor upstream of IL-
1B production (refer to paragraph 1.1.4) (Aksentijevich et al, 1997). Most patients
experience the first attack in childhood, with long-lasting and recurrent flares episodes
alternated by symptom-free intervals (Sonmezgéz et al, 2019). Flares include fever
attacks, abdominal pain, generalized peritonitis, pleuritis, pericarditis, and, less
frequently, aseptic meningitis. Along with persistent chronic inflammation, FMF
patients may develop systemic amyloidosis, resulting in renal failure.

NLRC4-related macrophage activation syndrome (NLRC4-MAS) is caused by
heterozygous mutations in the inflammasome-associated protein NLRC4 (Canna et al,
2014; Romberg et al, 2014). Macrophage activation syndrome (MAS) is a life-
threatening inflammatory aggravation of many rheumatic diseases correlated with
uncontrolled macrophage activation. The clinical picture includes fevers, pancytopenia,
hepatitis, splenomegaly, and coagulopathy. In 2014, two independent research groups
discovered de-novo gain-of-function mutations in the NATCH domain of NLRC4 in
four patients from distinct families (Canna et al, 2014; Romberg et al, 2014). Three of
these patients suffered from enterocolitis and recurrent MAS flares. Disease
manifestations were homogenous across patients but differences in disease severity,
ranging from intermittent, mild flares to mortality in early childhood. As already
described, NLRC4 encodes an intracellular innate immune receptor that interacts with

caspase-1, leading to IL-1f3 and IL-18 secretion (refers to paragraph 1.1.4). Similar to
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CAPS, mutations in NLRC4-MAS cause spontaneous inflammasome formation and
uncontrolled proinflammatory cytokines production. However, the symptoms of MAS
differ from CAPS, underlying the different biological role of the two inflammasome
components. In particular, mutations in the NLRC4 gene cause constitutive IL-18
hypersecretion, which is at the basis of enterocolitis and MAS, while IL- [} secretion
does not cause such detrimental effect.

Hyper-IgD syndrome (HIDS)/mevalonate kinase deficiency (MKD 1is a rare
autosomal recessive disease originated from a mutation in the mevalonate kinase gene
(MVK). The mevalonate pathway produces isoprenoids, which lead to the prenylation
of RhoA and subsequent phosphorylation of Pyrin, which interact with the inhibitor
protein 14-3-3. A mutated mevalonate pathway prevents this signalling, thus leading to
hyper-activation of the Pyrin inflammasome (Park er al, 2016) (refers to paragraph
1.1.4). Depending on the degree of enzyme deficiency, MKD is considered a disease
continuum of two phenotypic conditions: one mildest form Mevalonic Aciduria
(MEVA) and Hyper-IgD (Immunoglobulin D) Syndrome (HIDS), being the most
severe. The most common symptoms are intermittent fevers associated with abdominal
pain, vomiting, diarrhoea, and different skin rashes. MEV A manifests with more severe
complications, like dysmorphic features, growth retardation, ocular and neurological
symptoms(Favier & Schulert, 2016).

TNF receptor-associated periodic syndrome (TRAPS) is an autosomal recessive
disorder initially described as Hibernian fever (Williamson et al, 1982). It is caused by
missense mutations in the TNFRSF 1A gene encoding the TNF receptor 1 (TNFR1). The
missense amino acid substitutions affect cysteine-cysteine disulphide bonds, vital for
the protein structure. The resulting misfolded protein fails to bind TNF and instead
accumulate in the cell cytoplasm. Consequently, increased NF-kB activation and
inflammation developed (Nedjai et al, 2008). Clinical manifestations of the disease can
be different among patients, and the most specific features include recurrent fever,
abdominal pain, limb pain, pleuritis, arthralgia, periorbital oedema, and conjunctivitis.
Neurological manifestations can manifest as headaches and, less frequently, aseptic
meningitis, optic neuritis, and behavioural alterations (Hull et al, 2002).

In conclusion, IL-1 and TNF are both involved in this disease, suggesting no specific

restrictions in regulating the production/secretion of these cytokines.
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Majeed syndrome delineates an ultra-rare autosomal recessive disease driven by
mutations in LPIN2. The protein lipin-2 has phosphatidate phosphatase (PAP) enzyme
activity and catalyses the conversion of phosphatidate to diacylglycerol. This process is
important for the maturation of membrane phospholipids and the formation of
phosphatidylcholine, phosphatidylethanolamine, and other lipids that are mediators of
an inflammatory response (refers to paragraph 1.1.3) (Reue, 2009).

Deficiency of IL-1 receptor antagonist (DIRA) represents a sporadic disease inherited
in a recessive manner. Loss-of-function mutations causing DIRA lead to an absent or
inactive IL-1RA, which translates into unbalanced signalling between IL-1 and its
negative regulator IL-1RA through the IL-1R1 (refers to paragraph 1.3) (Aksentijevich
et al, 2009). As a result, cells are hyper-responsive to IL-10/f3 stimulation, leading to
uncontrolled production of proinflammatory cytokines, chemokines, and other
signalling molecules. Symptoms arise near birth with multisystem inflammation,
pustular skin rashes and osteomyelitis involving musculoskeletal apparatus such as ribs,
clavicles, and vertebral bodies.

A partial IL-1 dysregulation is also associated with several complex
autoinflammatory/autoimmune diseases, in which there is no clear genetic origin.
Different environmental factors may provide the basis for the clinical phenotype. Some
examples are: gout, rheumatoid arthritis, Still’s disease, pyogenic arthritis, pyoderma

gangrenous, and acne (PAPA), and Bechet’s disease.

1.4.3 Current treatments for SAIDs

There is no definitive cure for IL-1 mediated autoinflammatory diseases, but some
treatments can ameliorate the clinical outcome. So far, the treatment of patients with
SAIDs aims at controlling the recurrent episodes of systemic inflammation.

Colchicine is one of the first drugs that have been used to treat patients affected by
rheumatologic diseases, such as gout, and it is the current mainstay treatment for FMF
patients (Dasgeb et al, 2018). Colchicine is an alkaloid extracted from the meadow
saffron whose efficacy in preventing attacks and developing amyloidosis was proved in
several clinical trials with FMF patients (Demirkaya et al, 2016). In 2009, colchicine,
sold under the name of Colcrys® received the final approval by the US Food and Drug
Administration (FDA) for the treatment of acute flares in gout and FMF. The
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antinflammatory mechanism of action of colchicine relies on the inhibition of
microtubule assembly, which blocks proinflammatory pathways, such as inflammasome
assembly, cytokine secretion, phagocytosis, cell development and chemotaxis. The
potential therapeutic use of colchicine can be extended to other monogenic diseases,
such as TRAPS and PFAPA, and also complex immune-mediated conditions, such as
Bechet’s disease, primary biliary cirrhosis, psoriasis, and comorbidities arising with
gout, such as osteoarthritis and pericarditis (Dalbeth et a/, 2014). Although colchicine is
currently the treatment of choice for FMF, a consistent cohort of patients is refractory to
this treatment due to partial remission or intolerance.

Within the spectrum of conventional drugs, non-steroidal antinflammatory drugs
(NSAIDs) alone or in combination with glucocorticoids are used in 70-80% of all
patients with monogenic IL-1-mediated inflammatory disease. The main therapeutic
benefits of NSAIDs derive from the inhibition of cyclooxygenases, enzymes able to
convert arachidonic acid into prostaglandins and thromboxane. Some of these
eicosanoids commonly act as potent mediators during an inflammatory response (refers
to paragraph 1.1.3). However, because NSAIDs do not act upstream in the catalytic
cascade originating arachidonic acid, these drugs do not directly block the cause of the
disease (Haar et al, 2013). On the same line, glucocorticoids reduce the activity of many
proinflammatory mediators, counteracting leukocytes extravasation and controlling
either acute manifestations (i.e., pain, fever, oedema) or secondary inflammatory stages
(e.g., reparative processes, such as cell proliferation and wound repair) (Rhen &
Cidlowski, 2005). Glucocorticoids represent the preferred treatment for patients with
PFAPA syndrome, as their sustained administration interrupts the recurrent flares
(Feder & Salazar, 2010).

Finally, other conventional antinflammatory, immune-modulatory, and
immunosuppressive agents, such as azathioprine, leflunomide, methotrexate,
cyclosporine and antihistamines, have been tested in monogenic autoinflammatory
diseases mostly with a poor clinical outcome (Haar et al, 2013).

The involvement of the NLRP3 inflammasome in several diseases and the vital role
of this protein in the production of IL-1 prompted the scientific community to discover
new molecules that can selectively inhibit NLRP3 inflammasome activation. In these

recent years, various small molecule inhibitors targeting NLRP3 inflammasome have
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been developed, and some are currently under preclinical and clinical investigation.
Two main modalities have been envisaged: direct inhibition of NLRP3 or inhibition of
upstream or downstream events to indirectly suppress inflammasome complex
formation or inflammasome execution mechanisms. In particular, the second modality
is the best exploited, taking advantage of the diverse range of targets involved in the
inflammasome assembly process (Gritsenko et al, 2020). For instance, Glyburide, a
sulfonylurea drug commonly used in the United States for the treatment of T2D,
specifically inhibits ATP- induced K+ efflux in pancreatic B cells (Ashcroft & Ashcroft,
2005). Another key event for NLRP3 inflammasome activation is NLRP3-ASC
interaction. Proof-of-concept results showed that targeting the PYD of the adaptor
protein ASC by specific peptides can effectively reduce cytokines-release from human
monocytes following NLRP3 activation. Indeed, a-helical stapled peptides are stable
and able to enter into the cells, disrupting ASC-specks formation and caspase-1
processing (Pal ef al, 2019).

On the other hand, the diary sulfonylurea compound MCC950 is the most potent and
direct NLRP3 inflammasome inhibitor. It has been in phase II clinical trials for the
treatment of rheumatoid arthritis (RA), but the trial was interrupted because of liver
toxicity (Chen et al/, 2021; Mullard, 2019).

Nevertheless, all the significant discoveries came from studies performed in vitro or
in mouse models of human diseases. There are still very few studies in humans on
NLRP3 and the inflammasome complex. The lack of a comprehensive understating of
how NLRP3 inflammasome gets activated makes developing products that selectively
inhibit NLRP3 hard to achieve. Inhibiting NLRP3 activity could be helpful in IL-1
mediated inflammatory diseases with an evident upregulation of this type of
inflammasome due to genetic mutations. However, it would not represent a solution for

all the other conditions in which IL-1f dysregulation originates from different sources.

1.4.4 IL-1 targeting biologics

Given the detrimental role of IL-1 in many SAIDs, the standard of care for these
patients is represented by the pharmacological blocking of the IL-1 pathway. The FDA
approved three biologics for inflammatory diseases (Figure 9): Anakinra (Sobi™), the

non-glycosylated form of IL-1RA produced in Escherichia coli, Canakinumab (Ilaris), a
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human monoclonal antibody neutralizing IL-1B, and Rilonacept (Arcalyst), a fusion
protein that binds IL-1p and IL-1a (Dinarello et al, 2012). Anakinra and Canakinumab

also received approval from the European medicines agency (EMA).

IL-1B
WABIC ST ~
@ Canakinumab ’ O IL-1a
Rilonacept Anakinra

IL-1B/a

IL-1R

Figure 9. Anti-IL-1 cytokine biological treatments.

Rilonacept, a chimeric protein composed by IL-1RI and IL-R3. Canakinumab, a human
monoclonal antibody neutralizing IL-1f activity. Anakinra, the recombinant non-glycosylated
form of IL-1RA, counteracting both IL-10. IL-1p. Adapted from (Hoffman, 2009).

Anakinra was the first IL-1 blocker developed and is currently the most used drug for
autoinflammatory diseases. It suppresses IL-1-mediated signalling by competing with
IL-1o/B for binding to IL-1RI. Anakinra was first approved in 2001 for rheumatoid
arthritis (Mertens & Singh, 2009). To date, it received marketing authorization also for
CAPS and DIRA. In Europe, it is also approved for Still’s disease, including Systemic
Juvenile Idiopathic Arthritis (SJTA) and Adult-Onset Still’s Disease (AOSD) (Lyseng-
Williamson, 2018; Oelkers, 2012). In 2021, EMA started evaluating the use of Anakinra
for the treatment of coronavirus disease 2019 (COVID-19) based on the positive results

obtained in adult patients with severe pneumonia (Kyriazopoulou et al, 2021).
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Anakinra has demonstrated a remarkable level of safety and efficacy in a broad
spectrum of autoinflammatory diseases. However, there are critical issues that limit its
use. Anakinra has poor tissue distribution and a very short half-life. Therefore, patients
require daily injections and lifelong treatment. Moreover, Anakinra has only partial
efficacy in treating secondary AID-induced amyloidosis and articular involvement in
FMF patients (Ozcakar et al, 2016). In severe NOMID patients, IL-1 inhibition does not
entirely revert hearing loss and vision impairment (Sibley et al, 2012). It can cause
severe side effects, including injection-site reactions and serious infections such as
skin/bone/joint infections and pneumonia. Other mild consequences are worsening
arthritis symptoms, nausea, vomiting, diarrhoea, stomach pain, headache, and general
joint pain, all of which reduce patients’ quality of life, and also constitute an economic
burden on healthcare systems. Finally it is not approved in all countries, for example it
is not available in Brazil.

Canakinumab is a human monoclonal antibody that selectively binds to human IL-
1B. Its efficacy depends on the blockade of IL-1PB, thus preventing IL-1RI1/IL-1B
interaction and activating the inflammatory signalling cascade. It is currently approved
for the treatment of CAPS, TRAPS, MKD, FMF, and active Still’s disease, including
AOSD and SJIA (Dhimolea, 2010). Recently, Canakinumab entered into a clinical trial
to prevent adverse cardiac events in patients with a history of myocardial infarction and
elevated high-sensitivity C-reactive protein (hsCRP), and the results are favourable
(Aday & Ridker, 2018). One of the principal limits of this treatment is the cost. In
addition, Canakinumab does not block completely IL-1-mediated response since also IL-
la activates IL-1RI.

Rilonacept, also known as IL-1 trap, is a dimeric fusion protein made up of the
ligand-binding domains of IL-1R1 and IL-1RACcP linked to the Fc region of the human
IgGl that, acting as a soluble decoy receptor, neutralizes IL-1. While Anakinra and
Canakinumab are approved in Europe, Rilonacept is only available in the United States
to treat CAPS and recurrent pericarditis and maintain remission of DIRA.

In conclusion, anti-IL-1 cytokine drugs showed good clinical outcomes and a safety
profile. However, they are not curative; the poor-tissue distribution, loss of efficacy and
side effects limit their application. Thus, a new alternative curative approach for these

patients still need to be developed. A case report study of a patient with FMF shed light
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on allogeneic bone marrow transplantation (BMT) as a good option for the treatment of
this disease (Milledge et al, 2002). The patient was paediatric and diagnosed with both
congenital dyserythropoietic anemia (CDA) and FMF. The CDA treatment relied on
repeated transfusions, which resulted in iron overload and a high ferritin level. An iron
chelation therapy was not applicable due to her relapsing FMF condition. For these
reasons, she underwent sibling BMT. During conditioning, FMF symptoms, such as
arthritis, splenomegaly and periodic abdominal pain started to disappear, making the
child off of colchicine treatment. The authors hypothesized that the newly produced
patient’s granulocytes were the cells responsible for FMF-phenotype correction after

BMT. Thus, this was the first evidence that BMT can be curative for FMF.

1.5 Mouse models for NLRP3/IL-1 mediated inflammation
Several mouse models have been established to investigate the NLRP3/IL-1 role in
the pathology of autoinflammatory and autoimmune diseases. We reported in the

introduction those that have been used in our in vivo experimentations.

1.5.1 MSU-induced peritonitis model

Constitutive NLRP3 inflammasome activation leads to excessive IL-1f production
resulting in a hyper-inflammatory state typical of several autoinflammatory conditions.
One example is gout, the most common cause of inflammatory arthritis, driven by an
overactive immune system. Gout is caused by joint deposition of MSU crystals in
patients with hyperuricemia. The pathology of the disease includes discontinuous
episodes of joint inflammation with symptom-free periods. If untreated, the disease
severity can progress, leading to the formation of urate deposits (tophi) in soft tissues
and progressive joint destruction (So & Martinon, 2017).

NLRP3/IL-1pB-mediated inflammation is crucial in gouty inflammatory reactions that
constitute the hallmark of the disease. In gout, IL-1p is produced by macrophages
which, upon MSU-crystals sensing, activates NLRP3 inflammasome (Martinon et al,
20006). Intracellular MSU particles trigger NLRP3 inflammasome assembly through
lysosomal destabilization (Guo et al, 2015), ROS production, ATP release and
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purinergic signalling activation (Riteau er al, 2012; Gicquel et al, 2015). IL-1p release
initiates a complex inflammatory cascade through the IL-1 receptor complex, resulting
in neutrophil-recruitment from the bloodstream to the site of infection (So & Martinon,
2017). A similar biological process can be easily mimicked in vivo by administering
MSU crystals in the peritoneal cavity or knee joints. NLRP3 activation in tissue-resident
macrophages leads to IL-1f3 production, which, in a few hours, recruited neutrophils
(CD11b'Ly6G") quantified by flow cytometry (Martinon et al, 2006). This model has
been used to test the therapeutic effect of some NLRP3 inhibitors such as Thiolutin
(THL), which inhibits deubiquitinating of NLRP3 and Piperlongumine (PL) an alkaloid
with antinflammatoy propertiers (Ren et al, 2021; Shi et al, 2022) Moreover, the MSU-
peritonitis mouse model has also been exploited to test the antinflammatory role of the

IL-1 family- related cytokines IL.-37 and IL-33 (Liu et al, 2016; Shang et al, 2019).

1.5.2 NLRP3 knock-in mouse models for hereditary NLRP3-mediated diseases

Genetic mouse models harbouring gain of function mutations in the NLRP3 gene
have been developed to investigate the chronic inflammatory manifestations derived by
IL-1 overproduction and test new medications. As discussed in paragraph 1.4.2,
dominant mutations in the NLRP3 gene are associated with CAPS disease, comprising
three distinct autoinflammatory syndromes caused by uncontrolled IL-1 production:
FCAS, MWS and NOMID.

