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INTRODUCTION

1. Innate immune system and the inflammatory response

1.1. General introduction

Defense against injury and pathogens are primary mediated by the innate immune
system by inducing an acute inflammatory response triggered by the presence of microbes
or molecules derived from tissue damage (Akira et al., 2006; Beutler et al., 2006). The innate
immune system is composed of several specific cells that recognize pathogens and
molecules associated to damaged tissues by cell-associated receptors and release a
number of signaling proteins called cytokines. Besides these specific cells, three additional
primary innate immune defenses are present in mammals, grouped in (i) mechanical barriers
like skin and epithelial cells joined by tight junctions, movements of cilia or tears; (ii) chemical
barriers like low pH, lysozymes or fatty acids; and (iii) microbiological barriers with the normal
host-related microbiota that competes against microbial pathogens (Murphy & Weaver,
2017; Yeretssian et al., 2008).

After the action of these immediate innate barriers, the induced innate immune
response begins. The induced immune innate defenses are composed of the complement
system and the activation of innate immune cells, lead to the release of cytokines and
chemokines (Brubaker et al., 2015). The release of pro-inflammatory cytokines and
chemokines are responsible of the migration, the recruitment and the activation of more
immune cells to the site of the infection or tissue injury, that will amplify the innate immune

response and will initiate the adaptative immune response (Said-Sadier & Ojcius, 2012).

1.2. Innate immune cells

Innate immune cells are mainly white blood cells that mediate innate immunity and
include mainly cells with phagocytic activity that are able to engulf damaged cells and
microbes to trigger inflammatory responses. The main classes of phagocytic cells are
macrophages and monocytes, granulocytes and dendritic cells, being the macrophages the
major phagocytic population resident in tissues at homeostasis. The second major family of
phagocytes are the granulocytes, also known as polymorphonuclear neutrophilic leucocytes
(PMNs). The third class of phagocytes are the dendritic cells that can be divided into two
main functional types, conventional dendritic cells (cDCs) and plasmacytoid dendritic cells
(pDCs). But there are also another kind of innate immune cells without phagocytic activity
such as Langerhans cells, mast cells, innate lymphoid cells (ILCs), and natural killer cells
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(Murphy & Weaver, 2017; Newton & Dixit, 2012). Next, we will describe the main different

innate immune cells:

Natural killer cells

Natural killer (NK) cells belong to a specific and reduced group of lymphocytes called
ILCs that are considered to be members of innate immune system. NK cells are cytotoxic
cells that induce the cell death of compromised cells first by receptors recognition of
molecules on the surface of infected or malignant cells and after, by the releasing of their
cytotoxic granules, including granzymes and perforins. In order to distinguish between
healthy and infected or damaged cells, NK cells express activating and inhibitory receptors.
The overall balance between these receptors determines whether an NK cell engages and
kills a target cell (Murphy & Weaver, 2017).

The activating receptors on the NK cells are able to detect changes in expression of a
various surface proteins on a target cell. These changes can be induced by cellular stress
signals like metabolic stress or DNA damage. Once NK cell recognizes an infected cell
expressing activating receptors, perforins are released to induce membrane pores in the
target cell and after, granzymes released enter into the cell to induce its death. This
mechanism is dependent on the binding of antibodies to the Fc receptor present in NK cells,
and this known as antibody-dependent cellular cytotoxicity (ADCC) (Ochoa et al., 2017;
Prager et al., 2019). Also, NK cells or cytotoxic T lymphocytes can induce pyroptotic cell
death of gasdermin B (GSDMB)-positive cells. The induction of pyroptosis results from the
cleavage of GSDMB by lymphocyte-derived granzyme A, triggering its pore-forming activity.
Interestingly, interferon (IFN)-y up-regulates GSDMB expression and promotes granzyme A

induced pyroptosis (Zhou et al., 2020).

On the other hand, inhibitory receptors on NK cells identify surface molecules that are
constitutively expressed at high levels by most healthy cells, like major histocompatibility
complex (MHC)-class | molecules. The higher the number of MHC-class | molecules present
in the surface of the cell, the better is the cell protected against NK cells attack. MHC-class
| molecules can be downregulated in cells that are infected by virus or other intracellular
pathogens (Ganesan & Hoglund, 2021; Karre, 2002).

Dendritic cells

The discovery of dendritic cells supposed the Nobel Prize in 2011. After their discovery

several studies have stablished a correlation between DCs and immune responses against
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allografts, pathogens, or cancer cells, as well as in the maintenance of self-tolerance
(Cabeza-Cabrerizo et al., 2021). The main function of these cells is to phagocyte particulate
matter present on the tissues and ingest high amounts of the extracellular fluid and its
contests by micropinocytosis (Swanson & Watts, 1995), and to perform their function DCs
need to be activated mainly by the recognition of pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs) through PRRs (Kratky et al.,
2011). After their activation, DCs process ingested particles in order to generate peptide
antigens to act like antigen-presenting cells (APCs) inducing the adaptive immune response
by activating several kinds of specific lymphocytes such as T cells or B cells by cell-cell
interactions (Cabeza-Cabrerizo et al., 2021; Pasqual et al., 2018). DCs have also an
important role as regulators of the innate immune system, due to their ability for example to
induce NK cell cytotoxicity and proliferation by a combination of cell-cell interactions and the

release of soluble cytokines (Viaud et al., 2009).

Normally, immature DC migrate through the bloodstream from the bone-marrow to the
tissues, but immature dendritic cells are not the unique cells that can differentiate to mature
DCs. Human monocytes cultured in vitro with granulocyte-macrophage colony-stimulating
factor (GM-CSF) and IL-4 can give rise to DC-like cells and also mouse monocytes can

result in DC-like cells during inflammation in vivo (Randolph et al., 1998).

Granulocytes

Granulocytes cells include basophils, eosinophils and neutrophils, being the
neutrophils the cells with the greatest phagocytic activity, more abundant and the cells most
immediately involved in innate immunity. Granulocytes are characterized by densely stained
granules that can be released to the extracellular space upon stimulation, and these
granules contain both molecules to kill microorganisms and soluble mediators such as
cytokines. Their maturation occurs in the bone-marrow and they are released fully
differentiated into the bloodstream during their short life (Farahi et al., 2012; Pillay et al.,
2010). Granulocytes migrate from the circulation into the tissues in response to
chemoattractants, and become fully active after stimulation by cytokines and/or molecules
derived from pathogens or damaged cells (Mantovani et al., 2011). Under physiological
conditions granulocytes die by both intrinsic or extrinsic apoptosis. Intrinsic apoptosis occurs
in the absence of pro-survival factors and by activation of caspase-8 (Conus et al., 2008),
and extrinsic apoptosis by the cross-linking of death receptors such as Fas ligation (Simon,
2009). Apoptotic granulocytes are cleared by phagocytosis from macrophages, but also

apoptotic granulocytes that are not cleared by macrophages at the right time undergo
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secondary necrosis and can trigger inflammatory responses. Under pathological conditions
granulocytes may undergo secondary necrosis due to the exposure to bacterial or other

toxins (Geering et al., 2013).

Basophils and eosinophils are less abundant compared with neutrophils, but they can
also induce inflammatory responses through the release of their granules. Basophils and
eosinophils are important mainly in the defense against parasites that are too big to be
engulfed by macrophages or neutrophils (Murphy & Weaver, 2017). Eosinophils are effector
cells implicated in the protection against helminth infections and, after activation eosinophils
degranulates and release pro-inflammatory mediators and toxic proteins which might cause
tissue damage, but also commit the viability of helminths (Kobayashi et al., 2010). Basophils

can also contribute to the Th2 response through the production of IL-4 (Nadif et al., 2013).

Neutrophils are the most abundant granulocytes and have a main role in the innate
immune response against infection. They differentiate in the bone-marrow and migrate to
the site of inflammation through the blood. Neutrophils recruitment on injured or infected
sites is triggered by the secretion of chemokines by activated tissue-resident macrophages.
In response to these chemokines, permeability of local blood vessels increases and there is
also an induction of the expression of adhesion molecules, such as L-selectin, in the cell
surface of endothelial cells, which help neutrophils to extravasate from the circulation
(Kolaczkowska & Kubes, 2013). Once they extravasate, neutrophils participate in the
resolution of infections or tissue injury by three main mechanisms: phagocytosis,
degranulation and NETosis. The phagocytosis is the main function of the neutrophils and is
used to engulf and destroy microorganisms in intracellular vesicles using degradative
enzymes and other antimicrobial molecules stored in their cytoplasmic granules.
Degranulation is the secretion of the cytoplasmic granules into the extracellular space to kill
pathogens, and the main enzymes that are present in the neutrophil granules are

myeloperoxidase and neutrophil elastase (Kolaczkowska & Kubes, 2013). NETosis is the

release of neutrophil extracellular traps (NETs) to trap and neutralize pathogens (Figure

mError! No se encuentra el origen de la referencia.). NETs are composed by decondensed
chromatin that forms web-like DNA structures coated with nuclear proteins, granule proteins,
and cytosolic proteins (Chapman et al., 2019; Petretto et al., 2019). NETosis initiation
requires neutrophil activation as resting neutrophils in non-inflammatory conditions do not
undergo NETosis (Yipp et al., 2012). In addition, NETosis can be also induced by the
presence of cytosolic bacterial lipopolysaccharide (LPS). LPS can activate non-canonical

inflammasome activation through its recognition by caspase-11, triggering gasdermin-D
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(GSDMD) dependent neutrophil death. GSDMD-dependent death, induces neutrophils to
extrude antimicrobial NETs. In addition, caspase-11 and GSDMD are required both for
neutrophil plasma membrane rupture during the final stage of NET extrusion, and also for
early features of NETosis, including nuclear delobulation and DNA expansion (Chen et al.,
2018). Between the receptors that are involved into activation of neutrophils, ligands of G-
protein-coupled receptors (GPCRs) (Gupta et al., 2014), tumor necrosis factor (TNF)

receptors (Keshari et al., 2012), and Fc receptors (Rossaint et al., 2014) can be found.

Neutrophil

nt
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Figure 1. Diagram of cellular events and molecular regulators involved in NETosis. Neutrophil
activation leads to plasma membrane rupture and NET formation and release. Adapted from: (Thiam
et al., 2020).

After performing their function, neutrophils die by caspase-dependent apoptosis and
apoptotic neutrophils are cleared by macrophage phagocytosis, switching the phenotype of
the macrophages from pro-inflammatory phenotype to anti-inflammatory phenotype (Rowe
et al., 2002).

Monocytes and macrophages

Monocytes are the main population of myeloid cells that circulates in the blood, but are

also present in the bone-marrow and the spleen. Monocytes can be subdivided, according
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to the expression of CD14 and CD16 present on their surface, into three groups that are:
classical (CD14**CD16"), intermediate (CD14**CD16*), and non-classical (CD14*CD16**)
monocytes (Hijdra et al., 2013). Monocytes are immune effector cells equipped with
chemokine receptors and PRRs and migrate from blood to tissues during inflammation, but
also during non-inflammatory conditions to patrol homeostasis of the tissues. During tissue
damage, classical monocytes migrate to the injured or infected site to produce cytokines,
phagocytose microbes and damaged cells, and after they are able to present antigens
through MHC-class Il from phagocytosed pathogens to lymphocytes. However, there is
controversy regarding the function of non-classical monocytes, is not clear if these cells have
an anti-inflammatory or a pro-inflammatory role (Chiu & Bharat, 2016). After extravasation,

they differentiate to DCs and macrophages (Serbina et al., 2008; Zaslona et al., 2009).

Tissue-resident macrophages are resident phagocytic cells in lymphoid and non-lymphoid
tissues, such as heart, skin, bone, lung, liver, connective tissue, or peritoneum, that have an
embryonic origin (Epelman et al., 2014). They are involved in maintaining steady-state tissue
homeostasis via the clearance of apoptotic cells, and the production of growth factors.
Macrophages possess a broad range of PRRs that make them efficient into the recognition
and killing of invading pathogens as well as the recognition of DAMPs (Gordon, 2002).
Moreover, macrophages also initiate inflammatory responses by maturation and release of
pro-inflammatory cytokines (Shapouri-Moghaddam et al., 2018). Also, they represent
around 10 and 15% of the total cell number of quiescent cells, and this number can increase
considerably in response to inflammatory stimuli (Italiani & Boraschi, 2014). Two mainly
subsets of macrophages can be found regarding its activation, classical activated
macrophages or pro-inflammatory macrophages (M1 macrophages) and alternatively
activated macrophages or anti-inflammatory macrophages (M2 macrophages), although
nowadays is well recognized that a continuum state of macrophages exists from M1 to M2.
Exposure of macrophages to IFN-y, TNF and/or bacterial PAMPs, such as LPS promotes
M1 development, whereas exposure to IL-4 and/or IL-13 polarizes macrophages to M2

macrophages (Biswas & Mantovani, 2010; Gundra et al., 2014) (Figure 2jError! No se

encuentra el origen de la referencia.).
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Figure 2. Diagram of macrophage M1 and M2 polarization. In presence of IFN-y, TNF, LPS or
GM-CSF macrophages are polarized to M1 macrophages that induce pro-inflammatory responses,
but in presence of IL-4 and/or IL-13 naive macrophages are polarized to M2 macrophages that
induce anti-inflammatory responses. Adapted from: (Arango Duque & Descoteaux, 2014).

M1 macrophages mediate host response against tissue damage and infection after
pathogen recognition and their function includes antigen presentation via MHC-class I,
initiate the inflammation and recruit other immune cells like granulocytes to the injured or
infected site (Chiu & Bharat, 2016). After being activated, M1 macrophages secrete different
kinds of pro-inflammatory cytokines being the interleukin (IL)-6, TNF-a, IL-1 and IL-18 the
more studied, and also chemokines such as C-X-C motif chemokine ligand (CXCL)-10,
chemokine ligand (CCL)-13, CCL-14 or CCL-24 (Martinez et al., 2009).

M2 macrophages mediate anti-inflammatory functions and promote resolution of
inflammation. In contrast with M1 macrophages, M2 macrophages release anti-inflammatory
cytokines such as IL-10, IL-1 receptor antagonist (IL-1Ra) or tumor growth factor (TGF)-f3,

and chemokines such as CXCL-1 or IL-8 (Arango Duque & Descoteaux, 2014).

1.3. Pattern recognition receptors

Germline-encoded PRRs are specific receptors of the innate immune system that are
responsible for sensing the presence of microorganisms, by sensing PAMPs or endogenous
molecules released from damaged cells, called DAMPs. The sensing of this PAMPs and
DAMPs by PRRs leads to an upregulation of genes involved in the inflammatory responss
such as pro-inflammatory cytokines, type | interferons, chemokines and antimicrobial
proteins, as well as proteins involved in the modulation of PRR signaling (Takeuchi & Akira,
2010).

Four different families of PRRs have been identified, including transmembrane

receptors as Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), and also
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cytoplasmic receptors as Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and

nucleotide binding oligomerization domain (NOD)-like receptors (NLRs).

TLR receptors

The TLR family is one of the best characterized PRR families with ten members
identified in humans and twelve in mice. TLRs are composed by three domains, the N-
terminal leucine-rich repeats (LRRs), a central transmembrane region, and a cytoplasmatic
C-terminal Toll/IL-1R homology (TIR) domain. TLRs are expressed in a wide variety of cells
including innate immune cells such as macrophages and dendritic cells, adaptive immune
cells as B cells or some T cells, and also in non-immune cells such as fibroblasts or epithelial
cells. TLRs can be located both in the plasma membrane and in endolysosome membrane,
being TLR1, TLR2, TLR4, TLR5, TLR6 and TRL11 in the plasma membrane, and TLRS3,
TLR7, TLR8, TLR9 and TRL10 in the endolysosome membrane.

TLR2 is able to sense components from bacteria, mycoplasma, fungi, and viruses.
TLR2 forms a heterodimer with TLR1 or TLR6 to recognize its ligands by forming M-shaped
structures that are able to interact with the ligands in its internal pockets (Jin et al., 2007).
The activation of TLR2 by its ligands lead to the production of pro-inflammatory cytokines in
macrophages or dendritic cells in response to bacterial ligands, and to type | IFNs in

response to viral infection (Barbalat et al., 2009).

TLR4 can be activated by a wide variety of ligands. Some DAMPs has been described
to activate TLR4, such as heat shock protein (HSP)60 or HSP70 (Asea et al., 2002; Vabulas
et al., 2001), heparan sulfate (Brennan et al., 2012), or fibrinogen (Motojima et al., 2010).
Furthermore, different PAMPs are also described to activate TLR4, such as mannan (Tada
et al., 2002), or flavolipin (Gomi et al., 2002). In addition, TLR4 can also be activated after
viral infections, by recognition of viral envelope proteins or DAMPs related with viral
infections, as shown for HSN1 avian influenza virus (Imai et al., 2008). However, between
all the ligands described to activate this receptor, TLR4 mainly recognize LPS from the outer
membrane of Gram-negative bacteria. To recognize LPS, TLR4 forms a heterodimer with
myeloid differentiation factor-2 (MD-2) and LPS to induce the formation of an m-shaped
receptor homodimer composed of two TLR4/MD-2/LPS complexes that interact

symmetrically (Park et al., 2009).

Some TLRs including TLR3, TLR7, TLR8 and TLR9 are able to recognize nucleic acids
derived from viruses and bacteria, as well as endogenous nucleic acids in pathogenic
conditions (Akira et al., 2006).
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There are two different pathways that can be triggered by TLRs, the MyD88-dependent
signaling pathway and the TRIF-dependent signaling pathway. MyD88 is composed of a
death domain (DD) in addition to a TIR domain, and is essential for the downstream signaling
of the major part of the TLRs. TIR domain-containing adaptor inducing IFN-B (TRIF) is also
included in the same family of MyD88. Almost every TLR is able to induce MyD88 dependent
pathway, being TLR3 the only TLR that induce only TRIF-dependent pathway (Vidya et al.,
2018). Interestingly, TLR4 is able to induce both MyD88 or TRIF-dependent signaling
pathways. TLR4 requires TIR adaptor protein (TIRAP) for binding to MyD88; and TRIF-
related adaptor molecule (TRAM) to bind to TRIF. After activation of MyD88, the pathway
involving proteins such as IL-1R-associated kinase (IRAK)-4 and TNFR-associated factor
(TRAF) 6, induces the translocation of NF-kB into the nucleus and activates the expression
of pro-inflammatory cytokines (Kawagoe et al., 2008). Also, the activation of TRIF triggers
the activation of TRAFG, but in this case, to activate IFN-regulatory factor (IRF) 3. IRF3 once

phosphorylated translocate to the nucleus resulting in an induction of type | IFNs and

expression of IFN-inducible genes (Tenoever et al., 2007) (Figure 3).

TLR4

MyD88  TIRAF.

@ IKK+
Ub (K63 type) TBK1
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’ Ub (K48 type) IRF-3£>
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NF-xB
AP-1 NF-xB
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Proinflammatory IFN-§ and IFN-
cytokines inducible genes

Figure 3. Activation of MyD88 or TRIF-dependent pathway by TLR4. TLR4 is able to activate
MyD88-dependent pathway leading to NF-kB translocation into the nucleus and inducing pro-
inflammatory cytokines expression, and also, to activate TRIF-dependent pathway leading to IRF-3
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translocation into the nucleus and inducing IFN-B and IFN-inducible genes expression. Adapted
from: (Akira et al., 2006).

TLRs activation triggers the translocation of the nuclear factor kappa B (NF-kB) into
the cell nucleus after its activation. NF-kB activation can be induced by canonical and non-
canonical pathways. Canonical activation of NF-kB is normally produced in response to
TNF-a and IL-1 signaling, and is also known as NF-kB essential modulator (NEMO)-
dependent pathway. This pathway is mediated by kinase complexes that contain NEMO
protein (also known as IkB kinase (IKK)y), IKKa and IKKRB. All these three kinases are
members of the mitogen-activated protein kinases (MAPKs) family, and are activated by the
phosphorylation of serines in the activation T-loop (Adhikari et al., 2007; Cheong et al., 2006;
Iwai, 2012). Once activated, the complex binds to and phosphorylates IkB proteins that acts
as inhibitors of NF-kB. Phosphorylation of these proteins leads to their ubiquitination and
proteasomal degradation, triggering the release of NF-kB dimers associated with them and
allowing it to translocate to the nucleus (Hoffmann et al., 2002). On the other site, non-
canonical activation of NF-kB is not dependent on NEMO, but is dependent on NF-kB
inducing kinase (NIK) and IKKa proteins. Once activated, NIK complex is able to
phosphorylate and activate IKKa, leading to phosphorylation of p100 protein and activation
of NF-kB (Ling et al., 1998; Sun, 2017). After its activation and translocation to the nucleus,
NF-kB increases the expression of hundreds of biologically important genes that regulate
cell function, cell death and survival, and proliferation. In concrete and interestingly for this
Thesis, NF-kB is able to increase the expression of other PRRs like Nirp3 (Bauernfeind et
al., 2009), in addition to the expression of pro-inflammatory cytokines such as Tnfa (Shakhov
et al., 1990), //6 (Libermann & Baltimore, 1990), and //1b (Hiscott et al., 1993), among many
others.

CLR receptors

CLRs comprise a transmembrane receptor family characterized by the presence of
one or more domains that are homologous to carbohydrate recognition domains but do not
always bind carbohydrate structures (Zelensky & Gready, 2005). CLRs can be divided into
two groups: group | CLRs belong to the mannose receptor family and group |l CLRs belong
to the asialoglycoprotein receptor family. CLRs through recognition of carbohydrates on
microorganisms like bacteria, virus and fungi, are able to stimulate the production of pro-
inflammatory cytokines or inhibit TLR-mediated immune complexes (Geijtenbeek &

Gringhuis, 2009). As an example, the macrophage C-type lectin MINCLE is able to sense
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infection by fungi such as Malassezia and Candida, and also to detect an endogenous
protein, spliceosome-associated protein 130 (SAP130), which is present in necrotic host
cells (Yamasaki et al., 2008).

RLR receptors

RLR family is composed of RIG-I, melanoma differentiation-associated gene 5
(MDAS), and RIG-I-like receptor 3 (RLR-3) (Yoneyama & Fuijita, 2008). RLRs are composed
of two N-terminal caspase activation and recruitment domains (CARD), a central Asp-Glu-
Ala-Asp (DEAD) box helicase/ATPase domain, and a C-terminal regulatory domain. RLRs
have a cytoplasmic localization and are able to recognize the genomic RNA of dsRNA
viruses and dsRNA formation during ssRNA virus replication. In this sense, mouse
fibroblasts lacking RIG-I are not able to produce type | IFNs or inflammatory cytokines in
response to different RNA viruses (Kato et al., 2006). The CARDs of RLRs are able to trigger
signaling cascades by direct interaction with the N-terminal CARD-containing adaptor IFN-
B-promoter stimulator 1 (IPS-1). After, IPS-1 activates TRAF3 and the TNFR-associated
death domain protein (TRADD) to induce IFN-inducible genes expression through the same
downstream signaling molecules than TRIF-dependent signaling pathway (Koyama et al.,
2008).

NLR receptors

The NLR family consists of sensors that recognize cytoplasmic pathogens, PAMPs
and DAMPs, and are mainly composed by a LRR domain, a central nucleotide-binding and
oligomerization domain (NBD) and a N-terminal domain that differs between four different
NLR subfamilies (Inohara et al., 2005). If a pyrin (PYD) domain is present in the N-terminal
of the protein the family is called NLRP and includes 14 members (NLRP1-14) (Bertin &
DiStefano, 2000). When a CARD domain is present the family is called NLRC and is
composed by five members (NOD1, NOD2, NLRC3-5) (Tschopp et al., 2003). Also, if a
baculovirus inhibitor of apoptosis repeat (BIR) domain is present on the N-terminal of the
protein the family is called NLRB or NLR family apoptosis inhibitory protein (NAIP). In other
NLRs, between the CARD and the NBD domain an acidic activation domain is present and
is known as MHC-class Il transactivator (CIITA) complex, and is present in NLRA subfamily
(Said-Sadier & Oijcius, 2012). Finally, the receptors which N-terminal domain has no
homology to other NLR subfamily members, are included in the NLRX subfamily (Ting et al.,
2008).
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The NLRs family is comprised of 22 genes in humans and 33 genes in mice (Reed et
al., 2003). NLRs could signal via two different pathways, forming complexes called NOD-
signalosomes (NOD-1/2) or inflammasomes (NLRP1/2/3/6/10/12 and NLRC4) (Martinon et
al., 2009).

The NOD-signalosomes are associated with the receptor interacting protein (RIP) 2
and TGF-B-activated kinase 1 (TAK1) to activate NF-kB and MAPKSs such as extracellular
signal regulated kinase (ERK)1/2, p38 and c-Jun N-terminal kinase (JNK) inducing the
expression of several pro-inflammatory genes (Said-Sadier & Ojcius, 2012). The activation
of one pathway or other, depends on the accessory proteins attached to the NOD-
signalosomes. NOD receptors are able to bind to the pro-apoptotic BH3-only BCL2 family
member BID to activate NF-kB and ERK1/2, or to CARD9 to activate JNK and p38
(Yeretssian et al., 2011).

The inflammasomes are mostly formed in innate immune cells and their formation can
be modulated by DAMPs, PAMPs or cytokines, however, immune cells are not the only type
of cells that present inflammasomes. Also, non-immune cells could form NLR-related
inflammasomes and they can modulate the immune response to specific characteristics of
the tissue, this is the case for example of hepatocytes and the activation of stellate cells
during hepatic fibrosis (Gaul et al., 2021) or keratinocytes in the development of psoriasis
(Zhang et al., 2018). The major part of the NLRs act as pro-inflammatory molecules, but
there are some NLRs that repress the inflammatory response. NLRP10 present important
anti-inflammatory effects in murine cutaneous leishmaniasis (Clay et al., 2017), and NLRP11

represses NF-kB and type | interferon responses (Ellwanger et al., 2018).

1.4. Cytokines

The production and release of cytokines from innate immune cells is a key response
initiating inflammation in response to infection and tissue injury in the body. In response to
DAMPs or PAMPs, innate immune cells release high amounts of cytokines to communicate
with other cells and thereby to induce an immune response. The main cytokines secreted
by innate immune cells includes IFN-y, TNF-q, IL-6, IL-12, G-CSF, GM-CSF, IL-10, TGF-j3,
IL-4, IL-12, CCL-4, and the interlukin-1 family of cytokines (extensively explained in chapter

1.5.). The most important cytokines for this Thesis will be next described.
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TNF-a

TNF-a is a pleiotropic pro-inflammatory cytokine produced by immune cells during
inflammation that belongs to the TNF superfamily of cytokines, being the most studied and
the main representative member of this family. TNF-a can be found in two different forms,
as a 26 kDa transmembrane protein or as a 17 kDa soluble factor released from the
membrane by the action of a metallo-protease called TNF-alpha converting enzyme (TACE)
(Blobel, 1997; Idriss & Naismith, 2000). TNF-a is secreted by macrophages, monocytes,
NK-cells and neutrophils after their stimulation with bacterial LPS and other TLR ligands that
induces a strong Tnfa gene expression (Diya et al., 2008; Hirono et al., 2000). TNF-a is
known to affect the physiological function, growth, differentiation and survival of different
cells, including non-immune cells by signaling towards different TNF receptors (Beutler &
Cerami, 1989), therefore TNF-a is important for non-immune-related processes such as
metabolism and reproduction (Chen et al., 2009; Romanowska-Prochnicka et al., 2021).
TNF-a signaling is also important in diseases such as cancer, autoinflammation and obesity-
related insulin resistance (Balkwill, 2006; Borst, 2004; Fragoso et al., 2014). So, several
strategies to block TNF-a are used to treat different chronic inflammatory diseases such as
rheumatoid arthritis, Chron’s disease, ulcerative colitis, or psoriasis (Monaco et al., 2015).
A recombinant monoclonal antibody against TNF-a, called Infliximab, has been developed
to block TNF-a signaling and is actually approved therapy to treat different autoimmune
diseases (Lipsky et al., 2000; Rutgeerts et al., 2005; Taylor et al., 2000). Infliximab has been
also recently tested in a clinical trial to treat COVID-19 patients (Fisher et al., 2022).

IL-6

IL-6 is a pleiotropic pro-inflammatory cytokine produced mainly by macrophages
involved in inflammation, immune responses and hematopoiesis. IL-6 is a of 21-26 kDa
cytokine which biological function is initiated by its direct binding to the IL-6 receptor (IL-6R)
that is expressed in different cells. IL-6 is produced linked with a signal peptide, and once
the signal peptide is removed, the remaining protein translocate to the lumen of the
endoplasmic reticulum. IL-6 is able to bind to the both forms of IL-6R, transmembrane or
soluble. Transmembrane IL-6R is expressed mainly in leukocytes and hepatocytes, and
soluble IL-6R is present in the serum. After IL-6 binding to the membrane IL-6R, this complex
then recruits gp130 forming a hexamer with two molecules of each protein (Boulanger et al.,
2003; Murakami et al., 1993). Similar to TNF-a, IL-6 gene expression and release is also
induced by different PAMPs and DAMPs through their recognition by TLRs, triggering the

activation of NF-kB (DeForge & Remick, 1991; Hirano et al., 2017). In addition to immune
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cells, also non-immune cells like mesenchymal cells, endothelial cells, or fibroblasts are
involved in the production of IL-6 in response to different stimuli (Akira et al., 1993). IL-6
could be synthesized in response to PAMPs and DAMPs via activation of NF-kB, in the initial
stage of inflammation being constitutively released after this activation (Conti et al., 2020).
IL-6 signals in the liver to induce the production of acute phase proteins (APP) synthesis
such as C-reactive protein (CRP), serum amyloid A (SAA), or fibrinogen (Heinrich et al.,
1990). When IL-6 reaches the bone-marrow promotes the release of platelets by inducing
megakaryocyte maturation (Ishibashi et al., 1989). IL-6 concentration has been found
increased in plasma of patients with different diseases and has been proposed as a
biomarker for sepsis and also for some chronic inflammatory diseases such as rheumatoid
arthritis (Jekarl et al., 2013; Rincon, 2012). Blocking IL-6 has been shown benéeficial to treat
several inflammatory diseases such as rheumatoid arthritis, juvenile idiopathic arthritis,
systemic sclerosis or myocardial infarction (Tanaka et al., 2018). A recombinant monoclonal
antibody that binds IL-6, called Tocilizumab, and impairs signaling via IL-6R has been
developed as a therapy for different inflammatory diseases (Emery et al., 2019; Sheppard
etal., 2017). Tocilizumab has been recently tested in clinical trials to treat COVID-19 patients
(Group, 2021; Salama et al., 2021).