Various mouse models mimicking CAPS manifestations have been developed. Two

3A352V/+ 3L353P/+

examples are the conditional Nlrp
352 to valine (A352V) and leucine 353 to proline (L353P) mutations identified in
patients with MWS and FCAS, respectively (Brydges et al, 2009). Moreover, these

and Nlrp mice harbouring the alanine

amino acids are shared between mouse and human NLRP3 genes. Taking advantage of
various mouse lines expressing the Cre recombinase under cell/tissue-specific
promoters, NIrp3***V"* and Nlrp3“**** mice expressing constitutively or tamoxifen-
inducible (CreT) NLRP3 mutant proteins have been established. The Nlrp3****¥*CreT
and NlIrp3"*'""*CreT exhibit a CAPS-like phenotype characterized systemically by IL-1-
mediated inflammation, including weight loss, dermal neutrophilic infiltration and
upregulation of proinflammatory cytokines in the serum such as IL-6. Moreover, BM-

derived DCs (BMDCs) of Nlrp3****Y*CreT showed hyper production of inflammasome-
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mediated IL-1(3 in vitro, which is released even in the absence of a second signal.
Although T cells do not have a pathogenic role in CAPS, an increase in T helper cells
expressing high levels of Th17-associated cytokines such as neutrophil chemoattractant
(KC), IL-6, and granulocyte colony-stimulating factor (G-CSF) is also evident.

The main features of NOMID, the most severe form of CAPS, have been recently
recapitulated in the Nlrp3™7*** KI model, which constitutively expressed the NLRP3
N475K mutant protein (Bertoni et al, 2020). These mice show signs of systemic
inflammation like rash, failure to thrive, increased serum proinflammatory cytokines
(IL-1P, IL-1a and IL-18), splenomegaly, inflammatory cell infiltrates in several tissues
(lungs, spleen and liver) and high mortality rate. In contrast to other models, these mice
develop multi-organ amyloidosis, one of the primary morbidities of chronic
inflammation in CAPS patients. Moreover, myeloid-derived cells from these mice
displayed a pattern of cytokine expression similar to that of patients’ monocytes
characterised by hyper-responsiveness to LPS stimulation and elevated
proinflammatory cytokine release (Tassi et al, 2010; Carta et al, 2015). Overall, this

model well recapitulates disease symptoms.

1.5.3 Experimental autoimmune encephalomyelitis (EAE) as a mouse model of
multiple sclerosis

IL-1 has a proinflammatory role also in the context of neuroinflammation associated
with multiple sclerosis (MS). The experimental autoimmune encephalomyelitis (EAE)
mouse model represents the most commonly used animal model for MS (Lin &
Edelson, 2017).

Multiple sclerosis is a chronic inflammatory disease affecting the CNS, in which a
genetic component and environmental factors contribute to the heterogeneous
phenotype. MS manifests with neurologic symptoms ranging from mild impairment of
key motor functions to serious cognitive decline. In the majority of the cases, the
disease manifests with a relapsing and a remitting pattern (RRMS), although some
patients are affected by a progressive form of MS (Musella et al, 2020). The key players
in MS progression are the T cells, which recognize CNS antigens, spread through the
brain and spinal cord, resulting in demyelination and axon loss (Kaskow & Baecher-

Allan, 2018). Autoreactive CD4" T cells are the major drivers of MS pathology,
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although y8 T cells, CD8" T cells, and B cells also contribute to disease (Kaskow &
Baecher-Allan, 2018). The available disease-modifying therapies (DMTs) dampen the
inflammatory stage of the disease, targeting different inflammatory cells such as
Th1/Th17 and impairing immune cells’ such as B cells infiltration to the central nervous
system.

Cytokines are also attractive targets for new therapies. Several studies reported the
involvement of IL-1 in MS pathogenesis (Lin & Edelson, 2017; Musella et a/, 2020).
Cerebrospinal fluid (CSF) and blood of MS patients showed high IL-1B levels and
impaired IL-1B/IL-1ra ratio (Hauser et al, 1990; Dujmovic et al, 2009). Moreover,
NLRP3 and Caspase-1 transcripts were found upregulated in patients’ mononuclear
cells compared to healthy donors’ cells (Furlan et al, 1999; Heidary et al, 2014).
Finally, at the time of remission, the RRMS patients with detectable levels of IL-1f in
the CSF experienced a worst disease outcome (Rossi et al, 2014). To better elucidate
the mechanisms elicited by IL-1B in MS, the experimental autoimmune
encephalomyelitis (EAE) mouse model have been explored. The EAE model delineates
the most used mouse model for MS and can be performed through active immunization
with a myelin antigen. In the most popular version, female C57BL/6 mice are
immunized with a complete Freund’s adjuvant (CFA)-based suspension containing a
peptide derived from murine myelin oligodendrocyte glycoprotein (MOG35-55) and
mycobacterium tuberculosis to elicit peptide-specific Th cells. Mice are then treated
with pertussis toxin (PTX) as a co-adjuvant to induce a sustained, disabling clinical
disease (Constantinescu et al, 2011). Five to eight days post-immunization, IL-1f is
produced primarily by monocyte-derived DCs/macrophages (moDCs/Macs) in the
peripheral draining lymph nodes (DLNs). CD4" T constitutes also a cellular source for
IL-1P. Once produced, IL-1B enhances M-CSF production by CD4" T cells promoting
T-cell pathogenicity. Moreover, different myeloid cells in the CNS respond to IL-1
stimulation through the IL-1RI, but their contribution to the MS pathogenesis is still
debatable. Thus, IL-1p appear to be a critical mediator of the EAE phenotype produced
by myeloid cells, mast cells, and T cells, acting on both immune and non-immune cells
(Lin & Edelson, 2017). Indeed, IL-1B- and IL-1RI-deficient mice are resistant to EAE-
induction (Sutton et al, 2006). Alongside, EAE severity is augmented in mice lacking

the inflammasome components NLRP3, ASC, caspase-1 and caspase-11 (Govindarajan
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et al, 2020; Hou et al, 2020). Finally, IL-1RA treatment positively impacts EAE
development (Furlan et a/, 2007). Indeed, a clinical trial with anakinra for the treatment
of chronically inflamed white matter lesions in MS (ClinicalTrials.gov Identifier:
NCTO04025554) has recently started. All these pieces of evidences point to a detrimental
role of IL-1 in MS/EAE disease.

1.6 Haematopoietic stem cell transplantation and gene therapy

Haematopoietic stem cell transplantation (HSCT) has been successfully applied as a
standard procedure for the treatment of inborn errors of the immune system and
metabolism for more than 50 years (Tan ef al, 2019). The first successful transplantation
using allogeneic (from a compatible donor) haematopoietic stem and progenitor cells
(HSPCs) was conducted in patients affected by X-linked severe combined
immunodeficiency  (SCID-X1), adenosine  deaminase  severe  combined
immunodeficiency (ADA-SCID), and Wiskott—Aldrich syndrome (Gatti et al, 1968;
Bach et al, 1968). Extraordinary progress has been made in improving donor matching,
graft-versus-host (GvH) reactions, conditioning’ type, toxicity and infections
management. However, the availability of an immune-compatible donor with suitable
human leukocyte antigen (HLA) genotype matching limits HSCT application. Gene
therapy (GT) approaches based on the genetic manipulation of autologous (from
patient) HSPCs, might overcome this limitation and represent a powerful alternative
treatment (Styczynski et al, 2020).

GT modifies the genetic material to add therapeutic genes or repair the defective
ones. The ex-vivo autologous GT approach uses the patient’s stem cells that, once
genetically corrected, can be re-infused back into the patient. Toward this approach,
sustained and durable production of the therapeutic gene can be achieved since the
newly HSPC-derived immune cells can migrate to all body’s districts in the form of
tissue-repopulating cells.

From 1995 to 2020, 406 patients with primary immunodeficiencies (55.2%),
metabolic diseases (17.0%), haemoglobinopathies (24.4%), and bone marrow failures
(3.4%) were treated with different types of vectors-based strategies. Three advanced

therapy medicinal products (ATMPs) based on HSPC-GT received marketing
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authorization in the EU: Strimvelis® and Libmeldy™ for ADA-SCID and
metachromatic leukodystrophy (MLD), respectively by Orchard Therapeutics, and
Zynteglo™ for beta-thalassemia by Bluebird (Tucci ef al, 2021) . Other products are
currently under evaluation (Bueren et al, 2020). The clinical protocol is based on the

following main steps (Figure 10).
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Figure 10. Main stages in ex-vivo gene therapy protocol.

1) Collection of patients’ HSPCs. 2) Genetic modifications through vector-based gene transfer
strategies. 3) Patient conditioning via chemotherapeutic agents. 4) Re-infusion of genetically
modified autologous HSPCs. 5) Lon-term haematopoietic and immune reconstitution of newly
corrected HSPCs. Created with Microsoft PowerPoint web-site.

1) HSPC collection. Patients HSPCs are collected from the iliac crests or by
leukapheresis through the use of mobilization agents. The collected material is enriched

for CD34" cells fraction, which comprise primitive haematopoietic stem cells (HSCs)
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and lineage-committed HSPCs. The relative composition of the purified cells can vary
based on disease background, age, and the collection method used (Thornley et al,
2001; Basso-Ricci et al, 2017). Since mobilized peripheral blood contains more HSPCs
and ensures faster haematopoietic reconstitution than bone marrow (BM), it has become
the preferred procedure (Gertz, 2010). The first mobilizing agent used for
transplantation purposes was the G-CSF even though some patients can exhibit a poor
mobilization response. Thus, mobilization procedures in the context of GT have been
implemented through the additional use of the CXCR4 antagonist Plerixafor (Aiuti et al,
2013; Thompson et al, 2018; Rio et al, 2019).

2) Vector-based HSPCs modification and in vitro culture. Following HSPC
collection, cells are genetically modified through gene transfer technologies. Most of
these approaches exploit viral vectors, such as gamma-retroviruses and lentiviruses, to
allow therapeutic gene integration into the genome of target cells. The in vitro culture of
genetically modified HSPCs requires specific protocols that preserve the most primitive
cell populations. Indeed, efficient viral-mediated correction of HSPCs involves cells’
exit from quiescence achieved by incubation with a cocktail of cytokines during ex vivo
culture. Optimizing cell culture conditions in terms of duration, cytokine concentration,
and vector amount is fundamental to retain HSPCs clonogenic output. Moreover, the
efficiency of transduction can be limited by the presence of antiviral restriction factors
expressed by HSPCs (Colomer-Lluch et al, 2018). To overcome these limitations,
promising results have been obtained using transduction enhancers ex vivo. For
instance, compounds, such as cyclosporine H (Petrillo ef al, 2018) and prostaglandin E2
(Zonari et al, 2017; Heftner et al, 2018) allow the degradation of these antiviral factors,
thus leading to high HSPC transduction.

The overall efficacy of a GT drug product currently relies on the use of specific
parameters that can be tested in culture. They include the measure of the average
number of vector copies (VCN) per genome detected in cells exposed to the vector, the
maintenance of HSPCs’ clonogenic potential and the levels of transgene
expression/function. Humanized mouse models, such as immunodeficient NOD scid

gamma (NSG) mice, have been exploited in vivo for xenotransplant and GT purposes

(Ferrari et al, 2021; Carrillo et al, 2018).
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3) Patients conditioning and re-infusion of genetically modified cells. Patients
receive conditioning through the use of chemotherapeutic or immunosuppressant drugs
to deplete the endogenous HSPC pool and prepare the BM niche to receive the gene-
corrected cells. To achieve this goal, a deep knowledge of the disease-specific
background and the level of engraftment of corrected cells are pivotal. Indeed, reduced-
intensity non-myeloablative conditioning is sufficient to establish mixed chimerism
when replenishing cells are granted with a natural selective advantage, such as in the
case of deficiencies affecting the adaptive immune compartment, such as T and B
lymphocytes (Aiuti et al, 2002), and Fanconi anaemia (Rio ef a/, 2019). In contrast,
myeloablative doses are needed when a high degree of engraftment is required, like in
lysosomal storage disorders and beta-thalassemia (Biffi et al, 2013; Marktel et al,
2019). Therefore, the intensity and type of conditioning regimen administered to
patients enrolled in a GT protocol should be fine-tuned to reach a minimal therapeutic
benefit with a low level of toxicity. Regarding this aspect, future strategies based on
monoclonal antibodies that can selectively deplete BM cells, avoiding off-target effects,
should be implemented for their use in the GT arena (Bernardo & Aiuti, 2016).

4) Engraftment and immune reconstitution of modified HSPCs. One week after
infusion, vector-transduced haematopoietic cells are already present in the blood. The
haematopoietic reconstitution is first supported by the myeloid compartment, like
granulocytes and monocytes, followed by NK, B and T cells (Aiuti ef al, 2002). In most
GT trials with lentiviral vectors (LVs), patients showed long-term engraftment of
transduced cells up to 8 years post-treatment. Cells transduced with a gamma-retroviral
vector encoding ADA persisted for at least 15 years in ADA-SCID patients (Aiuti et al,
2013; Cicalese et al, 2016). Of note, the high level of cell persistence is associated with
sustained expression of the therapeutic transgene, leading to disease correction (Miller

et al, 1993).

1.6.1 GT safety

The first clinical trials of HSPC GT for immunodeficiencies, including ADA-SCID,
were based on the Moloney murine leukaemia virus-derived gammaretroviral vectors
(y-RVs). While starting to demonstrate the extraordinary clinical benefits of this

approach, these clinical trials also highlighted the major limitations of the first
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generation y-RVs. First, these initial approaches have only a partial ability to transfer
genes into the most primitive cell compartment. Moreover, it was reported that the
preferred YRVs’ integration pattern was within transcription start sites (TSS) and CpG
islands on the contrary of LVs, which usually integrate into actively transcribed genes
or transcription units. Consistently, YRV integration in the genome of host cells results
in several cases of insertional mutagenesis (Naldini, 2015). The random integration of
YRV can lead to the loss of expression of a tumour suppressor gene or upregulation of
proto-oncogenes, causing haematological malignancies (Hacein-Bey-Abina et al, 2003;
Naldini, 2015). Indeed, episodes of T-cell mediated leukaemia were reported in five out
of twenty SCID-X1 patients enrolled in two independent clinical trials with yRVs. In
these cases, YRV insertion in the promoter region of the proto-oncogenes LMO2 and
IL2RG caused the transactivation of the genes under the control of the long terminal
repeat (LTR) regions of the viral vector, which are enhancers located up to 100
kilobases apart (Howe et al, 2008). Moreover, a myelodysplastic syndrome caused by
insertional activation of growth-promoting genes PRDM16 and MSDI1/EVI1102-103
occurred in chronic granulomatous disease (CGD) patients treated with YRVs (Grez et
al,2011; Reis et al, 2021).

Adeno-associated virus (AAV) vectors have gained interest in the field, although
they mostly persist within cells as episomes and only few vector integration has been
observed (Deyle & Russell, 2009). Therefore LVs with an improved safety profile have
become the most commonly used vectors for delivery purposes. Indeed, many genetic
modification such as the use of self-inactivating (SIN) LTRs, the exploitation of micro
RNA target sequences, the changing form endogenous to weak-to-moderate promoters,
the use of insulators, the refinement of the viral envelope are prevailing (Sauer et al,

2014; Naldini, 2011).

1.6.2 Lentivirus and development of lentiviral vectors

The retroviridae family of viruses are characterized by genome consisting of single-
stranded positive-sense RNA which is converted into double-stranded DNA during
replication. The lentivirus belong to this family, and the most used for GT applications
is the Human immunodeficiency virus type-1 (HIV-1) (Klimatcheva et al, 1999). HIV-1

has an RNA genome, including three significant structural genes necessary for
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integrating into the host genome: gag, pol, and env (Figure 11). The gag element
encodes for the three major viral proteins: matrix proteins, capsid proteins and
nucleocapsid proteins responsible for virion assembly, building up of hydrophobic core,
and protection of the viral genome from interaction with RNA, respectively. The pol
gene is uncharged for proteins’ production essential during viral replication, such as
viral protease, reverse transcriptase and integrase. Finally, the env gene produces the
surface protein gp120 and the transmembrane protein gp41 surface proteins, which, by
mediating virus entry upon interaction with cellular receptors and fusion with cellular
membranes, determine the viral tropism (Fan & Johnson, 2011). Moreover, tat and rev
genes also cover important roles as they are the first proteins synthesized after viral
integration, and they are involved in transcription, splicing, and transport of nuclear
mRNA to the cytoplasm (Sakuma et al, 2012). Other critical elements are the

supplement genes vif, vpr, vpu, and nef.
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Figure 11. lllustration of the HIV-1 viral genome and virion structure.

A. Long terminal repeats (LTRs) surround the three structural (gag, pol, and env), regulatory
(rev and tat) and accessory (vif, vpr, vpu, and nef) proteins. The gag gene includes matrix
(MA), capsid (CA) and nucleocapsid (NC). Three essential replication enzymes: reverse
transcriptase (RT), integrase (IN), and protease (PR). The env protein produces viral surface
(SU) and transmembrane (TM) domains. B. Lentivirus virion structure with two single-stranded
viral RNAs, RT, IN, PR, and CA, accessory proteins protected by CA, and two viral membranes
surrounded by MA. Created with Microsoft PowerPoint software and modified from (Sakuma et
al, 2012)

Two LTR sequences flank the LV genome are essential for reverse transcription and
integration. The LTR sequences are structured into three regions: 1) U3 sequence
containing genetic elements to regulate viral transcription such as enhancers, basal
promoter, and att sites. Through this sequence the 5’-LTR allows transcription of the
viral genome by the host cell’s RNA polymerase II. 2) R repeated sequence with
cleavage polyadenylation sites; and 3) U5 sequences. The 3' LTR binding of R-U5
stabilizes newly synthesized transcripts by regulating their polyadenylation. At the
beginning, the transcription step is only partially active, allowing the production of few
viral mRNAs which are spliced into transcripts encoding tat, rev, and nef proteins.

These proteins in turn allow the production of singly spliced transcripts or non-spliced

viral RNA leading to lifecycle progression (Wei et al, 1998; Malim et al, 1989).
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The latter constitute the source for gag and pol production or progeny viruses, while
spliced transcripts encode env and accessory proteins. In the last budding stage, full-
length viral RNA and proteins are ready to be assembled at the plasma membrane and
released into the extracellular space from the host cell.

LVs are genetically modified lentiviruses capable of carrying exogenous genes
acting as DNA transfer vehicle. They can efficiently infect target cells, but they are
deprived of their replication capacity. Hence, they are unable to produce viral particles
(VP) and propagate to other cells. This unique feature makes LVs very attractive for GT
approaches. Furthermore, there are other advantages in the preferential use of LVs,
including (Zheng et al, 2018):

* Long-term transgene expression through stable integration;

* Infection of both dividing and non-replicating cells;

* Very high tropism for stem cells targeted by GT;

* Defective of immunogenic viral proteins after vector transduction;

* Large gene carrying capacity (such as intron-containing sequences);

* To some extent, easy handling for vector manipulation and high-scale
production.

In the attempt to increase the safety of LVs and avoid the accidental generation of
replication-competent lentiviruses (RCLs) during the laboratory-scale production, the
first-generation of lentiviral systems separated the genome necessary for packaging and
LVs production. This was achieved by co-transfecting a packaging cell line with three
different plasmids:

- The packaging plasmid encoding gag, pol and regulatory/accessory proteins.