TGF-B

TGF-B is a family of cytokines that include three members: TGF-B1, TGF-32 and TGF-
B3. All of them are synthetized as a precursor that includes a signal peptide to direct TGF-3
to the endoplasmic reticulum, a N-terminal region called latency-associated peptide (LAP),
and a C-terminal region which is the active mature form of the cytokine (Gleizes et al., 1997).
Once the signal peptide is removed, the remaining protein translocate to the lumen of the
endoplasmic reticulum, where is packaged as a dimer and cleaved by the endoprotease
furin. Furin can also cleave TGF-f in the extracellular space once the unprocessed form of
the cytokine is secreted to produce the active form of the cytokine (Munger et al., 1997). In
addition, TLR4 activation can enhance the TGF-B signaling through MyD88-dependent
pathway, providing a link between pro-inflammatory and pro-fibrogenic signals (Seki et al.,
2007). Once secreted, TGF-( triggers signaling in cells by direct binding to the TGF-
receptor complex composed by two type | TGF- receptors (TGF-BRI) and two type Il TGF-
B receptors (TGF-BRII) (Kang et al., 2009). The main cell type activated by TGF- are T
cells, being an important regulator of T cell proliferation (Kehrl et al., 1986). Reduced TGF-
B signaling in T cells results in an enhanced clonal expansion of CD8* T cells (Sanjabi et al.,

2009), and also enhanced CD8" T cell apoptosis is related to TGF-f signaling (Cerwenka et

Pagina 38290



INTRODUCTION

al., 1996). In addition, TGF-B is able to promote the survival of naive CD4* T cells and the
lack of TGF-B signaling results in dramatically decrease of CD4* T cells associated with
more T cell death (Li et al., 2006). Finally, TGF-B is able to promote the homing of Tregs in
the large intestine (Kim et al., 2013). So, depending on the context, TGF-$ can enhance or

inhibit T cell proliferation, survival and accumulation in different tissues. TGF-B is also a

factor strongly inducing tissue regeneration, which will be explained in detail in section|3.2.3

1.5. The interleukin-1 family of cytokines

The IL-1 family is composed of 11 members of the IL-1 family of cytokines that can be
divided into 3 subfamilies according to the IL-1 consensus sequence and the primary ligand
binding receptor. These subfamilies include pro-inflammatory cytokines (IL-1a, IL-18, IL-18,
IL-33, IL-36a, IL-3683, and IL-36y), receptor antagonists (IL-1Ra, IL-36Ra, and IL-38), and
anti-inflammatory cytokines (IL-37). Also, IL-18BP, that do not belong to this family, has anti-
inflammatory effects blocking IL-18. Some IL-1 family members (such as IL-1q, IL-13, IL-18
or IL-36) are not released constitutively after translation and they are initially formed as
inactive precursors that need to be cleavage in the cytosol to form their active forms that are
then released from the cell by unconventional protein release mechanisms. However,
another members can be released as a precursor and processed extracellularly (such as IL-
33) (Dinarello, 2018). The cleavage site to be processed is normally localized 9 amino acids
before the conserved consensus sequence A-X-D (A: any aliphatic amino acid; X: any amino
acid; D: aspartic acid), which is present in almost all IL-1 family members (excepting IL-1Ra)
(Towne et al., 2011). In some IL-1 members (such as IL-1B or IL-18), the aspartic acid is
located in a consensus sequence for caspase cleavage, being caspase-1 the most active
caspase cleavage the inactive precursors of these cytokines. The 10 members of the IL-1
receptors (ILRs) family are composed of a TIR cytosolic domain, as TLRs, a central
transmembrane domain and an extracellular immunoglobulin (Ig)-like domains (Garlanda,
Dinarello, et al., 2013), responsible of different ligand binding. After binding of the IL-1
cytokine to their receptors, ILRs forms dimers through their TIR domains, inducing the
recruitment of MyD88, and the activation of the MyD88 dependent pathway. The signal leads
to the activation of several transcription factors, such as NF-kB, activator protein-1 (AP-1),
JNK, p38 and other MAPKs, ERKs, and members of the IRF, triggering inflammatory and

immune responses (Dinarello, 2009).

There are 10 members of the IL-1 family of receptors. The most important receptors

studied in this Thesis will be explained in more detail. IL-1R1 binds to IL-1a, IL-13 and IL-
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1Ra. In addition, the IL-1 receptor accessory protein (IL-1RAcP) serves as a co-receptor
that is required for signal transduction of IL-1/IL-1R1 complexes, and this co-receptor is also
necessary for activation of IL-1R1 by other IL-1 family members, such as IL-18 and IL-33
(Wesche et al., 1997). After forming the trimeric complex (IL-1R — IL-1RAcP - IL-1a/B), TIR
domains of each receptor chain are close enough to facilitate MyD88 binding, leading to
activation of NF-kB (Dinarello, 2018). In some situations, IL-R3 can be found as a soluble
receptor form. Soluble IL-1R3 can bind to extracellular IL-1R2. IL-1R2 is a decoy receptor
for IL-1B and the formation of a complex with IL-1R3 induce the sequestration of IL-13 and
neutralization of its function (Colotta et al., 1993). In addition, intracellular IL-1R2 binds to
IL-1a precursor and prevents its release and subsequent processing by calpain. Finally, IL-
18 is recognized by IL-18Ra and the co-receptor IL-18R[B to form a ternary complex.
Similarly to IL-1/IL-1R signaling, IL-18 induce activation of NF-kB, but inducing mainly the
production of IFN-y (Rex et al., 2020). There are some other receptors like IL-1R4 that is the
ligand binding receptor for IL-33, or IL-1R6 that binds IL-36q, IL-368, or IL-36y, but also IL-
38 (Gow et al., 2011). However, the IL-1 family of receptors also contains anti-inflammatory
receptors, which are IL-1R8, IL-1R9, and IL-1R10 (Garlanda, Riva, et al., 2013).

IL-1a

IL-1a is considered a cytokine with a “dual-function”. The first function of IL-1a is to
bind to DNA due to a nuclear localization sequence in the precursor region of the cytokine
which allows it to localize in the nucleus, acting as a transcription factor and to increasing
gene expression of chemokines like IL-8 (Werman et al., 2004). The second function is to
be released from the cell and bind to the IL-1R1 and initiate pro-inflammatory signal
transduction. So, when the cell is exposed to pro-apoptotic signal, IL-1a migrates from the
cytosol to the nucleus, binding harder to chromatin and failing to induce inflammation.
Whereas, when the cell is exposed to necrotic signal, IL-1a leaves the nucleus and migrates
to the cytosol to be released as a DAMP, and induces a potent inflammatory response after
binding to the IL-1R1 (Cohen et al., 2010; Di Paolo & Shayakhmetov, 2016). As IL-1a is
constitutively expressed in epithelial and mesenchymal cell types, after necrosis cell death,
it stimulates the production of chemokines resulting in the infiltration of neutrophils first and

monocytes after in ischemic tissues exposed to hypoxic conditions (Rider et al., 2011).

In innate immune cells, IL-1a expression is highly induced by NF-kB as a precursor,
and although it can be processed by calpain, the precursor is biologically active as it binds
and activates IL-1R1 (Kaplanski et al., 1994). Therefore, IL-1a is very important in

inflammation and a reduced inflammatory response has been found in models in which IL-
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1a is not released (Kamari et al., 2007). IL-1a is also critical for several IFN-y-induced
activities, as these activities depend largely on the basal level of NF-kB, which is maintained
by constitutively expressed IL-1a (Hurgin et al.,, 2007). The precursor of IL-1a can be
processed at amino acid serine 113 (Lomedico et al., 1984) by two different enzymes that
are the calcium neutral protease (Kobayashi et al., 1990), calpain calcium-dependent
protease (Kavita & Mizel, 1995), being copper also required (Mandinova et al., 2003). The
precursor or processed IL-1a could be released by necrotic cell death, including the
gasdermins-dependent regulated necrosis called pyroptosis, later described in the

introduction of this Thesis (Aizawa et al., 2020).

IL-18

Transcription of IL-18 mMRNA has been described for nearly all microbial products via
TLR signaling, but also IL-1 itself (IL-1a/B) is able to induce IL-18 mRNA both in rabbits in
vivo and in human mononuclear cells in vitro (Dinarello et al., 1987). Interestingly, a longer
half-time life of IL-18 mRNA and a higher induction of its mMRNA levels has been shown with

IL-1 itself (IL-1a/B) as a stimuli, compared with microbial stimulants (Schindler et al., 1990).

IL-18 is translated into an inactive precursor form (pro-IL-18) and is accumulated into
the cytosol of immune cells until being processed by the activation of caspase-1. However,
IL-18 can be also processed by other proteases such as cathepsin D (Mizushina et al.,
2019). After pro-IL-1 cleavage, mature IL-1[ is formed and secreted outside the cell. Three
main mechanisms are described for IL-13 secretion. (1) LPS treatment of macrophages
induces the recruitment of IL-1B to autophagosomes. In this way, when autophagy is
activated, the sequestered IL-1B is degraded, but, when autophagy is inhibited, this
sequestered IL-1B is secreted. Therefore, a portion of cellular IL-1( targeted for degradation
can be released to the extracellular milieu (Harris et al., 2011). (2) Cellular IL-1B can get out
of the cell by the shedding of microvesicles from the plasma membrane. P2X7 activation by
extracellular ATP induces rapid microvesicles shedding and, subsequently, the release of
their contents, providing a mechanism for IL-1f release (MacKenzie et al., 2001; Pizzirani
et al., 2007). (3) The main pathway inducing the release of processed IL-1(3 outside the cell

is mediated by the activation of caspase-1, the action of gasdermins and the necrotic cell

death induced (later explained in the Thesis in section|2.2) (He et al., 2015; Liu et al., 2016;
Zhou & Abbott, 2021). Once released, processed form of IL-13 can bind to IL-1R1 as

described above, inducing the MyD-88 dependent pathway to activate NF-kB and induce a

strong pro-inflammatory response by inducing expression of pro-inflammatory genes
(Weber et al., 2010).
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IL-18

IL-18 is a cytokine synthesized as an inactive precursor (pro-IL-18) and remains in the
cytoplasm of the cells until its activation. IL-18 is cleaved by caspase-1 to produce its active
mature form, and caspase-1 deficiency prevents processing of IL-18 in disease (Siegmund
et al., 2001). Also, the precursor of IL-18 can be released outside the cell and processed
extracellularly by neutrophil proteases like proteinase-3 (Sugawara et al., 2001). Once
outside the cell, mature IL-18 can bind to IL-1R5 with low affinity or to IL-1R7 with high
affinity forming a heterodimer and inducing the MyD88-dependent pathway to activate NF-
KB and induce expression of pro-inflammatory genes (Weber et al., 2010). Despite that,
there are several unique and specific differences between IL-18 and IL-1p3, for example IL-
18 has a constitutive expression and IL-1f3 expression has to be induced by for example NF-
kB activation (Kolinska et al., 2008). Also, IL-18 activation requires high nanogram/ml or
higher levels whilst for IL-1 activation low nanogram/ml or picogram/ml range is required
(Lee et al., 2004). In presence of IL-12 or IL-15, IL-18 is able to induce IFN-y (Kannan et al.,
2011), but without them, IL-18 presents pro-inflammatory effects. IL-18 is elevated in the
blood of patients with pathogen infections (Nanda et al., 2021; Otterdal et al., 2021), septic
patients (Garcia-Villalba et al., 2022; Martinez-Garcia et al., 2019; Wu et al., 2019) and
COVID-19 patients , and also is related with autoinfammatory diseases such as MAS
(Lieben, 2018). Blocking IL-18 with anti-IL-18 recombinant antibodies or with IL-18 binding
protein has become an effective treatment for some diseases (Gabay et al., 2018; Robertson
et al., 2006).

IL-33

IL-33 was first described as an IL-1R4 ligand (Schmitz et al., 2005), inducing the
binding of IL-1R4 and IL-1R3 to form a heterotrimer and activation of immune cells (Ali et
al., 2007). IL-33 is an active precursor that can be cleaved by caspase-1 at aspartic acid
111 to inactivate it (Cayrol & Girard, 2009). If IL-33 is not cleaved on the cytosol of the cell,
full-length IL-33 is released upon cell damage, and so is considered an alarmin. The
processing of IL-33 can also take place extracellularly by some enzymes such as neutrophil
elastase or cathepsins (Lefrancais et al., 2012). There are at least 3 mature forms of IL-33
resulting from its cleavage by mast cell proteases that are more potent than the precursor
form and activates both mast cells and basophil-like cells to induce inflammation (Lefrancais
et al., 2014). In addition, IL-33 has a nuclear localization and induce inflammation when is
released, so nuclear compartmentalization is vital for immune homeostasis because the

recruitment of IL-33 into the nucleus limit its potent pro-inflammatory effects (Bessa et al.,
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2014). On the other hand, treatment with recombinant IL-33 has been effective reducing

inflammation in a collagen-induced arthritis mice model (Biton et al., 2016).

IL-36

The IL-36 subfamily is composed by IL-36a, IL-36(3, IL-36y, the IL-36 receptor
antagonist (IL-36Ra), and IL-38; all of them are able to bind to the IL-36 receptor (IL-1R6).
Neutrophil proteases contribute to the N-terminal processing of IL-36 ligands, and also
proteinase-3, cathepsin G, and elastase increased their activity by 500-fold (Henry et al.,
2016). IL-36 family is expressed mainly in the skin and particularly in psoriatic skin, so there
is a close relation of IL-36 and skin diseases due to infection or inflammation (Buhl & Wenzel,
2019).

IL-1 receptor antagonist (IL-1Ra)

IL-1Ra was first described as an specific inhibitor of IL-1 bioactivity in supernatants of
human monocytes (Arend et al., 1985), and in the serum and urine of children with systemic
juvenile arthritis (Prieur et al., 1987). The anti-inflammatory action of IL-1Ra is mediated by
the competition with IL-1a and IL-13 to bind to IL-1R1 to make their function, so when IL-
1Ra binds to IL-1R1 the binding site of the receptor is now allowed for the binding of IL-1
proteins, preventing pro-inflammatory signals (Frank et al., 2012). Four isoforms of IL-1Ra
have been described, one secreted isoform (slL-1Ra), and three isoforms that lack a
consensus leader peptide and remain intracellular (iclL-1Ra1, iclL-1Ra2 and iclL-1Ra3).
The secreted form of IL-1Ra contains a peptide leader that allows this isoform to be released
and antagonize IL-1 activity, and its transcription can be induced after NF-kB activation
(Smith et al., 1994). Despite the lack of leader peptide, intracellular IL-1Ra isoforms can be
released by dying cells or actively secreted by leaderless pathway of proteins release, and
bind with IL-1R1 to antagonize the effects of IL-1 (Gabay et al., 2010). Recombinant IL-1Ra
(commercially called Anakinra) is active in blocking the activities of IL-1a and IL-1[3 by direct
inhibition of IL-1R1 (Petrasek et al., 2012). Anakinra is used to treat a large number of
common diseases to rare diseases and hereditary diseases (Dinarello & van der Meer,
2013). Anakinra is approved and used for the treatment of rheumatoid arthritis (Bedaiwi et
al.,, 2021) and autoinflammatory syndromes such as Cryopyrin-associated periodic
syndromes (CAPS) (Wiken et al., 2018). Also, Anakinra is used to treat another
autoinflammatory syndromes such as macrophage activation syndrome (MAS) (Mehta et
al., 2020). Anakinra is not only used against genetic diseases, it has been shown to be

effective against a wide variety of pathogen-associated diseases for example during sepsis
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(Sicignano et al., 2021), active infections (van de Veerdonk, Netea, Dinarello, & van der
Meer, 2011) or severe COVID-19 (Kyriazopoulou et al., 2021).

IL-38

IL-38 belongs to the IL-36 subfamily and has a similar effect on immune activation as
IL-36Ra. So, once processed IL-38 is an anti-inflammatory molecule that block IL-1R8 and
is released by apoptotic cells (Mora et al., 2016). Due to its anti-inflammatory effects,
recombinant IL-38 has been used in vivo to treat some mice diseases models including
proteinuria and skin lesions (Chu et al., 2017), and rheumatoid arthritis (Boutet et al., 2017).
Also, IL-38 is elevated in patients with asthma (Chu et al., 2016), and acute ST-segment

elevation myocardial infarction (Zhong et al., 2015).

IL-37

IL-37 was first reported in 2000 using in silico approaches (Kumar et al., 2000) and
has a unique function compared with the other IL-1 family members, as it acts as a
suppressor of innate and acquired immunity (Nold-Petry et al., 2015; Nold et al., 2010). IL-
37 is able to bind to IL-1R8, which is an anti-inflammatory receptor. The TIR domain of IL-
1R8 present a sequence change depriving its binding to MyD88, so a weak or no signal is
expected for IL-1R8. Also, the IL-37 complex suppresses the phosphorylation of several
inflammatory kinases (Dinarello et al., 2016). IL-37 protein is expressed in a large variety of
cells but is not constitutively expressed in blood monocytes, and its production can be
induced for example in keratinocytes by beta-defensin-3 (Smithrithee et al., 2015). IL-37 can
be processed by caspase-1 (Kumar et al., 2002) and both precursor and processed forms
are active (Li et al., 2015). After caspase-1 cleavage, IL-37 is able to translocate to the
nucleus and reduces IL-183, IL-1a, TNF-q, IL-6 and chemokines (Sharma et al., 2008). IL-37
is increased in several human diseases such as inflammatory bowel disease (Imaeda et al.,
2013), but also is decreased in other diseases such as hyperhomocystinemia (S. Wang et

al., 2020). However, the exact role of IL-37 in different diseases is not well established.

IL-18 binding protein (IL-18BP)

IL-18BP is a constitutive secreted protein with a high affinity to bind to IL-18. The
expression and synthesis of IL-18BP in non-leukocytic cells like keratinocytes can be
induced by IFN-y (Muhl et al., 2000), and also by IL-27 acting through a negative loop for
inflammation in the skin (Wittmann et al., 2012). The main property of IL-18BP in immune
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responses is to reduce the induction of IFN-y, but also has an important role in controlling
Th1 and Th2 responses (Nakanishi et al., 2001). In serum of healthy subjects, the amount
of IL-18BP is 20 times elevated compared to IL-18, but the binding between IL-18BP and
IL-18 is produced in a 1:1 ratio, a single IL-18BP molecule binds to a single IL-18 molecule
(Novick et al., 2001). In disease conditions, an imbalance of IL-18/IL-18BP is produced, so
IL-18BP is not able to neutralize IL-18 and therefore the levels of IL-18 are higher than in
healthy subjects and IL-18 is now able to bind to its receptor (Mazodier et al., 2005). IL-
18BP is also able to bind to IL-37 so the anti-inflammatory property of IL-37 can be affected
by IL-18BP (Bufler et al., 2002). So, it has been shown that at low dosing of recombinant IL-
18BP, there is a reduction in inflammation in a model of rheumatoid arthritis, but when the
dosage increases, the anti-inflammatory effects of IL-18BP are lost because in block IL-37
(Banda et al., 2003).

2. The inflammasome

The term inflammasome was coined by Tschopp and collaborators in 2002 to describe
a high-molecular-weight (>700 kDa) multiprotein complex that mediates the activation of
effector caspases (Martinon et al., 2002). By activation of caspase-1, inflammasomes can
control the maturation and the release of the pro-inflammatory cytokines IL-138 and IL-18,

becoming a central modulator of the inflammatory response (Tzeng et al., 2016).

2.1. Inflammasome structure and sensors

Inflammasomes typically consist of a sensor protein that is stimuli-triggered, an adaptor
protein called the apoptosis-associated speck-like protein containing a caspase-recruitment
and activator domain (ASC), and the pro-inflammatory caspase, caspase-1. Inflammasome
assembly can be triggered by different stimuli associated with infection or cellular stress,
and culminates with the activation of caspase-1 (Man & Kanneganti, 2015). These stimuli
can be detected by the sensor protein of the inflammasome, which gives the

inflammasome’s name.

The inflammasomes induce caspase-1 activation by the assembly of ASC in large
oligomers seeded from the sensor protein. ASC consists of two domains, PYD and CARD
(Vajjhala et al., 2012). The recruitment of ASC by the inflammasomes is usually produced
via PYD-PYD homotypic interactions. When ASC binds to inflammasomes PYD, it forms a

helicoidal seed structure that allows the recruitment of new ASC proteins also via PYD-PYD
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binding, forming helical filaments in a prion-like oligomerization process (Dick et al., 2016).
For NLRC4 and NLRP1 inflammasome, the interaction with the ASC protein is produced via
CARD-CARD homotypic interaction, but the structure formed by this interaction is not well
known yet. NLRC4 can bind ASC proteins forming a structure that leaves the CARD domain
in the outside of the filament, allowing more ASC proteins to bind. ASC filaments formed
from sensors oligomers are then compacted into a discrete single particulate structure which
is called ASC speck or pyroptosome (Dick et al., 2016). Within the ASC speck, pro-caspase-
1 is able to bind to the complex. Pro-caspase-1 is formed by three domains a p10, a p20
and a CARD that allow to be recruited by ASC CARD domain when ASC is in a oligomeric
form. When pro-caspase-1 bind to the ASC complex, the different pro-caspase-1 subunits
are close enough to interact and to process another pro-caspase-1 to for the active form,
caspase-1. Caspase-1 forms heterotetramers that include the p10 and p20 subunits, but are
very unstable and dissociate each other very quickly once they are release from the
inflammasome (Boucher et al., 2018). Therefore, the main caspase-1 activity is associated

to the inflammasome.

Most of the inflammasome sensor proteins are NLRs, except AIM2, CARDS8 or Pyrin.
In all cases these sensors contain a CARD and/or a PYD domain. The CARD or PYD
domains constitute the signaling domains, and enables the recruitment of pro-caspase-1,
directly through CARD-CARD homotypic domain interaction, or indirectly through a PYD-
PYD homotypic domain interaction with the adaptor protein ASC, that now recruit pro-

caspase-1 through CARD-CARD homotypic domain interactions (Ting et al., 2008).

NLR protein (NLRP)3 and NLR CARD-containing (NLRC)4 are two of the most studied
inflammasomes, and since they are central for this Thesis, they will be described in more

detail in sections 2.3 and 2.4.

NLRP1 was the first inflammasome described forming a complex with ASC and
caspase-1 (Martinon et al., 2002). NLRP1 is composed of a N-terminal PYD, a NOD, a
LRRs, a functional-to-find domain (FIIND) and a C-terminal CARD. Recent studies have
demonstrated a different activation mechanism of NLRP1. The first step for activation of
NLRP1 is the autocleavage of its FIIND domain in response to the presence of cytosolic
pathogens-associated molecules like Bacillus anthracis lethal toxin (Finger et al., 2012;
Levinsohn et al., 2012). In resting conditions, the dipeptidyl peptidases (DPP)8 and DPP9
interact with FIIND of NLRP1 and suppresses its activation (Okondo et al., 2018; Zhong et
al., 2018), and their inhibition by Val-boroPro (VbP), a non-selective inhibitor of DPP8 and
DPP9, induces pyroptosis in monocytes and macrophages (Okondo et al., 2017). Full length
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NLRP1 and DPP9 form a 2:1 complex, and the formation of this complex prevents the C-
terminal fragment of NLRP1 to oligomerize (Huang et al., 2021). In addition, the binding of
the NLRP1 C-terminal fragment to DPP9 requires full-length NLRP1, which suggests that
NLRP1 activation is regulated by the ration between NLRP1 C-terminal fragment and full-
length NLRP1 (Hollingsworth et al., 2021). When DPP9 is not bound to NLRP1, the
proteasomal degradation of the repressive N-terminal region of NLRP1 occurs, freeing its

inflammatory C-terminal fragment which is able to oligomerize, form an inflammasome and

induce pyroptosis (Chui et al., 2019; Sandstrom et al., 2019) (Figure 4).
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Figure 4. Activation of NLRP1 inflammasome. (A) Autoproteolysis of FIIND domain allows N-
terminal fragment degradation by proteasome, freeing C-terminal fragment to assembly an
inflammasome complex and induce pyroptosis. (B) DPP9 binding to NLRP1 full-length can recruit

free C-terminal fragments to avoid pyroptosis. Adapted from: (Chauhan et al., 2020).

NLRP6 inflammasome is a novel NLR family member to form an inflammasome and is
composed by a N-terminal PYD, a central NOD, and a C-terminal LRR domain. NLRPG6 is
mainly expressed in the intestine, playing an important role in intestine homeostasis. NLRP6
can be activated by viral RNA (Wang et al., 2015), bacterial metabolites (Levy et al., 2015),
bacterial lipoteichoic acid (LTA) (Hara et al., 2018) and LPS (Leng et al., 2020). Recently, it
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has been described that NLRP6 undertakes liquid-liquid phase separation upon interaction
with double-stranded RNA. After activation, ASC recruitment via helical assembly, solidifies
NLRP6 condensates to recruit caspase-1 and induce pyroptosis. In addition, a disordered
poly-lysine sequence K350-354 of NLRPG6 is important for multivalent interactions, phase
separation, and its activation. Consequently, liquid-liquid phase separation of NLRP6 is a

common response to ligand stimulation, which allows to direct NLRP6 to different functional

outcomes depending on the cellular milieu (Shen et al., 2021) {(Figure 5).
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Figure 5. Activation of NLRP6 inflammasome. In intestinal epithelial cells, NLRP6 expression is
regulated by microbial and metabolic signals (“signal 1I”). After, microbial components such as
metabolites, RNA, LTA or LPS can bind directly to NLRP6 and serves as a “signal II” to induce
NLRP6 inflammasome assembly and activation triggering the release of antimicrobial peptides
(AMPs) and pyroptosis and cytokines release. Adapted from: (Li & Zhu, 2020).
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In addition to NLRs, also other proteins could be inflammasome sensors and can
assemble inflammasomes, these are called non-NLR inflammasomes. The two best studied
non-NLR inflammasomes are absent in melanoma 2 (AIM2), CARD8 and Pyrin

inflammasomes.

AIM2 inflammasome is the main component of the AIM2-like receptor (ALR) family.
The AIM2 inflammasome contains a PYD together with a hematopoietic interferon-inducible
nuclear (HIN) domain, which is the responsible to bind dsDNA. AIM2 is able to bind dsDNA

from different sources, from microorganisms as virus or bacteria, but also from own host

cells, becoming a cytosolic sensor for dsDNA (Figure 6). AIM2 was the first non-NLR

inflammasome discovered to interact with ASC by PYD-PYD interactions (Wang et al.,
2019). After binding to ASC, the AIM2 inflammasome is able to activate caspase-1 and

induces the maturation and secretion of IL-13 and IL-18 (Reinholz et al., 2013).

Pyrin inflammasome (not to confuse with the pyrin domain, PYD) is a non-NLR
inflammasome composed of a PYD, a B-Box, a coiled-coin domain and a B30.2/SPRY
domain (Mariathasan & Monack, 2007). At basal conditions, pyrin present an inactive
conformation because is bound to the 14-3-3 protein via phosphorylation in its Ser 242. In
presence of bacterial toxins such as Clostridium difficile toxin B, there is inactivation of the
Rho family of GTPases, as RhoA. This result in dephosphorylation of Pyrin and its
dissociation from the 14-3-3 protein allowing pyrin to oligomerize, recruit ASC via PYD-PYD
interactions and activate caspase-1 to induce IL-1B and IL-18 processing and release
(Masters et al., 2016; Moghaddas et al., 2017) (Figure 6).
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Figure 6. Activation of AIM2 and Pyrin, non-NLR, inflammasomes. (A) Pyrin inflammasome is
activated by bacterial toxins such as Clostridium difficile toxin B and induce pyroptosis and cytokines

release. (B) AIM2 inflammasome is activated by the presence of dsDNA in the cytosol of the cell and

induce pyroptosis and cytokines release. Adapted from: (Broz & Dixit, 2016).

2.2. Inflammasome effector mechanisms

Caspase-1 is the effector enzyme of the inflammasome, proteolytically processes
different proteins in the cells modifying their function, and for example cleaves immature
pro-inflammatory cytokines to produce the bioactive forms of IL-18 and IL-18. Additionally,
caspase-1 processes GSDMD protein to induce a highly inflammatory form of cell death

known as pyroptosis (Bergsbaken et al., 2009; Broz & Dixit, 2016; Broz et al., 2020).