- The envelope (env) expressing a viral glycoprotein providing the vector particles

enter into the cells.

- The transfer plasmid encoding the transgene and other cis-elements necessary for

packaging, reverse transcription and integration.

The LTRs and the y packaging signal are included in the transfer vector and not in
the packaging and env plasmids to avoid VP transmission. Therefore, as the genomic
components responsible for the packaging are divided from the genomic elements that
activate them, packaging sequences cannot be included into the viral genome, and the

LV cannot be propagated after the infection of host cells (Kafti et al, 1997; Parolin et
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al, 1994). The maintenance of four of the nine HIV genes such as gag, pol, tat, and rev
associated to the genetic depletion of the accessory vpr, vpu, nef, and vif genes from the
LV backbone lead to a second generation optimized systems.

The third-generation LVs emerged afterwards (Figure 12). Rev was provided from a
cis-element in another separate plasmid. To increase the safety profile, Tat was removed
from the packaging plasmid, but to preserve its function a promoter was inserted in the
U3 region of the 5'-LTR in the transfer plasmid (Dull et al, 1998). Another critical step
made to reduce the genotoxicity in the third-generation method regarded the LTR
sequences. Since LTRs have an enhancer and promoter region, integration of LTRs into
the genome can enhance adjacent proto-oncogenes. SIN-LVs were developed by
depleting the viral promoter and the TATA box (U3 region) in the 3' LTR.
Consequently, if the U3 element is deleted, the same modification would be reflected
into the 5’-LTR region of the integrated genome during the reverse transcription step,
thus resulting in transcriptional silencing of the enhancer/promoter region (Zufferey et
al, 1998). The use of SIN required the employment of different promoters that drives
transgene expression, such as the cytomegalovirus (CMV), or the spleen focus-forming
virus (SFFV) strong promoter, the VAV and the phosphoglycerate kinase (PGK) gene
derived weak/moderate promoters (Modlich et al, 2009), or the lineage-specific

promoters such as the Cathepsin G/c-Fes Chimeric promoter (Santilli et al, 2011).

Vector Plasmid SIN 5 UTR Promoter Gene of interest SIN 3’ UTR
<
Promoter gag-pol =
o
Packaging Plasmid -
Promoter rev =
o
. <
Envelope Plasmid Promoter env (VSV-G) =
o

Figure 12. Third-generation lentiviral vectors.

Third-generation lentiviral vectors are made up of a SIN vector/transfer plasmid, two
packaging plasmids, one encoding gag and pol and the other one encoding rev. A third
envelope plasmid implemented with the vesicular stomatitis virus (VSV-G) G glycoprotein is
also used. Created with PowerPoint software and modified from (Milone & O’Doherty, 2018).
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Moreover, many modifications have been made to increase transduction efficiency
and protein expression. For example, the HIV-1 env glycoproteins (SU and TM)
included in the envelope plasmid have been substituted or integrated with other proteins
of other viruses, thus allowing increased LV target host-cell tropism. The vesicular
stomatitis virus (VSV-G) G glycoprotein is the most used thanks to its high stability,
titre concentration, and extensive tropism (Coil & Miller, 2005). Indeed it has been
demonstrated that VSV-G pseudotyped HIV-derived vectors efficiently transduce into
long-term repopulating HSCs (Akkina ef al, 1996).

Some modifications have been implemented to increase transgene expression and
viral titre concentration. They include the use of the regulatory element of the
woodchuck hepatitis B virus (WPRE), which increases nuclear transcript levels
(Zufferey et al, 1999), and the central polypurine tract/central terminal sequence
(cPPT/CTS), which enhances the nuclear translocation of the pre-integration complex
(Follenzi et al, 2000). Other elements have also been added to increase the vector
uptake, such as primer binding sites required for the retrotranscription and Rev-response
elements (RRE) (Sakuma et al, 2012). Finally, to improve cell-type specificity of
transgene expression, microRNA (miRNA) post-transcriptional elements were
exploited. These small regulatory elements allow gene suppression in a specific cell-
type by destabilizing mRNA transcription phase. Thus, miRNA target sequences
(miRTs) which are complementary to the desired miRNAs, can be added in the LV
cassette, increasing cell-type specificity and avoiding the transgene expression in

specific subpopulations (Merlin & Follenzi, 2019).

1.6.3 Previous results on IL-1RA-mediated gene therapy

There is an urgent medical need for SAIDs since IL-1-targeting agents have some
limitations and are not curative. Some initial attempts unveiled the potential application
of IL-1RA-based GT to treat IL-1-mediated inflammation. The first shreds of evidence
came in the early 90s when an MFG-IRAP retroviral vector was used to target the
expression of human IL-1RA in synovial cells. IL-1RA expressing cells were
subsequently transferred in rabbits by intraarticular injection. Hung and colleagues
challenged the animals with recombinant IL-1 to test the efficacy of vector-derived IL-

IRA in counteracting inflammation. They showed that IL-1RA expressing cells in the
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knees successfully reduced neutrophils infiltrated in the joint space and blocked the
pathophysiological sequelae caused by IL-1f injection (Hung et al, 1994). The same
research group also used the same retroviral system to transduce mouse’ HSPCs to test
IL-1RA delivery after transplantation (Boggs et al, 1995). Although mice receiving IL-
1RA-transduced cells showed sustained engraftment of donor cells and IL-1RA in the
plasma, the authors did not provide results on the efficacy of vector-derived IL-1RA in
reducing IL-1-mediated inflammation. These first results suggest the possibility to use
IL-1RA-mediated ex vivo gene delivery in the context of autoinflammatory diseases
such as rheumatoid arthritis. Indeed, this strategy was tested in preclinical studies with
different animal models of RA and in two small human trials. Although the data were
encouraging, the use of retrovirus ran the risk of insertional mutagenesis (Evans et al,
2005; Wehling et al, 2009).

More recently, Nixon ef al. explored a novel vector-based approach using AAV as an
IL-IRA vehicle for delivery into joints of small and large animal models of
osteoarthritis (OA) (Nixon et al, 2018). AAV improved intra-articular IL-1RA delivery
since it efficiently targets synoviocytes (Goossens et al, 1999). On the other hand,
limitations related to the low efficiency of AAV in individuals who have pre-existing
neutralising antibodies to the serotypes used for vector development, together with the
fact that chondrocytes transduction may be hard to achieve in specific settings, presently
delay the clinical translation of the protocol (Evans, 2018).

IL-1RA GT has also been exploited in the context of MS/EAE disease. In 2007,
Furlan et al., used a non-replicative Herpes simplex virus-1 (HSV-1) to deliver IL-1RA
in the CNS by intracisternal (i.c.) injection. They reported that HSV-1 vector led to
efficient IL-1RA production and EAE-treated mice showed a delayed disease
progression by decreasing the number of inflammatory macrophages in the CNS.
Nevertheless, the short-term expression of the therapeutic gene by this type of HSV-1-
derived vectors currently limit the therapeutic exploitation of this approach (Furlan et
al, 2007).

In 2020, it was reported that HSPC-based GT using an LV encoding IL-1RA
ameliorates the cognitive decline and prevented memory deficits and hyperactivity in a
mouse model of MPSIIIA, a lysosomal storage disease characterised by the

accumulation in the brain of heparan sulphate and other substrates (Parker et al, 2020).

65



However, there was no indication of long-term engraftment and sustained IL-1RA
production of transduced HSPCs.

In conclusion, all these works pointed to the potential therapeutic role of IL-1RA in
diseases contexts in which a dysregulated production of IL-1 play a role, opening a new

winning GT approach based on IL-1RA LV.
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2. Aim of the work

SAIDs are a group of diseases distinguished by recurrent episodes of systemic
inflammation. A central subgroup of SAIDs comprises rare periodic syndromes
characterized by dysregulated proinflammatory IL-1 activity. Patients experience severe
and recurrent inflammation ranging from fever to gradual hearing loss, blindness, and
organ failure due to amyloid accumulation. Anti-IL-1 therapy is the conventional
treatment for these patients, and the recombinant form of IL-1RA, known as anakinra
and sold under the brand name Kineret®, is the most commonly used medication.
However, the short plasma half-life (~4 hours) and poor tissue distribution of anakinra
limit its application. Efficient IL-1RA delivery into the tissues is necessary to resolve
inflammation in patients completely. A single long-lasting therapy could overcome the
daily drug administration, often associated with injection site reactions and severe side
effects. This PhD project addressed the urgent need to find a new curative treatment for
these diseases.

GT is highly effective in delivering or editing the missing or malfunctioning gene
found in inherited life-threatening diseases like PIDs. More recently, GT has been
successfully applied to deliver immunomodulatory molecules against cancer and
infections. Therefore, we aimed to develop a preclinical GT approach based on
infusions of HSPCs transduced with a third-generation LV encoding human IL-1RA as
a potential definitive treatment for autoinflammatory diseases characterized by
exaggerated IL-1 activity.

In particular, the specific aims of the study were to:

1. Characterize the engraftment and clonogenic potential of mouse and human

HSPCs transduced with an LV encoding human IL-1RA.

2. Establish mouse models of IL-1-mediated inflammation.

3. Evaluate the efficacy of IL-1RA GT in preventing acute inflammation induced

by monosodium urate crystals.

4. Assess the efficacy of IL-1RA GT in modulating inflammation in a mouse model

of CAPS disease and multiple sclerosis.
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3. Results

3.1 Preclinical safety and toxicity studies

3.1.1 Generation of a transfer plasmid encoding human IL-1RA

To develop a lentiviral vector expressing human IL-1RA, we generated a transfer
plasmid encoding the codon-optimized sequence of the secreted human IL-1RA isoform
(co-IL-1RA).  Codon-optimization maximizes protein translation by removing
unfavourable mRNA regions and reducing local GC content. The co-IL-1RA ¢cDNA
was cloned into the backbone of the pCCL.sin.cPPT.PGK.GFP.WPRE plasmid at the 3’
of the ubiquitous human phosphoglycerate kinase (PGK) promoter sequence, using the
BamHI and Sall restriction sites (Figure 13A). Moreover, a Kozak consensus sequence
was inserted between the PGK and co-IL-1RA sequence to enhance the translation of
the therapeutic transgene (McClements et al, 2021). We used the PGK promoter to
allow high and stable transgene expression in HSPCs and myeloid cells (Salmon et al,
2000; Tucci et al, 2021). PGK.LVs have been successfully used in our Institute for ex-
vivo GT clinical trials for the treatment of Metachromatic Leukodystrophy (MLD) and
Mucopolysaccharidosis Type I (MPS-I) (Orchard Therapeutics) (Fumagalli et al, 2022;
Gentner et al, 2021).

Initially, to test whether IL-1RA is efficiently expressed and secreted, HEK293T
cells were transfected with increasing amounts of the PGK.IL-1RA plasmid (0.2, 0.5,
1.0, 2.0 ng per well) in the presence of lipofectamine 2000 as transfection agent.
Transfection with lipofectamine 2000 alone was used as negative control (Lipo) (Figura
13B). Upon transfection with the PGK.IL-1RA plasmid, HEK293T expressed and
secreted IL-1RA in a dose-dependent manner, indicating that PGK.IL-1RA plasmid was

functional even at low plasmid-concentration.
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Figure 13. Generation and testing of the PGK.IL-1RA plasmid.

(A) Map of the PGK.IL-1RA transfer plasmid. (B) Intracellular co-IL-1RA expression in total
cell lysates and protein’ release in supernatants collected from HEK293T cells transfected with
the PGK.IL-1RA plasmid at the indicated plasmid concentrations. Lipofectamine-treated cells
are shown as negative controls. Abbreviations: PGK, phosphoglycerate kinase gene; WPRE,
the post-transcriptional regulatory element of the woodchuck hepatitis B virus; co, codon-
optimized.

Next, the PGK.IL-1RA plasmid was used to produce a lab-grade LV.IL-RA by co-
transfecting HEK293T cells with three packaging plasmids (refers to section 1.6.2),
using a standard protocol developed at SR-Tiget (Aiuti et al, 2013; Biffi et al, 2013).
The LV.IL1RA titre was 2.20E+10 TU/mL with an infectivity of 7.56E+07 TU/ng P24.
An LV expressing the GFP protein (LV.GFP) was also produced and used as a control
vector in some experiments (Figure 14A). HEK293T cells were transduced with the
LV.IL-RA at different multiplicity of infection (MOI) to test the efficiency of IL-RA
production. Cells transduced with LV.IL-RA secreted human IL-1RA in a dose-
dependent fashion, while untransduced (UT) and GFP-transduced cells did not (Figure

14B and 14C).
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Figure 14. IL-1RA secretion in transduced HEK293T cells.

(A) Schematic representation of LV.IL-IRA and LV.GFP. (B, C) Secretion of IL-1RA from
HEK293T cells transduced with LV.IL-IRA and LV.GFP at increasing vector dose (MOI).
Untransduced cells (MOI 0) and GFP cells are shown as negative controls. Abbreviations:
cPPT, central polypurine tract; GA, truncated gag sequence; LTR, long terminal repeat; MOI;
multiplicity of infection;, PGK, phosphoglycerate kinase gene-derived; RRE, Rev Response
Element; SA, splice acceptor site; SD, splice donor site; WPRE, post-transcriptional regulatory
element of the woodchuck hepatitis B virus.

3.1.2 LV.IL-1RA transduction ensured efficient IL-1RA production and secretion in
mouse HSPCs with no evidence of toxicity

To set up a preclinical gene therapy approach is fundamental to preserve the
“stemness” of HSPCs upon LV exposure. A deep characterization of hIL-1RA ectopic
expression in mouse HSPCs was necessary to rule out possible detrimental effects
derived from both the transduction procedure and the constitutive expression of the
transgene in the most primitive cells. During LV preparations, transgene products can
accumulate in producer cells and their medium. Vector-encoded cytokines in particular,
might negatively impact transduction efficiency and target cells’ phenotype. In this
regard, it is important to reduce the concentration of LV-encoded cytokines in the LV
stocks, preserving transgene expression. In house purified vector voided of plasmid
DNA and soluble proteins from transfected HEK293T cell can overcome this limit,
improving the quality of lentiviral vectors in research-grade preclinical studies (Soldi et
al, 2020). In collaboration with the SR-Tiget Processing Development Laboratory,
purified preparations of LV.IL-1RA and LV.GFP were produced as discussed in
paragraph 5.2.3 in Methods. Mouse HSPCs (identified as lineages negative cell
fraction) were isolated from the BM of C57BL/6 mice at a cell purity of 90% (Figure
15A) and transduced with the purified LV .IL-1RA and LV.GFP at MOI of 10, 50 and
100 in the presence of HSPC supporting cytokines for 14 +/- 2 hours. Transduction

70



efficiency was evaluated as the percentage of vector-positive colony forming units
(CFU) derived from HSPCs by droplet digital PCR (ddPCR). A vector dose per cell of
10 was sufficient to transduce more than 80% of cells, and nearly 100% of CFUs were
transduced with the LV.IL-1RA and LV.GFP at the 50 MOI (Figure 15B). The mean
vector-copy number (VCN) per cell increased with increasing MOI’s from 2.3 to 5.3
and 1.8 to 10.5 in HSPCs transduced with LV.IL-1RA and LV.GFP, respectively
(Figure 15C). Moreover, substantial amounts of IL.-1RA were measured in the culture
supernatant collected from in vitro expanded HSPCs at day 14 post-transduction. In
contrast, IL-1RA was absent in culture supernatants collected from untransduced and
LV .GFP-transduced cells (Figure 15D). There was a positive correlation between IL-
IRA levels and LV.IL-1RA dose (Figure 15E), indicating that LV.IL-1RA transduction

directed the release of human IL-1RA in mouse HSPCs in a dose-dependent manner.
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Figure 15. Efficient transduction and IL-1RA production in mouse HSPCs.

(A) Representative flow cytometry analysis of mouse BM cells before and after isolating lineage
negative (Lin-) cells by immunomagnetic beads. (B, C) Percentage of vector-positive CFUs and
quantification of VCN per genome in individual colony derived from HSPCs transduced with
LVIL-IRA and LV.GFP at the indicated vector-dose obtained from three independent
experiments, as assessed by ddPCR. Means +/- StD of 3 biological replicates are reported in
panel B. In panel C, the median and interquartile range of the VCN in single CFUs scored with
a VCN>0.5 out of 32 CFUs are shown per each condition as a pool obtained from three
biological replicates. (D, E) Human IL-IRA secretion measured in the supernatants of
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transduced HSPCs after 14 days of culture at increasing MOI. Three biological replicates.
Abbreviations: SSC, side scatter. Mann-Whitney t-test: *, p<0.05; **, p<0.005; ***, p<0.0005.

We also tested whether the transduction procedure and the ectopic expression of IL-
IRA in HSPCs might alter the survival and the clonogenic potential of these cells. The
total cell number of HSPCs collected before and after transduction with LV.IL-1RA and
LV.GFP was similar to MOCK cells even at high vector dose (Figure 16A). Moreover,
when plated in semi-solid medium, MOCK, LV.IL-1RA- and LV.GFP-transduced
HSPCs generated an equal percentage of erythroid burst-forming units (BFU-E) and
granulocyte-macrophage colony-forming units (CFU-GM) in all conditions (Figure
16B).

Our data collectively indicate that the transduction procedure and ectopic IL-1RA

expression preserve the clonogenic potential of HSPCs.
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Figure 16. Evaluation of LV.ILIRA impact on mouse HSPCs functionality.

(A) Absolute count of mouse HSPCs pre- and post- exposure to the IL-1RA and GFP vector
(B)Percentages of single colonies derived from myeloid (CFU-GM) and erythroid (BFU-E)
progenitors in untransduced (UT), IL-1RA-, and GFP-transduced conditions. Means +/- StD of
3 biological replicates.

3.1.3 Efficient LV-mediated IL-1RA transfer in human HSPCs

Next, we examined the effect of lentiviral-mediated IL-1RA expression on human
HSPCs. We isolated CD34" cells from mobilized peripheral blood, and we transduced
them with LV.IL-1IRA at MOI 10 and 50, in the presence of prostaglandin E2 as a
transduction enhancer (Zonari et al, 2017; Heffner et al, 2018). The average
transduction efficiency within transduced CFU-GM and BFU-E ranged between 80%
and 100% in all conditions (Figure 17A). The mean VCN values were 7.6-9.4, and 3.9-
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3.5 in BFU-E and 3.9-4.8 and 5.4-2.8 in CFU-GM, derived from HSPCs transduced
with LV.IL-1RA or LV-GFP (Figure 17B). The VCN per cell in the BFU-E colonies
was generally higher than in CFU-GM, as previously observed for other LVs (Charrier
et al, 2011). Untransduced human HSPCs secreted IL-1RA, whereas LV.IL-1RA
transduction led to the over-production of IL-1RA three times above the basal level
(Figure 17C). A vector-dependent increased IL-1RA release was evident also in CD34-
derived cells after 14 days of culture (Figure 17D).
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Figure 17. Successful human HSPCs transduction and IL-1RA production.