The term pyroptosis is composed of: “pyro” related to fire or fever and “ptosis” that
denotes failing, and is an specific type of necrotic cell death frequent during the inflammatory
response against pathogens (Yeretssian et al., 2008). However, pyroptosis can also take

place in sterile conditions in the absence of infections (Faustin et al., 2009). Pyroptosis was
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first described in macrophages infected with S. typhimurium (Jarvelainen et al., 2003), and
was considered as a mechanism to stop bacterial infection that proliferate in intracellular
macrophages’ phagosomes (Kroemer et al., 2009). Pyroptosis is produced after caspase-1
processing of the protein GSDMD. This cleavage separates the pore-forming N-terminal
domain (GSDMDNT) from the gasdermin-C-terminal repressor domain. The C-terminal
domain acts as an inhibitor of the N-terminal domain to avoid its pore-forming conformation.
Once processed, GSDMDNT binds to negatively charged phospholipids on the inner leaflet
of the plasma membrane to form pores after homo-oligomerization. GSDMD pores present
an inner diameter of 10-15 nm and an outer diameter of 32 nm, with a negatively charge
conduit pore that favor releasing of mature IL-13 and IL-18 that present a positively charge
surface (Andreeva et al., 2021). In many settings the extent of plasma membrane rupture
induced by GSDMDNT pores in the dying cells is regulated by the protein ninjurin-1 (Kayagaki
et al.,, 2021), leading to the release of intracellular contents, including inflammasome
oligomers (Baroja-Mazo et al., 2014). Finally, pyroptotic cells burst, with the subsequent
release of intracellular components, such as oligomeric inflammasomes, the alarmin high
mobility group box 1 (HMGB1), mitochondrial DNA or lactate dehydrogenase (LDH), leading
to a highly proinflammatory environment (Baroja-Mazo et al., 2014; Broz et al., 2020; de
Torre-Minguela et al., 2016; Evavold et al., 2018; Liu et al., 2016). Some cells as neutrophils
or monocytes are able to release IL-1B without pyroptotic cell death (Evavold et al., 2018),
however, in this scenario caspase-1 is activated in low levels, but the release of IL-1[ is also
dependent on GSDMD (Boucher et al., 2018). Similarly, low activation of caspase-1 in
macrophages leads to an ‘hyperactive’ state where it could be release of IL-1p without cell
death (Evavold et al., 2018). In fact, patches of membrane with GSDMD pores could be
released by the endosomal sorting complexes required for transport (ESCRT) machinery,
resealing damage plasma membrane (Ruhl et al., 2018).

GSDMD belongs to a protein family, which is composed in humans by five members:
GSDMA, GSDMB, GSDMC, GSDMD and GSDME, appearing very conserved upon the
different mammalian species (Angosto-Bazarra et al., 2022). All the members of the
gasdermin family can be cleaved by different enzymes and their N-terminal domain can
induce cell death (De Schutter et al., 2021; Ding et al., 2016). GSDMD is not the only
member of gasdermins family that can be cleaved by caspase-1, also an isoform of GSDMB
can be cleaved by caspase-1 and induce pyroptosis. However, only granzyme A is able to
cleave all the isoforms of GSDMB to induce pyroptosis (Zhou et al., 2020). Also, in some
situations, GSDMD can be cleaved by caspase-8 (Schwarzer et al., 2020), as occurs with
GSDMC (Zhang et al., 2021). Finally, GSDME can be cleaved by caspase-3 and has been
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related also with pyroptosis after apoptosis initiation and with cell death induction in tumor
models (Jiang et al., 2020; Wang et al., 2018). Recently, GSDMA has been found to be
cleavage by Streptococcal pyrogenic endotoxin B (SpeB), after GIn246, triggering
keratinocytes pyroptosis (Deng et al., 2022).

2.3. The NLRP3 inflammasome

The NLRP3 inflammasome is the most studied inflammasome, and is related with over
100 preclinical disease models such as cancer (Sharma & Kanneganti, 2021), obesity
(Vandanmagsar et al., 2011), sepsis (Alarcon-Vila et al., 2020; Martinez-Garcia et al., 2019),
rheumatoid arthritis (Guo et al., 2018), type 2 diabetes (Gora et al., 2021), or Alzheimer (Liu
et al., 2020). For this reason, NLRP3 is considered the most promiscuous of the
inflammasomes, as it can be activated by a high number of triggers, such as PAMPs,

DAMPs or homeostasis-altering molecular processes (HAMPs) (Rathinam et al., 2012).

2.3.1. Mechanisms of activation and regulation

The canonical activation of NLRP3 in macrophages follow a two-step mechanism. The

first step is called “priming” and the second step is called “activation” of the NLRP3

inflammasome (Figure 7).

The first step is a priming of NLRP3 that is commonly achieved via TLR activation by
LPS, to induce the translocation to the nucleus of NF-kB, resulting in the upregulation of
Nirp3 gene expression and other pro-inflammatory genes such as /l1b, lI6 or Tnfa.
Nevertheless, NLRP3 is expressed in un-primed macrophages. This priming step could be
also triggered by cytokines as TNF-a or IL-1 and strongly enhances NLRP3 inflammasome
activation compared with the direct activation of NLRP3 inflammasome with activators
without the first priming signal (Bauernfeind et al., 2009; Franchi et al., 2009). This priming
step also induce different post-transcriptional modifications of NLRP3, such as de-
ubiquitination or phosphorylation/dephosphorylation events among others (Baker et al.,
2017). Macrophages primed for a short time, not sufficient to induce an increase in NLRP3
expression, significantly improves inflammasome activation (Juliana et al., 2012; Schroder
et al., 2012). Furthermore, NLRP3 is deubiquitinated during priming, so deubiquitinase
enzymes (DUBs) such as Lys63-specific deubiquitinase BRCC36 (BRCC3) also plays an
important role in NLRP3 activation (Lopez-Castejon et al., 2013; Py et al., 2013).
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Figure 7. Canonical activation of NLRP3 inflammasome. NLRP3 inflammasome is activated with
two signals. Signal one (priming, left) is provided by microbial molecules or endogenous cytokines
leading to the upregulation of Nirp3 and //1b through the activation of NF-kB. Signal two (activation,
right) is provided by a high number of stimuli including PAMPs, DAMPs or HAMPs inducing cytokines
release and pyroptosis. Adapted from: (He, Hara, et al., 2016).

The second signal is the activation of the NLRP3 inflammasome by DAMPs, PAMPs
or HAMPs. The different triggers of NLRP3 converges in some common cellular signaling.
Three main models for NLRP3 activation have been proposed: the ion flux model with the
decrease of the concentration of intracellular K*, the reactive oxygen species (ROS) model,
and the lysosome rupture model. The intracellular depletion of K* can be triggered either by
the activation of selective K*-conductance channels or by plasma membrane
permeabilization (Hafner-Bratkovic & Pelegrin, 2018; Munoz-Planillo et al., 2013). Cellular
K* efflux induces a stable structural change in the inactive form of NLRP3 inflammasome,
encouraging an open conformation as a step previous to activation, and is enabled by the
FISNA domain and a unique flexible linker sequence between the PYD and the FISNA
domains (Tapia-Abellan et al., 2021). Several NLRP3 activators are shown to induce
intracellular K* depletion, as an example, extracellular ATP activates the ATP-gated ion
channel P2X7 triggering rapid K* efflux (W. Wang et al., 2020), and nigericin, a K*-
ionophore, form K* conduits in the cell membrane (Mariathasan et al., 2006). Also, the
production of ROS and the presence of oxidized mitochondrial DNA in the cytosol can trigger

NLRP3 activation. In response to oxidative stress, increased amounts of ROS are sensed
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by a thioredoxin and this release thioredoxin-interacting protein (TXNIP) with the latter
binding to and activating NLRP3 (Zhou et al., 2010). Additionally, oxidized mitochondrial
DNA release from dysfunctional mitochondria can bind to and activate NLRP3
inflammasome (Shimada et al., 2012). In contrast, cardiolipin derived from mitochondria,
and independently on ROS production, is able to bind to and activate NLRP3 (lyer et al.,
2013). Finally, the destabilization phagolysosome has been also described to activate
NLRP3 inflammasome (Hornung et al., 2008). During frustrated phagocytosis of crystalline
or large particulate molecules like uric acid crystals, alum or silica, NLRP3 sense lysosomal

rupture and activates (Jin et al., 2011).

The activation of NLRP3 inflammasome induces homo-oligomers of NLRP3 able to
recruit and induce oligomerization of the adaptor protein ASC via PYD/PYD homotypic
interactions. As explained above, ASC oligomeric filaments recruit caspase-1 to promote its
activation within the inflammasome. Several different proteins can bind to NLRP3 and
facilitate the activation of this inflammasome. Among them, never in mitosis gene a (NIMA)-
related kinase 7 (NEK7), a member of the NIMA related kinases, has an important role in
NLRP3 activation (He, Zeng, et al., 2016; Shi et al., 2016). NEK7 binds directly to the
NACHT and LRR domains of NLRP3 and acts downstream of the K* efflux facilitating the
active NLRP3 oligomers (He, Zeng, et al., 2016; Sharif et al., 2019). However, NEK7
implication in NLRP3 activation can be bypassed by TAK1-dependent post-translational
priming (Schmacke et al., 2019), suggesting that the activation mechanism of NLRP3
inflammasome can be tangled. Also, post-translational modifications of NLRP3 during the
priming step, such as different phosphorylation events in the PYD and NACHT domains
(Song et al., 2017; Spalinger et al., 2016; Stutz et al.,, 2017; Zhang et al., 2017), are
important for a correct NLRP3 activation. In addition, interaction of NLRP3 with negatively
charged lipids as the phosphatidylinositol-4-phophate on dispersed trans-Golgi network is
necessary for its activation (Chen & Chen, 2018). In that sense, a recent inactive NLRP3
oligomeric structure has been resolved as double-ring cages and add novel insight into
NLRP3 activation, as double-ring-defective NLRP3 mutants abolish inflammasome punctum

formation, caspase-1 processing, and cell death (Andreeva et al., 2021).

NLRP3 inflammasome can also be activated in a non-canonical manner after caspase-
4/5 (in humans) or caspase-11 (in mouse) activation triggered by intracellular LPS or other
oxidized phospholipids (0oxPACP) recognition. oxPACP are abundant endogenous lipids
accumulated at sites of tissue damage that are able to induce inflammation after activation

of caspase-11. These lipids bind to the catalytic domain of caspase-11 to induce IL-1(3
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release, but without inducing pyroptosis (Zanoni et al., 2016). Caspase-4/5/11 activation
cleaves GSDMD and GSDMDNT pore formation induces K* efflux and the activation of the
NLRP3 inflammasome (Schmacke et al., 2019) (Figure 8).
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Figure 8. Non-canonical activation of NLRP3 inflammasome. Non-canonical NLRP3 activation
is induced by LPS delivered into the cytosol through Gram-negative bacteria infections. Cytosolic
LPS can activate caspase-11 to activate the NLRP3 inflammasome and to induce cytokines release

and pyroptosis. Adapted from: (He, Hara, et al., 2016).

All the regulation and activation of NLRP3 inflammasome bring to light that the
mechanism of NLRP3 activation is a complex pathway not fully understood yet.

2.3.2. Strategies to block the NLRP3 inflammasome

The fact that NLRP3 is involved in the initiation and progression of several human
diseases lacking effective therapies has resulted in major advances on the development of
several specific small molecules blocking NLRP3. However, since we still do not fully
understand the NLRP3 activation process, the mechanism of action of some NLRP3
blocking molecules and their efficacy as novel drugs for humans is still a matter of intense

research.
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Different small molecules have been produced to control NLRP3 inflammasome
activation. The most well-known molecule that block NLRP3 inflammasome is MCC950.
MCC950 is a sulfonylurea that was initially developed in the 90s to block IL-1[3 release, but
later it was found as a specific inhibitor of the NLRP3 inflammasome (Coll et al., 2015).
Recently, it has been described the mechanism of action of this drug, binding to NLRP3 and
impairing the opening of the receptor during activation (Coll et al., 2019; Tapia-Abellan et
al., 2019). Recently, it has been shown that MCC950 binding site is on the double-cage
inactive structure, and therefore this compound favors the inactive NLRP3 structure (Gayer
Nature paper 2021). Another sulfonylurea called Glyburide, a drug used to treat diabetes
mellitus type 2, was one of the first NLRP3 inflammasome inhibitors described, and has
been demonstrated that can specifically inhibit NLRP3 inflammasome but no other
inflammasomes like NLRC4 or AIM2 (Lamkanfi et al., 2009). A synthetic precursor of
Glyburide called JC-21 is the most used sulfonamide used to block NLRP3 inflammasome
(Marchetti et al., 2014). After the improvement of this molecule, the name changed to JC-
171 and it has been described to interact with the allosteric site of NLRP3, which is close to
the ATP binding site, and to inhibit the oligomerization of NLRP3 after stimulation (Daniels
et al., 2016). There are some other molecules that are able to block NLRP3 inflammasome
binding directly to it and reducing its ATPase activity, is the case of the acrylate derivates
called INF4AE and INF39 which are two irreversible inhibitors of NLRP3 (Cocco et al., 2014;
Cocco et al., 2017), the 3,4-methylenedioxy-beta-nitrostyrene (MNS) which does not affect
NLRC4 or AIM2 (He et al., 2014), organoboron derivates derived from 2-aminoethyl diphenyl
borinate (2-APB) (Baldwin et al., 2017), or the glitazone CY-09 which specifically binds to
the Walker A motif of NLRP3 (Jiang et al., 2017) (Figure 9).

The effects triggered by the activation of NLRP3 can be also blocked with some
molecules. Bay 11-7082 is a vinylsulfone able to block NF-kB activation via IKKB kinase,
and also the NLRP3 inflammasome (Juliana et al., 2010). Another vinylsulfone called
parthenolide blocks caspase-1 so prevents the effects triggered by NLRP3, NLRC4 and
AIM2 inflammasomes (Juliana et al., 2010). Also, the Nirp3 and //1b gene expression has
been described to be blocked by the acylhydrazone named EMD638683 in animal models
of cardiac fibrosis (Gan et al., 2018). Finally, some non-steroidal anti-inflammatory drugs
(NSAIDs) like diclofenac, flufenamic acid, meclofenamic acid, or mefenamic acid has been
described to affect NLRP3-dependent IL-13 release in a in vivo model of Alzheimer’'s
disease (Boice, 2018). However, these compounds also have other targets such as

cyclooxygenase that could synergize with their capacity to block NLRP3 as anti-

inflammatory molecules (Figure 9).
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Figure 9. Chemical structure of different NLRP3 inflammasome inhibitors. Chemical structure
of different sulfonylureas, sulfonamides, vinylsulfones, [-nitrostyrenes, acrylate derivates,
glitazones, antidepressants, acylhydrazones, organoboron and NSAIDs with proved activity as
NLRP3 inflammasome inhibitors. Adapted from: (Angosto-Bazarra et al., 2021).

Antidepressants drugs has been also described to block NLRP3 inflammasome but

their mechanism of action is not well understood yet (Alcocer-Gomez et al., 2017) (Figure

@. To date, a lot of blocking molecules to block not only NLRP3, also another
inflammasomes as NLRC4 and AIM2 (reviewed in (Angosto-Bazarra et al., 2021)), or even
ASC oligomerization (Soriano-Teruel et al., 2021), have been described, but they are in

early stages of development as no clinical trials has been performed yet.
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2.4. The NLRC4 inflammasome

NLRC4 consists of a N-terminal CARD domain, followed by NBD, helical domain (HD)-
1, winged-helix domain (WHD), HD2 and a C-terminal LRR domains. The NBD, HD1, WHD,
and HD2 domains all together conform the central NAIP, CIITA, HET-E, and TP-1 (NACHT)
domain, characteristic of the NLR family. The NLRC4 inflammasome regulates caspase-1
activation after recognition of different pathogens that deliver virulence factors into the host
cell cytoplasm. The NLRC4 inflammasome could be induced by bacterial flagellin or gram-
negative bacteria processing type lll secretion system (T3SS) (Sutterwala et al., 2007), but

NLRC4 does not directly bind triggering ligands.

2.4.1. Mechanisms of activation and regulation

After the presence of bacterial ligands into the cytosol of the host cell, the NAIPs are
the responsible to recognize these ligands and induce NLRC4 oligomerization (Kofoed &
Vance, 2011; Zhao et al., 2011). In mice, there are four different NAIPs, NAIP1 and NAIP2
recognize the bacterial needle and inner rod proteins, and NAIP5 and NAIPG6 bind to flagellin.
Only one NAIP is present in humans, and this NAIP is able to sense the different NLRC4
activators. (Rayamaijhi et al., 2013; Yang et al., 2013). NAIPs then bind to NLRC4 and trigger
assembly of the NLRC4 inflammasome complex. After the binding of NAIP, NLRC4 change
its conformation to a more open state due to a rotation of the LRR domain. In concrete, a
rotation occurs between NBD-HD1 and the WHD-HD2 within the NACHT domain, which
moves the LRR domain to an open conformation (Hu et al., 2013). This opening results in
the surface localization of an area of basic amino acids in the NBD that can then interact
with an acidic surface of the next NLRC4 monomer added to the complex, and in the placing
of an acidic region of the LRR to interact with the LRR of the previous NLRC4 monomer,
stabilizing this opened structure (Hu et al., 2015; L. Zhang et al., 2015). In the case of NAIP,
the open structure is predicted to be similar but it lacks the reciprocal acidic surface, that is
the reason why NAIP is able to engage one NLRC4 monomer to initiate the inflammasome
assembly but cannot be incorporated into an assembling complex inflammasome, resulting

in one NAIP protein and ten NLRC4 monomers per active oligomer (Diebolder et al., 2015).

The involvement of ASC in this inflammasome is unclear because NLRC4 could
directly promote caspase-1 activation via CARD-CARD homotypic interaction. However,
after NLRC4 triggering ASC seems necessary for IL-13 release (Van Opdenbosch et al.,
2014), but not for pyroptosis (Broz et al., 2010). Also maximal caspase-1 activation in

response to NLRC4 triggering by some bacteria, like S. typhimurium or P. aeruginosa,
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requires the ASC adaptor (Franchi et al., 2007; Mariathasan et al., 2004), but ASC seems
dispensable for NLRC4-dependent caspase-1 activation in response to other bacteria like
L. pneumophila (Case et al., 2009). After activation and similar to all the inflammasomes,
caspase-1 is responsible for the cleavage of pro-IL-13 and pro-IL-18 to its mature form and

also to generate GSDMDNT, inducing pyroptosis and cytokines release (van de Veerdonk,

Netea, Dinarello, & Joosten, 2011) (Figure 10). However, NLRC4 inflammasome is also

able to recruit pro-caspase-8 to the inflammasome complex. Caspase-8 can be recruited
and activated in response to Salmonella infection and is dependent on both NLRC4 and
ASC (Man et al., 2013). As caspase-8 is a pro-apoptotic caspase and in cells lacking
caspase-1 and GSDMD, preventing pyroptosis. Therefore, Salmonella-induced NLRC4 in
cells lacking caspase-1 and GSDMD, results in caspase-8-dependent apoptosis
(Mascarenhas et al., 2017).
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Figure 10. Activation of NLRC4 inflammasome. NLRC4 inflammasome is activated by the

presence of T3SS components or flagellin into the cytosol of the host cell. Bacterial components are
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recognized by NAIPs which bind to NLRC4 to induce NLRC4 oligomerization, finally inducing
pyroptosis and cytokines release. Adapted from: (Broz & Dixit, 2016).

Additional regulatory mechanisms have been described in NLRC4 inflammasome.
NLRC4 can be phosphorylated in Ser533 and this phosphorylation is important for NLRC4
activation after Salmonella infection, because it probably drives a conformational change in
NLRC4 important for its activation (Qu et al., 2012). Another kinase, LRR kinase-2 (LRRK2)
is also associated with NLRC4 phosphorylation at Ser533, and also the reduction of this
kinase is related to diminished NLRC4 inflammasome activation (W. Liu et al., 2017). This
phosphorylation on the Ser533 can be induced by a domain of flagellin called flagellin DO
domain. As this phosphorylation occurs independently of NAIPs, and the activation of
NLRC4 is dependent on NAIPs, a sequential priming and activation steps for activation of
NLRC4 inflammasome has been proposed (Matusiak et al., 2015). In addition, the & isoform
of protein kinase C (PKCD) is also able to phosphorylate NLRC4, and the absence of this
kinase is described to impair NLRC4 inflammasome-dependent downstream signaling in
vitro (Qu et al., 2012). Altogether, it has been shown that, similarly to NLRP3, post-

translational modifications in NLRC4 are needed for its activation.

3. Inflammation as a trigger of tissue healing and disease

3.1. Autoinflammatory syndromes

Autoinflammatory diseases (AlDs) involve a group of inherited immune disorders which
are characterized by regular episodes of systemic sterile inflammation. The genetic basis of
around 40 different monogenic AlIDs has been identified, with inflammasomopathies
representing the principal and best characterized subgroup (described below) (Nigrovic et
al., 2020).

Inflammasomopathies are mainly produced by gain-of-function mutations in
inflammasome sensor genes, but also by the deficiency of IL-1Ra (DIRA) that results in an
excess of IL-1 signaling (Aksentijevich et al., 2009; Reddy et al., 2009), and the deficiency
of IL-36Ra (DITRA) that is related with elevated inflammatory markers (Marrakchi et al.,
2011; Tauber et al., 2016). Furthermore, autoinflammatory diseases related to interferon,
known as interferonophaties, are mainly related to type | interferon family (Uggenti et al.,
2019). Interferonpathies can be triggered by different disorders among which it can be found
disorders of degradation or processing of endogenous nucleic acids (Kolivras et al., 2008),

disorders of enhanced nuclei acid sensing (Adang et al., 2018; Liu et al., 2014), disorders
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of proteasome function (Brehm et al., 2015), and disorders of amplified IFN receptor
signaling, that can be produced by deficiency of different ubiquitinases (Duncan et al., 2019;
Meuwissen et al., 2016; X. Zhang et al., 2015). Also disorders of NF-kB and/or aberrant TNF
activity can lead to AlIDs like haploinsufficiency of A20 (Zhou et al., 2016), Blau syndrome
(Wouters et al., 2014), TNF receptor-associated periodic syndrome (TRAPS) (McDermott et
al., 1999), and deficiency of adenosine deaminase 2 (DADA2) (Zhou et al., 2014). Finally,
other mechanisms can also lead to autoinflammation and AIDs, like disorders in the
retrograde transport from Golgi to the endoplasmic reticulum (Watkin et al., 2015), deficiency
of some antibodies (Neves et al., 2018), and defects in complement or its surface inhibitory
Table 1).

proteins (Reis et al., 2019)

Table 1.- Summary of autoinflammatory syndromes.

Disorder Cause Symptoms Inheritance
Deficiency of IL-1Ra (DIRA) Mutation in Neonatal-onset AlDs-related AR
I11rn symptoms
Deficiency of IL-36Ra Mutation in -
(DITRA) 1136rn Pustular psoriasis AR
Aicardi-Goutiéres syndrome Mutation in Neurological and liver AD. AR
(AGS) Trex1 abnormalities ’
Proteasome-associated Mutation in
autoinflammatory syndrome Psmb8 Fever and skin lesions AR
(PRAAS)
Deficiency of ubiquitin Mutation in Neurological and liver AR
specific protease (USP)-18 Usp18 abnormalities
- Mutation in o .
Immunodeficiency 44 Stat2 Viral infections AR
Haploinsufficiency of A20 Mutation in .
(HA20) Tnfaip3 Mucosal ulceration AD
Blau syndrome Mult\ja;s; n Arthritis, uveitis and dermatitis AD
TNF receptor-associated Mutation in Fever, myalgia and painful AD
periodic syndrome (TRAPS) Tnfrsfla erythema
Deficiency of adenosine Mutation in Systemic vascular inflammation AR
deaminase 2 (DADA2) Ada2 and skin ulceration
COPA syndrome Mutation in Interstitial lung, 10|r.1t. and kidney AD
Copa abnormalities
Auton_wf_lammatlon., antibody Mutation in Eye inflammation, enterocolitis
deficiency and immune Plcg2 and immunodeficienc AD
dysregulation (APLAID) g y
Complemgnt factor | Mutation in Cf1 Bacterial infections AR
deficiency

AR: autosomal recessive. / AD: autosomal dominant.
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3.1.1. Inflammasomopathies: autoinflammatory syndromes associated to

inflammasome

The inflammasomopathies are a consequence of gene defects affecting the sensing
proteins of the inflammasome, and the two best characterized inflammasopathies are the
CAPS and the NLRC4-associated AID, a consequence of gain-of-function (GoF) mutations
in the Nirp3 and Nirc4 genes respectively. Both diseases are clinically diverse, but share
some features such as onset during childhood, cutaneous lesions, recurrent fever and
systemic inflammation (Canna et al., 2014; Nigrovic et al., 2020; Romberg et al., 2014). Also,
inflammasomopathies related to NLRP1 have been described and its manifestations include
skin inflammatory syndrome (Zhong et al., 2016). NLRP12-related disease a due to loss-of-
function mutations in NIrp12 and are called FCAS2 (Jeru et al.,, 2008). The unique
inflammasome outside the NLR family members that is related to AIDs is pyrin
inflammasome because to date, no AIM2-driven inflammasomopathies has been reported.
Pyrin inflammasomophaties include pyrin-associated autoinflammation with neutrophilic
dermatitis (PAAND), a dominant-inherited disease due to mutations in Mefv gene (Masters
et al.,, 2016), mevalonate kinase deficiency (MKD), a inflammasomopathy mediated by
dysregulation of the pyrin regulator factor RhoA due to autosomal recessive loss-of-function
mutations in Mkd (Park et al., 2016), and pyogenic arthritis with pyoderma gangrenosum
and acne (PAPA), an autosomal dominant disorder due to mutations in Pstpip1 gene which
encodes a protein able to bind and activate pyrin inflammasome (Marzano et al., 2016).
Also, mutations in Mefv gene are related to familial Mediterranean fever (FMF), a recessive-

inherited disease characterized by recurrent episodes of fever (Park et al., 2016).

3.1.2. Cryopyrin associated periodic syndromes

CAPS individuals develop a wide variety of clinical manifestations in which the periodic
skin rashes and fever are the most common characteristics (Hoffman et al., 2001).
Depending on the severity of the symptoms, CAPS can be classified into: Neonatal-onset
multisystem inflammatory disease (NOMID) as the most severe syndrome, Muckle-Wells
syndrome (MWS) with intermediate symptoms, and the familial cold autoinflammatory
syndrome (FCAS) as the milder form of CAPS. Some symptoms are characteristic for each
sub-phenotype of CAPS, including cold sensitivity in FCAS, AA amyloidosis in MWS, and
central nervous system and bone disease in NOMID. The major part of CAPS patients
possesses heterozygous germline or somatic gain-of-function mutations in Nirp3 gene, also

mutations present in mosaicism of this gene has been described to be linked to CAPS
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(Aganna et al., 2002; Dode et al., 2002; McGeough et al., 2017). To date, more than 200
gain-of-function mutations are described in NiIrp3 and associated with CAPS (Touitou et al.,
2004). Also, some low penetrance variants have been identified in unaffected people with
no significant symptomatology and tested in vitro has been found to be risk alleles to develop
more common inflammatory diseases (Kuemmerle-Deschner et al., 2017; Verma et al.,
2008).

The gold-standard treatment used to treat these diseases is IL-1 blockade, being the
main drug used Anakinra, a recombinant form of IL-1Ra, that is efficient in patients with
FCAS and MWS, but remarkably in patients with NOMID (Goldbach-Mansky et al., 2006;
Hawkins et al., 2003; Hoffman et al., 2004).

3.1.3. Autoinflammatory syndromes associated to Nirc4

The first description of NLRC4-associated disease was in 2014, when two gain-of-
function mutations of Nirc4, p.Thr337Ser and p.Val341Ala, were described and associated
to MAS (Canna et al.,, 2014; Romberg et al., 2014). Another gain-of-function mutation
present in mosaicism, the p.Ser171Phe, has been described in patients with perinatal
autoinflammation and MAS (Liang et al., 2017). MAS is a disease characterized by hectic
fever, low peripheral cell counts, hepatobiliary dysfunctions, coagulopathy, dramatically
elevated serum ferritin, and hemophagocytosis (Weaver & Behrens, 2014). The patients
with MAS are characterized by an extremely and chronic elevation of peripheral IL-18
(Girard et al., 2016; Shimizu et al., 2015). So, IL-18 has become a therapeutic target in
patients developing MAS, and for example the use of recombinant IL-18BP to block IL-18 in
a patient with MAS achieved a good response and improvement of the symptoms (Canna
et al.,, 2017). The design of specific inhibitors blocking NLRC4 is an important area of

development, however, no small molecules blocking NLRC4 have been described so far.

Therefore, not all patients with Nirc4 mutations develop MAS or enterocolitis, but these
other symptoms are still consistent with those observed in many other autoinflammatory
diseases. Also, Nirc4 mutations has been identified in patients with another
autoinflammatory diseases. The gain-of-function p.His443Pro Nirc4 mutation has been
identified in a family with FCAS, and has been described to increase the NLRC4
oligomerization and caspase-1 activity leading to a higher IL-1B release (Kitamura et al.,
2014). Furthermore, a somatic mosaicism of the Nirc4 gene has been described in a patient
with a NOMID autoinflammatory syndrome due to the gain-of-function p.Thr177Ala mutation

(Kawasaki et al.,, 2017). Another AlDs-associated symptoms, such as cutaneous
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erythematous nodes and urticarial rash, arthralgias, and late-onset enterocolitis have been
observed in 13 affected family members, all of them with the Nirc4 gain-of-function mutation
p.Ser445Pro (Volker-Touw et al., 2017). Recently, the gain-of-function mutation
p.Arg207Leu has been reported in two patients with a wide spectrum of symptoms from
gastrointestinal to vasoplegic shocks (Bardet et al., 2021). Not only sever autoinflammation
is related to Nirc4 mutations, recently, the gain-of-function mutation p.Gly172Ser has been
identified in two patients with a mild autoinflammatory phenotype including recurrent urticaria
and arthralgia (Wang et al., 2021). Redundant mutations present in the same amino acid
has also been identified, is the case of the gain-of-function mutations p.Thr337N (Bardet et
al., 2021) or p.Val341Leu (Siahanidou et al., 2019).

All the previous described mutations are within close proximity to ADP/ATP binding
site, but mutations in LRR domain had been also described. The gain-of-function mutations
p.Trp655Cys and p.GIn657Leu has been described in patients with autoinflammatory
disease. The first mutation has been identified in two patients with MAS showing that the
position of the residue is important in the mechanism of inflammasome assembly with higher
levels of IL-18 (Moghaddas et al., 2018), and the second in a patient with higher levels of
IgE and IgG that could be induced by elevated free IL-18 in the patient (Chear et al., 2020).
Furthermore, not only point mutations has been identified for Nirc4, deletions in the Nirc4
gene has been also associated to autoinflammatory diseases-related symptoms in patients

with the gain-of-function mutation p.His392del (Barsalou et al., 2018).

3.1.4. Genetics of autoinflammatory syndromes: genetic mosaicism

From a genetic point of view, both germline and post-zygotic variants in the respective
genes, Nirp3 and Nirc4, have been identified to cause disease. The identification of post-
zygotic variants causing genetic mosaicisms was first reported in the Nirp3 gene in children
affected by severe CAPS (Tanaka et al., 2011), and subsequently in patients with late-onset
but otherwise typical CAPS (Mensa-Vilaro et al., 2016; Rowczenio et al., 2017; Zhou et al.,
2015). By contrast, only two young patients carrying post-zygotic NLRC4 variants have been
reported, with only one patient, described in this Thesis, starting during adulthood (lonescu
et al., 2022; Kawasaki et al., 2017; Liang et al., 2017).

Regarding to NIrp3 genetic mosaicisms, in two patients with a non-malignant disorder
it has been demonstrated that somatic mosaicism is restricted to the myeloid lineage (de
Koning et al., 2015). Also, vertical transmission of the somatic Nirp3 mutation p.Thr348Met

in CAPS patients with mutational event occurring during embryogenesis has been identified
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(Jimenez-Trevino et al., 2013). Mainly Nirp3 but also another genetic mosaicism related to
autoinflammatory diseases has been widely reviewed by Labrousse et al. in 2018
(Labrousse et al., 2018).

3.2. Inflammation in tissue healing

The effectiveness of tissue repair machinery is critical for all living organisms (Eming
et al., 2014), and tissue healing has been described to be dependent on inflammation (de
Preux Charles et al., 2016; Kyritsis et al., 2014). After tissue healing, necrosis, clotting
reactions and some invading microorganisms can induce an inflammatory response.
Immune cells are recruited in the injured site to clear damaged cells and microbes, helping
to orchestrate the tissue repair response. Depending on the time and the level in which this
inflammation process occurs, the outcome can be different. So, a controlled inflammatory
process is needed to achieve a good tissue repairment without leading to fibrosis.
Inflammation after tissue healing can be divided into three phases, an early inflammatory
step, where the inflammasomes are triggered in innate immune cells that start the repair
response, a switch from pro-inflammatory response to pro-regenerative response with a
change in macrophage phenotype, and a final tissue homeostasis recovery when immune

cells are cleared from the injured site (Eming et al., 2017; Thankam et al., 2018).

Immune cells have to be recruited on the injured site to perform their function. Some
damage attractants have been described including small molecules like H202 and ATP
(Niethammer et al., 2009; Weavers, Liepe, et al., 2016), but also other signals that can be
able to travel through wound fluids and tissues like cytokines or chemokines are required,
being IL-1a and IL-1B strongly upregulated during the inflammatory phase of healing,
indicating that the inflammasomes could play an important role (Ridiandries et al., 2018;
Werner & Grose, 2003). Naive immune cells are not able to respond to wound attractants,
first they need to be primed by other signals like cellular or tissue debris (Weavers, Evans,
et al., 2016).

After immune cells perform an initial protective inflammatory response, resolution of
inflammation starts with the death and clearance of inflammatory immune cells such as
neutrophils by macrophages that are now repolarized to anti-inflammatory M2 macrophages
(Ellett et al., 2015). M2 macrophages present mechanisms to turn off inflammasome
activation (Pelegrin & Surprenant, 2009). Also, the released cytokines and chemokines are
cleared in the regenerated tissue by the action of neutrophils, and the production of anti-

inflammatory cytokines as IL-10 or IL-1Ra (Pase et al., 2012). All these events together with
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the release of pro-regenerative molecules like resolvins or TGF-f3 by the macrophages and
other cells are responsible of the recovery of the homeostasis in the tissue (Serhan et al.,
2015).

3.2.1. Tendon healing

Two cellular mechanisms of tendon healing, known as extrinsic and intrinsic healing,
have been described. However, now is more established that these two mechanisms
normally act cooperatively, with a biphasic pattern of tendon healing involving extrinsic
circulating cells and intrinsic local cells (Kajikawa et al., 2007). Tendon healing is a three-
stage process that progresses consecutively from a short inflammatory phase, that can last

one week, followed by a proliferative phase, that can last few weeks, until a remodeling

phase, that can last several months (Voleti et al., 2012) (Figure 11). However, the duration

of each phase is dependent on the location and the severity of the injury (Lin et al., 2004).
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Figure 11. lllustrated scheme representation of healing process of tendons. Adapted from:
(D'Addona et al., 2017).

The initial inflammatory phase starts with the formation of a hematoma shortly after
injury (Lin et al., 2004). During the inflammatory phase, there is an increase in vascular
permeability allowing the influx of inflammatory cells into the healing site. This initial vascular

response is essential for tendon healing because diminution of blood supply impairs healing
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(Fenwick et al., 2002). The immune cells present into the injured site release different
cytokines and growth factors that induce the recruitment and proliferation of macrophages
and resident tendon fibroblasts (from now referred as tenocytes). Also, in this first phase,
components of the extracellular matrix (ECM), predominantly type Il collagen, are
synthesized by these recruited tenocytes (James et al., 2008). This inflammatory phase is
characterized by the activation of inflammasomes and the release of pro-inflammatory
cytokines such as IL-13 and IL-6 (Evans, 1999), however it is not really known which type
or the role of the inflammasome involved, and for example MCC950 failed to alter wound
healing in an obese animal model (Lee et al., 2018). During the proliferative and remodeling
phases, tenocytes proliferate and produce, deposit, orient, and crosslink different types of
collagen (Thomopoulos et al., 2015). In the proliferative phase, abundant ECM components
such as proteoglycans collagens are synthesized and arranged in a random manner
(Sharma & Maffulli, 2005). Finally, in the remodeling phase, firstly, a decrease in cellularity
and matrix production is produced, and the tissue becomes more fibrous through the
replacement of collagen type lll by collagen type |. After, collagen fibers start to organize
with a correct disposition along the longitudinal axis of the tendon, restoring tendon stiffness
and tensile strength. The process finish with an increase in collagen fibril crosslinking and

the formation of more mature tendinous tissue (Docheva et al., 2015).

There are different cell types involved in tendon healing, including infiltrating
inflammatory cells, resident tenocytes from the tendon surface or midsubstance, and tendon
or marrow-derived mesenchymal stem cells (Manning et al., 2014). Also, cells from the
intrasynovial sheath infiltrate into the repair site, impairing tendon gliding and decreasing
digital range of motion by promoting adhesions between the sheath and the tendon surface
(Gelberman et al., 1985). In some cases, and depending on the tendon, some tendon
injuries require repair tendon to bone attachment site. In these situations, fibroblasts from
the tendon and surrounding tissues produce disorganized scar tissue at the attachment site
of the two tissues (Gimbel et al., 2004), and also osteoclasts are recruited into the repair site

and the resorption of bone can impair healing (Ditsios et al., 2003).

Modulation of inflammation in early stages of the tendon healing led to improved
healing (Hays et al., 2008). In concrete, regulated inflammation is beneficial to tissue repair,
but excessive or persistent inflammation is damaging and can impair tissue repair. On one
hand, the controlled release of inflammatory cytokines attracts fibroblasts to the repair site,
but on the other hand, excessive cytokine-related signaling can lead to poor clinical

outcomes (Lichtnekert et al., 2013; Sugg et al., 2014). Macrophages has a main role not
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only in promoting and resolving inflammation, also in facilitate and moderate tissue repair,
and the balance between M1 and M2 macrophages and the timing and levels of
inflammasome activation and cytokines release is critical to avoid chronic inflammation

leading to tendinopathy.

3.2.2. Role of macrophages in tendon healing

Macrophages perform a wide variety of functions in tendon healing some of them are
host defense, phagocytosis, and the production of growth factors and both pro-inflammatory
and anti-inflammatory molecules (Koh & DiPietro, 2011). The number of macrophages in
normal tendon tissue and throughout epitenon is very low (Matthews et al., 2006). After an
injury, the number of macrophages recruited in the damaged tendon increase considerably,
being attracted by chemoattractants released by the tendon tissues (Marsolais et al., 2001;
Wojciak & Crossan, 1993). In addition, the number of macrophages present in damaged
tendon remain elevated compared with other immune cells, and the increased amount are
observed 14 to 28 after the injury (Marsolais et al., 2001; Sugg et al., 2014). Also, the number
of macrophages increase in tendon that are changing with increased fibroblast cellularity

and vascularity (Matthews et al., 2006).

In tendon healing, depending on their functional form, macrophages have different

phenotypes, including the M1 and M2 macrophages that can perform differential roles

(Mosser & Edwards, 2008) (Figure 12). Some of the functions performed by the

macrophages after tendon damage are phagocytosis (Wojciak & Crossan, 1993), control
the activity of the surrounding cells by the release of pro-inflammatory (Sica & Mantovani,
2012) and anti-inflammatory factors (Mosser & Edwards, 2008), stimulate fibroblast
proliferation and mediate the deposition of newly formed collagen fibers (de la Durantaye et
al., 2014), and the recognition of damaged collagen fibers inducing their collagenolysis
(Veres et al., 2015). Recently, it has been proposed that there is a tissue specific
differentiation of macrophages, depending on the tissue of residence, the surrounding cells
and the different molecular signals recognized by them, in the case of the tendon called
“tenophages” (Lehner et al., 2019; Williams et al., 2018).
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Figure 12. Schematic representation of the function of M1 and M2 macrophages in the healing
tendon. M1 macrophages are present in the first stage of tendon healing and release pro-
inflammatory molecules, whereas M2 macrophages are present in the final stage of tendon healing

and release anti-inflammatory molecules. Adapted from: (Sunwoo et al., 2020).

M1 macrophages in tendon healing

The M1 macrophage phenotype seems to be a main driver of the early inflammatory
process in the healing tendon. The initial macrophage infiltrate has been found to be
predominantly of the M1 phenotype. The amount of M1 macrophages is really elevated in

the first two weeks of tendon healing and restricted to zones of newly formed tendon tissue

and tissue resorption (Marsolais et al., 2001; Sugg et al., 2014) (Figure 13). So, the M1

macrophage phenotype is responsible for the dissemination of the acute inflammatory
response in the healing tendon (Lundborg et al., 1980). These macrophages are able to
activate the inflammasome and induce the release a number of pro-inflammatory cytokines
and mediators such as IL-1B, IL-6, IL-12, TNF-a, and reactive nitrogen and oxygen species
(Barrientos et al., 2008). However, uncontrolled and sustained responses of this M1
macrophages can lead to collateral damage to surrounding healthy tissue (Chamberlain et
al., 2011). Furthermore, the M1 macrophages also have a role in ECM degradation (Mosser
& Edwards, 2008) and wound debridement by the phagocytosis of debris and apoptotic cells
(Veres et al., 2015). Finally, M1 macrophages can influence tendon fibroblasts by inducing
an upregulation of pro-inflammatory cytokines such as TNF-a, IL-18, and COX-2, an
upregulation of matrix-metalloproteinases, and a downregulation of factors associated with

matrix production (Manning et al., 2015).
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Figure 13. Schematic representation of M1 and M2 macrophages predominancy after tendon
injury. Number of M1 macrophages is increased at first times after tendon injury, and the amount of

M2 macrophages increase at later times. Adapted from: (Thomopoulos et al., 2015).

M2 macrophages in tendon healing

Contrary to M1 phenotype, M2 macrophage phenotype play an important role in
fibroblast proliferation and the stimulation of tissue deposition (Mantovani et al., 2002). The
appearance of high numbers of M2 macrophages occurs later in the healing process, and
are located in areas of organizing tendon ECM. So, M2 macrophages are present in the

healing tendon as early as 3 to 7 days after injury, but only 28 after the initial tendon injury

M2 macrophages are the predominant macrophage phenotype (Sugg et al., 2014) (Figure

|

During this time, these macrophages have been linked to an increase in the release of
anti-inflammatory cytokines such as IL-1Ra, IL-10, IL-13, and growing factors like B (Sugg
et al., 2014), NLRP3 inflammasome inhibition (Pelegrin & Surprenant, 2009), cell
proliferation, and ECM formation (de la Durantaye et al., 2014). Therefore, these cells have
less capacity to Kill intracellular and produce minimal levels of pro-inflammatory molecules
(Koh & DiPietro, 2011; Mosser & Edwards, 2008). The phagocytic property of macrophages
can be the responsible for convert macrophages to an M2 phenotype by phagocytosis of
apoptotic cells (Fadok et al., 1998), and also adipose-derived mesenchymal stromal cells

are able to induce the conversion to M2 phenotype (Manning et al., 2015). So, the M2
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macrophage are involved at the end of the inflammatory response and in the transition into
cell proliferation and tissue deposition within the injured tendon. M2 macrophages may also
be linked to increased scar formation as an accumulation of macrophages in the areas of
adhesion formation within the healing tendons has been shown (Wojciak & Crossan, 1993).
Thus, while M2 macrophages can have a pro-regenerative effect with new matrix synthesis,
the resulting newly-formed tissue still does not regenerate the structure, composition, and
material properties of normal tendon. How the tendon achieves a complete recovery is not

well established yet.

3.2.3. Role of cytokines in tendon healing

Several pro-inflammatory and anti-inflammatory cytokines are produced during the
tendon healing process by immune cells recruited in the injured site such as neutrophils and
macrophages. However, not only immune cells are responsible for cytokines release, also
resident tenocytes have been described to produce several endogenic cytokines and growth
factors that act in an autocrine and paracrine manner on tenocytes (Pufe et al., 2001;
Tsuzaki et al., 2003).

Pro-inflammatory cytokines in tendon healing

Tenocytes express the IL-1R1, so they are sensible to IL-18 signaling (Tsuzaki et al.,
2003). In human tenocyte cultures, IL-1B accelerate the degradation of tendon ECM and the
loss of the biomechanical resistance and durability of tendon, by the induction of
inflammatory and catabolic factors such as cyclooxygenase (COX)-2, prostaglandin (PG)E2,
and several matrix metalloproteinases (MMPs) (Archambault et al., 2002; Corps et al., 2002;
Yang et al., 2005). Also, IL-1B is up-regulated in ruptured tendon (Berglund et al., 2007).
Furthermore, type | collagen expression is downregulated by IL-1B, leading to a reduced
stiffness, and also elastin expression is increased in these conditions, with an increase in
tendon elasticity and subsequently decrease in tendon elastic modulus (Qi, Chi, et al., 2006).
Interestingly, extrinsic fibroblasts that migrate from outside into the healing tendon are less

sensitive to IL-1B than tenocytes (John et al., 2010).

Tenocytes also express TNF receptor (TNFR)1 and TNFR2, and both are up-regulated
by TNF-a, and also TRAF2 is expressed in tendon (Hosaka et al., 2004). When tenocytes
are stimulated with TNF-a, they produce pro-inflammatory cytokines such as IL-1B3, TNF-q,
and IL-6, but also anti-inflammatory cytokines such as IL-10, and matrix degradative
enzymes like MMP1. However, it is not known the type of inflammasome that could be
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activated in tenocytes to produce IL-13. Also, expression of some other ECM components
such as elastin are up-regulated by TNF-a (John et al., 2010). TNF-a is up-regulated in
inflamed tendons and expressed in scar-formed tendon (Hosaka, Kirisawa, et al., 2005). In
addition, TNF-a has been shown to have a pro-apoptotic effect in inflamed tendons, being
involved in tendinitis and tendon degeneration (Hosaka, Teraoka, et al., 2005). However,
TNF-a is shown to inhibit pro-apoptotic Fas ligand expression in tenocytes derived from
close sites of osteoarthritic joints, but not derived from healthy patients (Machner et al.,
2003). Altogether, these opposite results indicates that TNF-a pro- or anti-apoptotic affects
depend on the environment and particular co-stimuli. In contrast, TNF-a can be considered

as a key regulator in degeneration of tendons.

Mechanical factors can also influence cytokine production in tendon, for example heat
stress, which can occur during prolonged tendon exercise or overuse, induce TNF-a but not
IL-18 expression (Hosaka et al., 2006), and stress deprivation leads to an overexpression
of pro-inflammatory cytokines including IL-1p and TNF-a with the subsequent mechanical
tendon deterioration (Uchida et al., 2005). Also, TNF-a expression is lower in loaded
compared with unloaded tendon repair callus during healing, meaning that mechanobiology
is important on healing (Eliasson et al., 2009). In addition, IL-18 impairs the Young’s
modulus in human tenocytes, which allow the cells to endure higher mechanical loading in
damaged tendon (Qi, Chi, et al., 2006). Moreover, IL-13 regulate tenocytes cytoskeletal
polymerization and their stiffness which is an important precondition for the cell to adapt to
mechanical loading in tendon (Qi, Fox, et al., 2006). Altogether, IL-1B and TNF-a can be

considered to have a main role in constructive remodeling of the tendon.

The role of IL-6 in tendon healing is more related to immunoregulatory processes,
playing an essential role in this development (Lin et al., 2006; Lin et al., 2005). IL-6 is highly
up-regulated in tenocytes after IL-13 and TNF-a treatment (John et al., 2010; Tsuzaki et al.,
2003), or after cyclic mechanical stretching (Skutek et al., 2001). In addition, IL-6 production
is increased in ruptured tendons (Nakama et al., 2006), and is also up-regulated in tendon
and peritendon tissue during exercise (Skutek et al., 2001). After its production, IL-6 is able
to induce slightly increase in IL-10 expression, but not its own or IL-138 and TNF-a expression
(John et al., 2010). The absence of IL-6 reduces the mechanical properties of healing
tendons compared with normal tendons, with a subsequent tendon healing impairment (Lin
et al., 2006; Lin et al., 2005). Also, other pro-inflammatory cytokines such as IL-1q, IL-13,

and IFN-y are increased in inflamed native tendon (Hosaka et al., 2002).
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Anti-inflammatory cytokines in tendon healing

IL-10 has a main role in tissue healing as is produced by and affect connective tissue
cells such as fibroblasts and chondrocytes (lannone et al., 2001; Yamamoto et al., 2001).
Tenocytes also express the type | receptor of IL-10 (IL-10R1) and its expression, as well as
IL-10, is induced by pro-inflammatory cytokines like TNF-a (John et al., 2010). Superior
healing properties in the absence of IL-4 are related with an up-regulation of IL-10 (Lin et
al., 2006). Also, time-dependent effects of IL-10 on biomechanics of healing tendons has
been described (Ricchetti et al., 2008). However, the role of IL-10 in tendons and its
partnership with another anti-inflammatory cytokines as IL-4 or IL-13, also reported to

stimulate tenocytes proliferation (Courneya et al., 2010), is still unclear.

Growth factors in tendon healing

The role of BB in tendon healing is not only restricted to the last stages of tendon
healing since it has been shown to be active in almost all stages of this process (Chang et
al., 2000). So, TGF-B has a critical role in tendon healing promoting matrix development
(Glass et al., 2014). TGF-B has been linked to the inhibition of pro-inflammatory cytokines
including IL-1pB, IL-8, GM-CSF, and TNF-a (Fadok et al., 1998). However, its function is not
only limited acting as an anti-inflammatory cytokine. TGF-B has also other functions
including the stimulation of extrinsic cell migration, the regulation of proteinases (Bennett &
Schultz, 1993), the promotion of fibronectin binding interactions (Wojciak & Crossan, 1994),
the inhibition of cell proliferation (Zhu et al., 2001), and the stimulation of collagen production
(Marui et al., 1997). During tendon healing, neutrophils are phagocyted by macrophages
and production of TGF-B by them is also increased. Also, TGF- increases ECM and
collagen production, and inhibits collagen failure, subsequently promoting healing mainly
through scar formation (Barrientos et al., 2008). In concrete, TGF-B regulates ECM
assembly and remodeling through two different pathways, one that reduces matrix
degradation and the other that stimulates matrix accumulation. To do it, TGF-f inhibits the
synthesis of extracellular proteinases, and upregulates both the production of proteinases
inhibitors and the structural ECM components. Specifically, TGF-( is a key regulator of a1(l)
procollagen gene (COL71A7) and a2 procollagen gene (COL1A2) (Chung et al.,, 1996;
Jimenez et al., 1994). Three TGF-f isoforms are present in mammals, TGF-B1, 32 and (33,
and the lack of each one triggers a different phenotype (Bottinger et al., 1997). After tendon
injury, TGF-B1 expression is increased in a short period of time, and its production can be

induced by lactate (Klein et al., 2001). The levels of this isoforms can remain high for at least
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8 weeks after tendon injury, being initially extracellular TGF-3 released by immune cells and
later cell-associated reflecting de novo synthesis (Natsu-ume et al., 1997). TGF-B1 function
is dependent on its concentration and has the ability to synergize with other growth factors
(Centrella et al., 1991). So, high levels of TGF-B1 are implicated in tendon adhesion
formation, decreasing the range of motion of a tendon (Chan et al., 1997). Interestingly, fetal
wound healing is characterized by low expression of TGF-f1 and TGF-B2 and high
expression of TGF-B3. The opposite is observed in adult wound healing, that is
characterized by high levels of TGF-B1 and TGF-B2 and low levels of TGF-B3 (Kim et al.,
2011). Furthermore, all three isoforms have effects on type | and Il collagen production and
cell viability (Klein et al., 2002). In addition, the three isoforms can bind to three different
TGF-B receptors (TGFBR) called TGFBR1, R2 and R3, and all of them are up-regulated
during tendon healing, both in the tendon and in the epitenon (Ngo et al., 2001).

Despite of having a role in early cellular migration and proliferation, vascular
endothelial growth factor (VEGF) is most active after inflammation, during the proliferative
and remodeling stages, stimulating angiogenesis (Jackson et al.,, 1997). This
neovascularization induced by VEGF proceeds along the surface of the epitenon, through a
normally avascular area, and provides extrinsic cells, nutrients, and other grow factors to
the injured area (Molloy et al., 2003). Levels of VEGF has been measured among time after
tendon injury, remaining at baseline at days 0 and 4, having a peak at day 7, and then stable
declining back to baseline by day 21 (Boyer et al., 2001). This temporal expression of VEGF
is consistent with increased vessel length and density observed in and around the tendon
repair site after inflammation with a peak at 17 days (Gelberman et al., 1991). VEGF is
expressed in the major part of the cells on the injury site, but less expressed in the epitenon
cells distant from the site of repair, and its production can be induced by hypoxia and IL-13
(Jackson et al., 1997). Finally, exogenous VEGF applications has been shown to decrease

the stiffness of grafted ligaments (Tohyama et al., 2009; Yoshikawa et al., 2006).

3.3. Tendinopathy and chronic inflammation

3.3.1. Tendinopathy and chronic inflammation

Inflammation is one the first events occurring in tendinopathy lesions, even before
fibrotic and other degenerative changes in the tendon (Fedorczyk et al., 2010). So,
inflammation plays an important role in the early initiation of tendon pathologies. The main
causes of tendinopathy are repetitive mechanical overloading and hypoxic injury (Millar et
al., 2013; Neviaser et al., 2012), and repetitive mechanical overloading is characterized by
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elevated levels of pro-inflammatory markers such as PGE2, TNF-a and IL-1 (Killian et al.,
2012).

During exercise, tenocytes have a big demand of oxygen, and increasing oxygen
demand during overload can lead to hypoxic conditions with the production of ROS (Yao et
al., 2011). After this process, necrosis of different cell types is initiated and cell debris
including several DAMPs are phagocytose by macrophages initiating an inflammatory
response as described in previous chapters. In this inflammatory phase, IL-1B production
has been linked to tendinopathy development. IL-13 induce the expression of the
prostaglandin E2 receptor 4 (EP4) in tenocytes enhancing different inflammatory signaling
pathways, and finally leading to tendon matrix degradation and tendinopathy. In addition, IL-
18 downregulates the expression of type | collagen in tenocytes producing reduced
deposition of ECM during tendinopathies (Thampatty et al., 2007). Finally, IL-1( effects are
also linked to tendinopathy by the release of substance P contributing to inflammation
(Fedorczyk et al., 2010). This initial inflammatory response is required to latter induce the
healing process as described above, but aberrant or prolonged inflammation could lead to

chronic tendinopathy.

Matrix changes in tendinopathies are characterized by alterations in fibroblasts
composition with deposition of additional matrix protein and fibrosis, and a loss of structural
organization of collagen (Kannus & Jozsa, 1991). In the initial phase of tendon damage, type
[l collagen is predominantly produced as a rapid cover to protect the damaged area (Maffulli,
Barrass, et al., 2000). In normal tendons, the next step is characterized by the replacement
of type Il collagen for type | collagen, recovering the linear structured arrangement of the
collagen fibers (Maeda et al., 2007). In tendinopathic tendons, this repair mechanism is
impaired leading to type Ill collagen accumulation that has been linked to inferior
biomechanical strength and irregular alignment of collagen fibers (Maffulli, Ewen, et al.,
2000). On one hand, TGF-B has been described to regulate the collagen architecture during
tendon development (Lorda-Diez et al., 2009). The overproduction of TGF-B by the M2
macrophage may be a factor in excessive fibrosis, and has been linked with the development
of pathological fibrotic conditions in other tissues (Colwell et al., 2005). Furthermore,
diabetic murine flexor digitorum longus tendon shows fibrotic healing and an increase in M2
macrophage activity. These fibrotic tendons exhibit compromised biomechanical strength
compared to the repaired tendons of the non-diabetic control group (Ackerman et al., 2017).
On the other hand, IL-6 has been described to be a key regulator of collagen synthesis in

tendinopathy. Prolonged running causes an increase in the tissue concentration of IL-6 with
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an accompanied increase in total collagen synthesis. In addition, recombinant IL-6
administration locally induces collagen synthesis in the peritendinous tissue achieving
similar levels as with exercise (Langberg et al., 2002). Also, recombinant TNF-a treated
tenocytes present reduced type | collagen deposition which is detrimental to the tendon ECM
(John et al., 2010).

Tendinopathy is also linked to another cytokines, such as IL-4, IL-33 or IL-17. In mice
model of tendinopathy, the absence of IL-4 is related to lower cross-sectional tendon and
worse mechanical properties (Lin et al., 2005). IL-33 is released after biomechanical
overload (Kakkar et al., 2012) and cellular damage (Schmitz et al., 2005), and its expression
is increased in human tendinopathy compared with normal tendon. Moreover, addition of
recombinant IL-33 to human tenocyte cultures induces expression of type Il collagen and
also of pro-inflammatory cytokines like IL-6 (Millar et al., 2015). IL-17 increased expression
has been shown in early tendinopathy before the presence of abnormalities in the tissue.
Also, the addition of recombinant IL-17 to human tenocyte cultures induces pro-inflammatory
cytokines release and ECM remodeling through type Ill collagen production (Millar et al.,
2016).

3.3.2. Tendinopathy treatments

A wide range of treatments are recommended to treat tendinopathy. All the treatments
have the same goals: to reduce symptoms and pain, promote correct tendon healing, and
improve tendon function; but so far, there are not a single treatment reaching all these goals.
Tendinopathy treatments can be divided into two groups, including passive modalities and
active modalities. Passive treatments include pharmacological treatments, injection therapy,
extracorporeal shockwave therapy (ESWT), ultrasonography and low-level laser, and active
treatments include tendon loading exercise, patient education, and load management
(Aicale et al., 2020; Andres & Murrell, 2008; Millar et al., 2021). Recently, a novel
physiotherapeutic treatment which is the ultra-sound guided percutaneous electrolysis has
been observed to be very effective in the treatment of tendinopathies and because of the

interest for this Thesis is going to be explained in detail in the following section (section

3.3.3).