(A,B) Percentage of transduction and mean VCN per cell were calculated on single
vector-positive BFU-E and GM-CFU from three different CD34" transduction
experiments with LV.IL-1RA and LV.GFP. (C,D) IL-1RA production was measured in
the supernatants of transduced human HSPCs after 14 days of culture at increasing
MOI. (A) Mean +/- StD of 3 biological replicates. (B) Three biological replicates;
median and interquartile range of single CFU scored with VCN>0.5 out of 24 CFUs
per each condition. (C,D) 3-4 biological replicates. Mann Whitney test: *, p<0.05, **,
p<0.005.
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Moreover it was worth to assess whether lentiviral-mediated IL-1RA expression
could alter CD34" cells’ functional status. Similar numbers of untransduced and
transduced cells were recovered, indicating no toxicity of transduction and IL-1RA
expression (Figure 18A). IL-1IRA transduced CD34" cells maintained their self-
renewing potential as they generated granulocyte, monocyte, and erythroid progenitors
even at high VCN. (Figure 18B and 18C).

Overall, these results indicate that LV-based strategy successfully directed human
IL-1RA production by both mice and human HSPCs without significantly impacting on
self-renewal and clonogenic ability of IL-1RA modified HSPCs.
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Figure 18. Evaluation of LV.ILIRA impact on human HSPCs functionality.

(A) Absolute counts of CD34" cells pre- and post- exposure to the IL-1RA and GFP vector.
(B,C) Absolute counts and percentages of single colonies derived from erythroid (BFU-E),
myeloid (CFU-GM) and granulocyte, erythroid, macrophage, megakaryocyte colony-forming
units (GEMM-CFU) progenitors in untransduced (UT), IL-IRA-, and GFP-transduced
conditions. Mean +/- StD of 3 biological replicates.
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3.1.4 Systemic IL-1RA production did not alter HSPC engraftment and immune
reconstitution in vivo

We next investigated the feasibility of the IL-1RA gene transfer approach in vivo
with the final goal to assess whether the overexpression of human IL-1RA might impact
HSPC engraftment and immune reconstitution. Thus, HSPCs were isolated from the
BM of CD45.1 C57BL/6 mice, transduced with purified LV.IL-1RA and LV.GFP at a
vector dose of 100 and adoptively transferred into lethally irradiated congenic CD45.2
C57BL/6 recipient mice (Figure 19A). Mice receiving untransduced MOCK HSPCs
were used as a control group. Vector-positive leukocytes of donor origin were present in
the peripheral blood with a VCN ranging between 2 and 6 already at five weeks and
remained stable over time. Transduced cells with similar VCN range were also detected
in the BM and spleen (Figure 19B). GFP mice showed a higher VCN than IL-1RA
mice, probably due to the higher infectivity of the vector. However, we noticed that
VCN in the IL-1RA group was in the lower range than previous experiments, thus
suspected that viral preparation lost its infectivity and decided to re-titre it. Indeed, we
found that the actual vector dose was 25 instead of 100 vector particles per cell.
Alongside, IL-1RA chimeric mice showed increasing and sustained levels of IL-1RA

derived from immune cells differentiated from HSPC (Figure 19C).
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Figure 19. Successful engraftment of IL-1RA-transduced HSPCs in vivo.

(A) Schematic representation of the BM transplant set-up. CD45.1* HSPCs transduced with the
LV.IL-1RA were transferred i.v. into lethally irradiated congenic CD45.2* C%/BL/6 mice. (B)
The mean VCN/genome was evaluated in transplanted cells expanded in vitro for 14 days, total
blood leukocytes, BM, and spleen. Data are represented as mean +/- StD of GFP (n=6) and IL-
IRA (n=10) mice. Mann-Whitney test: **, p<0.005; *** p<0.0005. (C) Longitudinal analysis
of plasma IL-1RA levels measured at 5, 10, 14 weeks post-transplant. Data are represented as
the median and interquartile range of 10 IL-1RA mice. Paired t-test: ¥*p<0.05.
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The absolute count of donor cells in the peripheral blood was comparable among the
three groups and expanded from week 10 to 14 (Figure 20A). Engrafted HSPCs
produced all the major immune cell populations, including innate (i.e., granulocytes,
monocytes, dendritic and NK cells) and adaptive (T and B cells) immune cells, as
assessed in the peripheral blood of recipient mice by flow cytometry (Figure 20). As
expected, HSPC engraftment led initially to innate cell reconstitution followed by
adaptive cells. No significant difference in the absolute counts and reconstitution
kinetics of all cell lineage tested were observed in the peripheral blood of MOCK, GFP,
and IL-1RA mice (Figure 20).
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Figure 20. Haematopoietic cell reconstitution capacity of IL-1RA-transduced HSPCs.
Time-course analysis of donor cells identified as CD45.1" cells in the peripheral blood of mice
at 5, 10 and 14 weeks post-transplant. Longitudinal analysis of the haematopoietic
reconstitution of the major myeloid and lymphoid cell lineages in peripheral blood of MOCK
(n=9), GFP (n=6) and IL-1RA (n=10) mice at 5, 10, and 14 weeks post-transplant. Data are
represented a mean +/- StD in a time-course analysis.

IL-1RA-transduced donor cells repopulate the spleen and the relative frequency was
comparable with mice receiving mock or GFP transduced HSPCs (Figure 21A and
21B). At termination, the presence of microscopic and macroscopic abnormalities was
evaluated in immune and non-immune organs by an expert pathologist of the SR-Tiget
GLP Test Facility. The tissue architecture of the spleen of IL-1RA mice was
comparable to MOCK and GFP-chimeras in terms of cell distribution and cellularity

(Figure 21C).
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Figure 21. Histopathological and flow cytometry analysis of the spleen of IL-1RA chimeric
mice.

(A, B) Percentage of total CD45.1" donor cells and various immune cells (i.e., granulocytes,
monocytes, T and B cells) evaluated in the spleen by flow cytometry. (C) Haematoxylin and
eosin staining of representative section of spleen isolated from MOCK, GPF and IL-1RA mice.

Concurrently, the histopathological analyses of the BM unveiled no differences in
terms of tissue integrity among IL-1RA, MOCK and GFP-chimeras (Figure 22A). We
next evaluated the engraftment of donor cells in the BM of transplanted mice at 14-
weeks post-transplant. The percentage and the absolute counts of CD45.1" cells were
comparable between MOCK, GFP-, and IL-1RA-chimaeras (Figure 22B and 22C). The
relative frequency of donor-derived granulocytes, monocytes, B and T cells did not
differ among the different groups (Figure 22D). We also assessed the impact of
constitutive IL-1RA expression on the different progenitors by flow cytometry. The
absolute counts of primitive HSCs, multipotent progenitors (MPPs), granulocyte-

myeloid-lymphoid progenitors (GMLPs), granulocyte-monocyte progenitors (GMPs),
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and megakaryocyte-erythroid progenitors (MEPs) were similar in mice receiving
untransduced, GFP- and IL-1RA-transduced HSPCs (Figure 21E).

Altogether, these results demonstrate that IL-1RA-expressing HSPCs maintain their
ability to home to the BM, self-renew, and differentiate into all immune cell types

without causing any toxic effect.
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Figure 22. BM composition of MOCK, GFP and IL-1RA chimaeras

(A) Haematoxylin and eosin staining of representative section of BM isolated from MOCK,
GPF and IL-1RA mice. (B,C) Relative BM frequency and absolute count of CD45.1" donor cells
in MOCK, GFP and IL-1RA groups at 14 weeks post-transplant. (D) Percentage of
granulocytes, monocytes, T and B cells relative to CD45.1" donor cells in the BM. (E) Total cell
counts of the various progenitors in the HSPC population. Abbreviation: HSC, haematopoietic
stem cells;, MPP, multipotent progenitors; GMLP, granulocyte-myeloid-lymphoid progenitors;
MEP, megakaryocyte-erythroid progenitors; GMP, granulocyte-monocyte progenitors. Median
and interquartile range of MOCK (n=4), GFP (n=6) and IL-1RA (n=5) mice
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3.2 Evaluation of the efficacy of ex vivo IL-1RA GT in correcting IL-1-

induced acute inflammation

3.2.1. Vector-derived IL-1RA effectively prevents neutrophilic inflammation in a
mouse model of crystal-induced peritonitis

One of the major effects of IL-1f3 production is to induce an inflammatory response
characterised by rapid recruitment of neutrophils at the site of the affected tissue. IL-1-
induced acute inflammation can be properly recapitulated in vivo through an
intraperitoneal injection of MSU crystals, well-known activators of the NLRP3
inflammasome (Martinon et al, 2006). We, therefore, tested whether IL-1RA GT could
effectively suppress neutrophilic inflammation in an MSU-induced peritonitis model
(Figure 23A). Following MSU treatment, the peritoneal macrophages activate the
NLRP3 inflammasome which, in turn, triggers IL-1f release. This cytokine acts as a
potent pro-inflammatory mediator attracting circulating blood neutrophils into the
peritoneal cavity, thus amplifying the inflammatory response pathway. MOCK and IL-
IRA chimaeras were treated with MSU crystals and, after 6 hours, peritoneal exudates
were collected. Peritoneal recruitment of CD11b+Ly6G+ neutrophils was measured by
flow cytometry. The challenge with MSU crystals led to robust recruitment of
neutrophils in MOCK mice (Figure 23B, C). In contrast, the percentage and the absolute
number of neutrophils were significantly reduced in IL-1RA-chimeras (Figure 23C).
The efficacy of IL-1RA GT in suppressing neutrophil’s recruitment was comparable to

that obtained in C57BL/6 mice receiving an administration of anakinra (Figure 23D).
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Figure 23. Efficient suppression of neutrophil’ recruitment in mice treated by IL-1RA GT.

(A) Hllustration of MSU-induced peritonitis mouse model. MOCK and IL-1RA chimaeras were
treated ip. with MSU crystals activating the NLRP3 inflammasome in tissue-resident
macrophages. (B) Representative FACS dot plots (C), percentage and absolute count of
CD11b+Ly6G+ neutrophils collected from peritoneal exudates of MOCK and IL-1RA mice. (D)
Percentage and absolute count of neutrophils in C57BL/6 mice pre-treated with anakinra
receiving MSU crystals. Median and interquartile range of 3-4 different experiments of MSU-
treated MOCK (n= 8) and IL-IRA (n=9) groups, untreated (n= 9), MSU-treated (n=14),
anakinra and MSU-treated (n=7) C57BL/6. Mann Whitney test: *, p<0.05, **, p<0.005, ***,
p<0.005.
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3.2.2. IL-1RA over-expression in human HSPCs partially suppress neutrophil’
recruitment in a humanized mouse model of IL-1 mediated inflammation

To study the efficacy of IL-1RA GT in a human setting, we exploited the NSG
immunocompromised mouse model, which is ideal for studying long-term the
engraftment and multilineage differentiation of human HSPCs in vivo (Carrillo et al,
2018). NSG mice lacking the IL-2R common y chain have no B, T, and NK cells,
allowing high and stable human CD34" engraftment, thereby permitting long-term
studies. Based on these premises, NSG mice have been extensively used to study
autoimmune diseases, such as RA, and test new therapeutic approaches (Koboziev et al,
2015; Schinnerling et al, 2019). Therefore, we exploited the NSG mouse model to test
the efficacy of IL-1RA GT in suppressing IL-1-mediated inflammation.

IL-1RA-transduced CD34" cells isolated from the PB of a healthy donor were
transduced with LV.IL-1RA at vector-dose of 100 and transplanted intravenously into
sub-lethally irradiated NSG mice. A group of NSG mice transplanted with untransduced
CD34" cells (MOCK) was prepared as a control. After 10 weeks from transplant,
MOCK and IL-1RA NSG chimaeras were treated intraperitoneally with MSU particles
to elicit an acute inflammatory response (Figure 24A). The percentage of human cells in
the peripheral blood ranged between 20% and 40 % and was comparable between
MOCK and IL-1RA mice (Figure 24B). Human B cells represented the most abundant
circulating cell types, as already reported in similar experimental set-ups with this
mouse strain (Figure 24C). T cell counts were very low (1-3 cells/ul) and was reduced
in the IL-1RA mice compared to mice in the MOCK group (Figure 24C). As expected,
low human myeloid cells (CD45'CD33") engraftment’ level was observed in the
peripheral blood with no differences between the two groups. A substantial IL-1RA
level (15 ng/ml) was measured in the plasma of NSG mice reconstituted with IL-1RA-
transduced CD34" cells (Figure 24D). Upon challenge with MSU crystals, the
percentage of human CD45" in the peritoneal cavity ranged between 0.5% and 2.5%.
No major difference was observed among mice of the MOCK and IL-1RA groups,
independently of the type of treatment (Figure 24E). In contrast, the MSU challenge led
to a significant increase of human myeloid cells in the peritoneal cavity of MOCK mice
compared to the MOCK-untreated group, suggesting that circulating-human cells can be

efficiently recruited at the site of injury in response to an inflammatory stimulus (Figure
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24F). Although not significant, myeloid cell counts showed a tendency toward a
decrease in IL-1RA mice compared with MOCK mice, suggesting a partial beneficial
effect of vector-derived IL-1RA on an acute inflammatory response.

These preliminary results suggest that NSG mice might be a valuable model to study
the efficacy of IL-1RA GT in the context of human inflammation. However, it is well
known that the NSG model allows a poor myeloid cell differentiation, thus limiting its
use in the field of autoinflammatory diseases, which are primarily mediated by innate

immune cell types (Coughlan et al, 2016; Mian et al, 2021).
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Figure 24. Efficacy of IL-1RA GT in the humanised NSG mouse model.

(A) Experimental design: healthy donor’ CD34* cells transduced with LV.IL-IRA were
transplanted in sub-lethally irradiated NSG mice. After 10 weeks, mice were treated i.p. with
MSU crystals to induce an IL-1-mediated inflammatory response. (B, C) Percentage of human
CD45* cells and absolute number of various donor-derived immune cell types present in the
peripheral blood of MOCK and IL-1RA mice. (D) Human IL-1RA levels in the plasma of MOCK
and IL-1RA mice. (E) Percentage of human CD45" cells evaluated in the peritoneal cavity of
MOCK and IL-IRA mice treated ip. or not with MSU crystals. (F) Absolute counts of
CD45+CD33+ neutrophils quantified in peritoneal exudates of MOCK and IL-1RA mice by
flow cytometry. Mean +/- StD of MOCK-MSU (n=3), MOCK MSU-treated (n=6) IL-IRA MSU-
treated (n=4). Mann Whitney test: *, p<0.05.

3.2.3 Generation and characterisation of Nlrp3"*"** mouse chimaeras

Dominant mutations in the NLRP3 gene resulting in uncontrolled IL-1 production
are associated with a class of systemic autoinflammatory diseases named CAPS (refer
to paragraph 1.4.2). Different mouse models mimicking human CAPS disease have

been developed. One example is the newly developed NLRP3 knock-in mouse model
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harbouring a single N475K mutation in the mouse Nlrp3 gene locus which has been
found also in humans associated to NOMID disease (Bertoni et al, 2020). Nlrp3™*">**
mice develop a phenotype resembling the human pathology. Indeed, they exhibit
systemic inflammation like rash, failure to thrive, increased serum proinflammatory
cytokines (IL-1f3, IL-1a, and IL-18), splenomegaly, inflammatory cell infiltrates in the
lungs, spleen and liver, and a high mortality rate. We obtained this strain of mice from
our collaborator Dr Marco Gattorno at the IRCCS Istituto Giannina Gaslini (Genoa,
Italy). We initially tested the possibility to induce a CAPS-like phenotype in a healthy
mouse by transplanting BM cells isolated from Nlrp3™*** mice. Thus, we adoptively
transferred BM cells from NIrp3™** and Nlrp3** mice (CD45.2/CD45.1) into lethally
irradiated CD45.1 C57BL/6 mice (Figure 25A). Two out of four NIrp3** mice and one
out of six NIrp3™”** mice were found dead between 10 and 20 days post-
transplantation, likely due to irradiation, whereas at six weeks post-transplant, one
Nlrp3™7** mouse died. CD45.2" donor cells were present significant proportion
(>60%) in the peripheral blood, BM and spleen in both groups (Figure 25B).
Nlrp3™7** chimaeras showed a CAPS-like phenotype characterised by severe
dermatitis, splenomegaly, a tendency toward a higher expression of IL-1f3, Cxcl2 and
Ccl2 cytokines in the spleen and white blood cell count (WBC) than Nlrp3*”* chimaeras

3K mutation

(Figure 25C-F). These results demonstrate the pathogenic role of Nlrp
and that the disease can be transferred to naive hosts by transplanting BM cells from an
affected mouse.

Although the original objective of establishing a chimeric mouse model for CAPS
was successfully achieved, we encountered unforeseen difficulties. The breeding

3N475K/+

capacity of the Nlrp colony was very low and the amount of BM cells was
insufficient to transplant a significant number of recipient mice. In addition, we also
considered that for GT, even more cells would have been needed as cells die during the
transduction procedure. Finally, disease’ severity in Nlrp3™7°*"* chimaeras seemed to be
too strong and pathological manifestations developed so rapidly that it was hard to
predict whether IL-1RA-producing cells were in sufficient amounts to stop disease

progression. For all the above considerations, we chose to withdraw this spontaneous

model.
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Figure 25. Generation and characterization of Nlrp3"™*”** chimaeras.

(A) Illustration of the experimental design. Total BM cells isolated from Nlrp3"*”"* (CD45.2*
CD45.1%) mice were transplanted in lethally irradiated C57BL/6 (CD45.1%) recipient mice. (B)
CD45.2* CD45.1" donor cells were measured in the peripheral blood, bone marrow and spleen
at 6 weeks post-transplantation by flow cytometry. (C, D) Photos showing dermatitis (C) and
splenomegaly (D) in Nlrp3"*”** mice. (E) Expression of the proinflammatory cytokines IL-13,
Cxcl2 and Ccl2 in splenocytes of Nlrp3™*”** chimaeras evaluated by real-time RT-PCR and
presented as relative fold expression compared with Nlrp3*"* splenocytes using the 27
method. (F) White blood cell count measured by haemocytometer in the peripheral blood of
Nirp3™7%* and Nlrp3*™* chimaeras. Dots represent individual mice, the mean +/- StD of
Nilrp3*"* (n=2) and Nlrp3“*”** (n=3/4) mice are shown.
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3.2.4 IL-1RA expression ameliorates CAPS associated inflammatory symptoms in the
inducible Nlrp3*°"""* CreT mouse model

Considering the complications that arose from employing a spontaneous mouse
model of CAPS, we redirected our investigations to Nlrp3*****CreT mice, an inducible
model for IL-1-mediated inflammation that well recapitulates a mild phenotype of the
CAPS disease spectrum (described in paragraph 1.5.2)(Brydges et al, 2009). These mice

3439V mutation inserted in

carry a human NLRP3 coding sequence carrying the NLRP
one of the two mouse NLRP3 alleles. NLRP3****¥ mutant mice were crossed with mice
carrying a Cre recombinase under the control of the tamoxifen-inducible promoter
(named CreT* mice). Upon tamoxifen administration in vivo, the NLRP3****Y mutant
protein is produced, and the CAPS-like phenotype manifests with weight loss,
neutrophil infiltrates in organs and high levels of proinflammatory cytokines in the
serum. For simplicity in the following sessions, we used CreT* and CreT to identify
Nlrp3***V*CreT and Nlrp3****¥"* mice, respectively.