Exercise-based strategies

Exercise regimens called tendon loading programs are the most effective treatment for

tendinopathy, being effective in patients with chronic Achilles tendinopathy and patellar
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tendinopathy (Lim & Wong, 2018; Visnes & Bahr, 2007). In addition, eccentric training is an
effective treatment used in a wide variety of tendinopathies such as common extensor and
rotator cuff tendinopathy (Camargo et al., 2014; Murtaugh & lhm, 2013). The success or the
failure of the prescribed loading programs remains in the adherence of the patient to the
selected program (Mallows et al., 2017). After exercise-based therapies, tendons respond
favorably to load through the improvement in their mechanical, material and morphological
properties, but the major part of studies investigating this effect are performed in healthy
individuals (Bohm et al., 2015). Also, isometric exercise has been proposed as a proper
treatment for patellar tendinopathy because of the dramatic reduction in pain due to its
analgesic effects (Rio et al., 2015). However, these effects have not been confirmed in
subsequent studies in patients with patellar tendinopathy (Holden et al., 2020), Achilles
tendinopathy (O'Neill et al., 2019), and plantar fascia pain (Riel et al., 2018). Finally, heavy
slow resistance (HSR) training is an effective treatment for tendinopathies by changing fibril
morphology towards a more near to normal appearance (Kongsgaard et al., 2010). Clinical
trials studying the efficacy of the use of exercise for tendinopathy treatment has been
developed for different exercise-based protocols such as low load exercise or coactivation
strengthening (Boudreau et al., 2019; Dejaco et al., 2017). However, not all patients respond
to this type of treatments, so, other treatments are used alternatively or in combination with

exercise.

Non-steroidal anti-inflammatory drugs

The use of NSAIDs is mainly restricted to reduce pain related to tendinopathy. Oral
and local NSAIDs administration appear effective in the treatment of acute tendonitis
(Mazieres et al., 2005), but not for the treatment of lateral epicondylitis or Achilles
tendinopathy (Astrom & Westlin, 1992; Hay et al., 1999). In addition, long-term NSAID use
increase the risk of gastrointestinal, cardiovascular and renal complications. Altogether,
NSAIDs are a reasonable treatment to avoid acute pain associated with tendon overuse, but
not for the treatment of chronic tendinopathies.

Corticosteroid injection

The use of corticosteroid injection is under discussion because the effectiveness of
this treatment is controversial. Tendinopathy has an important inflammatory component
associated with an aberrant healing response (Millar et al., 2017), so it is logical to think that
corticosteroid would help diminishing this inflammatory response. However, some studies

have demonstrated that the treatment with corticosteroids can impair the physiological
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healing process leading to progression of tendinopathy (Dean et al., 2014; Puzzitiello et al.,
2020). In concrete, no beneficial effects after corticosteroid injection are observed for rotator
cuff tendinopathy (Mohamadi et al., 2017), lateral elbow tendinopathy (Claessen et al.,
2016), patellar tendinopathy (Everhart et al., 2017), and Achilles tendinopathy (Gross et al.,
2013; Kearney et al., 2015). For all these reasons, corticosteroid injection is very little used

for tendinopathy treatment.

Glyceryl trinitrate therapy

The administration of glyceryl trinitrate topically is considered a safe and reliable
treatment for the management of tendinopathy with significant improvements in pain in
short-term and up to 6 months after injury (Challoumas et al., 2019). However, this therapy
has some side effects and can be associated with increased incidence of headaches
(Nevins & Kanakala, 2020).

Low-energy laser therapy

Low-energy laser therapy uses light at energy levels low enough not to cause a rise in
skin temperature. Several studies show the ability of this therapy to reduce inflammation
and edema, to induce analgia, and to promote healing in a wide range of musculoskeletal
disorders (Cotler et al., 2015). Regarding tendinopathy, the efficacy of this treatment has
been shown in lateral elbow tendinopathy (Bjordal et al., 2008), Achilles tendinopathy
(Gomes et al., 2017), and rotator cuff tendinopathy (Haslerud et al., 2015), but only with

limited healing effects.

High-volume injections

High-volume injections are defined as the injection of a large volume of saline, usually
mixed with corticosteroids and/or local anesthesia. This treatment is mainly used for Achilles
tendinopathy, but also some evidences are shown for the treatment of patellar tendinopathy
(Barker-Davies et al., 2017). In Achilles tendinopathy, high-volume injections applied in
combination with eccentric training are able to reduce pain, return patients to prior levels of
physical activity, and reduce tendon thickness and intratendinous vascularity compared with
exercise alone (Boesen et al., 2017). However, the use of this therapy has been only tested

in studies with low amounts of patients, limiting the potential benefits of this treatment.
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Shockwave therapy

Shockwave therapy is based on the use of high-energy pressure waves. The
effectiveness of this treatment has been shown in Achilles tendinopathy, patellar
tendinopathy and proximal hamstring tendinopathy, showing increased effects compared
with anti-inflammatory medication or physical therapy, or similar effects compared with
eccentric training (Korakakis et al., 2018). This treatment is able to alleviate pain and
improve physical performance, so it has been proposed to be considered the main therapy
for the treatment of patellar and Achilles tendinopathy when other non-surgical treatments
fail (Mani-Babu et al., 2015). Also, its efficacy in lateral elbow tendinopathy has been shown

with the previous mentioned beneficial effects (Yan et al., 2019).

Sclerotherapy

Sclerotherapy involves the injection of a sclerosing agent into a blood vessel, resulting
in a selective sclerosis of that vessel. The injection of a sclerosing agent, normally
polidocanol, into the areas of neovascularization can also eradicate the pain-generating
nerve fibers. Some clinical trials evaluating the treatment of tennis elbow tendinopathy,
patellar tendinopathy and Achilles tendinopathy with sclerotherapy has been performed
(Hoksrud et al., 2006; Ohberg & Alfredson, 2002; Zeisig et al., 2006). The benefits of this
therapy have been studied largely in Achilles tendinopathy, showing a considerable
decrease in main pain (Alfredson & Ohberg, 2005; Lind et al., 2006). However, although
polidocanol injections appears to provide pain relief, it is unclear what role they might play
in tendon healing in tendinopathy, and some complications related with this treatment such

as tendon rupture has been also reported (Alfredson & Cook, 2007).

Platelet-rich plasma

Platelet-rich plasma (PRP) is a preparation of autologous blood centrifuged to obtain
high concentration of platelets, with or without leukocytes. Although PRP continues to be
used as a therapy, studies have not confirmed a significant efficacy for PRP in the treatment
of tendinopathy (Franchini et al., 2018; Zhou & Wang, 2016). Some controversial results are
observed in PRP treatment when is applied. Regarding lateral elbow tendinopathy there are
some studies showing a significant improvement in pain after PRP treatment (Arirachakaran
et al., 2016; Mishra et al., 2014), but a meta-analysis published in 2014 do not support the
use of PRP for lateral elbow tendinopathy (de Vos et al., 2014). Similar controversy is
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reported for patellar tendinopathy (Liddle & Rodriguez-Merchan, 2015; Scott et al., 2019),
and for Achilles tendinopathy (Liu et al., 2019; Nauwelaers et al., 2021).

Cell therapy

Cell therapy is based on the use of progenitor or stem cells from bone-marrow or
adipose tissue as well as autologous tenocytes. Cell therapy has been shown to be effective
to treat a wide range of tendon disorders, including rotator cuff tendinopathy, lateral elbow
tendinopathy, patellar tendinopathy and Achilles tendinopathy with level 3 of evidence (van
den Boom et al., 2020). In the case of Achilles tendinopathy, injection of adipose-derived
stem cells shows reduced pain and improved physical function scores at 15 and 30 days
after treatment (Usuelli et al., 2018). This therapy has shown promising results but it is novel

and require further studies.

Surgery

Surgery for tendinopathies intends to promote a regenerative healing response by
triggering a reparative response in the matrix environment. Surgical procedures for
tendinopathy involve excision of the degenerative tendon, removal of adhesion around the
tendon, decompression of the tendon and/or multiple longitudinal tenotomies (Andres &
Murrell, 2008). In patients with Achilles tendinopathy no studies comparing surgery and non-
operative treatments has been performed. For patellar tendinopathy, no differences are
observed comparing surgery and eccentric loading alone (Bahr et al., 2006), but seems to
be better in pain relief compared with sclerosing agents (Willberg et al., 2011). Also, for
rotator cuff tendinopathy, no significant differences are observed comparing surgery with
plasma-rich platelets injections (Carr et al., 2015), with supervised physiotherapy regimen
(Ketola et al., 2017), or with exercise alone (Beard et al., 2018). Finally, in lateral elbow
tendinopathy, surgery has been found to provide better long-term pain relief than plasma-

rich platelets injections (Merolla et al., 2017).

3.3.3. Ultrasound-guided percutaneous electrolysis

Percutaneous electrolysis is based on the application of galvanic current using a
percutaneous needle, and is an emerging and minimally invasive technique that pursues to
regenerate damaged tissues (Valera-Garrido et al., 2014). Ultrasound equipment is used to
guide the needle used to apply galvanic current into affected soft tissues by direct

visualization. Once in the affected area, galvanic current application is able to stimulate
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locally the cells. Application of percutaneous needle electrolysis is able to induce a local
controlled microtrauma by combining mechanical and electrical stimulation of the tissue.
This microtrauma in turn generates a local inflammatory response that makes possible and
encourages the repair of the affected tissue (Valera-Garrido et al., 2019). Galvanic current
has been successfully used to repair chronic non-resolving lesions, such as tendinopathies
developed after prolonged extreme exercise, which often establish a degenerative condition
of the tissue that impairs healing and complicates clinical management (Cook & Purdam,
2009; Regan et al., 1992; Soslowsky et al., 2000). As mentioned before, in randomized trials,
anti-inflammatory therapies have shown to be ineffectual at treating these types of lesions
(Bisset et al., 2006; Coombes et al.,, 2013) and application of galvanic currents by
percutaneous needle alone has been found sufficient when it comes to regenerating the
tissue (Bubnov et al., 2013; Chellini et al., 2019; De-la-Cruz-Torres et al., 2020; Margalef et
al., 2020; Valera-Garrido et al., 2020; Valera-Garrido et al., 2014; Valera-Garrido et al.,
2013). However, the detailed molecular and cellular mechanism behind ultrasound-guided

percutaneous electrolysis inducing an inflammatory response is not well known.
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The following specific objectives were proposed for the present Thesis:

1. Determine the effect of autoinflammatory-associated NLRC4 mutations on the
structure of NLRC4.

2. Evaluate the activation of the NLRC4 and NLRP3 inflammasome by fluorescence
microscopy.

3. Characterize the effect of galvanic current application in the activation of the
NLRP3 inflammasome in macrophages.

4. Study the implication of the NLRP3 inflammasome in the inflammation and
regeneration responses in the Achilles tendon of mice after percutaneous needle
electrolysis application.

5. Elucidate the role of NLRP3 inflammasome in a mouse model of sterile tissue
damage.
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1. Mice

Mice aged between 6 and 12 weeks were used. Mice were maintained under specific
pathogen free (SPF) conditions, with food and water ad /ibitum, with a constant temperature
of 25°C and a light-dark cycle of 12 h. Animal procedure was refined and approved by the
University of Murcia animal experimentation committee and approved by the Animal Service,
Murcia Fishing and Farming Council (reference A13160702). All the strains used were wild-
type C57BL/6 mice, NLRP3-deficient mice (NIrp3+) (Martinon et al., 2006), Caspase-1/11-
deficient mice (Casp-1/117) (Kuida et al., 1995), and ASC-deficient mice (Pycard”)
(Mariathasan et al., 2004), all on C57BL/6 background and its use was approved by the

Biosecurity committee of the University of Murcia (reference CBE215).

Mice were euthanized with CO: at different days after treatments (section. The paws
were dissected and prepared for Achilles’ tendon dissection (section , for histological

studies (section|5) or for biomechanical testing (section

2. Mice procedure

2.1. Percutaneous needle electrolysis procedure

Mice were anesthetized with a mixture of isoflurane (IsoFlo, Zoetis) at 0.3 ml/h and 1%
of O2, and one Achilles tendon was treated with dry puncture, as a control for the puncture,
and the other with percutaneous needle electrolysis. Dry puncture was performed making
three punctures on the tendon zone using 16 G and 13 mm acupuncture needles (Agupunt).
Percutaneous needle electrolysis was performed making one puncture on the tendon zone

and using the protocol called “3-3-3” (3 impacts of 3 milliamps during 3 seconds each one)

using an acupuncture needle and a Physio Invasiva® equipment (Prim) (Figure 14). Also,

tendons without puncture were used as controls. Percutaneous needle puncture effect was
evaluated 3, 7, 14 and 21 days after treatment. In addition, dry puncture or percutaneous

needle electrolysis were performed 14 and 21 days after collagenase injection (see section

2.2). Also, three treatments with dry puncture or percutaneous needle electrolysis were

performed 7 days after collagenase injection (see section|2.2), and the treatments were

applied every 3 days.
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Figure 14. Representative image of the puncture of Achilles tendon. Achilles tendon puncture

with an acupuncture needle is shown.

2.2. Collagenase-induced sterile damage

Mice were anesthetized with isoflurane at 0.3 ml/h and 1% of Oz2. One Achilles tendon
was treated with 20 ul of collagenase A or denatured collagenase A at 10 ug/ul, and the
other with 20 ul of saline solution, as a control. Also, non-treated tendons were used as
controls. Denaturation of collagenase was performed incubating collagenase for 1 h at
100°C with shaking. Collagenase effect was evaluated 1, 3, 7, 10, 14, 21 and 28 days after

collagenase injection.

3. Mice Achilles tendon dissection

Mice were euthanized with CO2, and Achilles’ tendons were surgically dissected.
Before tendon dissection, paws were skinned carefully to avoid tendon rupture. Achilles’
tendon dissection was performed making two cuts in its ends, one in the calcaneal area and

the other in the gastrocnemius area, to separate it from the back of the leg.

Once dissected, Achilles’ tendon was either completely submerged in RNAlater
(Sigma-Aldrich) to keep RNA integrity during 24 h and after, were stored at -80°C until RNA
isolation, or were preserving tibia and adipose tissue and submerged in homo-buffer (70
mM sucrose, 220 mM mannitol, 2 mM Tris-HCI pH: 7,4, 0,1 mM EDTA, 0,1% bovine serum
albumin (BSA), proteases and phosphatases inhibitors) and stored at -80°C for further

homogenization.
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4. Mice tendon homogenization

Once dissected, tendons were homogenized with homo-buffer and using a Digital
Tissue Homogenizer (OMNI International). After homogenization, sample was incubated
during 15 min at 4°C vortexing them from time to time. Sample was then centrifuged at
10,000 rpms during 15 min at 4°C. Supernatants were collected avoiding contamination from

the pellet, transferred to a new tube and stored at -80°C.

5. Histological studies
5.1. Sample processing

Mice dissected paws were skinned and placed into a histology cassette. The cassette
was submerged into 4% buffered formalin solution (DiaPath) during 48 h. Once fixed,
samples were sized delimiting the exam zones (tendon and peritendon). After sizing,
samples were decalcified in a 40% formic acid solution (Shandon TBD-2 Decalcifier, Thermo
Scientific) during 8-12 h.

After decalcification, samples were included in paraffin and processed into a KOS
Microwave Multifunctional Tissue Processor (Milestone). Paraffin blocks were ravaged until
reaching the interest zone. Then, blocks were cut with a 3 pm thickness. The ravage and
the cut of the samples were done with a HM 355S Automatic Microtome (Thermo Scientific).

The samples cuts were placed in slides and introduced in an incubator during 1 h at 60°C

to remove the excess of paraffin. Sample cuts were stained (sections|5.2{|5.3|and|5.4) or

used for immunohistochemistry (section|(5.5).

5.2. Hematoxylin-eosin staining

Hematoxylin-eosin staining was done following a general protocol with serial steps
using different solutions. Slides were subsequently submerged into a xylene substitute
(Richard-Allan Scientific Clear-Rite 3, ThermoFisher Scientific) twice, in absolute ethanol
twice, in 96% ethanol and in 70% ethanol during 5 min each time. Then, slides were washed

with water during 5 min.

After rinse them with distilled water, slides were submerged in a hematoxylin solution
(Shandon Harris Hematoxylin, ThermoFisher Scientific) during 2 min. After hematoxylin
staining, slides were washed again with water during 5 min, rinsed with distilled water and

submerged in 70% ethanol during 3 min. Then, the slides were submerged in an alcoholic
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eosin solution (Shandon Eosin Y Cytoplasmic Counterstain, ThermoFisher Scientific) during
1 min. After eosin staining, slides were submerged in 96% ethanol twice during 1 min each
time, in absolute ethanol twice during 3 min each time and in a xylene substitute twice during

5 min each time.

At the end, the mounting of the coverslip over the slides was done. One drop of
permanent mounting media (ClearVue Mountant, Thermo Scientific) was placed between
the coverslip and the slides for a correct fixation. All slices were examined with a Zeiss Axio

Scope AX10 microscope and pictures were taken with an AxioCam 506 Color (Carl Zeiss).

5.3. Sirius red staining

Sirius red staining of collagen was performed using the Picro Sirius red staining kit
(Abcam) and following the manufacturer’'s instructions. Slides were subsequently
submerged into a xylene substitute twice, in absolute ethanol twice, in 96% ethanol and in

70% ethanol during 5 min each time. Then, slides were washed with water during 5 min.

After rinse them with distilled water, slides were submerged into the Picro Sirius red
solution (Abcam) during 60 min. After Sirius red staining, slides were rinsed twice with 0,5%
acetic acid. Then, the slices were submerged in 96% ethanol during 1 min, in absolute
ethanol twice during 3 min each time and in a xylene substitute twice during 5 min each

time.

At the end, the mounting of the coverslip over the slides was done as mentioned

before. Images were taken under polarized light which allowed us to differentiate between

type | collagen and type lll collagen (Figure 15|).

Figure 15. Representative image of calcaneal tendon section stained with picrosirius red and
viewed with polarized light. Type | collagen is shown in red/yellow color and type Il collagen is

shown in green color, scale bar 100 pm.
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Collagen type quantification was evaluated using a custom script based on the number
of pixels of each color and calculating the percentage of type | or Ill collagen according to

the following equations:

n?red/yellow pixels

% of type I collagen = ( >x100

(total n? pixels — background pixels)

% of I coll _ ( n? green pixels ) 00
o oftype Tl collagen = (total n? pixels — background pixels)
All slices were examined with a Zeiss Axio Scope AX10 microscope and pictures were

taken with an AxioCam 506 Color (Carl Zeiss).

In addition, sirius red-stained slices under polarized light were used to quantify different
characteristics of collagen by converting pictures to SHG color and then using the CT-Fire
algorithm to automatically calculate width and length of collagen fibers in these pictures (Y.
Liu et al., 2017).

5.4. Toluidine blue staining

Toluidine blue staining was performed to count mastocytes using a toluidine blue
polychrome solution (Bio-Optica) for the metachromatic staining of acid substances. Slides
were subsequently submerged into a xylene substitute twice, in absolute ethanol twice, in
96% ethanol and in 70% ethanol during 5 min each time. Then, slides were washed with

water during 5 min.

After rinse with distilled water, slides were submerged into the toluidine blue solution
(Bio-Optica) during 5 min and washed with water during 5 min. After rinse with distilled water,
slides were submerged in 96% ethanol twice during 1 min each time, in absolute ethanol

twice during 3 min each time and in a xylene substitute twice during 5 min each time.

At the end, the mounting of the coverslip over the slides was done as mentioned
before. All slices were examined with a Zeiss Axio Scope AX10 microscope and pictures

were taken with an AxioCam 506 Color (Carl Zeiss).

5.5. Immunohistochemistry

Immunohistochemistry was done for the detection of the mouse macrophage F4/80
antigen using an EnVision+ Sytem-HRP kit (Dako). Slides were subsequently submerged

into a xylene substitute twice, in absolute ethanol twice, in 96% ethanol and in 70% ethanol
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during 5 min each time. Then, slides were washed with water during 5 min and rinsed with

distilled water.

After washing, slides were introduced in an oven with a citrate solution at pH 6.1
(Target Retrieval Solution, Dako) during 30 min at 98°C and, after, washed with Tris-buffered
saline (TBS) during 5 min three times. After washing, the inhibition of the peroxidase was
produced incubating the slides with a H202 solution supplied in the kit during 5 min. Then,
slides were washed with T-TBS (TBS 1X, 0.05% Tween) during 4 min. After washing, the
primary antibody mouse/rat/rabbit anti-F4/80 antigen (MCA497GA, R&D) diluted 1:50 was
added to each slide and incubated O/N at 4°C. After incubation, slides were tempered in an

incubator during 10 min at 37°C. Slides were washed with T-TBS during 3 min.

After washing, an IMPRESS-HRP goat anti-rat IgG polymer reagent was used as a
secondary revealing agent (MP-7404, Vector) and was added to each slide and incubated
30 min at 37°C. Then, slides were incubated with a 3-3’-diaminobenzidine (DAB) solution
composed of DAB+ substrate buffer and DAB+ chromogen (K4007, Dako) supplied with the
kit during 5 min. The revealed step produced a positive immunoreaction in dark brown color.
A washing step with water was done during 5 min and slides were rinsed with distilled water.
After washing, slides were submerged in 96% ethanol during 1 min, in absolute ethanol
twice and in a xylene substitute twice during 5 min each time. At the end, the mounting of

the coverslip over the slides was done as mentioned before.

5.6. Qualitative evaluation of the samples

Hematoxylin and eosin-stained slices were initially evaluated in a 0 to 3 qualitative
scale, being 0 control (healthy tendon) conditions, 1 mild, 2 medium, and 3 severe, for
inflammatory infiltrate, tendon cellularity grade and neovascularization. The median value
for each of the paws was used as the final value represented in the figures. There were
some groups with intermediate values between stages qualified like 0/1, 1/2 and 2/3,
expressing a grade intermediate between both.

5.7. Polymorphonuclear cells, macrophages and mastocytes count

Polymorphonuclear cells, macrophages and mastocytes count was made counting
three independent fields per sample and in at least 3 independent samples. The count was

carried out in the peritendon and adipose tissue surrounding the tendon. The zones with
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more cellularity were selected to make the pictures. Pictures were taken with an AxioCam
506 Color (Carl Zeiss) with a 40x objective.

5.8. Tenocyte’s nuclei and collagen fibers evaluation

The number and area of tenocytes nuclei was evaluated using a homemade FIJI macro
with the help of Dr. Angel Bernabé Garcia. In brief, hematoxylin and eosin-stained slices
were loaded to the program and converted into 8-bit format. After that, a manual triangle
threshold to select nuclei was performed and a subtraction of the background was applied.
A step of erosion with “Erode” tool was performed for a better separation of proximate nuclei.
The selected nuclei were converted to mask and its number, area and circularity were

measured with the “Analyze particles” tool.

6. Biomechanical testing

Achilles’ tendons were dissected following the protocol described in (Rigozzi et al.,
2009). In brief, tendons were dissected maintaining intact the calcaneus and the
gastrocnemius/soleus muscles. The tendon sheaths were also maintained in order to

preserve the natural anatomical structure and relative orientation of the individual tendon

bundles (Figure 16A). Gastrocnemius/soleus muscle fibers were then cautiously removed

to expose the intramuscular tendon fibers (Figure 16B). All mechanical tests were

performed with an Autograph AG-X plus 50N-5KN machine (Shimadzu) with a speed of 0.1

mm/s and 1 kN load head. Specimens were clamped for testing with the calcaneus mounted

to approximate a neutral anatomical position (Figure 16C). Tendon area was calculated

measuring tendon width in two segments, frontal and lateral. Tendon area and length were
then used to calculate stiffness of tendons. Other parameters as maximum force and
maximum tension were also obtained. Elastic module was calculated as the slope of the
curve generated representing force vs displacement. The slope was calculated taking into
account the curve generated only between 1-2 N of force. All parameters were obtained

using Trapezium X software (Shimadzu).
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Figure 16. Clamps designed to measure tendon tension. (A) Image illustrating mice paws after
dissection, maintaining intact the calcaneus and the gastrocnemius/soleus muscles. (B) Image
illustrating mice paws after muscle fibers were removed to expose the intramuscular tendon fibers
of the calcaneal tendon. (C) Image illustrating the orientation and the position of mice paws in the

biochemical testing of the calcaneal tendon before starting the load.

7. Bone marrow-derived macrophages culture

7.1. Differentiation of mouse bone marrow-derived macrophages

Mice were euthanized with CO2, and long bones (tibia and femur) were dissected.
Bone marrow extraction was flushed by the irrigation of 20 ml macrophage differentiation
medium in the medullar cavity by using a syringe and a needle. Macrophage differentiation
medium was composed by high glucose DMEM (Lonza), 15% fetal calf serum (FCS)
(Invitrogen), 25% L929-cell culture supernatants (containing macrophage colony-stimulating
factor (M-CSF)), 1% penicillin and streptomycin (P/S, Lonza) and 1% L-glutamine (Lonza).
The suspension was seeded into three p150 Petri dishes (CellStar) and supplemented with

10 ml of differentiation medium, reaching a total volume of 20 ml per dish. Plates were

incubated at 37°C with a 5 % CO2 atmosphere in a Healforce incubator (Figure 17).

Two days after, 20 ml of differentiation medium was added to each dish, and dishes
were incubated at 37°C and 5 % of CO2 atmosphere. After 6 days of culture, the supernatant
was discarded and cells were washed with phosphate-buffered saline (PBS) sterile solution,
composed of NaCl (0.137 M), KCI (0.0027 M), NazHPO4 (0.01 M) and KH2POa4 (0.0018 M).
Cells were incubated with PBS at 4°C during 5 min to let detachment of the cells, helping
the recovery of the cells with manual scraping. Cell suspension was centrifuged at 400 xg

during 5 min, supernatants were discarded and cells were suspended in synchronization
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medium: DMEM medium with 20% of FCS and 1% Pencillin/Streptomicin. BMDMs were
counted and seeded into well plates at a confluence of 10° cells/ml and used the following

day for experiments.

Figure 17. Bone marrow culture scheme. Long bones were dissected, bone marrow was extracted
and cells were differentiated. After six days in differentiation culture, cells are completely

differentiated in macrophages and ready to be plated.

7.2. Stimulation of mouse bone marrow-derived macrophages

After 24 h from cell seeding, bone marrow-derived macrophages (BMDMs) were

primed and stimulated differently depending on the aim of the experiment.

In galvanic current-related experiments, cell density was at 106 cells/ml in 2 ml of
medium for uncoated tissue culture 6-well plates. BMDMs were primed with either LPS
(Sigma-Aldrich) from E. coli strain 055:B5 (1 pg/ml) during 2 h or with recombinant mouse
IL-4 (BD Pharmigen) (20 ng/ml) for 4 h both at 37°C and 5 % of CO2 atmosphere. After
priming, supernatants were collected to measure IL-6 and TNF-a, cells were washed and
then treated with nigericin (1.5 uM) or with galvanic currents during 6 h in 1 ml of Opti-MEM
(Lonza) or Opti-MEM high potassium (Opti-MEM supplemented with 60 mM of KCI) at 37°C

and 5 % of CO2 atmosphere using a own designed and produced device (Figure 18).

Figure 18. Device designed to apply galvanic current in 6-well plates. The two poles are
separated by plastic spacers and generate a homogeneous and constant galvanic current through

the well.
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Different parameters of galvanic currents were used (Table 2), and mostly were

applicated at room temperature (RT). Some of them were also applicated at 4°C as indicated

in figure legends.

Table 2.- Galvanic current parameters applied in the different experiments.

Intensity (milliamp, mA) | Time (seconds, s) | Number of pulses
3/6/12mA 6s 2
12 mA 3/6/12s 2
12 mA 6s 2/4/8

In collagenase-related experiments, cell density was at 108 cells/ml in 500 pl of medium
for 24-well plates. In some cases, cells were seeded into collagen upholstered well plates.
Collagen type | (Thermo Scientific) at 10 yg/ml in E-total buffer (147 mM NaCl, 10 mM
HEPES, 13 mM glucose, 2 mM CaClz2, 1 mM MgClz, and 2 mM KCI, pH 7.4) was added to
each well and incubated 16 h at 4 °C. Collagenase A (Sigma-Aldrich) (10 pg/ul) were used
to degrade collagen type | after or before BMDMs were seeded into the plate. Then, cells
were primed with LPS (1 ug/ml) during 2 h or with collagenase A (10 ug/ul) during 16 h. After
priming, supernatants were collected to measure IL-6 and TNF-q, cells were washed twice
with E-total buffer and then, treated in 500 ul of Opti-MEM with ATP (Sigma-Aldrich) (3 mM)
during 30 min or with collagenase A (10 pg/ul) during 16 h in Opti-MEM at 37°C and 5 % of

COz atmosphere.

In all experiments, after stimulation, cells of control groups (only treated with LPS) and
supernatants of all groups were collected. Supernatants were centrifuged at 1000 xg during
5 min and the pellet of debris was discarded. Cells were lysed with 50 ul of cold lysis buffer:
Tris-HCI 50 mM at pH 8.0 (Sigma-Aldrich), NaCl 150 mM, 2% Triton X-100 (Sigma-Aldrich)
and supplemented with 100 pl/ml of protease inhibitor mixture (Sigma-Aldrich), and
incubated for 30 min on ice. Then cell lysates were centrifuged at 16,000 xg during 15 min
at 4°C. Supernatants from lysed cells were collected and stored together with clarified cell-

free supernatants at -80°C.

8. Human blood samples

In this thesis we used blood from 4 patients with CAPS carrying the p.Ala439Thr
NLRP3 variant, 1 patient carrying the p.Ser171Phe NLRC4 mutation present in mosaicism
and 4 healthy donors used as control. The clinical research ethics committee of the Clinical

University Hospital Virgen de la Arrixaca (Murcia, Spain) approved the use of these blood
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samples. Informed consent was obtained from all individuals enrolled in the study in
accordance with the WMA Declaration of Helsinki. The samples were stored in the Biobanco
en Red de la Region de Murcia (PT13/0010/0018) integrated in the Spanish National
Biobanks Network (B.000859). Whole blood samples were collected in EDTA anticoagulated

tubes.