To assess the efficacy of IL-1RA GT in preventing the onset and progression of
CAPS disease, BM cells isolated from CD45.2* CreT" mice were transduced with the
LV.IL-1RA and transplanted into lethally irradiated CD45.1" C57BL/6 recipient mice
(Figure 26A). A group of CD45.1" C57BL/6 mice transplanted with untransduced
(MOCK) CreT* BM cells was used as control. Vector-positive cells were identified in
the peripheral blood, BM, and spleen of CreT" chimaeras with a VCN ranging between
3 and 5 in all the organs analysed (Figure 26B). Full donor chimerism was obtained in
all mice already at 5 weeks post-transplant (Figure 26C). The most abundant cell
populations in the blood were granulocytes, monocytes, B and T cells in the IL-1RA
and MOCK groups (Figure 26D). Moreover, IL-1RA level was on average 70 ng/ml in
the plasma of CreT" chimaeras (Figure 26E).
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Figure 26. Generation of Nlrp3**"""*CreT chimaeras expressing IL-1RA by immune cells.

(A) Illustration of the experimental design. Total BM cells were isolated from CreT* CD45.2*
mice, transduced with the LV.IL-IRA at the indicated MOI and transplanted into lethally
irradiated C57BL/6 (CD45.1*) mice. Mice receiving untransduced cells (MOCK) were used as
control. At 18 weeks post-transplant, chimeric mice were treated i.p. with tamoxifen for three
days to activate the cre-lox system leading to the CAPS-like phenotype. (B) The mean
VCN/genome was calculated on total blood leukocytes, BM, and spleen by ddPCR. (C) Time-
course analysis of donor cells (CD45.1%) chimerism in the peripheral blood at 5, 10, and 15
weeks post-transplantation measured by flow cytometry. (D) The absolute number of donor-
derived immune cell types (granulocytes, monocytes, B and T cells) in the peripheral blood of
MOCK and IL-1RA chimaeras at 15 weeks post-transplant. (E) Longitudinal analysis of IL-1RA
production in the plasma at 5, 10, 15 weeks post-transplant assessed by ELISA. Mean +/- StD
of CreT* MOCK (n=2) and CreT" IL-1RA (n=3) mice. Dots represent individual mice.

Eighteen weeks after transplant, CAPS-like phenotype was induced by treating IL-
IRA CreT" and MOCK chimaeras with three i.p. injections of tamoxifen (Figure 26A).
MOCK mice developed dermatitis in the muzzle, whereas LV-derived IL-1RA
ameliorated skin inflammation in CreT" chimaeras (Figure 27A). Moreover, IL-6 level
was reduced in the plasma of IL-1RA chimaeras compared to MOCK mice (Figure

27B). Nevertheless, mice of both groups similarly lost weight following tamoxifen
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treatment (Figure 27C) and developed morphological features of inflammation

moderate to marked in spleen, liver and BM (Table 3).

These preliminary findings indicate that vector-derived IL-1RA production can

partially ameliorate CAPS inflammation in Nlrp3****"*CreT mice.
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Figure 27. IL-IRA GT ameliorated dermatitis and reduced serum IL-6 Ilevels in

Nirp3*3"" CreT mice
(A) Photos show dermatitis in tamoxifen-treated MOCK mice. (B) IL-6 production in plasma of

tamoxifen-treated MOCK and IL-1RA CreT" mice. Mean +/- StD of two technical replicates
obtained from CreT* MOCK (n=2) mice and CreT* IL-IRA (n=3) mice. Dots represent
individual mice. (C) Time-course analysis of weight loss after tamoxifen treatment evaluated as
the percentage of initial weight. Lines represent means in each group and dots define individual

mice.
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Table 3. Pathology report showing morphological features of inflammation in the spleen,
liver and bone marrow of MOCK and IL-1RA CreT" mice following tamoxifen treatment.
Analyses performed by Dr Francesca Sanvito (SR-Tiget). Grade 1: minimal; Grade 2: mild;
Grade 3: moderate; Grade 4: marked.

Organs Mice groups
Liver MOCK IL-1RA
Inflammatory cells infiltrations, lympho-granulocytic, diffuse 2 3 2 4 1
Hepatocyte degenerative changes
o . . o . 2 2 2 2 2
(cytoplasmic microvacuolation/eosinophilia/ rerefaction)
Extramedullary haematopoiesis, myeloid 1 1 1 2 1
Spleen
Increased cellularity: EMH (granulopoiesis) 3 | 4 4 | 4 | 3
Bone marrow femur
Increased cellularity, granulocytic 4 | 4 4 | 4 | 4
Bone marrow sternum
Increased cellularity, granulocytic 4 | 4 4 | 4 | 4

3.2.5 Syngeneic transplant of IL-1RA-producing Nlrp3*°"""*CreT HSPCs prevents
CAPS disease progression

In the Nlrp3****¥"* CreT chimaeras we used C57BL/6 as recipient mice, thus the non-
immune cells, which were responsible of tissues ‘and organs’ inflammation, were of
wild-type origin. Therefore we aimed to evaluate whether IL-1RA GT can prevent the
CAPS-like phenotype by acting on both immune and non-immune cells, such as
intestinal epithelial cells since they are also responsible for the hyperinflammatory
phenotype. We performed a HSPCs transplant where both the donor and recipients
were CreT*. Thus, HSPCs isolated from CreT* mice were transduced with the LV .IL-
IRA and transplanted into lethally irradiated CreT" littermates (Figure 28A). A group of
CreT" chimaeras transplanted with untransduced (MOCK) CreT* HSPCs was also
prepared. Control groups were CreT mice transplanted with CreT" cells, a cohort of
untransplanted (UT) CreT and a cohort of untransplanted (UT) CreT" mice, (Table 4).

We evaluated the haematopoietic reconstitution after 7 weeks post-transplant, and we
did not observe any differences in the peripheral blood composition evaluated as B, T
and myeloid cells among all groups (Figure 28B). We also measured human IL-1RA
levels in the plasma of GT IL-1RA mice ranging between 100 and 150 ng/mL (Figure
28C).
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Figure 28. Immune reconstitution and IL-1RA expression in Nlrp3**"""*CreT mice

(4) Hlustration of the experimental design. HSPCs isolated from CreT" mice were transduced
with the LV.IL-1RA an MOI 50 (CreT" IL-1RA) or left untransduced (CreT" MOCK) and
transplanted into lethally irradiated CreT  mice. CreT mice untreated (CreT UT) or
transplanted with untransduced HSPCs (CreT MOCK) and CreT" untreated (CreT" UT) were
also included as control groups. At 11 weeks post-transplant, chimaeric mice were treated i.p.
with tamoxifen for three days to activate the Cre-lox system and elicit the CAPS-like phenotype.
(B) The relative frequency of myeloid, B and T cells on the total CD45" cells was evaluated by
flow cytometry 7 weeks post-transplant. (C) IL-1RA production in the plasma was measured at
7 weeks post-transplant. (B) Mean +/- StD and (C) median and interquartile range of CreT UT
(n=6), CreT MOCK (n=6), CreT" MOCK (n=5) and CreT" IL-1RA (n=4) mice. Abbreviations:
BMT (bone marrow transplant).

Table 4. Summary of the different mice’ groups.
Abbreviations,; NA, not available.

Donor Recipient Tamoxifen treatment
CreT'IL-1RA CreT* +
CreT*'MOCK CreT* +

CreT* UT NA
CreT- MOCK CreT +
CreT  UT NA -

Eleven weeks after transplant, disease phenotype was induced by treating i.p. IL-

IRA and MOCK CreT* with three consecutive injections of tamoxifen (Figure 28A).
CreT- MOCK mice were also treated to investigate possible toxic effects of tamoxifen
administration itself, whereas the CreT UT and the CreT* UT group remained untreated.

MOCK CreT* mice lost an average of 12% of their initial weight, whereas IL-1RA
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CreT" mice gained weight (Figure 29A). Serum IL-6 was elevated in CreT™ MOCK
mice but not in IL-1RA CreT" GT mice and all the other control groups (Figure 29B).
Moreover, CreT" MOCK mice showed a significant increase of total leukocytes,
neutrophil and monocyte but not lymphocytes counts in the peripheral blood, while IL-
IRA GT showed normal levels (Figure 29C). The histopathological analyses of the
skin, BM, heart, liver and intestine sections are currently ongoing and will reveal more
about the effect of the immune-mediated delivery of IL-1RA in preventing tissue
inflammation.

These results indicate that HSPCs-derived IL-1RA can effectively prevent disease
onset and progression characterised by weight loss, blood leucocytosis and serum IL-6
production in Nlrp3***¥* CreT mice, probably by suppressing immune cell infiltrates in

the tissues.
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Figure 29. Transplant of IL-1RA-expressing CreT" cells in Nirp
loss, blood leucocytosis and plasma IL-6 overproduction.

(4) Time-course analysis of weight loss after tamoxifen treatment evaluated as the percentage
of initial weight. Each dot represents the mean weight +/- StD per group at each time point. (B)
IL-6 levels in the plasma of tamoxifen-treated MOCK and IL-1RA CreT" mice. (C) Absolute

white blood count, neutrophil, monocyte and lymphocyte counts. (A)Each dot represents the
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mean weight +/- StD per group: CreT UT (n=6), CreT MOCK (n=6), CreT" UT mice (n=4),
CreT" MOCK mice (n=5), CreT" IL-1RA (n=4). Mann Whitney test: * p<0.05;** p<0.005.
K/ul indicates thousands cells/ul.

3.2.6 IL-1RA gene transfer in Nlrp3*°"""*CreT BMDCs leads to the downregulation
of proinflammatory cytokines expression

Tamoxifen-treated CreT* BMDCs are hyper-responsive to LPS-stimulation as they
secrete significant levels of mature IL-1p in response to LPS stimulation compared to
CreT- BMDCs (Brydges et al, 2009). To test whether IL-1RA gene transfer
downregulates the production of proinflammatory cytokines, CreT"™ BM cells were
transduced with LV.IL-1RA or left untransduced and differentiated toward the DC
lineage by GM-CSF treatment. After six days, BMDCs were treated with tamoxifen to
activate the NIrp3****Y mutant protein and stimulated with LPS (Figure 30A). IL-1RA
transduced CreT" BMDCs without tamoxifen treatment were used as a control. We first
confirmed that vector-derived human IL-1RA was released in the culture supernatants
of LV .IL-1RA-transduced BMDC:s in a range between 100 and 150 ng/ml.

limbs (Figure 30B). Following LPS stimulation, the expression of 1113, Illa, and
Cxcl2 genes showed a tendency toward an increase in the tamoxifen-treated CreT*
MOCK condition compared to unstimulated cells (Figure 30C). The same trend was
observed in the condition with CreT* MOCK tamoxifen compared to the one without
tamoxifen treatment (Figure 30C). On the other hand, IL-18 was not upregulated by
LPS stimulation and remained stable in the presence of tamoxifen (Figure 30C). This
latter finding was in line with previous observations suggesting a diverse licensing
mechanism of NLRP3 inflammasome activation leading to IL-18 versus IL-1f release
(Schmidt & Lenz, 2012). Notably, the expression of all cytokines tested was
downregulated in IL-1RA-transduced BMDCs, at basal state and after LPS stimulation
regardless of the type of tamoxifen treatment. These results indicate that IL-1RA
production by transduced BMDCs reduces the production of cytokines regulated in

LPS/IL-1p3-dependent fashion.
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Figure 30. Effect of IL-1RA gene transfer on proinflammatory cytokines production by LPS-
stimulated Nlrp3***"""*CreT BMDCs

(4) Illustration of the experimental design. Total BM CreT" cells were transduced with the
LV.IL-1RA at an MOI of 5 and differentiated in DCs in the presence of GM-CSF. After 6 days of
differentiation, DCs were treated with tamoxifen (0,4ug/mL) to activate the Nlrp3*""*
mutation followed by LPS stimulation. (B) IL-1f secretion was measured in culture
supernatants collected from CreT" and CreT BMDCs treated with or without tamoxifen by
ELISA. (C) 111, Il1a, Cxcl2 and 1118 gene expression was measured in CreT" DCs by gRT-PCR
calculated by the 2**“" method using the MOCK US condition or the MOCK LPS condition as
the calibrator. Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor;
BMDCs, bone marrow-derived dendpritic cells. Mean +/- StD of 3 technical replicates.
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3.2.7 Evaluation of IL-IRA GT efficacy in the experimental autoimmune
encephalomyelitis mouse model for multiple sclerosis

IL-1 cytokine is a key factor in driving neuroinflammation in multiple sclerosis
(MS). The EAE model, the most used experimental model mimicking MS in mice, is an
autoimmune disease associated with T-cell and monocyte/macrophages infiltration in
CNS and local inflammation. EAE is generally induced through immunisation with a
mouse myelin oligodendrocyte glycoprotein peptide (MOG35-55) emulsified with CFA
containing killed Mycobacterium tuberculosis to elicit peptide-specific effector T-helper
cells. The resulting clinical phenotype follows a standard clinical course characterised
by an ascending paralysis beginning in the tail after 10-15 days post-immunisation
followed by hind limbs paralysis reaching the fore-limbs. The worsening clinical
outcome is associated with weight loss.

We established the EAE model in collaboration with Dr Luca Muzio (IRCCS San
Raffaele Scientific Institute) to test the efficacy of IL-1RA-GT in the context of an
autoimmune disease in which there is a critical role of IL-1-mediated inflammation. We
generated BM chimaeras by transplanting IL-1RA-transduced HSPCs collected from
CD45.1" C57BL/6 mice into lethally irradiated congenic CD45.2" C57BL/6 recipient
mice. BM chimaeras receiving GFP-transduced HSPCs were used as control (Figure
31A). After 2 months, donor chimerism and haematopoietic reconstitution were
assessed in the peripheral blood of all mice. There were no differences in the percentage
of donor immune cells belonging to the myeloid and lymphoid lineages between IL-
IRA and GFP mice (Figure 31B and C). IL-1RA levels in the plasma of chimeric mice
ranged between 100 to 200 ng/ml (Figure 31D).
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Figure 31. Immune reconstitution and IL-1RA expression in BM chimaeras before EAE
induction.

(4) Illustration of the experimental design. HSPCs were isolated from CD45.1" C57BL/6 mice,
transduced with the LV.IL-1RA at MOI 75 and transplanted into lethally irradiated CD45.2"
C57BL/6 mice. At 10 weeks post-transplant, chimaeric mice were immunised s.c. with an
injection of MOG35-55 and mycobacterium tuberculosis emulsified in CFA and iv. with
pertussis toxin. (B, C) Percentage of total CD45.2" donor cells and various immune cells (i.e.,
myeloid, T and B cells) was evaluated in the peripheral blood by flow cytometry 10 weeks pre-
immunisation. (D) Plasma IL-1RA levels were measured in IL-1RA and GFP at 10 weeks post-
transplant by ELISA. B,D). Each dot represents a single mouse, (B,D) median and interquartile
range and (C) Mean +/- StD of GFP (n=11) and IL-1RA (n=11) mice. Abbreviations: Myc,
Mycobacterium tuberculosis. (

At 10 weeks post-transplant, mice were treated subcutaneously with the CFA-
MOG35-55 (Figure 31A). Mice also received an i.v. injection of pertussis toxin on the
day of the immunization and after 2 days. We monitored daily mouse weight and EAE
clinical score evaluated as O=normal, 1=flaccid tail, 2=paresis of hindlimbs, 3=paralysis
of hindlimbs and/or paresis of forelimbs, 4=tetraparalysis, S=moribund or dead (Casella
et al, 2018). In the IL-1RA group, 2 mice out of 11 did not developed EAE disease’,
while all the GFP mice got sick. Despite no significant differences between the
cumulative scores, which indicate the EAE severity, the disease’ onset and the
maximum score, the mortality rate was lower in the IL-1RA group than the GFP one
(Table 5). Notably, in the chronic phase of the disease, the mean clinical score was

decreased in the IL-1RA group compared to the control group (Figure 32A).
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Consequently, an increased mean of mice’s weight was registered in the IL-1RA group
compared to the GFP one (Figure 32B).

The experiment is still ongoing, and the clinical score will continue to be monitored
for up to 1 more week. In the end, we will also analyse spinal cord sections to
investigate whether IL-1RA could positively impact axonal damage and the
demyelination process. These preliminary findings constitute proof-of-concept results

on the role of IL-1RA in stabilizing IL-1 hyper-activity in the EAE mouse model.

Table 5. Summary of main parameters in the EAE progression and severity; incidence,
mortality, cumulative score, onset and maximum score.

Groups Incidence Mortality Cumulative Onset Maximum
score (days) score
GFP 11/11 (6/11) 54% 372494 16 42+09
IL-1RA 9/11 (2/9) 22% 36.6+7.4 16 3.6+-0.8
A B
02T o GFP
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Figure 32. IL-1RA GT ameliorates mortality and disease’ severity in the EAE mouse model of
MS

(4) Time course analysis of mouse EAE clinical score. (B) Gradual analysis of weight loss
evaluated as the percentage of initial weight measured at day 6 post-immunisation. Each dot
represents the average weight and clinical score +/- StD per each group of GFP (n=11) and IL-
IRA (n=11) mice. Mann Whitney test: *, p<0.05
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4. Discussion

The NLRP3 inflammasome-IL-1 axis is a critical signalling pathway that initiates
and drives an inflammatory response. However, if its activation occurs uncontrollably,
it can lead to the pathogenesis of acute and chronic conditions. IL-1-mediated SAIDs
comprise diseases of a clear genetic origin (CAPS, FMF, and DIRA) and multifactorial
pathologies where both genetic and environmental factors contribute to the complex
clinical manifestations, such as RA and Still’s disease. SAID common feature is a
general immune dysregulation causing recurrent episodes of non-infectious fever and
irreversible organ damage due to cytokine and chemokine storms (Krainer ef al, 2020).

There is no definitive cure for IL-1-mediated SAIDs. In recent years, the
mechanisms leading to exaggerated IL-1 signalling have been revealed and contributed
to developing new biological treatments for these patients. IL-1RA represents the
natural antagonist form of IL-1, acting as a direct competitor for IL-1RI complex
binding. Therefore, IL-1RA has been considered a potential therapeutic molecule given
its anti-inflammatory properties. The mainstay therapy for IL-1-mediated SAIDs is
anakinra, sold as Kineret (Sobi), the recombinant non-glycosylated form of the natural
IL-1RA (Dinarello et al, 2012). Like other biological therapies, anakinra shows a short
half-life and poor tissue distribution making disease remission challenging to achieve.
Indeed, patients affected by the most severe forms of SAIDs remain refractory to IL-1
blockade therapy (Sibley et al, 2012; Ozgakar et al, 2016). Additionally, daily drug
injections can cause severe side effects negatively impacting patients’ quality of life.
Therefore, patients with SAIDs urgently need a durable therapy to counteract the
excessive IL-1 production.

Most IL-1-mediated SAIDs are caused by mono- or bi-allelic gain of function
mutations in genes encoding inflammasome sensor proteins, such as NLRP3, causing
IL-1/IL-18 over-production. An ideal therapeutic approach should correct single
mutations in the NLRP3 gene re-establishing a normal inflammasome activity in
immune cells eventually derived from HSPCs. A genome editing approach might be
considered in these patients, but non-immune cells would continue expressing the
mutated NLRP3 protein. Also, the extent of correction to achieve disease remission
remains to be determined as editing efficiency in HSPCs is currently less than 50%

(Azhagiri et al, 2021).
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Ex-vivo HSPC-based GT has become a valuable therapeutic approach for PIDs,
hemoglobinopathies, metabolic diseases, and more (Tucci et al, 2021; Bueren et al,
2020). The GT arena is rapidly expanding to alternative clinical applications. GT has
also been exploited to deliver soluble immunomodulatory molecules, like cytokines,
growth and coagulation factors (Naldini, 2019). One of the advantages of GT mediated
by HSPCs is the extraordinary ability of these cells to engraft and differentiate in
immune cells, which migrate in all tissues and stably produce therapeutic proteins. We
hypothesised that LV-mediated targeting of IL-1RA expression in patients’ HSPCs
might empower immune cells with a potent anti-inflammatory activity able to neutralise
systemic and tissue inflammation via suppression of the IL-1 pathway. Therefore, this
PhD project aimed to investigate the feasibility and efficacy of a GT approach based on
HSPCs producing IL-1RA for treating IL-1-induced SAIDs.

We showed that mouse and human HSPCs transduced with LV.IL-1RA expressed
and secreted human IL-IRA in a vector dose-dependent manner. LV.IL-1RA
transduction and IL-1RA ectopic expression were well-tolerated as IL-1-expressing
HSPCs proliferated and generated CFU-GM and BFU-E colonies similarly to HSPCs
transduced with the control LV.GFP vector even at high VCN. These results indicate
that the transduction procedure and IL-1RA expression did not affect the clonogenic
potential of LV.IL-1RA-transduced HSPCs. Moreover, once transplanted in mice, IL-
IRA-expressing HSPCs engrafted and generated all immune cell types similarly to
MOCK and vector-control mice in amplitude and kinetic. Robust and stable IL-1RA
level was measured in the plasma of IL-1RA GT mice. Moreover, LV-derived
expression of human IL-1RA in mice did not cause any sign of tissue and organs
toxicity. Altogether, these results demonstrated that IL-1RA is efficiently produced by
immune cells derived by IL-1RA-expressing HSPCs, which retain their stem cell
features in vivo. These findings are the first step in the preclinical development of an
LV-mediated GT approach directing IL-1RA expression in HSPCs.

In the second part of the thesis, we tested in vivo the efficacy of IL-1RA GT in
reducing the exaggerated IL-1-mediated inflammatory response in well-established
mouse models of inflammasome hyperactivation. The first model is the peritonitis
induced by MSU crystals, commonly used to study NLRP3/IL-1 pathophysiology and
test anti-inflammatory drugs, including anakinra (Goh et al, 2014). Notably, we
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demonstrated that LV-derived IL-1RA could reduce neutrophil recruitment induced by
MSU crystals to an extent comparable to mice treated with anakinra. This reduction in
the peritoneal cavity could be associated with IL-1RA overexpression both in peritoneal
macrophages and in infiltrating neutrophils, resulting in the prevention of IL-1-mediated
proinflammatory response to inflamed tissue.

The humanised NSG mouse model was also used to test the ability of IL-1RA-
producing human CD34" cells to suppress MSU-induced inflammation. A trend toward
decreased neutrophils’ recruitment was identified in MSU-treated mice reconstituted
with CD34" cells expressing IL-1RA. These results demonstrate that IL-1RA produced
by HSPC-derived cells could suppress neutrophilic inflammation in vivo in the acute
phase. Moreover, our findings set the stage for further use of humanised mice as the
benchmark model to study the efficacy of IL-1RA GT in the context of human
inflammation. Indeed, patients suffering from urate crystal-induced arthritis could
benefit from an HSPC-based IL-1RA GT preventing severe comorbidities
(cardiovascular disease, renal impairment, and metabolic syndrome) as severe cases are
often refractory to anakinra treatment (Chen et al, 2010).

Mouse models harbouring gain-of-function mutations identified in patients have
been established (Hoffman, 2020). An inverse inflammation status has been noticed in
mouse CAPS compared to the human clinical continuum. For instance, a recently
developed KI model harbouring the Nlrp3™*"** mutation identified in NOMID, the most
severe form of CAPS, showed the least inflammatory symptoms compared to other

A350V/+
3 "CreT mouse

models (Bertoni et al, 2020). We used the tamoxifen-inducible Nlrp
model of MWS developing a severe inflammatory phenotype, previously utilised to
examine other approaches (Brydges et al, 2009) . IL-1RA-transduced Nlrp3****¥*CreT
BM cells were transplanted in C57BL/6 mice, and, after tamoxifen administration,
disease onset and severity were evaluated compared to mice receiving untransduced
MOCK BM cells. MOCK mice developed severe dermatitis, while IL-1RA mice did not
and showed a trend of low IL-6 production in plasma. Mice of both groups lost weight
and showed similar organ inflammation. Although the amelioration of systemic
inflammation was evident, we hypothesised that IL-1RA production did not reach a

therapeutic value. We planned to repeat the same experiment with more mice per group

to confirm these results.
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In view of an ex vivo GT approach, transduced HSPCs are re-infused into the
patients, in which non-haematopoietic cells, like intestinal epithelial cells, continue
expressing NLRP3 mutated proteins. We reasoned that the best preclinical experimental
set-up that mimics the clinical situation would be to transplant IL-1RA-transduced
HSPCs in mice that develop the disease. Therefore, IL-1RA-transduced or untransduced
MOCK Nlrp3***V*CreT BM cells were transplanted in NIrp3**°V*CreT mice. MOCK
mice developed significant weight loss, leucocytosis, and systemic inflammation
characterised by high IL-6 levels after disease induction by tamoxifen treatment. In
contrast, IL-1RA mice were protected from IL-1-mediated inflammation as much as
mice that do not develop the disease (tamoxifen-treated CreT™ mice transplanted with
untransduced cells, untransplanted CreT™ or CreT not treated with tamoxifen). Notably,
IL-1RA-mediated correction of leucocytosis was more evident in the myeloid than
lymphoid cell compartment, confirming that the inflammatory conditions associated
with the CAPS mutation Nlrp3 ***°V are mediated mainly by the cells of the innate
immune compartment. Histopathological analyses of various organ sections are ongoing
and will inform the therapeutic effect of IL-1RA GT in preventing tissue inflammation.
Overall, these results indicate that IL-1RA GT can effectively prevent IL-1-mediated
inflammation in mice with CAPS-like symptoms.

Despite the central role of the NLRP3-IL-1 axis in mediating the CAPS syndromes,
there are currently no published experimental results demonstrating the therapeutic

effect of anti-IL-1 agents in Nlrp3**°*V*

CreT mice. The murine form of rilonacept can
partly improve the survival rate of Nlrp3****V"*'CreL mice expressing the mutant protein
constitutively but do not ameliorate skin rush or contain weight loss, suggesting the
existence of other IL-1-independent pathways responsible for disease manifestations.
Therefore, the contribution of other caspase-1-dependent mechanisms cannot be
excluded. A prominent regulatory role of TNFa in inflammasome function and mouse
CAPS pathology has also been proposed (McGeough et al, 2017).

Our data demonstrate that immune cell-derived IL-1RA production is sufficient to
prevent acute peritonitis induced by MSU crystals, and correct systemic inflammation
and leucocytosis in a mouse model of CAPS. We are currently evaluating whether our

IL-1RA GT approach effectively corrected tissue inflammation and organ damage in

Nirp3***®V*CreT chimaeras. Future studies will compare disease onset and outcome
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between GT-treated mice and mice treated long term with anakinra, the benchmark
medication for CAPS.

IL-1 is a key factor contributing to MS and other neuroinflammatory diseases. MS,
in particular, is an autoimmune disease mainly caused by T cells overreacting against
myelin essential protein and other proteins expressed in the CNS (Hoglund, 2014). In
this context, IL-1 initiates the pathological process directing Th1/Th17 differentiation
and activation of various immune cell subsets. Using a similar approach to ours, Parker
et al. reported that ex-vivo IL-1RA GT effectively ameliorated IL-1-mediated
neuroinflammation by reducing working memory deficit and glial activation in a mouse
model of MPSIIIA, a rare inherited metabolic disorder that affects the brain (Parker e?
al, 2020). There are, however, no published data on the efficacy of IL-1RA GT in
autoimmune chronic inflammatory diseases affecting CNS and other organs. We tested
whether our IL-1RA GT approach could reduce disease development and progression in
the EAE mouse model of MS. We prepared BM chimaeras reconstituted with IL-1RA-
expressing HSPCs, and EAE was induced. The mortality rate was lower in IL-1RA
mice than control mice receiving GFP-transduced HSPCs (22% vs 54%, respectively).
EAE severity declined in IL-1RA-expressing mice, which also gained some weight,
compared to control mice at the chronic stage of the disease. These preliminary findings
suggest that IL-1RA might contribute to controlling IL-1-induced neuroinflammation
during the chronic phase, possibly by repressing myeloid cell infiltration in the CNS
rather than acting on the initial T-cell-mediated immune response. We are currently
monitoring the mice, and histopathological analyses on spinal cord sections will reveal
whether IL-1RA GT can contain axonal loss and demyelination.

Previous work showed that injection intra-cisterna of a non-replicative HSV-1-
derived vector expressing IL-1RA ameliorated EAE progression by effectively delaying
disease onset and reducing severity (Furlan et al, 2007). These results indicate that local
IL-1RA administration might be more efficient than ex vivo GT in promptly preventing
the leading role of the adaptive immune system. However, more studies are needed to
fully elucidate the role of IL-1 in the EAE/MS pathology. In this regards, despite
Anakinra has shown to be promising in preclinical studies, it has not been approved yet
for MS. A Key reason resides in difficulties in assessing the pleiotropic role of IL-1 in

this pathology; it is clear that IL-1 is detrimental in this disease, nevertheless potential
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paradoxical effects of anti-IL-1 therapy cannot be excluded as this cytokine has
demonstrated to be fundamental for repairing processes such as remyelination (Musella
et al, 2020). We are aware of these considerations; therefore, we did not aim to produce
preclinical evidence for future application of IL-1RA GT for MS, but we leveraged the
EAE mouse model to have proof-of-concept results on IL-1RA efficacy in suppressing
IL-1-mediating inflammation.

Several additional aspects need to be addressed in future studies. The optimal
amount of IL-1RA and the proportion of IL-1RA-producing cells necessary to repress
IL-1-mediated inflammation in patients with CAPS need to be determined. There is
scattered information on the antinflammatory effect of IL-1R blockade in patients’ cells.
Monocytes isolated from CAPS patients exhibit a hyperactivated state and produce
substantial amounts of mature IL-1f in response to LPS stimulation (Gattorno et al,
2007). In contrast, patients’ treatment with anakinra reduces monocyte-derived IL-1§
production compared to untreated patients (Gattorno et al, 2007). It has been estimated
that a 100-fold excess of plasma IL-1RA is required to effectively neutralise IL-1
production during an inflammatory response in healthy donors (Granowitz et al, 1991).
These observations suggest that a high IL-1RA production is necessary to reach the
expected therapeutic benefit (Gattorno et al, 2007). Based on our results, a range
between 30 and 150 ng/ml of plasma IL-1RA is sufficient to prevent IL-1-mediated
acute inflammatory response in the MSU-peritonitis and the genetic NIrp3****Y*CreT
mouse model. In vitro, LV-derived IL-1RA secreted by DCs of Nlrp3****Y*CreT mice
reduced the expression of genes encoding proinflammatory cytokines such as IL-1a, IL-
1f, CXCL2, and IL-18, at basal level and following LPS stimulation. We will also
assess the antinflammatory effect of constitutive IL-1RA production in
monocytes/macrophages of patients with CAPS. We plan to characterise the phenotype
and differentiation potential of CD34" cells of patients, as limited information is
currently available. Moreover, the feasibility of our IL-1RA approach will be examined
using patients’ CD34" cells in vitro and in vivo. It is paramount to establish a humanised
CAPS model to investigate the therapeutic effect of LV-mediated IL-1RA GT. The only
available model has been developed by replacing the mouse NLRP3 alleles with one
copy of the human NLRP3 gene carrying a CAPS-associated mutation. However, this

model develops arthritis-like features such as bone erosion and osteoporosis, but not
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autoinflammation (Snouwaert et al, 2016). Although the NSG model was previously
used to study T-cell-mediated pathologies like RA, the suboptimal reconstitution of the
myeloid-cell compartment in these mice limits their use in disease studies primarily
mediated by innate immune cells (Schinnerling et al, 2019). In future, we may consider
exploiting a new transgenic NSG model expressing human IL-3, GM-CSF, and SCF
that support monocyte and granulocyte differentiation (Coughlan et a/, 2016).

We envisaged some limitations of our current IL-1RA GT approach for a future
clinical application. First, it would be mandatory to define the cohort of patients that
could benefit from an ex vivo IL-1RA GT approach. Patients affected by NOMID,
Still’s disease, and the most severe form of FMF might benefit from IL-1RA GT
therapy. Another critical aspect to consider is that constitutive IL-1RA production might
impact the ability of patients to respond to infections appropriately, as IL-1f is a critical
factor in host defence. Therefore, physiological regulation of IL-1RA production would
be more desirable, and, indeed, we plan to develop an improved LV design in which IL-
IRA expression is driven by its endogenous promoter. We will test whether IL-1RA
chimaeras respond normally to infections.

Finally, the best conditioning regimen to use in patients with autoinflammation needs
to be determined. Myeloablative conditioning might be necessary to obtain optimal and
stable engraftment of IL-1RA-producing cells since innate immune cells should not be
endowed with a selective advantage in vivo. Moreover, the persistent hyper-
inflammatory state in patients might represent a challenge. However, an FMF patient
successfully treated with allogeneic HSCT achieved a positive outcome (Milledge et al,
2002). Reduced conditioning regimen intensity followed by HSCT has also been used to
cure CGD, a primary immunodeficiency disorder characterised by chronic
autoinflammation and severe infections (Glingor et a/, 2014).

In conclusion, we conducted preclinical studies on the feasibility and the efficacy of
an HSPC-based IL-1RA GT approach tested in three mouse models of IL-1-mediated
inflammation. We demonstrated that LV-mediated IL-1RA gene transfer in mouse and
human HSPCs is safe and well-tolerated in vivo, allowing efficient HSPC engraftment
and haematopoietic reconstitution. Antinflammatory activity of LV-derived IL-1RA
prevented the excessive IL-1-mediated inflammation in two mouse models of SAIDs

and an experimental model of MS.
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5. Materials and methods

5.1 Cell Cultures

5.1.1 HEK293T cells

HEK293T is a human embryonic cell line derived from kidney tissue. They are
suitable cells for transfection and transformation procedures, harbouring a large T
antigen (LTag) from the simian vacuolating virus 40 (SV40), which inactivates p53 and
the retinoblastoma suppressor protein. HEK293T cells are adherent cells cultured in
Iscove's Modified Dulbecco's Medium (IMDM, #12440053, Fisher Scientific) with 10%
Fetal Bovine Serum (FBS) (#ECS0182D, Euroclone), 1% Penicillin/Streptomycin (Pen-
Strep #ECB3001, Euroclone), and 1% L-Glutamine (#ECMO0495, Euroclone) in
polystyrene flasks and plates (Corning, New York, US) under normoxic conditions

(37°C, 5% CO2). Medium containing 1% trypsin was used to detach the cells.

5.1.2 Mouse BM cells

Total BM cells were obtained by perfusing the femora and tibiae of C57BL/6 mice
with phosphate-buffered saline (PBS) (#D8537, Merck) using a 1 ml syringe with a
0.5x16 mm needle. Cells were filtered through a 40 pm nylon filter and washed with
phosphate buffered saline (PBS). Cells were then collected by centrifugation for 7 min
at 1,500 revolutions per minute (rpm) at room temperature and resuspended in a

complete medium.

5.1.3 Mouse Lin-negative HSPCs

Lin-negative mouse HSPCs were isolated from total BM cells using the Lineage Cell
Depletion Kit (#130-090-858, Miltenyi Biotec) combined with the LS/MS columns
(MACS, Miltenyi Biotec). Cells were labelled with anti-mouse Lineage Cocktail Pacific

Blue (#133310, BioLegend), and purity was assessed by flow cytometry.

5.1.4 Human CD34" HSPCs
Human HSPCs used for in vitro and in vivo experiments were purchased from Lonza

and consisted of mobilized peripheral blood (mPB) CD34" cells isolated from G-CSF-
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mobilized apheresis of healthy volunteers.

5.2 Production of LV.IL-1RA

5.2.1 Generation of the IL-1RA transfer vector

To obtain the PGK.IL-1RA plasmid, the codon-optimised version of the cDNA for
the  human  secreted form of IL-IRA  was inserted into  the
pCCLsin.PPT.hPGK .eGFP.Wpre plasmid by GenScript Biotech. The replacement of the
enhanced GFP (E-GFP) cDNA fragment was performed through a restriction digestion
with the BamHI/Sall restriction enzymes, and the codon-optimised form of sIL-1RA
was inserted into the plasmid backbone through a ligation. The
pCCLsin.PPT.hPGK.eGFP.Wpre plasmid encoding the e-GFP protein was used as

control plasmid for the experiments.