8.1. Peripheral blood mononuclear cells isolation

Peripheral blood mononuclear cells (PBMCs) from whole blood were isolated using a
Ficoll-based gradient separation method (Histopaque-1077; Sigma-Aldrich). Special tubes
(SepMate-50; StemCell) were used for the gradient separation. 15 ml of Ficoll with a 1.077
g/ml density were added in the bottom of the tube until filling the chamber. Blood was diluted
1:1 with PBS and 6 ml was added carefully after the Ficoll, on the top of the chamber. Once

added, blood was centrifuged at 1,200 xg during 15 min. After the centrifugation, four phases

were obtained (Figure 19), according to their density:

- Erythrocytes and polymorphonuclear cells (bottom of the tube).
- Ficoll phase.

- PBMCs phase, forming a white ring (the layer of interest).

- Plasma phase (top of the tube).

Plasma

PBMCs

Ficoll

Erythrocytes and PMNs

Figure 19. Post-spin Ficoll separation phases scheme. Four phases based on their density were
formed, from denser (erythrocytes and PMNs) to less dense (plasma). Between plasma and Ficoll
phases the PBMCs phase is located, the layer of interest.

After centrifugation, PBMCs were collected using a Pasteur pipette and washed with
20 ml of PBS twice at 300 xg during 10 min each. Supernatant was discarded, PBMCs were
resuspended on 1 ml of Opti-MEM and counted in a Burker chamber (Marienfield) diluting
the cells 1:10 in trypan blue (Sigma-Aldrich) to differentiate live from death (stained) cells.
Three quadrants of the chamber were counted diagonally. Final number of cells were

obtained dividing total number of cells counted by 3 and then multiplying by the chamber
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dimensions and trypan blue dilution, resulting in the number of cells in 1 ml of the sample.

Cells were counted using an inverted phase contrast AE2000 microscope (Motic).

Cells were seeded on 24-well plates at a density of 108 cells/ml in 500 pl of media and
the remaining cells were subsequently frozen at -80°C and -196°C. To be frozen cells were
centrifuged for 10 min at 300 xg and 10° cells were resuspended in 1 ml of freezing buffer
(10% dimethyl sulfoxide (DMSQO) and 90% FCS), transferred to cryotubes (Greiner Bio-one)
and stored at -80°C using an isopropanol-containing recipient (Nalgen) for 24 h to 48 h. After

this period, cells were stored in liquid nitrogen at -196°C.

Cells were defrosted using a 37°C bath and viable cells were selected by a negative
magnetic selection method using the OctoMacs kit together with separation columns of
medium size (Miltenyi Biotec) according to manufacturer’s instructions. Briefly, after
defrosting, PBMCs suspension was diluted 1:10 in PBS and centrifuged at 300 xg for 10
min. Annexin V conjugated with magnetic beads was equilibrated by 1:5 dilution with binding
buffer (Miltenyi Biotec). 500 ul of the Annexin-V magnetic beads mix were added every 106
cells and incubated for 15 min at RT. Columns were calibrated with 500 pl of binding buffer,
and after that, cells were added. Columns were washed 3 times with 500 pl binding buffer.
The final volume obtained was about 2.5 ml, containing live cells. Cells were then counted
using a Burker chamber and trypan blue as mention before and seeded at 108 cells/ml in

500 ul of media in 24-well plates for experiments.

8.2. Complete blood and PBMCs stimulation

Cell density of PBMCs was at 108 cells/ml in 500 pl of RPMI medium in uncoated tissue
culture 24-well plates. Complete blood or PBMCs were left unstimulated or primed with LPS
(1 pg/ml) for 2 or 5 h at 37°C and 5 % of CO2 atmosphere. After LPS priming, cells were
treated with ATP (3 mM) during 30 min or with 4 ug of protective antigen (PA) and 2 ug of
flagellin A lethal factor (LFn-FlaA) (here called FlaTox, kindly obtained from Prof. V. Mulero,
University of Murcia) during 5 h at 37°C and 5 % of COz atmosphere.

After stimulation, cells and supernatants of all groups were collected. Supernatants

were centrifuged at 1,000 xg during 5 min and the pellet was discarded. Cells were lysed as

described in section|19|for isolation of RNA. Cell lysates and clarified cell-free supernatants

were stored at -80°C until use.
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9. HEK293T cells

9.1. HEK293T cell culture and transfection

HEK293T cells (CRL-11268; American Type Culture Collection) or HEK293T cells
stably expressing the human NLRP3 sensor tagged with YFP (NLRP3-YFP) (Tapia-Abellan
et al., 2019) were maintained in DMEM:F12 (1:1) (Lonza) supplemented with 10% FCS, 2
mM Glutamax (Life Technologies), and 1% L-glutamine, in presence of G418 (Acros

organics) first at 1 mg/ml and reducing the concentration until 0,3 mg/ml progressively.

To seed HEK293T cells, cell culture medium was removed and cells were washed with
PBS. After washing, 1 ml of trypsin with 0,25% of ethylenediaminetetraacetic acid (EDTA)
(Sigma-Aldrich) was added to the flask and after 3 min of incubation at 37°C temperature, 9
ml of fresh medium with FCS were added to inactivate trypsin. Cells were transferred to a
15 ml conical tube and centrifuged at 433 xg during 5 min; supernatant was discarded and
new medium was added. Then cells were counted with Burker chamber and trypan blue,

and cultured at different densities depending on the well-plate used and the experiment.

During transfection cell density was at 7x10° cells/ml in 1 ml of medium in 12-well
plates. Lipofectamine 2000 (Invitrogen) was used for the transfection of HEK293T cells with
different plasmid constructs according to manufacturer’s instructions. Briefly, a mix of 1 ug
of total DNA in 50 ul Opti-MEM (tube A) and a mix of 3 pl of Lipofectamine 2000 diluted in
50 pl Opti-MEM (tube B) were prepared and tubes were incubated during 5 min at RT.

Plasmids used and their concentration are referred in|Table 3| After incubation, the volume

of tube A was added into tube B, mixed gently and the mixture were incubated 20 min at
RT. In the meantime, cell culture medium was removed and 900 ul of fresh complete
medium were added and the cells were incubated at 37°C and 5% CO2 atmosphere during
the rest of the time. Then, the Lipofectamine/DNA mixture was added to the cells drop by
drop. The plate was swirled gently to mix and incubated at 37°C and 5% CO2 atmosphere.
24 h after transfection, formation of NLRC4-YFP puncta was evaluated by fluorescent

microscopy.

Table 3.- Information about plasmids used in this Thesis. Ct = C-terminal. Nt = N-terminal.

Plasmid Transcript Promoter Vector Concentration Fused with
name backbone
oapz | HumanNLRC4 1 oy, | 1opo 3 1 Tuglul | YFP-Nt/LUC-Ct
wild-type
Human NLRC4
pAP11 0.Ser171Phe CMV TOPO 3.1 1 ug/ul YFP-Nt / LUC-Ct
Human NLRC4
pAPG6 0.Thr177Ala CMmV TOPO 3.1 1 ug/ul YFP-Nt / LUC-Ct
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Human NLRC4

DAP4 G cMV | TOPO 3.1 Tug/l | YFP-Nt/LUC-Ct
pAP12 | UMARERCAT cmv | TOPO 3.1 Tuglil | YFP-Nt/LUC-Ct
0AP7 H:T,Z%Z‘;-ng' cMV | TOPO 3.1 Tuglul | YFP-Nt/LUC-Ct
0AP13 Hgmf‘swg'ﬁg“ CMV | TOPO 3.1 Tuglil | YFP-Nt/LUC-Ct
0AP5 H:fg:&;‘g;? CMV | TOPO 3.1 1 ug/yl YFP-Nt / LUC-Ct
0AP8 H:gfy%g‘; d"_ch“ cMV | TOPO 3.1 Tuglul | YFP-Nt/LUC-Ct
AP H:_r{‘%%gg-gy? cMV | TOPO 3.1 Tuglul | YFP-Nt/LUC-Ct
pAP14 H;_g?ﬂ%g‘;licu“ cMV | TOPO 3.1 Tuglul | YFP-Nt/LUC-Ct
pAP10 H;g;QBB";SRgA' CMV | TOPO 3.1 1 pg/ul YFP-Nt / LUC-Ct
0AP3 ';“/Tsi‘)q %B%?f cMV | TOPO 3.1 Tuglul | YFP-Nt/LUC-Ct
hé?g Human ASC CMmv pcDNA3 0.1 ug/ul RFP Ct

9.2. Plasmid construction

Different mutations of human NLRC4 were generated by overlapping PCR to introduce
a point mutation. The construct was also double tagged using overlapping PCR in the N-
terminus to YFP and in the C-terminus to Renilla luciferase (Luc) for following assays. To
introduce the point mutation the following PCR protocol was developed 98°C — 30 s, (98°C
—-10s,57°C—-30s, 72°C — 2 min) x 15 cycles, 72°C — 2 min, 4°C - «, using specific designed

primers

Table 4

Table 4.- List of primers used during this Thesis. The specific nucleotide(s) changed to perform the

Figure 20).

mutation are represented in red.

and the Platinum SuperFi high fidelity polymerase (Thermo Scientific)

mutation p.His443Pro

CCTGGAATGACTTGGGAAAGAATT

Use Sequence (forward - reverse) (nutfencgzzes) %GC
Introduction of the GAAGGGGAATTTGGCAAAGGC 21 523
mutation p.Ser171Phe GCCTTTGCCAAATTCCCCTTC '
Introduction of the AAGGCAAGTCCGCTCTGCT 19 578
mutation p.Thr177Ala ACGAGAGCGGACTTGCCTT '
Introduction of the TCTCATGAAGAACCCTCTCTTTG 23 43 4
mutation p.Thr337Asn CAAAGAGAGGGTTCTTCATGAGA '
Introduction of the TCTCATGAAGAGCCCTCTCTTTG 23 478
mutation p.Thr337Ser CAAAGAGAGGGCTCTTCATGAGA '
Introduction of the CCCTCTCTTTGCGGTCATCACTT 23 52 1
mutation p.Val341Ala AAGTGATGACCGCAAAGAGAGGG '
Introduction of the AATTCTTTCCCAAGTCATTCCAGG 24 416
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Introduction of the CTTTCACAAGCCATTCCAGGAGT

mutation p.Ser445Pro | ACTCCTGGAATGGCTTGTGAAAG 23 478
Introduction of the ACAGGTGGAGGCATCCACATG 21 57 1
mutation p.Gly633dup CATGTGGATGCCTCCACCTGT '
Introduction of the TCTTCAACTGCAAGCAGGAATTC 23 43 4
mutation p.Trp655Cys GAATTCCTGCTTGCAGTTGAAGA '
Introduction of the CAACTGGAAGCTGGAATTCAGG 22 50
mutation p.GIn657Leu CCTGAATTCCAGCTTCCAGTTG
Introduction of the CAAATAAAGAGAAGTGCTGGTGTG 24 416
mutation p.Cys697Ser CACACCAGCACTTCTCTTTATTTG '
Introduction of the GCAATTTGATGGTGATGATCTCA 23 39 1
mutation p.Asp1009Gly TGAGATCATCACCATCAAATTGC ’
Introduce mutations and TAATACGACTCACTATAGGG 20 40
overlapping PCR
Introduce mutations and | 15 1cCAGCACGTTCATCTGC 21 57.1
overlapping PCR
Correct alignment of the | 50\ GATGAACGTGCTGGACAG 21 57.1
plasmid in the vector
Correct alignment of the GATCAGCGGGTTTAAACTC 19 473
plasmid in the vector

After this PCR, two PCR amplicons were obtained, and electrophoresis in 0.5%
agarose gel and purification of DNA of each fragment with DNeasy gel purification kit
(Qiagen) following the manufacturer’s instructions were performed. An overlapping PCR

was done to join these two fragments to form the final complete fragment with the mutation

using the same PCR protocol than before, specific combination of primers (Table 4), and

the Platinum SuperFi polymerase. Electrophoresis in 0.5% agarose gel was performed and

purification of DNA of the final fragment was performed using DNeasy gel purification kit

following the manufacturer’s instructions (Figure 20).

After obtaining the complete fragment, Tag-polymerase were used to add an adenine
at each end of the PCR-obtained fragment to be cloned into pcDNA3.1/V5-His TOPO (Life
Technologies). After being cloned, construct was transformed into TOP10 E. coli strain
(Thermo Scientific) by heat-shock protocol incubating the samples at 42°C during 30 s. After
transformation, bacteria were cultured 1 h at 37°C in 250 pl of SOC medium (provided with
the bacteria) to allow its exponential growth and recover from the heat-shock. Then bacteria
were seeded into 5 ml of Luria-Bertani (LB) agar (Acros organics) with ampicillin (Sigma-
Aldrich) (100 pg/ml) Petri dishes and incubated overnight at 37°C (Figure 20).

After incubation, the following PCR protocol 94°C — 10 min, 94°C — 3 min, (98°C — 10
s, 57°C - 30 s, 72°C — 2 min) x 30 cycles, 4°C - «, of 8-10 bacteria colonies were performed
to check if the construct was inside the plasmid and in correct orientation (positive bacteria)

or not (negative bacteria) using specific primers (Table 4). Electrophoresis in 0.7% agarose
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gel and visualization under UV light were performed to differentiate positive and negative

bacteria (Figure 20).

Mutation insertion with specific primers Overlapping PCR Fragment introduction
E1 in TOPO vector
F1 F2 )
< . —_— :x; - >
R1 R2 R2
pcDNA3.1/
PCR amplicon 1 PCR amplicon 2 Final complete fragment V5-His TOPO

PCR of bacterial colonies
F3

Tranformation of vector

P Bacterial growth in Petri dishes in TOP10 E. coli bacteria
AL

CR . .
—=— amplicon POsitive bacteria

@
!

F3

No PCR . .
~ amplicon Negative bacteria

-
Fas e
3 pcDNA3.1/
V5-His TOPO

Figure 20. Schematic representation of the procedure performed to obtain plasmid
construction. Different steps of the procedure are represented and linked with arrows.

Positive bacteria colonies were then cultured in 5 ml of LB with ampicillin (100 pg/ml)
and incubated overnight at 37°C with vigorous shaking. After that, plasmid DNA was purified
using the QIAprep spin miniprep kit (Qiagen) following the manufacturer’s instructions and
the amount of DNA obtained was measured in a NanoDrop 2000/2000c¢ spectrophotometer

(Thermo Scientific).

The purified plasmids were also digested with BamHI and Notl (Thermo Scientific) (10
U/ul) to confirm correct alignment between tags and the NLRC4 sequence, loaded in an
agarose gel to develop electrophoresis with RedSafe marker and visualized under UV light.
Finally, sequencing of the construct was performed to confirm correct modification and the

absence of unwanted mutations.

9.3. HEK293T NLRP3-YFP cell line stimulation

Cells were seeded at 7x10° cells/ml in 1 ml of DMEM:F12 medium. Cells were
stimulated in E-total buffer using 2 impacts of 12 mA during 6 s each of galvanic current in
presence or absence of 10 uM MCC950 (CP-456773, Sigma-Aldrich, added 30 min before
galvanic current application) and incubated for 6 h. After this time, formation of NLRP3-YFP

punctawas evaluated by fluorescent microscopy.
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10. Microscopy

10.1. Fluorescent microscopy

Fluorescent microscopy was used to analyze NLRP3 or NLRC4 inflammasome puncta
formation with or without ASC. Images were acquired with a Nikon Eclipse Ti microscope
equipped with a 20x S Plan Fluor objective (numerical aperture, 0.45), and a digital Sight
DS-QiMc camera (Nikon) and 472 nm/520 nm filter set (Semrock), and the NIS-Elements

AR software (Nikon). Images were analyzed with Imaged (US National Institutes of Health).

10.2. Second harmonic generation microscopy

This technique was performed with the help of Dr. Juan Manuel Bueno and Rosa Maria
Martinez Ojeda from Optic and Nanophysics University Institute in University of Murcia. A
detailed description of the second harmonic generation microscope used can be found in
(Skorsetz et al., 2016), a non-lineal optical tool (Campagnola et al., 2001). Unstained
collagen molecules are able to generate second harmonic generation signal due to their
natural structure with lack of a center of inversion symmetry (Fine & Hansen, 1971). In brief,
the imaging instrument combines a Ti:Sapphire femtosecond laser source and an inverted
microscope. The laser system emits light pulses of 800 nm of wavelength at a repetition rate
of 76 MHz. An XY scanning unit and a Z-motor attached to the microscope objective allow
scanning the sample across the plane and depth location of interest. The second harmonic
generation signal from the sample propagates back through the same objective used for
excitation (dry long-working distance, 20x, 0.8 N.A.), is isolated by a short-wave pass filter
(400+5 nm), and finally detected by a photon counting photomultiplier module. A home-
made LabView™ software controlled the entire system. The average power at the sample’s
plane was always below 100 mW. Second harmonic generation images were acquired at 2
Hz. To analyze the structural organization of the collagen fibers in the tendon, an algorithm

based on the Hough transform was used (Bueno et al., 2020).

The Hough transform is a mathematical procedure able to detect aligned segments of

collagen fibers within an image (Figure 21), and provide quantitative information on the

degree of organization of the spatially resolved structures. On the basis of a pixel-by-pixel
calculation, when a straight line is found, the corresponding polar coordinates are filed in
the so-called 2D accumulator matrix. For each new detected straight line, the accumulator
increments one unit. The local peaks (i.e., maximum values) in this accumulator space

determine the preferential orientations found across the image. The standard deviation of
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these orientations is defined as the structural dispersion. A custom Matlab™ script was

developed for image processing (Bueno et al., 2020).

Figure 21. A representative image of accumulation matrix of the algorithm based on the
Hough transform from collagen fibers imaged with second harmonic generation microscopy.
Calcaneal tendon without staining is showed, scale bar 50 um.

11. Bioluminescent Resistance Energy Transfer assay

Bioluminescent Resistance Energy Transfer (BRET) assay was used to study the
conformational changes produced by the different mutations in NLRC4 constructs. NLRC4

construct without YFP, but with Luciferase was used as negative control (rLuc only).

24 h after HEK293T cell transfection, poly-L-lysine solution (Sigma-Aldrich) were
prepared to coat 96-well white plates by diluting 1% poly-L-lysine solution 1:100 in PBS. 100
ul of the mix were added to each well and the plate was incubated 15 min at 37°C. During
incubation time, transfected HEK293T cells were detached in 1 ml of complete medium by
gentle pipetting up and down. After poly-L-lysine incubation, wells were washed twice with
PBS and 100 ul of cell suspension (1000 cells/ul) were added to each well. Plates were
incubated at 37°C and 5% of CO2 atmosphere during 24 h.

Then cells were washed twice with PBS and 50 pl of coelenterazine h solution
(Invitrogen, 4,5 yM diluted in PBS) was added to each well and the plate was incubated
during 7 min at 37°C to allow luciferase signal to stabilize. After incubation, luminescence
was read in a Synergy neo2 multi-mode plate reader (BioTek) at 480 and 530 nm every 150
s for 30 min with a gain of 110 units, and miliBRET units (mBUs) were calculated using the

following equation:

Lum(535nm) donor+acceptor Lum(535nm) rLuc only {000
- - - _ [ Eumtosonm) o
Lum(480nm) Lum(480nm)

BRET (mBUs) = <<
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After BRET measurement, YFP fluorescence was measured by exciting at 480 nm and
reading emission at 530 nm in the same wells to determine the expression of the BRET

sensor in the different transfections.

12. Flow cytometry

Intracellular ASC-speck formation was evaluated by seeding 50 pl of individuals’ whole
blood samples in polystyrene flow cytometry tubes (Falcon) with RPMI 1640 medium

(Lonza) containing 10% FCS and 2 mM Glutamax. Following stimulation as described in

section|(8.2] tubes were centrifuged 600 xg for 5 min to pellet floating cells, and supernatant

was carefully removed. After that, cells were resuspended in 100 ul of staining buffer (PBS
with 1% of FCS and 0.1% sodium azide) containing mouse monoclonal FITC-conjugated
anti-CD14 (clone M5E2, 557153, BD Biosciences), mouse monoclonal APC-conjugated
anti-CD15 (clone HI98, 551376, BD Biosciences), and mouse monoclonal PE-Cy7-
conjugated anti-CD16 (clone 3G8, 557744, BD Biosciences), to stain the surface of
monocytes. All the antibodies were diluted 1:10 and incubated during 30 min at RT in the
dark. After incubation, cells were washed with 2 ml of staining buffer and centrifuged at 600
xg during 5 min at RT. Cells were then resuspended in 500 ul of cell fixation buffer and
incubated during 10 min on ice in the dark. Another 2 washes were performed using 2 ml of
staining buffer and centrifuging at 400 xg for 5 min at RT. After that, cells were stained for
the detection of ASC specks by Time-of-Flight Inflammasome Evaluation (Hurtado-Navarro
et al., 2022; Sester et al., 2015). Briefly, 250 ul of permeabilization buffer (PBS with 3% of
FCS, 0.1% sodium azide, and 0.1% saponin) were added to each tube. Also, 250 ul of a
1:500 dilution of PE conjugated mouse monoclonal anti-ASC antibody (653903, Biolegend)
in staining buffer were added to achieve a final dilution of 1:1000 in the desired tubes. Tubes
were incubated 45 min at RT in the dark. After incubation, cells were washed again as
mentioned before and resuspended in 500 pl of staining buffer to acquire the cells in a FACS
Canto flow cytometer. To calculate the percentage of monocytes in the samples, a gating
strategy consisting of CD14*, CD16*, CD15 cells was applied using the FCS express
software (De Novo Software). Flow cytometry was performed with the help of Laura Hurtado

Navarro.

13. Enzyme-linked immunosorbent assay

A quantitative sandwich enzyme-linked immunosorbent assay (ELISA) was used in

this thesis for quantitative detection of different cytokines (Figure 22). ELISA system was
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used to detect mouse IL-1B8 (Thermo Scientific), mouse IL-6 (R&D Systems) and mouse
TNF-a (Thermo Scientific) in BMDMs supernatants, and human IL-18 (Invitrogen), human
IL-18 (Invitrogen), human IL-6 (R&D Systems) and human TNF-a (R&D Systems) in PBMCs

supernatants and complete blood, following manufacturer instructions for each.

o JF I
T‘II“II"T‘IF”II"T‘II“II"‘I'TT "I'T'T

Substrate Addition,
Immobilized Addition of Unconjugated Conjugated Signal Detection, &
Capture Antibody Antigen Primary Antibody Secondary Antibody Quantification

‘T' Capture antibady @ Analyte j‘ Primary Antibody _JL_SecondaryAntibody Substrate

Figure 22. A schematic representation of sandwich ELISA protocol. Image adapted from
“‘Rockland antibodies & assays” web.

ELISA was done in 96-wells plate (Corning Costar) according to the manufacturer’s
instructions. Briefly, an overnight incubation with 100 ul of capture antibody diluted 1:250 in
Coating Buffer (PBS) per well was done at 4°C. After coating, plates were washed four times
with washing buffer (0.05% Tween 20 diluted in PBS). After washing, a blocking step was
done with ELISA/ELISPOT Diluent (provided with the kit). Alternatively, blocking step can
be done using a solution of BSA. After blocking and washing, a standard with different
dilutions of recombinant cytokine and samples were added to the wells and incubated 2 h

at RT in order to allow the antigen to bind with the capture antibody. Sample dilutions were

done with the corresponding diluent buffer provided in the kit (Table 5).

After samples incubation and washing, the primary antibody was added and incubated
to allow binding between primary antibody and antigen. After the incubation and washing,
the secondary antibody conjugated with horseradish peroxidase (HRP)-avidin was added

and incubated.

After secondary antibody incubation and washing, 3,3’,5,5’-tetramethybenzidine (TMB,
provided with the kit) as substrate reagent was added and incubated according to
manufacturer’s instructions and protected from light for 15 min. Then 100 pl of stop solution
(2 N H2SO4) was added. Absorbance at 450 nm was measured in a Synergy Mx plate reader

(BioTek), using 570 or 630 nm wavelengths as reference.

Table 5.- Conditions in each ELISA kit used. Differences in coating and sample dilution are described
in this table. Coated IL-1B ELISA kit was used to measure in vivo IL-1j3 levels. Uncoated IL-13 ELISA

kit was used to measure in vitro IL-1p3 release.
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Type of Lk Coating Sample dilutions rene] (el
kit number)
Without dilution (LPS+Nigericin and .
Mouse IL-1B Unclg?eted LPS+(12mA-6s)x8 samples in InV|tr7o(§;1e?:1) (88-
P C57BL/6 mice diluted 1:2)
. I Invitrogen
Mouse IL-18 Coated plate Without dilution (BMS60002)
. Invitrogen
Mouse IL-18 Coated plate 1:2 (BMS618-3)
Mouse IL-6 Coated plate 1:25 R&D (M6000B)
Uncoated . Invitrogen (88-
Mouse TNF-a olate 1:10 7324)
. eBioscience
Human IL-1B Coated plate 1:2 (BMS224INST)
Human IL-18 Coated plate Without dilution MBL (7620)
) Without dilution (LPS samples
Human IL-6 Coated plate diluted 1:10) R&D (D6050)
Human TNF-a Coated plate Without dilution R&D (DTAOQOD)

14. Multiplexing for cytokines detection

Homogenized tendons were used to measure the concentration of different cytokines
using the mouse ProcartaPlex Mix&Match 8-plex kit (InvitroGen). Multiplex for the detection
of IL-1a, IL-2, IL-6, IL-10, IL-18, CXCL10 and TNF-a was performed using the Luminex color-
coded antibody-immobilized beads (InvitroGen) following the manufacturer’s instructions.
Briefly, 200 ul of washing buffer were added to all wells and incubated at RT during 10 min
with shaking. After removing the washing buffer by decantation, samples and standards
together with the magnetic beads mix were added and the plate was incubated with shaking
at RT for 2 h. After washing the plate three times with a Hand-Held Magnetic Plate Washer
(InvitroGen), the mix of detection antibodies was added and the plate was incubated with
shaking at RT for 30 min. After washing the plate three times with a Hand-Held Magnetic
Plate Washer, Streptavidin-PE antibody was added and the plate was incubated with
shaking at RT for 30 min. After washing the plate three times with a Hand-Held Magnetic
Plate Washer, reading buffer was added and the plate was incubated with shaking at RT for

5 min. The results were analyzed in a Luminex MAGPIX instrument (Luminex Corporation).

15. Western-blot

Sample processing

Clarified cell supernatants obtained as described in previous section were
concentrated by centrifugation at 11,000 xg during 30 min 4°C through a column with a 10

kDa pore size membrane (Millipore). The aim of the concentration step was to concentrate
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the target cytokines and proteins from the cell supernatant. Concentrated supernatants and
cell extract obtained from 2x10°¢ cells were diluted with Laemmli buffer (Bio-Rad) at 1:1 ratio.
Laemmli buffer contains 2-mercaptoethanol to disrupt proteins’ disulphide bonds and to
avoid protein aggregation. After addition of Laemmli buffer, samples were heated during 5
min at 95°C to denature proteins, briefly spun down and loaded in the wells of an acrylamide

gel.

Acrylamide gel preparation

Acrylamide/bis-acrylamide gels were prepared before electrophoresis of proteins. 19:1
acrylamide/bis-acrylamide solution (Sigma-Aldrich) was combined with distilled water at
different concentrations to prepare the separating gel. A single-phase 15% gel was used to
determine caspase-1, IL-18 and GSDMD. To determine NLRC4 tagged with Renilla
Luciferase, a single-phase 8% gel was used. Separating gel also contained 3 M Tris-HCI at
pH 8.8 to allow protein movement through the gel according to their size. On the top of the
separating gel, a concentrating gel of 4% of acrylamide/bis-acrylamide containing 0.5 M Tris-

HCI at pH 6.8 maintain concentration of proteins in a low conductivity state.

SDS was added to both gels in order to facilitate denaturing conditions and to eliminate
the native charge of the proteins, providing negative charge. In this way, proteins will move
from cathode to anode independently on their native charge and only dependent on their
size. Ammonium persulfate (Sigma-Aldrich) and tetramethylethylenediamine (TEMED)
(Sigma-Aldrich) were also added into the gels to initiate polymerization of acrylamide.
Polyacrylamide gels were prepared with a 1.5 mm thickness and casted using the Mini-
PROTEAN 3 system (Bio-Rad).

After the addition of the separating gel mixture into the cast, a layer of ethanol was
added on the top to separate the gel from oxygen and allow a straight gel. After 30-40 min,
when solidification occurred, ethanol was retired and the gel was washed with distilled water.
Concentrating gel was added upon separating gel and 10-wells Mini-PROTEAN
electrophoresis well combs of 1.5 mm thickness (Bio-Rad) were used to cast the
concentrating gel with wells. Once solidified, combs were retired and gel was placed into the
Mini-PROTEAN electrophoresis cuvette.

Protein electrophoresis and transference

Samples were loaded into the wells together with a pre-stained protein standard
(BenchMark, Life Technologies) which contains proteins of 6, 15, 19, 26, 37, 49, 64, 82, 115
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and 180 kDa. Protein electrophoresis was performed using a running buffer containing 25
mM Tris, 192 mM glycine, 0,1% SDS and pH 8.3 (Bio-Rad) at 200V for 50 min using a power
supply from Bio-Rad.