5.2.2 Production of lab-grade vector preparation

The full methods to produce third-generation lentiviral vectors and measure viral
titer were previously described by Follenzi and colleagues (Follenzi et al, 2000).
Specifically, to produce VSV-G-pseudotyped third-generation monodirectional vectors
a calcium phosphate-based transfection was performed in HEK293T cells.

Ultracentrifugation was then followed in order to keep vectors concentrated.

5.2.3 Production of purified vector preparation

In house-purified LVs were produced by the SR-Tiget Processing Development
Laboratory (PDL) according to the protocol described by Soldi et al., (Soldi et al,
2020). Briefly, three main steps were performed in order to get LV stocks rid of
contaminating DNA and proteins: 1) an initial collection of the vector from a filtered
LV-containing supernatant which allows removal of significant impurities 2) middle

purification of an eluted vector that leads to concentrated-LV preparations, and 3) a
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final phase of purification which aims to remove contaminants and impurities,

producing a biologically active and safe product.

5.2.4 Measurement of viral titre and infectivity

HEK293T cells were plated at 0.075x10° cells/mL cells per well in a complete
IMDM medium in a 6-well plate. After 24 hours, cells were transduced with serial
dilutions (10-3, 10-4, 10-5, 10-6, 10-7) of lab-grade and purified vector preparations.
Cells were cultured and expanded for 14 days. Genomic DNA (gDNA) was extracted
using the QIAmp DNA Mini Kit (#56304, Qiagen), following the manufacturer’s
instructions. To assess the viral titre, the genomic DNA was extracted and the Droplet
Digital PCR (ddPCR) SystemTM (Biorad) was performed (Wang et al, 2018). Vector
infectivity was calculated as the ratio between HEK293T viral titre and total particles as

assessed by p24 immunoassay.

5.3 Lentiviral cell transduction

5.3.1 Transduction of mouse haematopoietic cells

Total BM and Lin- cells were plated at a cell density of 1x10° cells/mL in 48 well
plates and pre-stimulated in a culture medium supplemented with a cytokine cocktail
described in Table 6A for 2 hours +/- 15 min. LV.IL-1RA and LV.GFP was added at
the MOI indicated in each experimental set-up. The volume amount of viral supernatant
was calculated following the equation below:

Number of cells x MOI (TU/cell)

Volume of viral supernatant (mL) = Viral titre (TU/mL)

Sixteen hours after LV exposure, cells were washed and suspended in PBS for
transplantation experiments or in complete medium for liquid culture (media
composition in Table 6B) or Methocult medium (Stem Cell Technologies) for CFU
assay. The liquid culture was maintained for 14 days to assess IL-1RA production in the
culture supernatant by enzyme-linked immunosorbent assay (ELISA), and transduction

efficiency expressed as mean VCN per genome by ddPCR.
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Table 6. Culture media for mouse haematopoietic cells.

Abbreviations;, rmSCF, recombinant mouse stem cell factor, rmTPO,; recombinant mouse
thrombopoietin, rhFIt3L; recombinant human Fms-like tyrosine kinase receptor 3 ligand; rhiL-
3, recombinant human Interleukin-3; P/S; penicillin/streptomycin.

A. Media for mouse haematopoietic cells pre-stimulation and transduction

Medium composition Concentration Supplier

Serum-free Stem Span

. . - Stem Cell Technologies
expansion medium

rmSCF 100 ng/ml Peprotech
rmTPO 50 ng/ml Peprotech
rhFIt3-L 100 ng/ml Peprotech
rhIL-3 20 ng/ml Peprotech
P/S 1% Euroclone
L-glutamine 1% Euroclone

B. Media for mouse haematopoietic cells liquid culture
Medium composition Concentration Supplier

Serum-free Stem Span

. . - Stem Cell Technologies
expansion medium

rmSCF 100 ng/ml Peprotech
rmTPO 50 ng/ml Peprotech
rhFIt3-L 100 ng/ml Peprotech
rhIL-3 20 ng/ml Peprotech
P/S 1% Euroclone
L-glutamine 1% Euroclone
FBS 10% Euroclone

5.3.2 Lentiviral transduction of human CD34" HSPCs

Human CD34" cells were plated at a cell density of 1x10° cells/mL in a 96-wells pre-
coated with RetroNectin® (2 pg/cm?, cat. #rFN-CH-296, TakaraBio) in CellGenix®
GMP SCGM supplemented medium (#20802-0500) containing supporting cytokines
reported in Table 7A. After 22 hours, cells were incubated with the transduction
enhancer prostaglandin E2 (PGE2, 10 mM; Cayman Chemical) for 2 hours before
overnight (O/N) transduction with LV.IL-1RA or LV.GFP at various vectors doses. The
volume of viral vectors was calculated using the equation described in Section 5.3.1.
After transduction, cells were collected, washed and resuspended in PBS for
transplantation experiments or fresh medium for liquid culture (Table 7B) or Methocult
medium (#H4434, Stem Cell Technologies) for CFU assay. The liquid culture was
maintained for 14 days and IL-1RA production was assessed in cell supernatants by

ELISA, and transduction efficiency and by ddPCR.
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Table 7. Culture media for human CD34" cells.

Abbreviations, IMDM; Iscove's Modified Dulbecco's Medium, rhSCF; recombinant human stem

cell factor, rhTPO, recombinant human thrombopoietin, rhFlt3L; recombinant human Fms-like

tyrosine kinase receptor 3 ligand, hIL-3; recombinant human Interleuikin-3, P/S;
enicillin/streptomycin.

A. Media for human haematopoietic cells pre-stimulation and LV transduction
Medium composition Concentration Vendor
CellGenix® GMP SCGM - Cell Genix
rhSCF 300 ng/ml Peprotech
rhTPO 100 ng/ml Peprotech
rhFIt3-L 100 ng/ml Peprotech
rhIL-3 60 ng/ml Peprotech
P/S 1% Euroclone
L-glutamine 1% Euroclone
B. Media for human haematopoietic cells liquid culture
Medium composition Final concentration Vendor
IMDM - Fisher Scientific
rhSCF 300 ng/ml Peprotech
rhTPO 100 ng/ml Peprotech
rhFIt3-L 100 ng/ml Peprotech
rhIL-3 60 ng/ml Peprotech
P/S 1% Euroclone
L-glutamine 1% Euroclone

5.3.3. BMDC:s differentiation and LV-transduction

Bone Marrow derived DCs (BMDCs) were generated starting from total bone
marrow progenitor cells. They were transduced and differentiated according to the
protocol described by Comi and colleagues (Comi et al, 2020). In brief, bone marrow
cells were cultured at a concentration of 1x10%well in 24 well culture plate in IMDM
supplemented with 10% FBS and 1% Pen-Strep in the presence of 25 ng/ml of mouse
granulocyte-macrophage colony-stimulating factor (mGM-CSF, #415-ML R&D
systems). On day 2, the transduction with LV.IL-1RA at MOI of 5 was performed. The
day after, the transduction was stopped by adding 1ml of IMDM+mGM-CSF (25
ng/mL). On day 5, half of culture medium was replaced with 1 ml of fresh IMDM-+GM-
GSF medium (25ng/mL). On day 6-7, half cells were treated overnight (O.N.) with (Z)-
4-Hydroxytamoxifen (#H7904, Sigma) dissolved in ethanol at a final concentration of
0.4pg/mL, in the condition without tamoxifen the cells was treated with ethanol alone
as vehicle. The day after the cells were stimulated O.N with LPS (#tlrl-eblps,
Invivogen) 100 ng/mL to obtain mature DCs. After LPS-stimulation, both the cells

(pellet) and the supernatants were collected for downstream analysis.
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5.4 CFU assay

Mouse haematopoietic cells (5,000/plate Lin-negative, 30,000/plate total BM cells)
were resuspended in mouse Methocult medium (#M3434, Stem Cell Technologies) and
plated in 35-mm plates in quadruplicates per condition. After 12-14 days, the number
and morphology of CFU-GM colonies were scored by light microscopy. For BFU-E
colonies detection, plates were incubated in a solution containing 3,3’-diaminobenzidine
(DAB, #B3383, Merck), 3% acetic acid and 30% H,0,, which stains haemoglobin-
containing cells, thus allowing BFU-E precursors distinguishable from unstained CFU-
GM.

CD34" cells (1,000/plate) were resuspended in a complete human Methocult medium
(#H4034, Stem Cell Technologies) and plated in 35-mm plates in duplicate per
condition. Fourteen days later, haematopoietic precursors identified as CFU-GM, BFU-
E and CFU-GEMM were scored for number and morphology by light microscopy.

5.5 Measurement of vector copy number and transduction efficiency
Genomic DNA was extracted from human and mouse cells expanded in vitro for 14
days after transduction or from mice’ organs using the QIAmp DNA mini kits (cat.
#56304, Qiagen), following the manufacturer’s instructions. DNA was quantified and
assessed for purity by Qubit Fluorometric Quantification (Invitrogen). Single CFUs
were picked and lysed in QuickExtract™ DNA Extraction Solution (#QE090050,
Lucigen Corporation). Vector copies per diploid genome (vector copy number, VCN) of
the integrated LVs were assessed by droplet digital PCR (ddPCR), using the following
probes and primers: HIV probe, 5’-FAM-ATCTCTCTCCTTCTAGCCTC-MGBNFQ-
3’; HIV forward, 5’-TACTGACGCT CTCGCACC-3’; HIV reverse 5’-
TCTCGACGCAGACTCG-3’; human telomerase probe, 5’-VIC-
TCAGGACGTCGAGTGGACACGGTG-TAMRA-3’, human telomerase forward, 5’-
GGCACACGTGGTTTTCG-3’; human telomerase reverse, 5’ -GGTGAAC
CTCGTAAGTTTATGCAA-3’; mouse semaphorin probe, 5’-HEX-
AGAGGCCTGTCC TGCAGCTCATGG-BHQ-3’, mouse semaphorin forward, 5°-
ACCGATTCCAGAT  GATTGGC-3°, mouse  semaphorin  reverse, 5’-
TCCATATTAATGCAGTGCTTGC-3’. Amplification was performed on a QX200
Droplet Digital PCR SystemTM (Biorad). Vector-positive colonies were scored positive
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when the VCN was >=(0.5 copies/genome. Transduction efficiency was calculated
following the equation below:

Number of vector-positive
colonies
Number of total colonies

Transduction Efficiency (%) = x 100

5.6 Immunoblot analysis

Total proteins extracts were prepared using the cold RIPA buffer (150 mM NacCl, 20
mM Tris-HCI pH 7.4, 1| mM EDTA, 1 mM sodium orthovanadate, 1 mM PMSF, 10
pg/ml aprotinin, 10 pg/ml leupeptin). Protein content was quantified using the Bio-Rad
Protein Assay Dye Reagent Concentrate assay (cat. #5000006, Bio-Rad). Supernatant
proteins were precipitated by mixing cell-free supernatants and cold acetone at a 1:4
ratio, followed by incubation at —20°C for at least one hour. The protein mixture was
then centrifuged at 15,000 rpm for 15 min at +4°C. The supernatant was discarded, and
protein pellets were re-suspended in Laemmli buffer. An equal amount of proteins (30-
45 ng per lane) and precipitated cell supernatants was loaded onto pre-casted 10-12%
SDS-PAGE gels (BioRad). The marker ExcelBand Enhancer - three-colour high range
protein marker SMOBIO (Bio-Cell) was used. Proteins were then transferred onto a
PVDF membrane (#1620174, Bio-Rad) by the Trans-Blot Turbo transfer system (Bio-
Rad). Membranes were blocked in freshly prepared 5% dried milk in TBS-Tween-20
(0.05%) for 90 minutes at room temperature in oscillation. Over-night incubation with
the following primary antibodies was performed at 4°C on an oscillator: rabbit anti-
human IL-1RA polyclonal antibody (1:500, #PA5-13428, Thermo Fisher) and anti-
human p-actin (1:10,000, cat. a3854, Sigma) diluted in 5% milk. The membranes were
washed with TBS-Tween-20 and incubated in milk 5% for one hour at RT in oscillation
with the anti-rabbit (1:3000, cat. #P0448, Dako) secondary antibody conjugated with
HRP. The enhanced chemiluminescence Immobilon, Horse-Radish Peroxidase (HRP)
substrate (cat. #WBLUC0500, Merck Millipore) was used for membrane development.
Images were acquired using the ChemiDoc MP Imaging System (Bio-Rad).
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5.7 Enzyme-linked immunosorbent assay

Cytokine release was measured in cell supernatants and mouse plasma by ELISA
using the DuoSet kit from R&D Systems, following the manufacturer’s instructions.
Optical densities were measured using Multiskan™ GO Microplate Spectrophotometer

(Thermo Scientific).

5.8 Quantitative real-time RT-PCR

Total RNA was extracted with TRIzol reagent (cat. #15596026, Invitrogen) using the
RNAeasy Plus Micro Kit (cat. #74034, Qiagen), according to the manufacturer’s
instructions. After quantification using NanoDrop 2000 (Thermo Scientific), total RNA
(1 pg) was reverse-transcribed with the High-Capacity cDNA Reverse Transcription Kit
(cat. #43-688-14, Applied Biosystems). Primers’ annealing was performed at 25°C for
10 min, followed by elongation at 37°C for 2 hours, and enzyme inactivation at 85°C
for 5 min using the Quanti fast-SYBR green PCR-kit. The following mouse primer sets
were used: ILI8 (forward, 5’-TCCTTGAAGTTGACGCAAGA-3’, reverse; 5’-
TCCAGCATC AGGACAAAGAA-3’); IL1p, (forward 5’-
GGTCAAAGGTTTGGAAGCAG-3’, reverse 5’-TGTGAAATGCCACCTTTTGA-3%);
IL]o (forward 5’-CCAGAAGAAAAT GAGGTCGG-3’, reverse 5’-
AGCGCTCAAGGAGAAGACC-3’); CXCL2 (forward 5’-
CTCTCAAGGGCGGTCAAAAAGTT-3’, reverse, 5’-TCAGACAGCGAGGCACATC
AGGT-3"); GAPDH (forward 5’-TCGTCCCGTAGACAAAATGG-3’, reverse 5’-TTG
AGGTCAATGAAGGGGTC-3’). Copied DNA was amplified by a ViiATM7 Real-
Time PCR System (ThermoFisher).

5.9 Mouse models

Mouse studies were conducted according to protocols approved by the IRCCS San
Raffaele Scientific Institute and Institutional Animal Care and Use Committee, adhering
to the Italian Ministry of Health guidelines for experimental animals' use and care. All

efforts were made to minimize number, pain and distress during and after experimental
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procedures. C57BL/6N (strain #027), C57BL/6J (stock #005304, Jax Lab) and NSG
mice (stock#005557, Jax Lab) were purchased from Charles River Laboratories (Calco,
Italy). The Nlrp3™7**" mice were generated by our collaborator Dr Marco Gattorno
(IRCCS Istituto Giannina Gaslini, Genoa, Italy). Nlrp3****V"*CreT mice were purchased
from Jax Lab and maintained at Charles River Laboratories by breeding heterozygote
Nlrp3°?V™ R mice (B6.129-Nlrp3<tm1Hhf>/J, stock #017969) with the B6.Cg-
Tg(CAG-cre/Esr1*)SAmc/J] (stock #004453) mice purchased from the Jackson
laboratory. Mice were maintained in specific pathogen-free conditions at the IRCCS

San Raffaele Scientific Institute SPF Animal Facility.

5.9.1 C57BL/6N and C57BL/6-LY5.1

C57BL/6N or B6 are the most commonly used inbred mice for research purposes.
C57BL/6 mice were used as donor and recipient mice in the transplantation
experiments, The C57BL/6-Ly5.1 model (strain #494, B6.SJL-Ptprca Pepcb /Boyl) is a
congenic strain of the C57BL/6 harbouring the Ly5 locus encoding the tyrosine
phosphatase receptor type C (Ptprc), also known as CD45.1, expressed by all
haematopoietic cells. Cells are distinguished based on the expression of the two CD45
isoforms, namely CD45.2 in the C57BL/6N model and CD45.1 variant in the C57BL/6-
Ly5.1 model.

5.9.2 NOD scid gamma (NSG) mice

Immunodeficient NOD.CB17-Prkdcscid/NCrCrl (NSG) mice (stock #005557, Jax
Lab) were used as recipient in xenograft transplantation experiments. NSG mice
harbour a scid mutation affecting the DNA repair complex protein Prkdc and a null
mutation in the IL-2 receptor common gamma chain gene, which lead to B- and T-cell
deficiency and NK-cell dysfunctionality thus allowing the engraftment and

differentiation of human HSPCs.

5.9.3 Nirp3™7"* mice
Nlrp3N475KJ+ mice harbour the human NOMID mutation N475K in the Nlrp3 gene
(Bertoni et al, 2020). The authors used an already described knock-in strategy (Meng et
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al, 2009; Brydges et al, 2009). Briefly, they engineered the N475K mutation associated

with the CAPS phenotype into the mouse NLRP3 gene. Heterozygous Nlrp3N475m+

N475K/+
3

offspring were bred with CreZ mice (zona pel-lucida 3) to obtain Nlrp CreZ mice

N475K/+
3

(herein reported as Nlrp mice). Cells that physiologically express NLRP3

constitutively (e.g., macrophages, DCs, neutrophils, microglia and intestinal epithelial

cells) re-express the mutant Nlrp3N47510+

protein. These mice represented the only CAPS
mouse model able to develop organs’ amyloidosis, moreover they are characterized by
systemic inflammation manifested as skin rush, splenomegaly, blood leucocytosis,
increased serum levels of IL-1f, IL-1a and IL-18, and high mortality rate. Dr Marco
Gattorno (IRCCS Istituto Giannina Gaslini, Genoa, Italy) provided total BM cells of

these mice for the generation and characterization of Nlrp3™*"**" mouse chimaeras

described in section 3.2.3

5.9.4 Nlrp3*P""*CreT mice

The knock-in Nlrp3****¥* mouse strain (B6.129-Nlrp3<tm1Hhf>/J, stock #017969,
Jax Lab) harbouring the alanine 352 to valine (A350V) mutation, conserved in mouse
and human and strongly associated with human MWS, was generated by Brydges and
colleagues (Brydges et al, 2009) . To mutate this residue, a targeting construct was
generated containing a 4—7 kb region upstream and downstream of a targeted position in
intron 2 cloned around the flox neomycin antibiotic resistance cassette. The A350V
point mutation was engineered by site-directed mutagenesis. The plasmid was
electroporated into 129 SvJ stem cells, and colonies positive for the A350V mutation
were used to create chimeric mice (Figure 33). Sequence analysis of cDNA from
Nlrp3**°V**** mice showed the absence of expression of the mutated allele due to the
transcriptional silencing given by the reverse orientation of the neomycin resistance
cassette in respect to the NLRP3 gene. Then, Nlrp3****V™®*mice were bred with
tamoxifen-inducible B6.Cg-Tg(CAG-cre/Esr1*)SAmc/ strain (stock #004453, Jax Lab)
harbouring a Cre recombinase fused to the estrogen-responsive protein to generate
Nlrp3****V*CreT mice harbouring one A350V Nlrp3 mutant allele. The A350V Nirp3
mutant protein expression is induced upon i.v. injections of Tamoxifen (Figure 33). The

disease manifests with rapid weight loss, neutrophil infiltrates in organs and high levels
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of proinflammatory cytokines, such as IL-6 in the serum. These mice were used for
transplantation experiments in section 3.2.4 and 3.2.5 and for in vitro experiments with
BMDCs in section 3.2.6. For simplicity, in the results section the Nlrp3A**"*CreT mice
have been defined as CreT* while the NIrp3A*"*as CreT".

(STOP]
] - —
X

B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J N|rp3A350VneoR/+

Tamoxifen

NIrp3A350V/+CI’eT

Figure 33. Breeding strategy used to generate the conditional Nlrp3**°""* CreT mouse strain.

Heterozygous Nlrp3*7""""* mice were bred to B6.Cg-Tg(CAG-cre/Esrl1*)5Amc/j mice
carrying Cre recombinase under the control of a tamoxifen-inducible promoter. The resulting
mouse strain harbours one NLRP3 mutated allele, which is not expressed due to the inverted
floxed neomycin cassette and the Cre recombinase cassette. Abbreviations: mut, mutation;, Tam-
1, Tamoxifen-inducible.

5.9.5 Nlrp3A350W “CreT mice genotyping
We established the following three colonies:
1) Nlrp3*°V™eR x Nlrp3***V™R to obtain the heterozygous Nlrp3****Y"" mice;
2) CreT" (B6.Cg-Tg(CAG-cre/Esr1*)SAmc/]) x CS57BL/6J to generate mice
harbouring the CreT cassette;
3) NIrp3**™™ x B6.Cg-Tg(CAG-cre/Esr1*)5Ame/ to obtain the tamoxifen-
inducible Nlrp3A**V*CreT mouse model.
DNA was isolated from blood and tail biopsies using QIAmp DNA mini Kkits
(QIAmp). Nlrp3*¥**¥" mouse genotyping was assessed by PCR following the protocol
available on Jackson website at the following link (https://www.jax.org/Protocol?stock

Number=017969&protocolID=26359). To amplify the Cre recombinase in the B6.Cg-
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Tg(CAG-cre/Esr1*)5Amc/ and Nlrp3A**V*CreT mice, we set up a new genotyping
PCR protocol using the following primers: Cre forward 5’-GCTAACCATGTTCAT
GCCTTC-3’ and Cre transgene reverse 5’-AGGCAAATTTTGGTGTACGG-3’. The
size of the expected amplicon is 180 bp (base pairs). As positive control, we amplified
the wild-type mouse Nlrp3 sequence using the following primers: Nlrp3 wild-type
forward 5S’CACCCTGCATTTTGTTGTTG-3, NLRP3 reverse 5’-
CGTGTAGCGACTGTTGA GGT-3’. The size of the amplicon is 248 bp. All mice
from the B6.Cg-Tg(CAG-cre/Esr1*)5Amc/ and the NIrp3A**Y*CreT colonies have an
wild-type NLRP3 allele generating an amplicon of 248 pb, only half of mice inherited
the CreT cassette (Figure 31). The PCR protocol used was summarized in Table 8.

Table 8. PCR Protocol for mouse genotyping.
Available on Jackson web site
(https://www jax.org/Protocol? stockNumber=017969&protocollD=26359).

Step Temp (°C) Note
1 94.0
2 94.0
Temperature decrease of
3 65.0 -0.5 °C per cycle
4 68.0
5 Repeat steps 2-4 for 10 cycles (Touchdown)
6 94.0
7 60.0
8 72.0
9 Repeat steps 6-8 for 28 cycles
10 72.0
11 10.0 Hold

NLRP3 wt
CreT* CreT
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Figure 34. B6.Cg-Tg(CAG-cre/Esr1*)5Amc/ and Nlrp3**""*CreT mouse genotyping.
The PCR-amplified product of 180 and 248 bp represent the CreT transgene (CreT") and the
NLRP3 wt gene, respectively.

5.9.6 Tamoxifen treatment in vivo

Tamoxifen, free base (#215673883, MP Biomedicals) diluted in a solution of 90%
sunflower seed oil (#S5007, Sigma-Aldrich) and 10% ethanol was injected
intraperitoneally in Nlrp3***V*CreT and Nlrp3***®Y"" mice at a dose of 50mg/kg for
three consecutive days. Mice were monitored for weight loss and sign of distress during

the entire treatment until the euthanasia.

5.10 Transplantation experiments
In transplantation experiments, donor cells were isolated from mice aged from 6 to

10 weeks, while recipient mice were 8 to 12 weeks old.

5.10.1 Mouse-to-mouse BM chimaeras
We performed three different mouse-to-mouse BM chimaera experiments:
In section (3.1.4) 500.000 C57BL/6-CD45.1 HSPCs were transplanted into a
lethally irradiated C57BL/6 CD45.2 recipient mouse.
- In section (3.2.3) 2x10° NIrp3™*"**" and NIrp3"”" BM CD45.1/CD45.2 cells

were transferred in a lethally irradiated C57BL/6-CD45.2 recipient mice.
- In section (3.2.4) 1.5x10° Nlrp3A350w+CreT BM cells were infused in a lethally
irradiated C57BL/6-CD45.1 recipient mice.
- In section (3.2.7) 500.000 C57BL/6-CD45.2 HSPCs were infused in a lethally
irradiated C57BL/6-CD45.1 recipient mice.
In all these experiments, the cells were resuspended in 200 ul of PBS and transferred
via intravenous (IV) injection in lethally irradiated (9 Gy split into two doses) recipient

mice.
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350V/+ .
335 CreT mice

5.10.2 Syngeneic HSPCs transplant in Nirp

In section 3.2.5 a dose of syngeneic 300.000 CreT" or CreT HSPCs were
transplanted into individual lethally irradiated CreT" or CreT" recipient mouse. The cells
were resuspended in 200 pl of PBS and transferred via intravenous (IV) injection. The

letal dose of irradiation used was 9 Gy split into two doses.

5.10.3 Xenotransplantation of human HSPCs in NSG mice

For transplantation experiments with human haematopoietic cells, in NSG mice
(section 3.2.2), 500,000 CD34" cells derived from mPB were resuspended in 200 ul of
PBS and injected via the tail vein of recipient NSG mice sub-lethally irradiated (0.15 G,

one dose).

5.10.4 Haematological sampling

Blood (maximum volume of 200 pl/mouse) was obtained by lateral tail vein
bleeding. Peripheral blood (PB) samples were collected into capillary blood collection
tubes pre-treated with EDTA to prevent blood coagulation. A hemogram analysis was
performed with 50 pl of total peripheral blood using the Hemocytometer ProCyte Dx
(IDEXX). PB was then centrifuged at 13,000 rpm for 10°, and the plasma was collected
to measure cytokine level. Plasma volume was replaced with PBS and total blood
leucocytes were subjected to flow cytometry (FACS) and DNA extraction. BM cells
were obtained by perfusing the femora and the tibiae with PBS using a 1-ml syringe.
Part of cells was used for FACS analysis for haematopoietic lineages and donor
engraftment, whereas the remaining sample was lysed and spun down for DNA
extraction and VCN analysis. Spleens were surgically collected and maintained in PBS
supplemented with 2% FBS and smashed on a 40 um nylon filter. Following
centrifugation, cells were collected and washed with PBS, and a fraction was used for

FACS analysis and the remaining sample for DNA and RNA extraction.

5.10.5 Histopathological analysis
A tibia and the spleen were surgically extracted, weighed and fixed in 10% buffered

formalin. For histological examination, samples were embedded in paraffin wax,
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sectioned, mounted on glass slides, and stained with haematoxylin and eosin.
Decalcification will be performed for the tibia. Dr Francesca Sanvito from SR-Tiget

GLP Test Facility performed the analysis of the specimens and provided pictures.

5.11 MSU-induced peritonitis model

Two milligrams of preformed MSU crystals in 200 ul of PBS were injected
intraperitoneally in chimeric mice. A group of mice received intraperitoneally a pre-
treatment of Anakinra (Kineret, SOBI) at the dose of 50 mg/kg 15° before MSU crystal
injection. After 6 hours, mice were humanely euthanised and the peritoneal lavage was
conducted with 5 ml of cold PBS supplemented with 2% of FBS. Peritoneal fluid was
filtered through a 40 um nylon strainer, and cells were collected by centrifugation at
1,500 rpm for 5 at RT. Cells were resuspended in PBS, counted and labelled with anti-
mouse CD45-FITC (cat. #552950, BD Bioscience), anti-mouse CD11b-APC (cat.
#171011283 BioLegend) and anti-mouse Ly6G-PE (cat. #551461 BiolLegend)
antibodies. Neutrophils were identified as CD11b+Ly6G+ cells within the CD45+ cell
population. Absolute numbers were determined by multiplying the percentages of

neutrophils by the numbers of cells in the peritoneal lavage.

5.12 EAE mouse model for MS

The experiments with the EAE model were performed in collaboration with Dr
Muzio (IRCCS San Raffaele Scientific Institute). EAE was induced by immunization
with MOG35-55 (200 pg/mouse; Espikem, Italy) followed by two injections of 500 ng
pertussis toxin the day of immunization and 48 h later. Weight was recorded daily and
clinical score assessed using the following scale according to Rossi et al.,(Rossi et al,
2018): O=healthy, 1=flaccid tail, 2=paresis of hindlimbs, 3=paralysis of hindlimbs
and/or paresis of forelimbs, 4=tetraparalysis, 5S=moribund or dead. The EAE cumulative
score is indicative of EAE severity. It is the average value of the sum of each mouse’
clinical score in a defined time. The maximum score is the highest clinical score

reached in a single mouse group.
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5.13 Flow cytometry analyses

5.13.1 Flow cytometry on mouse cells in chimeric mice

Mouse PB, splenocytes and BM samples were lysed with ammonium-chloride-
potassium (ACK) Lysing Buffer (cat. #07850, STEMCELL Technologies) to remove
the red blood cells. Cells were incubated with FcR blocking reagent for 10’ at RT
(1:100, cat. #553141, BD Biosciences) and labelled with 100 ul of the antibody mix for
30° at RT. The list of antibodies is reported in Table 9. After surface marking, cells
were incubated with propidium iodide (cat. #421301, BioLegend) to stain dead cells.
Absolute cell quantification was performed by adding Flowcount beads (cat. #424902,
BD Bioscience) to PB samples before the staining procedure. The samples were
acquired by a BD Symphony A5 (BD Bioscience) and BD Canto HTS (BD Bioscience)
cytofluorimeters after calibration with Rainbow beads (cat. #RCP-30-5A, Spherotech),
and raw data were collected through DIVA software (BD Biosciences). Data were
subsequently analysed by FlowJo software Version 10.5.3 (BD Biosciences). Absolute
numbers of the various BM haematopoietic populations were determined by multiplying

the percentages for the absolute numbers of cells.

Table 9. List of fluorescent antibodies for mouse haematopoietic cells phenotyping

Antibody Fluorochrome Supplier Cat. Number
anti-mouse CD45.2 PE BD biosciences 560695
anti-mouse CD45.1 BUV395 BD biosciences 565212
anti-mouse CD19 APC-R700 BD biosciences 565473
anti-mouse CD3 BV605 BioLegend 100237
anti-mouse CD4 BUV496 BD biosciences 612952
anti-mouse CD8a Pe-Cy5 BD biosciences 553034
anti-mouse CD11b BUVS563 BD biosciences 741242
anti-mouse Ly6C BUV785 BioLegend 128041
anti-mouse Ly6G BUV737 BD biosciences 741813
anti-mouse CD11C BV650 BD biosciences 564079
anti-mouse NK1.1 BB700 BD biosciences 566502
anti-mouse Terl19 BV711 BD biosciences 740686

anti-mouse c-Kit APC BioLegend 155107
anti-mouse CD150 BV421 BD biosciences 566298

anti-mouse CD48 APC-Cy7 BioLegend 103431
anti-mouse Sca-1 PE-Cy7 BD biosciences 558162

118



Table 10. Mouse haematopoietic populations.

The gating strategies used to identify distinct populations are showed. The surface markers in
bold are specific for its associated populations. Performed in collaboration with Luca Basso-
Ricci (SR-Tiget).

Haematopoietic
Markers
output
Monocytes CD45.1/2+ CD11b+ Ly6G-Ly6C+
Granulocytes CD45.1/2+ CD11b+ Ly6C+Ly6G+
Dendritic Cells CD45.1/2+ CD11b+ Ly6C-Ly6G-CD11c+

CD3 T cells CD45.1/2+ CD11b- CD3+

CD4 T cells CD45.1/2+ CD11b- CD3+ CD4+

CDS8 T cells CD45.1/2+ CD11b- CD3+ CD8+

B cells CD45.1/2+ CD11b- CD3- CD19+
CD45.1/2+CD11b+Ly6C-Ly6G-CD11c- or CDI11b-CD3-CD19-  and
NK cells
NK1.1+
CD45.1/24+CD11b+Ly6C-Ly6G-CD11c- or CDI11b-CD3-CD19-  and
Erythroid cells
Ter119+
HSC CD45.1/2+ LIN- Sca-1+ ¢-Kit+ CD48- CD150+
GMLP CD45.1/2+ LIN- Sca-1+ ¢-Kit+ CD48+ CD150-

MPP CD45.1/2+ LIN- Sca-1+ ¢-Kit+ CD150- CD48-
GMP CD45.1/2+ LIN- Sca-1- c-Kit+ CD48+ CD150-
MEP CD45.1/2+ LIN- Sca-1- ¢-Kit+ CD150+ CD48+
ERY CD45.1/2+ LIN- Sca-1- ¢-Kit+ CD150- CD48-

5.13.2 Flow cytometry analyses on human cells in NSG mice

For the measurement of human haematopoietic output in NSG mice we used a multi-
parametric flow-cytometry assay (Whole Blood Dissection) recently developed in the
laboratory (Basso[JRicci et al, 2017) (Table 11). The various cell subsets identified are
showed in Table 12.

For figure 24 the myeloid compartment included all the CD33+ subsets (iPMN,
PMN, Monocyte, DC and Myeloblast).
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Table 11. List of fluorescent antibodies for WBD phenotyping.
(BassolRicci et al, 2017)

. . Cat.

Antibody Fluorochrome Supplier Number
Mouse anti-human CD3 BV605 BioLegend 317322
Mouse anti-human CD56 PC5 BioLegend 362516
Mouse anti-human CD14 BV510 BioLegend 301842
Mouse anti-human CD33 BB515 BD Biosciences 564588
Mouse anti-human CD41/CD61 PC7 BioLegend 359812
Mouse anti-human CD66b BB515 BD Biosciences 564679
Mouse anti-human CD7 BB700 BD Biosciences 566488
Mouse anti-human CD45 BUV395 BD Biosciences 563792
Mouse anti-human CD38 BUV737 BD Biosciences 612824
Mouse anti-human CD90 APC BD Biosciences 559869
Mouse anti-human CD184 PE BioLegend 306506

(CXCR4)

Mouse anti-human CD11c¢ BV650 BD Biosciences 563404
Mouse anti-human CD10 BV786 BD Biosciences 564960
Mouse anti-human CD34 BV421 BioLegend 343610
Mouse anti-human CD45RA APCH7 BioLegend 304128
Mouse anti-human CD71 BV711 BD Biosciences 563767
Mouse anti-human CD19 APCR700 BD Biosciences 659121
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Table 12. Human haematopoietic populations identified by WBD analysis.
The gating strategies used to identify distinct populations are showed. The surface markers in
bold are specific for its associated populations. Adapted from (BassolRicci et al, 2017).

Haematopoietic

Markers
output
iPMN CD45+ CD33+ CD66b+ SSChigh CD10- and/or CD11c—
PMN CD45+ CD33+ CD66b+ SSChigh CD10+ CD11c+
Monocyte CD45+ CD33+ CD14+
DC CD45+ CD33+ CD14- CD11c+
Myeloblast CD45+ CD33+ CD14— CD11c— CD34—
T cells CD45+ CD33— CD66b— CD3+ CD56—
NKt Cell CD45+ CD33— CD66b— CD3+ CDS56+
NK Cell CD45+ CD33— CD66b— CD3- CD19- CD56+
B cell CD45+ CD33- CD66b— CD3— CD19+ CD10- CD34—
Pre-B cell CD45+ CD33- CD66b— CD3— CD19+ CD10+ CD34-
Pro-B cell CD45+ CD33- CD66b— CD3— CD19+ CD10+ CD34+

CDA45+ CD33+ CD66b— CD3— CD19- CD56— CD34—- CD71- CD41/61-
Pro-lymphocyte

CD7+ or CD10+
Pro-erythroblast CD45+ CD33+ CD66b— CD3—- CD19- CD56— CD34- CD71+
Erythroblast CD45- CD71+
HSC CD45+ CD14- CDl11c- CD3- CD19- CD56—- CD34+ CD38- CD90+
CD45RA-
MPP CD45+ CD14- CDl11c—- CD3- CD19- CD56- CD34+ CD38- CD90-
CD45RA-
MLP CD45+ CD14- CDl11c- CD3- CD19- CD56—- CD34+ CD38- CD90+
CD45RA+
ETP CD45+ CD14- CDl11c— CD3- CD19- CD56— CD34+ CD38+ CD7+
CD45+ CD14- CDl11c—- CD3- CD19- CD56- CD34+ CD38+ CD7-
PreBNK
CD10+
GMP CD45+ CD14- CDI11c—- CD3- CD19- CD56- CD34+ CD38+ CD7-
CD10- CD45RA+
CMP CD45+ CD14- CDl11c—- CD3- CD19- CD56- CD34+ CD38+ CD7-
CD10- CD45RA- CD71- CD41/61-
MEP CD45+ CD14- CDI11c—- CD3- CD19- CD56- CD34+ CD38+ CD7-
CD10- CD45RA- CD71+ CD41/61+
EP CD45+ CD14- CDI11c—- CD3- CD19- CD56- CD34+ CD38+ CD7-
CD10- CD45RA- CD71+ CD41/61-
MKP CD45+ CD14- CDl11c—- CD3- CD19- CD56- CD34+ CD38+ CD7-

CD10- CD45RA- CD71- CD41/61+

5.14 Statistical analysis

Mann-Whitney unpaired test (two-tailed) and paired t-test were used for statistical
analysis. Linear regression was used to demonstrate the direct correlation between two
parameters. Results were analysed using GraphPad Prism 9.0 and presented as median
and interquartile range or mean values + standard deviation. Differences were

considered significant at *, p<0.05; **, p<0.005; ***, p<0.0005.
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