After protein separation, gels were placed over a 0,45 ym pore-size nitrocellulose
membrane (Bio-Rad), wrapped with Whatman® filter papers and casted into gel holders’
cassettes (Bio-Rad). The cassette was introduced on the transference cuvette with the gel
in the negative pole and the membrane in the positive pole in order to transfer proteins from
the gel to the membrane. Protein transference was performed using a transference buffer
containing 20% of methanol, 25 mM Tris, 192 mM glycine and pH 8.3 at 350 mA for 1 h

using a power supply from Bio-Rad.

Antibody blotting and bioluminescent detection

After transference, membranes were blocked to avoid unspecific antibody binding with
skim milk (BD Biosciences) diluted at 5% in TBS with 0,05% Tween (T-TBS) for 1 h at RT
with shaking.

Table 6) was added diluted in T-TBS with 5% of milk

and was incubated overnight at 4°C. After that, membranes were washed three times with

After blocking, primary antibody

T-TBS to eliminate primary antibody that had not been bound, and the secondary antibody
conjugated with HRP (GE Healthcare) was added at 1:5000 dilution in T-TBS with 5% of
milk and incubated 1 h at RT with shaking. Membranes were then washed again for three

times with T-TBS before bioluminescent detection.

Membranes were incubated for 5 min in dark with 1 ml of enhanced

chemiluminescence (ECL) plus (Amhershan Biosciences) and light signal was detected
using a ChemiDoc HDR (Bio-Rad).

Table 6.- Antibodies used in western blot analysis.

Antibody Hos.t CIona_I Dilution Company
specie | expansion
Anti-mouse IL-13 Rabbit | Polyclonal [ 1:1000 Santa Cruz
Anti-mouse caspase-1 (p20) Mouse | Monoclonal | 1:1000 Adipogen
Anti-mouse gasdermin D Rabbit | Monoclonal [ 1:2000 Abcam
Anti-B-actin Mouse | Monoclonal | 1:10000 | Santa Cruz
Anti-Renilla Luciferase Rabbit | Polyclonal [ 1:1000 MBL
A”t"rabb'tF'&%,)HzRP Linked . Polyclonal | 1:5000 | Sigma-Aldrich
A”t"mouseF('gS)gRP Linked - | Polyclonal | 1:5000 | Sigma-Aldrich
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16. Lactate dehydrogenase determination assay

The activity of LDH in cell-free supernatants were determined as indicative of necrotic

cell death and pyroptosis with the Cytotoxicity Detection kit (Roche) following the

manufacturer’s instructions (Figure 23). LDH is a stable cytoplasmatic enzyme that goes

out the cell when plasma membrane is damage and cell permeabilization is compromised.
Cell-free supernatants were diluted 1:4 with Opti-MEM in 96-wells plate. Cell extracts were
diluted 1:20 with Opti-MEM and then diluted again 1:4 in 96-wells plate to obtain the total
cellular LDH content. Then, 100 ul of LDH detection reagent mix composed of the catalyst
(containing diaphorase/NAD* mixture) and the dye solution (containing iodotetrazodium
chloride (INT) and sodium lactate) was added to each well and absorbance was immediately
read at 492 nm every 30 s during 10 min in a Sinergy MX plate reader (BioTek), using 620
nm wavelength as reference. After, the slope of the curve plotting absorbance versus time

was calculated and used to calculate the final percentage of LDH release.

1. Step:
coor coo
[ LDH I
HO—C—H i~ c=0
| |
CHs CH:
lactate pyruvate
+
NAD NADH + H*
2. Step:
1 1
H /© /©
N—N N—N
@_ e CI @_ nd | cr
-@ satels '@
NO: NO:
formazan sak (red) tetrazolium salt (pale yellow)

Figure 23. Representation of LDH reaction produced in the kit. First step, LDH transform lactate
in pyruvate by the reduction of NAD* to NADH+H". Second step, the catalyst reduces tetrazolium
salt (yellow) to formazan (red) by transforming NADH+H" in NAD". Image obtained from Roche
Cytotoxicity determination (LDH) protocol.

17. Yo-Pro-1 uptake assay

Yo-Pro-1 staining was used to measure plasma membrane permeabilization at real
time during cell stimulation. Yo-Pro-1 is a negative charged molecule, with 629 Da and cell-
impermeant properties that strongly binds nucleic acids and emits at 525 nm upon excitation
at 480 nm.

For Yo-Pro-1 uptake, macrophages were preincubated for 5 min at 37 °C with 2.5 yM

of Yo-Pro-1 iodide (Life Technologies) after galvanic current application or 1% Triton X100
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(Sigma-Aldrich) addition. Yo-Pro-1 fluorescence was measured after the treatments every
5 minutes for the first 30 min and then every 30 min for the following 3 h with an excitation
wavelength of 478 nm and emission of 519 nm in a Synergy neo2 (Biotek) multi-mode plate

reader.

18. Intracellular K* determination

Intracellular K* was quantified from macrophages cell lysates as already reported
(Compan et al., 2012). In brief, cells were lysed with 200 pl of ultrapure water by three
freezing-thaw cycles exchanging the sample from liquid nitrogen to a bath at 37°C. Cell
lysates were centrifuged at 13,200 rpms for 10 min at 4°C and intracellular K* was measured

by indirect potentiometry on a Cobas 6000 with ISE module (Roche).

19. mMRNA expression determination

RNA extraction and isolation

Total RNA extraction in cell cultures was carried out using RNeasy Mini kit (Qiagen)
according to manufacturer’s instructions. Briefly, cells were lysed by adding 350 pl of RLT
with 1% of 2-mercaptoethanol (Sigma-Aldrich) and scrapping them. After scrapping, one
volume of 70% ethanol was added to create conditions that promote selective binding of
RNA to RNeasy silica-membrane and the sample was applied into RNeasy Mini spin
columns. Total RNA was bound to the membrane and contaminants were washed away with
RW1 and RPE washing buffers provided by the kit. Also, an additional step was added
between RW1 and RPE washing steps. The sample was treated with DNase | (RNase-Free
DNase set, Qiagen) diluted 1:8 in RDD buffer (supplied with the kit) and incubated during
30 min. In all the previous steps the supernatant was discarded each time. All binding and
washing steps were performed by centrifugation at 10,300 xg during 1 min. After membrane
drying, RNase free water was added, making sure that membranes were completely
covered and hydrated, and incubated 5 min. Then, columns were centrifuged at 10,300 xg
during 5 min. Final RNA concentration was measured using a NanoDrop 2000/2000c
spectrophotometer (Thermo Scientific) and measuring absorbance at 260, 280 and 230 nm.
Once quantified, samples were stored at -80°C.

Total RNA extraction of Achilles tendons was carried out using Qiazol Lysis Reagent
(Qiagen) and a Digital Tissue Homogenizer (OMNI International). Frozen Achilles tendons

were lysed with 400 pl of Qiazol Lysis Reagent (Qiagen) and tissue homogenization was
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carried out at maximum speed using a Digital Tissue Homogenizer (OMNI International) until
no piece of tissue were observed. After tissue homogenization, the sample was incubated
during 8 min at RT, and then 80 ul of chloroform (Sigma-Aldrich) were added. Tubes were
shaken during 15 s, and rested during 3 min at RT. Then, samples were centrifuged at
12,000 xg during 15 min at 4°C to separate three phases, the Qiazol phase (bottom), the
intermediate phase and the chloroform phase (top). The chloroform phase was collected in
an Eppendorf tube and one volume of 70% ethanol was added to create conditions that
promote selective binding of RNA to RNeasy membrane. The sample was transfer into a
RNeasy Mini (Qiagen) spin column and protocol described above was followed to obtain the

final MRNA concentration. Once quantified, samples were stored at -80°C.

Reverse transcription

Total RNA was reverse transcripted using the iScript cDNA Synthesis kit (Bio-Rad)
using a mix of oligo(dT) and random hexamer primers. The cDNA transcription was carried
out using 10 ng of RNA, 4 ul of iScript reaction mix, 1 ul of iScript reverse transcriptase, and
the final volume was adjusted to 20 ul with nuclease-free water. The reaction was performed
in Prime Thermal Cycler (Techne) with the following protocol: 25°C for 5 min, 46°C for 20

min and 95°C for 1 min. Reactions were kept at 4°C until sample storage at -20°C.

Quantitative PCR analysis

Quantitative PCR was performed using the mix SYBR Premix ExTaq (Takara) in an
iCycler MyiQ thermocycler (Bio-Rad). The master mix for the analysis was composed by 5
Ml of SYBR Premix ExTaq, 3 ul of nuclease-free water, 1 pl of specific primers and 1 ul of
cDNA. Specific primers were predesigned and purchased from Sigma-Aldrich (KiCqStart
SYBR Green Primers) to detect the expression of the following mice genes: Actb, Arg1,
Casp1, Cox2, Cxcl10, Fizz1, Gsdmd, Ill1a, ll1b, ll1rn, II6, Mrc1, Nirp3, Pycard, Tgfb, Tnfa
and Ym1, and the ribosomal RNA: 78S. Also, to detect the expression of the following human
genes: Actb, II1b and II6.

20. Statistics

Statistical analyses were performed using GraphPad Prism 7 (Graph-Pad Software,
Inc). A Shapiro-Wilk normality test was initially performed on all groups to decide the analysis
type to be used. For two-group comparisons, nonparametric Mann-Whitney U test (without

making the assumption that values are normally distributed) or the parametric unpaired t-
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test (for normal distributed data) were used to determine the statistical significance. For
more than two group comparisons, one-way ANOVA test (for normal distributed data) or
nonparametric Krustal-Wallis test (without making the assumption that values are normally
distributed) were used to determine the statistical significance. Data are shown as mean
values and error bars represent standard error from the number of independent assays
indicated in the figure legend, which are also overlaid in the histograms as dot-plotting. p-
value is indicated as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; > 0.05 not significant

(ns).
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Chapter 1. Evaluation of NLRC4 and NLRP3
activation in recombinant HEK293T system
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1.1. Conformational changes in NLRC4 inflammasome due to mutations

associated with autoinflammatory diseases

1.1.1. Mutations in NLRC4 induce spontaneous oligomerization and conformational

changes in NLRC4 inflammasome complexes

We first generated 12 different plasmids to express in mammalian cells the different
pathogenic mutations of NLRC4 most of them described in the previous bibliography:
p.Ser171Phe and p.Thr177Ala in the NBD domain; p.Thr337Asn, p.Thr337Ser and
p.Val341Ala in the HD1 domain; p.His443Pro and p.Ser445Pro in the WHD domain; and
p.Gly633dup, p.Trp655Cys, p.GIn657Leu, p.Cys697Ser and p.Asp1009Gly in the LRR
domain. We first confirmed that all constructions were correctly expressed after transient
transfections in HEK293T cells {(Figure 25A). Since NLRC4 was fused to the fluorescent

YFP protein, we were able to quantify the number of transfected cells with a puncta

distribution of NLRC4 (Figure 25B), as a readout of inflammasome activation. We found

that the different NLRC4 mutations resulted in a significant higher number of cells with

spontaneous puncta distribution when compared with the wild type NLRC4 (Figure 25C).

We next used BRET assay to study the conformation of NLRC4 carrying different mutations

and YFP at N-terminus and rLuc at C-terminus, as increasing BRET signal will result in

closer YFP and rLuc and a closed structure of NLRC4 (Figure 26). First, we aimed to

express at the same level all NLRC4 BRET sensors in transfected HEK293T cells before

calculating BRET signal. For that, we measured the fluorescence of YFP by exciting at 480

nm and found that all NLRC4 mutants presented a similar expression {(Figure 27A). Then,

we measured BRET and found that BRET signal was stable during the time for the different
NLRC4 mutants (Figure 27B). However, BRET signal was different for the different NLRC4
mutants tested (Figure 27B,C). A significant decrease in BRET signal compared with

NLRC4 wild type was observed in NLRC4 with the following mutations: p.Ser171Phe,
p.Thr177Ala, p.His443Pro, p.Serd45Pro, p.Cys697Ser and p.Asp1009Gly (Figure 27C).
This suggests that the N- and C-terminus of these mutants could be more separated than

the wild type NLRC4, so the different mutated NLRC4 could be in an ‘open’ active
conformation. On the contrary, NLRC4 mutants p.Thr337Asn, p.Thr337Ser, p.Val341Ala,
p.Gly633dup, p.Trp655Cys and p.GIn657Leu did not changed BRET signal when compared
with NLRC4 wild type (Figure 27C).
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1.1.2. p.Ser171Phe NLRC4 variant induce an inflammasome activation without stimulation

We were able to obtain blood samples of a 57-years-old woman with episodes of fever
and systemic inflammation carrying the post-zygotic variant c.512C>T in the Nirc4 gene.
This nucleotide exchange lead to the p.Ser171Phe variant, which had already been
classified as pathogenic (Volker-Touw et al.,, 2017) and we have found that induced a
decrease of the NLRC4 BRET signal (Figure 27C).

Since the in vitro expression of p.Ser171Phe NLRC4 variant in HEK293T cells resulted

in a higher number of cells with NLRC4 puncta when compared to wild type NLRC4 (Figure

@, we next analyze whether these puncta were leading to a functional NLRC4
inflammasome by expressing the NLRC4 variant p.Ser171Phe together with ASC. We found

that the p.Ser171Phe variant induces a higher number of cells with ASC specks when

compared to wild type NLRC4 (Figure 28A,B). Similarly, in the monocytes of the patient

with the p.Ser171Phe NLRC4 variant, we found an increase of the percentage of monocytes
with ASC specks when compared to monocytes from healthy controls (HC), and similar to
monocytes from CAPS patients with the p.Ala439Thr NLRP3 variant (Figure 29A). The HC

and the patient with NLRC4 variant presented the same number of circulating monocytes

Figure 29B). LPS treatment increased the percentage of monocytes with ASC specks from
the patient with the p.Ser171Phe NLRC4 variant compared to HC (Figure 29A). These
differences disappeared when the canonical NLRP3 inflammasome was activated with LPS
and ATP (Figure 29A). PBMCs from the patient with the p.Ser171Phe NLRC4 variant
released higher amounts of IL-18 when compared to HC (Figure 29C), but they failed to

release IL-1[3, even after the canonical NLRP3 inflammasome activation (Figure 29D). This

difference between the release of both cytokines could be due to the fact that //71b gene

expression was not induced with LPS in the patient with the p.Ser171Phe NLRC4 variant,

whereas as a control the expression of //6 was induced (Figure 29E). A similar release of
TNF-a and IL-6 induced by LPS between the PBMCs from the patient with the p.Ser171Phe
NLRC4 variant and the PBMCs from the HC ruled out a potential defect on LPS priming
Figure 30A). Finally, NLRC4 activation with FlaTox in PBMCs from the patient with the
p.Ser171Phe NLRC4 variant resulted in an increased percentage of ASC-specking

monocytes and IL-18 release, but not IL-13 (Figure 30B). All these data can be found in our

recent publication lonescu*, Pefiin-Franch*, et. al., 2021.
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1.2. NLRP3 activation by galvanic current

To gain further insights if galvanic current were activating NLRP3, we used HEK293T
cells stably expressing NLRP3-YFP protein, a system widely used to assess NLRP3
activation (Chen and Chen, 2018; Compan et al., 2012; Tapia-Abellan et al., 2019, 2021).
Fluorescence microscopy experiments showed that the application of 2 impacts of 12 mA of

galvanic current for 6 seconds induced the formation of an intracellular NLRP3-YFP

punctum (Figure 31). This punctum formation was inhibited by the application of the specific

NLRP3 inhibitor MCC950 (Figure 31), suggesting that galvanic current could induce the

activation of the NLRP3 inflammasome. To confirm this observation, we performed

additional experiments shown in the following chapters of this Thesis.
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Figures of Chapter 1
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Figure 24. Schematic representation of NLRC4 mutants studied in this Thesis. The specific

amino acid changes and the position of the mutations along the protein are indicated.
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Figure 25. Expression of human NLRC4 mutants in HEK293T cells. (A) Immunoblot for the
expression of wild-type or different NLRC4 mutants in HEK293T cells. (B) Representative images
of HEK293T expressing wild-type or different NLRC4 mutants tagged with YFP (green);
arrowheads denote the cells with NLRC4 puncta; scale bar 10 um. (C) Percentage of HEK293T
cells with NLRC4 puncta, expressing either wild-type (white) or the different NLRC4 mutants.
Significance between each mutant and wild type NLRC4 is indicated above each column. Center
values represent the mean and error bars represent s.e.m.; n= 3-18 independent experiments.
****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Figure 26. Schematic representation of BRET assay. The potential close/inactive and

open/active states of NLRC4 are represented.
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Figure 27. BRET signal of wild type and different NLRC4 mutants. (A) YFP fluorescence of
HEK293T cells expressing wild-type (white) and different YFP-NLRC4-Luc mutants. Center
values represent mean and error bars the s.e.m.; n= 3 independent experiments. (B) BRET signal
recorded during 30 min in HEK293T cells expressing wild-type (white) and different YFP-NLRC4-
Luc mutants. Center values represent mean and error bars the s.e.m.; n= 3 independent
experiments. (C) Mean of all time points for BRET signal shown in panel B. Significance between
each mutant and wild type NLRC4 is indicated above each column. Center values represent
mean and error bars the s.e.m.; n= 3 independent experiments. ****p<0.0001, ***p<0.0005,
**p<0.005, *p<0.05, and ns p>0.05.
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Figure 28. Expression of human NLRC4 p.Ser171Phe variant together with ASC in HEK293T cells.
(A) Percentage of HEK293T cells with oligomers of ASC, expressing ASC alone (white) or with either wild-
type NLRC4 (gray) or p.Ser171Phe NLRC4 (blue). (B) Representative images of HEK293T expressing
wild-type or p.Ser171Phe NLRC4 (green) and ASC (red); arrowheads denotes the cells with
oligomerization of ASC; scale bar 10 pm. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Figure 29. NLRC4 p.Ser171Phe variant induces increased inflammasome activation. (A)
Percentage of ASC-specking monocytes identified by the time-of-flight assay from healthy
individuals (controls), from the patient with NLRC4 p.Ser171Phe variant and from CAPS patients
with the NLRP3 p.Ala439Thr variant primed with LPS and stimulated with ATP. (B) Percentage
of monocytes (CD14+ cells on CD45+ cells) in the PBMCs from healthy individuals without AID
(controls, grey) and from the patient with NLRC4 p.Ser171Phe variant (blue). (C,D) IL-18 (C) and
IL-113 (D) release detected in cell-free supernatants from peripheral blood mononuclear cells from
healthy individuals without AID (controls) and from the patient with NLRC4 p.Ser171Phe variant
and from CAPS patients with the NLRP3 p.Ala439Thr variant primed with LPS and stimulated
with ATP. (E) /l1b and Il6 gene expression in PBMCs from a healthy individual without AID
(control, grey) and from the patient with NLRC4 p.Ser171Phe variant (blue) primed with LPS.
****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Figure 30. NLRC4 p.Ser171Phe variant induces increased IL-18 release. (A) TNF-a (left) and
IL-6 (right) release detected in cell-free supernatants from peripheral blood mononuclear cells
(PBMCs) from healthy individuals without AID (controls, grey) and from the patient with NLRC4
p.Ser171Phe variant (blue) primed with LPS. (B) Percentage of ASC-specking monocytes (left),
release of IL-18 (middle) or IL-1B (right) from PBMCs from a healthy individual without AID
(control, grey) and from the patient with NLRC4 p.Ser171Phe variant (blue) primed with LPS and
stimulated with FlaTox. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Figure 31. NLRP3 activation by galvanic current in HEK293T cells. Fluorescence microscopy
of HEK293T cells stably expressing NLRP3-YFP after 6 h of application of 2 impacts of 12 mA
of galvanic current for 6 seconds, the specific inhibitor MCC950 (10 uM) was added 30 min before
the galvanic current application; scale bar 10 mm; n= 3 independent experiments. ****p<0.0001,

***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Chapter 2. Evaluation of the NLRP3
inflammasome  activation induced by
galvanic current in macrophages.
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2.1. Galvanic current enhances macrophage pro-inflammatory M1

phenotype

We initially designed and produced a device to apply galvanic current to adherent

cultured cells in 6 well cell culture plates (Figure 18| see material and methods section for

further details). This device allowed us to explore the effect of galvanic currents in bone
marrow derived mouse macrophages. Application of 2 impacts of 12 mA of galvanic current

for 6 seconds each, over LPS stimulated macrophages, induced an increase of the

expression of Cox2 and //6 genes (Figure 32A). However, it did not affect LPS-induced //1b

or Tnfa pro-inflammatory gene expression (Figure 32A).

Interestingly meanwhile Tnfa expression was upregulated with galvanic current alone

Figure 32A), galvanic currents were not inducing the expression of Cox2, /6 or I/1b genes

on non-LPS treated macrophages, or over IL-4 treated macrophages (Figure 32A). When

macrophages were polarized to M2 by IL-4, galvanic currents decreased the expression of

the M2 markers Arg1, Fizz1 and Mrc1 (Figure 32B), however this decrease was small and

non-significant for the M2 marker Ym1 (Figure 32B). These data suggest that galvanic

current could enhance the pro-inflammatory signature of M1 macrophages whilst decrease

M2 polarization.

We next studied the concentration of released pro-inflammatory cytokines from

macrophages, and found that galvanic current was not able to increase the concentration of

IL-6 or TNF-a released after LPS stimulation {Figure 32C), but as expected from the results

of Chapter 1, it significantly augmented the release of IL-1B in an intensity dependent

manner (Figure 32). This data indicates that the increase of //6 and Tnfa gene expression

detected at mRNA level would not be transcribing to higher amounts of released IL-6 and
TNF-a over LPS treatment, but galvanic current could be potentially activating an
inflammasome to induce the release of IL-1B3. All these data can be found in our recent

publication Pedin-Franch, et. al., 2022.

2.2. IL-1B release is dependent on the total load of the galvanic current

As IL-1pB release induced by galvanic current was dependent on the intensity of current

applicated (Figure 32(C), we next aimed to asses if changes in the different parameters of

galvanic current could induce variations in IL-13 release. We found that 2 pulses of 12 mA
during 3, 6 or 12 seconds of galvanic current induced increasing amounts of released IL-13

Figure 33A), and this also happened with increasing number of pulses: 2, 4 or 8 pulses of
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12 mA during 6 seconds (Figure 33A). However, increasing the time or the number of pulses

of galvanic current, cell death was also increased, positively correlating with the increase in

the number of pulses applicated (Figure 33B).

We next studied different protocols to apply galvanic current to induce IL-18 release
with low cell toxicity, and at the same time, that could be clinically relevant and similar to the
one used in patients (3 pulses of 3 mA during 3 seconds each). For that, we compared the
application of 2 pulses of 12 mA during 6 seconds with 2 pulses of 3 mA during 12 seconds,

in order to decrease the intensity of the galvanic current. We found that both protocols

induced a similar amount of IL-10 release (Figure 34A), without inducing cell death (Figure

). We then tested low intensity (3 mA) during 6 seconds, but increasing the number of

pulses, and found that IL-1p release increased with the number of pulses keeping cell death

below 20% (Figure 34B). Then, we aimed to study the effect of the temperature meanwhile

galvanic current is applicated, since current application induces an increase in temperature

in the area under the needle. Applicating galvanic current at 4°C resulted in no differences

in IL-1B8 and LDH release when compared to 37°C conditions (Figure 34(C).

As the release of IL-13 was depended on the different parameters of galvanic current
application, we decided to study if the total current load (calculated by multiplying all the
values of each parameter: intensity x time x number of impacts) was related with the release
of IL-1B. We compared the different parameters of the galvanic current application
maintaining the same total current load. We started with protocols with a total load of 72

units and we found that the protocol of 2 impacts of 3 mA during 12 seconds released more

IL-18 than the other protocols tested (Figure 35A). When the total load was of 144 units,

we found that the protocol with 8 impacts of 3 mA during 6 seconds of galvanic current

released more IL-1f3 than the one with 2 impacts of 12 mA during 6 seconds (Figure 35A).

Finally, we compared two protocols with a total load of 288 units, without differences

between them (Figure 35A). As the differences in IL-1f release were in the similar scale
units (~100 pg/ml for 72 total load, ~200 pg/ml for 144 and ~800 pg/ml for 288 total load),

we compared the data for the different total load and obtained that increasing the total load

of galvanic current correlated with an increase in IL-1B release and in LDH release (Figure

). Furthermore, we also observed a positive and significant correlation between the

release of IL-1B and the release of LDH with increasing the total load of galvanic current

Figure 35C). All these data indicate that, in vitro, parameters of galvanic current can be

changed to control different concentration of IL-13 release, obtaining optimized conditions

with IL-1B release and low cell death to decrease the toxic of the treatment. However, a
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higher total load of galvanic current induces high IL-1(3 release and a high cell death, not to

be recommended for treatment.

2.3. Galvanic current activates the NLRP3 inflammasome

Since IL-1P release is induced by the activation of caspase-1 after the canonical or
non-canonical inflammasome formation (Broz and Dixit, 2016), we next studied the release
of IL-1B induced by galvanic current in macrophages deficient on caspase-1 and -11 to avoid

both the canonical and non-canonical inflammasome signaling. We found that Casp1/11+

macrophages fail to release IL-1B induced by galvanic current (Figure 36A). We then found

that galvanic current application on Pycard”- macrophages also failed to induce the release

of IL-1B, denoting that the inflammasome adaptor protein ASC would be also required for

the inflammasome activation (Figure 36A). Since current application could be considered a

sterile danger signal and was inducing oligomerization of NLRP3 (see previous Chapter),
we next assessed the implication of NLRP3, an inflammasome sensor important to elicit an
immune response in sterile dangerous situations (Broz and Dixit, 2016; Liston and Masters,
2017). Nirp3+ and the use of the specific NLRP3 inhibitor MCC950 (Coll et al., 2015; Tapia-

Abellan et al., 2019) impaired the release of IL-1B induced by galvanic current (Figure

,B), demonstrating that the NLRP3 inflammasome is activated during galvanic current

application. Similarly, galvanic current was also able to induce the release of IL-18 {Figure

), another cytokine dependent on the activation of the inflammasome. The use of

MCC950 or macrophages deficient on NLRP3 failed to release IL-18 after galvanic current

application (Figure 36), confirming that galvanic current stimulate NLRP3 to induce the

release of both IL-1 and IL-18. As controls, similar results were obtained in parallel with the

specific NLRP3 activator nigericin (Figure 36B and|Figure 37A). Mechanistically, the use

of an extracellular buffer with 40 mM of KCI decreased IL-1B release induced by nigericin
and galvanic current application, but not the release of IL-1B induced by Clostridium difficile
toxin B, that activate the Pyrin inflammasome which is a K*-efflux independent

inflammasome (Figure 36D). However, application of two pulses of 12 mA of galvanic

current for 6 seconds failed to decrease intracellular K* (Figure 36E and|Figure 37B), but

increasing the number of pulses of galvanic current to eight resulted in a significant decrease

of intracellular K* {Figure 36E). This data suggests that galvanic current slightly decrease

intracellular K* when compared to the application of the K* ionophore nigericin (Figure 36E)

and this explains the smaller concentration of IL-1B release induced by galvanic current

compared to nigericin application (Figure 36B). After galvanic current application we were
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able to detect the generation of the active p20 caspase-1 fragment, and processed IL-13
and GSDMDNT (Figure 36F). MCC950 was able to abrogate caspase-1 activation and the

processed forms of IL-18 and GSDMDNT (Figure 36F), suggesting a functional caspase-1

activation and downstream signaling due to canonical NLRP3 activation and discarding the
non-canonical NLRP3 activation that would result in GSDMD processing in the presence of
MCC950. All these data confirm that galvanic current application induces an activation of
the NLRP3 inflammasome and, since NLRP3 deficient macrophages failed to release IL-1[3
or IL-18, that no other inflammasome expressed in the macrophages was being activated.

All these data can be found in our recent publication Pehin-Franch, et. al., 2022.

2.4. Galvanic current toxicity is not mediated by pyroptosis

Since GSDMD was processed and the N-terminus detected upon galvanic current
application, we next assessed pyroptosis by means of Yo-Pro-1 uptake to cells, to measure
plasma membrane pore formation and cell viability, and LDH leakage from the cell, to
determine plasma membrane damage. Two impacts of galvanic currents of different

intensities (3, 6, 12 mA) for a period of 6 seconds (conditions that induce IL-13 release as

we show in|Figure 32(C) were only inducing a slightly increase of cell death (Figure 38A).

This increase in cell death was not associated with the activation of the inflammasome, since

it was also present in macrophages deficient on NLRP3, ASC or caspase-1/11 (Figure 38B),

suggesting that was independently of inflammasome-mediated pyroptosis. Increasing the

number or the time of 12 mA impacts of galvanic current applicated to the macrophages,

resulted in a time-dependent increase of cell death (Figure 38A), correlating with higher

concentrations of IL-1B and IL-18 release (Figure 38(C). However, meanwhile IL-13 and IL-

18 release was blocked by MCC950 (Figure 38C), LDH release was not dependent on
NLRP3 activation (Figure 38D). This further corroborate that the NLRP3 activation is

dependent on the intensity and time of galvanic current application. Similarly, two impacts

of 12 mA for a period of 6 seconds were unable to induce plasma membrane

permeabilization measured by Yo-Pro-1 uptake during a period of 3 h (Figure 38E). Yo-Pro

uptake increased over 3 h in an intensity dependent manner (3, 6, 12 mA) when 8 impacts

were applicated during 6 seconds (Figure 38E). This increase of plasma membrane
permeabilization was not reverted after NLRP3 blocking with MCC950 or when ASC-

deficient macrophages were used (Figure 38F). All these results demonstrate that doses of

galvanic current of 3 or 6 mA for impacts of 6 seconds do not compromise cell viability but

are able to induce an inflammatory response dependent on NLRP3 activation, in contrast
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with current intensities of 12 mA that if prolonged in time could cause significant cell death
independently of the inflammasome. All these data can be found in our recent publication
Penin-Franch, et. al., 2022.
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Figures of Chapter 2
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Figure 32. Galvanic current increases the M1 phenotype of macrophages. (A) Quantitative
PCR for M1 genes Cox2, /l6, lI1b and Tnfa expression from mouse bone-marrow derived
macrophages (BMDMs) treated for 2 h with LPS (1 ug/ml) or 4 h with IL-4 (20 ng/pul) as indicated
and then 2 impacts of 12 mA of galvanic current for 6 seconds were applicated. Cells were then
further cultured for 6 h before analysis. Center values represent the mean and error bars
represent s.e.m.; n= 5-10 samples of 5 independent experiments. (B) Quantitative PCR for M2
genes Arg1, Fizz1, Mrc1 and Ym1 expression from BMDMs treated as in (A). Center values
represent the mean and error bars represent s.e.m.; n= 3-10 samples of 5 independent
experiments. (C) IL-6, TNF-a and IL-1B release from BMDMs treated as in (A) but different
intensities of galvanic current (3, 6, 12 mA) were applicated. Center values represent the mean
and error bars represent s.e.m.; n= 2 for untreated cells and n= 4-6 for treatment groups from 4
independent experiments. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Figure 33. Higher time and number of impacts of galvanic current induce more IL-1
release. (A) IL-1]3 release from mouse bone marrow derived macrophages (BMDMs) treated for
2 h with LPS (1 pg/ml), then different protocols with increasing time or number of impacts of
galvanic current were applicated and incubated for 6 h. (B) LDH release from BMDMs treated as
in panel A. Center values represent the mean and error bars represent s.e.m.; n= 2-9 samples of
at least 2 independent experiments. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns
p>0.05.
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Figure 34. Less intensity of galvanic current applicated with increasing time or impacts
lead to IL-1B release. (A) IL-18 and LDH release from mouse bone marrow derived
macrophages (BMDMs) primed for 2 h with LPS (1 ug/ml), then treated with 2 impacts of 12 mA
during 6 seconds or with 2 impacts of 3 mA during 12 seconds and then incubated for 6 h. Center
values represent the mean and error bars represent s.e.m.; n= 6 samples of 3 independent
experiments. (B) IL-138 and LDH release from BMDMs primed as in A, treated with 2 impacts of
12 mA during 6 seconds or with 4 or 8 impacts of 3 mA during 6 seconds and then incubated for
6 h. Center values represent the mean and error bars represent s.e.m.; n= 4-8 samples of 3
independent experiments. (C) IL-1B and LDH release from BMDMs primed as in A, treated with
2 impacts of 12 mA during 6 seconds at 37°C or 4°C and then incubated for 6 h. Center values
represent the mean and error bars represent s.e.m.; n= 6-12 samples of 3 independent
experiments. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Figure 35. Increasing total load of galvanic current correlated with increasing IL-1 and
LDH release. (A) IL-1p3 release from mouse bone marrow derived macrophages (BMDMs) primed
for 2 h with LPS (1 pg/ml), then treated with different protocols of galvanic current with 72, 144 or
288 units of total load and incubated for 6 h. Center values represent the mean and error bars
represent s.e.m.; n= 4-33 samples of at least 3 independent experiments. (B,C) IL-13 and LDH
release (B) and correlation of IL-1B8 and LDH release with total load (C) from BMDMs primed as
in A, then treated with different protocols of galvanic current with 36, 72, 144, 288, 576 units of
total load and incubated for 6 h. For 36 units the galvanic current protocol was 2 impacts of 3 mA
during 6 seconds, and for 576 units the galvanic current protocol was 8 impacts of 12 mA during
6 seconds. Center values represent the mean and error bars represent s.e.m.; n=4-33 samples
of at least 3 independent experiments. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns
p>0.05.

Pagina 163|290



RESULTS

A
3001 "
:250‘
£ 200 .
g
~ 1501
2
= 100
= .
501 . .
. - .
0- ot ot BB e e R e e T sfn
LPS: + + + + + + + + + + + + + +
Intensity (mA): - 12 - 3 6 12 - 3 6 12 - 3 6 12
Time (s): - 6 - 6 6 6 - 6 6 6 - 6 6 6
Impacts (no.): - 2 - 2 2 2 - 2 2 2 - 2 2 2
Wild-type Casp1/11* Pycard” Nirp3+*
B 3000- -i c 300- .
2000 . .
10000 @@ -
‘{—E* 200+ L ’—é‘ 200+
g 1501 g .
2 100 ® 100{ .
o 5 : ,
*] Flildafgh o s o 0
0-LE " s [e] 0 T T T T .n. T T = T
LPS: + + + + + LPS: + + + + + + + + +
MCCO50 - - + - + Intensity (mA): - 12 12 - 12 - 12 - 12
Nigericin: - + + - - Time (s): - 6 6 , 6 - 6 B} 5
Intensity (mA): - - - 12 12 Impects (oo - 2 2 - 2 - 2 - 2
Time(sy - - - 6 6 e s e
Impacts (no.): - - - 2 2 Wild-type Nirp3* Casp1/11” Pycard”
D ns E F
250‘0' . . 24 *k S
1250 * ﬁ : g d ‘ LPS: + + +
= 4 e =l = o s Intensity (mA): - 12 12
£ 250 . £ . o Time(s): - 6 6
E 2001 . ¥ . Impacts (no.): - 8 8
2 1504 g 17 . - MCC950: - - + Celllysates
E 100 3 461;_- w—— == (< Pro-caspase-1
= 10 : 2 1=
50 ns L g . >
2 I= 49 )
olemam | [ 1111 @ £ LT - — —|PolLn
High K* buffer: -  + - + - + - + LPS: + + + + +
LPS LPS+Clostridium difficile toxin B Nigericin: - + - - - - s e [< GSDMD
o e ostrianim aimeiie toxin B ntengity (mA): - - 12 12 12 =
OLPS+Nigericin B LPS+2 impacts of galvanic Time(s): - - 6 12 6 [ — < R-Actin
current (12mA-6s) Impacts (no.): - - 2 2 8 64 Supernatants
49 w— =< Pro-caspase-1
374
26 < Caspase-1 (p20)
37
26—
15 o - < IL-1R
gé:‘—-— S < GSDMD
%6 - < GSDMDNT

Pagina 164|290



RESULTS

Figure 36. IL-1B release induced by galvanic current is dependent on the NLRP3
inflammasome. (A) IL-1B release from wild type, Casp1/11", Pycard’ and NIrp3’ mouse bone
marrow derived macrophages (BMDMs) treated for 2 h with LPS (1 pg/ml) and then 2 impacts of
different intensities of galvanic current (3, 6, 12 mA) for 6 seconds was applicated. Cells were
then further cultured for 6 h before cytokine measurement in supernatant. Center values
represent the mean and error bars represent s.e.m.; n= 6-16 samples of 10 independent
experiments. (B) IL-1pB release from wild type BMDMs treated as in A but applicating the NLRP3
specific inhibitor MCC950 (10 uM) 30 min before the galvanic current application and during the
last 6 h of culture. As a control, cells were treated with nigericin (1,5 uM) instead galvanic current
application. Center values represent the mean and error bars represent s.e.m.; n= 5-10 samples
of 5 independent experiments. (C) IL-18 release from BMDMs treated as in A. Center values
represent the mean and error bars represent s.e.m.; n= 2-7 samples of at least 2 independent
experiments. (D) IL-1B release from wild type BMDMs treated as in A but applicating a buffer with
40 mM of KCI (high K* buffer) during the last 6 h of culture. As controls, cells were treated with
nigericin (1,5 uM) or Clostridium difficile toxin B (1 pg/ml) instead galvanic current application.
Center values represent the mean and error bars represent s.e.m.; n= 3-12 samples of 4
independent experiments. (E) Intracellular K* concentration from wild type BMDMs primed with
LPS as in A, but then treated for 6 h with nigericin (1.5 yM) or 2 or 8 impacts of 12 mA for 6 or 12
seconds as indicated. Center values represent the mean and error bars represent s.e.m.; n= 3-8
samples of 3 independent experiments. (F) Immunoblot of cell extract and supernatants for
caspase-1, IL-13, GSDMD and B-actin from wild type BMDMSs treated as in B, but with 8 impacts.
Representative of n= 2 independent experiments. ****p<0.0001, ***p<0.0005, **p<0.005,
*p<0.05, and ns p>0.05.
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Figure 37. Galvanic current does not induce a detectable intracellular K+ decrease. (A) IL-
1B release from wild type, Casp1/11”, Pycard” and Nirp3” mouse bone marrow derived
macrophages (BMDMs) treated for 2 h with LPS (1 pg/ml) and then with 6 h with nigericin (1 uM).
Center values represent the mean and error bars represent s.e.m.; n= 2-8 samples of 3
independent experiments. (B) Intracellular K* concentration from wild type BMDMs primed with
LPS as in A, but then treated for 30 min with nigericin (1.5 pM) or for the indicated time after 2
impacts of 12 mA for 6 seconds. Center values represent the mean and error bars represent
s.e.m.; n= 5-9 samples of 9 independent experiments. ****p<0.0001, ***p<0.0005, **p<0.005,
*p<0.05, and ns p>0.05.
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Figure 38. Galvanic current does not induce inflammasome-mediated pyroptosis. (A)
Extracellular amount of LDH determining cell membrane damage from mouse bone marrow
derived macrophages (BMDMs) treated for 2 h with LPS (1 ug/ml) and then 2 or 8 impacts of
different intensities of galvanic current (3, 6, 12 mA) for 6 or 12 seconds were applicated as
indicated. Cells were then further cultured for 6 h before LDH determination in supernatant.
Center values represent the mean and error bars represent s.e.m.; n= 3-4 samples of 6
independent experiments. (B) Extracellular amount of LDH from wild type, Nirp3”, Pycard” and
Casp1/11” mouse BMDMs treated as in A. Center values represent the mean and error bars
represent s.e.m.; n= 6-17 samples of 12 independent experiments. (C) IL-1B (left) and IL-18
(right) release from wild type BMDMs treated as in A, but applicating the NLRP3 specific inhibitor
MCC950 (10 uM) during the last 6 h of culture. Center values represent the mean and error bars
represent s.e.m.; n= 6-10 samples of 5 independent experiments. (D) Extracellular amount of
LDH from wild type BMDMs treated as in C. Center values represent the mean and error bars
represent s.e.m.; n= 5-10 samples of 5 independent experiments. (E) Kinetic of Yo-Pro-1 uptake
(upper panel) or slope of the uptake (lower panel) in wild type BMDMs treated for 2 h with LPS
(1 pg/ml) and then with different intensities of galvanic current (as indicated) or with the detergent
triton X-100 (1 %) during 3.5 h. Center values represent the mean and error bars represent
s.e.m.; n= 3-6 of 3 independent experiments. (F) Yo-Pro-1 uptake indicating plasma membrane
pore formation and cell viability. Kinetic of Yo-Pro-1 uptake (upper panel) or slope of the uptake
(lower panel) in wild type or Pycard” BMDMs treated as in E, but when indicated the NLRP3
specific inhibitor MCC950 (10 uM) was added after galvanic current application. Center values
represent the mean and error bars represent s.e.m.; n= 3-6 samples of 3 independent
experiments. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Chapter 3. Involvement of NLRP3 on the
regenerative response of galvanic current in
pre-clinical models.

Pagina 171|290



RESULTS

Pagina 172|290



RESULTS

3.1. Galvanic current applicated in Achilles’ mice tendon induces
inflammation and tissue regeneration dependent on NLRP3

inflammasome

3.1.1. Galvanic current applicated in tendon increases inflammation in vivo

In order to study the effect of galvanic current in vivo, we applied 3 impacts of 3 mA of
galvanic current during 3 seconds in the calcaneal tendon of mice. We found that it resulted
in an increase of the number of polymorphonuclear cells 3 days after treatment when

compared with tendons treated with needling alone (a puncture without current application,

Figure 39A,B). This increase returned to basal after 7 days and stayed low up to 21 days

after galvanic current application (Figure 39B). Similarly, the number of F4/80*

macrophages increased after 3 days of galvanic current application when compared to

needling alone and returned to basal levels after 7 days (Figure 39C,D). Other immune cell

types detected in the tendon, as mastocytes, were not significantly increased by galvanic

current application when compared to needling alone (Figure 40A). Since

polymorphonuclear cells increased similarly than macrophages, we then aimed to
investigate if galvanic current could be also inducing the release of IL-183 from neutrophils.

However, galvanic current application on LPS-primed neutrophils failed to release IL-1 or

LDH (Figure 40B). Other histological features of the tendon (general structure of the tendon,

number of tenocytes, shape and area of tenocyte nuclei or neo-vascularization) were also

not affected by the application of galvanic currents compared to needling alone (Figure 40(-
G).

We next assessed the expression of different pro-inflammatory cytokines in the
calcaneal tendon after 3 days of 3 impacts of 3 mA of galvanic current application during 3
seconds to characterize the molecular inflammatory response in the tendon. Expression of
116, lI1a and /lI1b, as well as the IL-1 receptor antagonist (//1rn) and the chemokine Cxcl10

were all increasing after percutaneous electrolysis when compared to needling alone

Figure 41A). However, as shown in figure 1 the increase in //6 cytokine gene expression

induced by galvanic current in macrophages did not correlate with an increase in IL-6
cytokine secretion. Different NLRP3 inflammasome genes also exhibit an increase in

expression (NIrp3, Pycard, Casp1) when galvanic current was applicated, but this increase

was not significantly when compared to needling (Figure 41B). Gsdmd expression was not

upregulated in the tendons after galvanic current application {(Figure 41B). These data

suggest that galvanic current induces an inflammatory response driven by the infiltration of

polymorphonuclear cells and macrophages, together an increase of the expression of
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several cytokines and chemokines. All these data can be found in our recent publication
Pefin-Franch, et. al., 2022.

3.1.2. The NLRP3 inflammasome controls the in vivo inflammatory response induced by

galvanic current

In order to evaluate if the NLRP3 inflammasome mediates the inflammatory response
in tendons after percutaneous electrolysis, we applied galvanic currents in the calcaneal
tendon of Nirp3”- mice. Application of 3 impacts of 3 mA of galvanic current for 3 seconds in

the calcaneal tendon of Nirp3” mice resulted in a significant reduction of //1b, Il1rn and

Cxcl10 expression after 3 days when compared to wild-type mice (Figure 42A). Specific

inflammasome associated genes, as Pycard, Casp1 or Gsdmd (except for Nirp3) where not

affecting their expression in the calcaneal tendon of Nirp3”- mice after 3 days of galvanic

current application when compared to wild type mice (Figure 42B). Surprisingly, galvanic

current produced a tendency to increase the expression of //6 in the tendons of Nirp3+ after

3 days (Figure 42C) and in parallel, the number of polymorphonuclear cells was also

increased (Figure 42D). However, the number of macrophages was not affected in the

Nirp37 calcaneal tendon when galvanic current was applicated (Figure 42pD). We also

confirmed a decrease of //1b and Cxcl/10 expression in the tendons of Pycard” mice after 3

days of galvanic current application (Figure 43A,B), suggesting that the NLRP3

inflammasome is important to modulate part of the inflammatory response after galvanic
current application. All these data can be found in our recent publication Pefin-Franch, et.
al., 2022.

3.1.3. The NLRP3 inflammasome induces a tissue regenerative response to galvanic
current application that increase tendon stiffness

Galvanic current application has been widely used to resolve chronic tendinopathies
in different tendons (Abat et al., 2016; Rodriguez-Huguet et al., 2020; Valera-Garrido et al.,
2014). First, we measured collagen fiber properties of mouse Aquilles tendons 14 days after
treatment with 3 mA, 3 s, 3 pulses of galvanic current, but percutaneous electrolysis did not

affect collagen fiber properties measured (width and length) when compared to needling

alone (Figure 44A,B). During tissue regeneration, the production of new extracellular matrix

by collagen deposition is a key process (Shook et al., 2018; Wynn, 2008). In order to
investigate if the inflammatory response mediated by the NLRP3 inflammasome after

galvanic current application is important for tissue regeneration, we measured Tgfb1
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expression as a key factor inducing collagen production. We found that in vivo the

expression of Tgfb1 after 3 days of galvanic current application in the calcaneal tendon of

mice was dependent on NLRP3 (Figure 45A). In line, after 7 days of percutaneous

electrolysis the levels of type Ill collagen were decreased, with a parallel increase of type |

collagen when compared to needling alone (Figure 45B). The increase of type | collagen

after 7 days of galvanic current application was reduced in Nirp37 mice (Figure 45C).

NLRP3 also controlled the structural dispersion of collagen fibers, which was decreased by

galvanic current application in wild type mice, but increased in Nirp3“- mice (Figure 45D).

All these results suggest that the NLRP3 inflammasome controls the response of galvanic
current inducing type | collagen production and arranging the collagen fibers. This controlled
deposition of collagen fibers induced by galvanic current resulted at mechanical level in an

increase of tendon stiffness and a decrease of the maximum tension supported by the

tendon (Figure 45F). NLRP3 inflammasome was responsible for the increase of tendon

stiffness after galvanic current application {(Figure 45E). Overall, we found that galvanic

current application is able to activate the NLRP3 inflammasome and induce the release of
IL-183, initiating an inflammatory response that led to the regeneration of the tendon by

increasing type | collagen, the arrangement of the collagen fibers and increasing the

resistance of the tendon to change in length (Figure 51). All these data can be found in our

recent publication Pefin-Franch, et. al., 2022.

3.2. Sterile damage induced by collagenase in Achilles’ mice tendon is

partially dependent on NLRP3 inflammasome

3.2.1. Tissue damage induced by collagenase in mice Achilles’ tendon induces a sterile

inflammatory response

Collagenase injection was used to induce sterile damage in Achilles’ mice tendons
as a model of tendinopathy. We studied the inflammatory response related with this damage
and we observed an increase in polymorphonuclear cells infiltration in the periphery of the
tendon at 1 day after the injection. The number of polymorphonuclear cells decreased
progressively after 3, 7 and 10 days reaching the same levels than control treated tendons

with the injection of sterile saline solution at 14 and 21 days (Figure 46A). In parallel, an

increase in Il6 gene expression 3 days after treatment was observed in collagenase treated

tendons compared with control tendons (Figure 46B). This increase was also maintained

after 7 and 14 days, but the increase was lower compared with 3 days (Figure 46B).

However, /l1b gene expression increased in tendons compared with control tendons at all
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the times measured (Figure 46B), although similarly to //6, the induction was decreasing

with the time. This induction in //7b and //6 expression at 3 days, was not observed when

denatured collagenase was injected (Figure 46C), suggesting that it is a response to the

activity of collagenase and probably to tissue damage. All these results suggest that
collagenase injection induce a sterile tissue damage and an inflammatory response
characterized at least with an infiltrate of granulocytes and an increase in pro-inflammatory

cytokines.

3.2.2. Inflammation induced by collagenase is partially dependent on the NLRP3

inflammasome

We next aimed to asses if the inflammatory response induced by collagenase was
dependent on the NLRP3 inflammasome. So, we measured the amount of different pro-
inflammatory cytokines 3 days after collagenase injection in wild type, Nirp3”- and Pycard”

mice. First we found that collagenase induced an increase of IL-1pB, IL-18, IL-6 and TNF-a

when compared with saline injected tendons in wild type mice (Figure 47A). We observed

that the increase in IL-1B was not observed in Nirp3” or Pycard”’” mice injected with

collagenase (Figure 47A). In contrast, IL-6 increased in wild type, Nlrp3-- and Pycard” mice

treated with collagenase compared with saline injected controls (Figure 46A). However,

Nirp37- and Pycard”’- mice presented less IL-6 than wild type mice, however in Pycard”- mice

the decrease was not significant (Figure 47A). Surprisingly, an induction of IL-18 was

observed in wild type and Nirp3- mice treated with collagenase compared to controls, but

this increase was not present in Pycard” mice (Figure 47A). TNF-a was also induced in all

the genotypes treated with collagenase compared with controls, but no differences between

genotypes were observed (Figure 47A). To evaluate if the changes of cytokine measured

in the tendons was due to gene expression, we measured the expression of /I1b and II6
genes at 3 days after collagenase injection. //1b expression was induced with collagenase

in wild type, NIrp3“ and Pycard’” mice, but no differences were observed between

genotypes (Figure 47B), suggesting that the defect on the inflammasome was affecting the

generation of mature IL-1f protein that is better detected by the ELISA used than the pro-

IL-1B. In contrast, //6 gene expression was only induced in wild type and Pycard”- tendons,

but not in the tendons of the Nirp37 mice (Figure 47B). Also, a slightly but not significant

decrease of both //1b and //6 expression between wild type and Nirp37 mice treated with

collagenase was observed, but no differences were observed between wild type mice and

Pycard”’- mice (Figure 47B).
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The amount of the chemokine CXCL10 and the number of polymorphonuclear cells in
wild type, NIrp37-and Pycard”- mice 3 after collagenase injection was also measured in order
to study if the recruitment of inflammatory cells was also dependent on the NLRP3

inflammasome. CXCL10 was increased by collagenase injection in the three genotypes, but

no differences between both knock-outs and the wild type mice were observed (Figure

). Similarly, the a slightly decrease in CXCL10 could be related with the decrease

observed in the number of polymorphonuclear cells in Nirp37- mice at 1, 3 and 7 days after

collagenase injection compared with wild type (Figure 48B). Pycard” treated with

collagenase did not present differences in number of polymorphonuclear cells compared

with wild type (Figure 48B). All this data suggest that the inflammation induced by

collagenase is partially dependent on NLRP3 as some pro-inflammatory cytokines
decreased in Nirp3”- mice, but not the number of polymorphonuclear cells. This is in line

with the fact that the increase of polymorphonuclear cells induced by galvanic current was

also independent on the NLRP3 inflammasome (Figure 42).

3.2.3. Galvanic current does not affect the inflammatory response induced by collagenase

In order to assess if galvanic current could improve the lesion of a chronic Achilles
tendon injury, collagenase was injected to induce tendon damage and after 14- and 21-days
percutaneous needle electrolysis was applicated. We observed that, at 14 days after
collagenase injection, dry puncture was able to induce an increase in polymorphonuclear

cells that was not present in percutaneous needle electrolysis compared with collagenase-

treated tendons (Figure 49A). In addition, at 21 days after collagenase injection, no

differences were observed both with dry puncture and percutaneous needle electrolysis

compared with collagenase-treated tendons (Figure 49B). Attending to these results, we

treated the tendons with additional applications of percutaneous needle electrolysis,
following the protocol that is commonly applicated in clinics, to mimic the treatment of
patients with tendinopathies. We applicated either dry puncture or percutaneous needle
electrolysis starting 7 days after collagenase injection during three applications every three

days. We observed that dry puncture and percutaneous needle electrolysis were not able to

induce changes in the number of polymorphonuclear cells (Figure 50A) or the circularity of

tenocytes’ nuclei (Figure 50B). We only observed a slightly but not significant increase in

the number of tenocytes and the area of tenocytes’ nuclei when percutaneous needle

electrolysis was applied (Figure 50C,D), possibly corresponding to a slightly induction of

tenocyte activation.
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Figures of Chapter 3

Pagina 179|290



RESULTS

Pagina 180|290



RESULTS

Pagina 181|290



RESULTS

Percutaneous

<

1
Yo
—

M3IA ;:) pIay Jad s||9o
JesjonuoydiowA|od jo JaquinN

R
7]
> DS
5 N
1= I
3]
o I
o |
3 |
O o
9 o} | b
© O C —
O £ © |
O —
* T 3 |
cC O <=
o O O |
Z Z O
oo o |
| F~
I
I
| Fom
* |
& Lo
1 T 1
o 0 o

Time (days)

R
[
>
Oy
=1
(6]
2
()
()]
=1
5
(0}
[
z
5 4)’ P ’. 1
N P . M i
» o )
- ]
T’ i . S
L f Y
© |, by
gl sl 2
z oY 4
of. i S -l
=4 - o
% 4 wiry
- v
- - o
S||99
JeaonuoydiowA|jod

(m]

Percutaneous

R
2 -
o N
=
(&}
L)
()
3
e}
e 9 -
T O < e
o £ 8 >
<+ T 3 ©
c o 2 L
S 0 o o
Z Z 0 =
® 6 ¢ =
| F
x*
-
*
o Lo
T T T T 1
o o] o w0 o
N -~ -

electrolysis

M3IA JO p|al} Jad

S|I99 ,08/¥4 40 JaqWINN

Needling

Non-treated

L
-

A

S|1®9 ,08/¥4

Pagina 182290



RESULTS

Figure 39. Galvanic current induces polymorphonuclear and macrophage infiltrate in the
calcaneal tendon of mice. (A) Representative hematoxylin and eosin images of wild type mice
calcaneal tendon after 3 days application of 3 punctures with needle (needling, green) or 3
impacts of 3 mA for 3 seconds (blue). Scale bar: 50 ym. Magnification shows the presence of
polymorphonuclear cells (arrowheads). (B) Quantification of polymorphonuclear cells per field of
view of calcaneal tendon sections treated and stained as described in A. Center values represent
the mean and error bars represent s.e.m.; n= 7-8 independent animals. (C) Representative
immunostaining images for the macrophage marker F4/80 from the calcaneal tendon of wild type
mice treated as described in A. Scale bar: 50 ym. Magnification show the presence of F4/80
positive cells (arrowheads). (D) Quantification of F4/80 positive cells per field of view of calcaneal
tendon sections treated and stained as described in C. Center values represent the mean and
error bars represent s.e.m.; n= 8 independent animals. ****p<0.0001, ***p<0.0005, **p<0.005,
*p<0.05, and ns p>0.05.
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Figure 40. Galvanic current does not affect tendon mastocytes, tenocytes or vascularity.
(A) Quantification of mastocytes per field of view of calcaneal tendon sections stained with
toluidine blue from wild type mice after 3 days application of 3 punctures with needle (needling,
green) or 3 impacts of 3 mA for 3 seconds (blue). Center values represent the mean and error
bars represent s.e.m.; n= 6-15 independent animals. Images on the right show representative
sections where mastocytes were counted, scale bar 50 ym. (B) IL-18 (left) and LDH (right)
release from mice bone-marrow isolated neutrophils primed for 2 h with LPS (1 pg/ml) and then
treated for 30 min with ATP (3 mM) or 6 h after application of 2 impacts of 12 mA of galvanic
current for 6 seconds. Center values represent the mean and error bars represent s.e.m.; n= 3
independent animals. (C) Representative hematoxylin and eosin images of wild type mice
calcaneal tendon non treated or after 3 days application of 3 punctures with needle (needling) or
3 impacts of 3 mA for 3 seconds (percutaneous electrolysis), scale bar 200 um. (D,E,F) Number
(D), area (E) and circularity (F) of nuclei of tenocytes of calcaneal tendon sections of wild type
mice stained with hematoxylin and eosin after 3 days application of 3 punctures with needle
(needling, green) or 3 impacts of 3 mA for 3 seconds (blue). Center values represent the mean
and error bars represent s.e.m.; n= 4-14 independent animals. (G) Relative neovascularization
assessed in calcaneal tendon sections stained with hematoxylin and eosin after different time (as
indicated) of the application of 3 punctures with needle (needling, green) or 3 impacts of 3 mA
for 3 seconds (blue). Center values represent the mean and error bars represent s.e.m.; n=8-15
independent animals. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Figure 41. Galvanic current induces proinflammatory cytokine expression in the calcaneal
tendon of mice. (A,B) Quantitative PCR for the indicated genes normalized to Actb in the
calcaneal tendon of wild type mice after 3 days application of 3 punctures with needle (needling,
green) or 3 impacts of 3 mA for 3 seconds (blue), and compared to the expression of genes in
non-treated tendons; ND: non detected. Center values represent the mean and error bars
represent s.e.m.; n= 4-12 independent animals. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05,
and ns p>0.05.
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Figure 42. Inflammatory response in the calcaneal tendon of Nirp3-/- mice after galvanic
current application. (A,B,C) Quantitative PCR for the indicated genes in the calcaneal tendons
of NIrp3” mice (calculated as 222%t) normalized to the expression in wild type (calculated as 2
AACH after 3 days application of 3 impacts of 3 mA for 3 seconds. Center values represent the
mean and error bars represent s.e.m.; n= 3-12 independent animals. (D) Quantification of
polymorphonuclear (top) and F4/80 positive cells (bottom) per field of view from wild type and
Nirp3” mice calcaneal tendon treated as in A. Center values represent the mean and error bars
represent s.e.m.; n= 6-8 independent animals; representative hematoxylin and eosin images
(top) and F4/80 immunostaining (bottom) of calcaneal tendon quantified. Scale bar: 50 ym.
Magnification show the presence of polymorphonuclear (top) or F4/80 cells (bottom) denoted by
arrowheads. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Figure 43. Cytokine expression in the calcaneal tendon of Pycard-/- mice after galvanic
current application. (A,B) Quantitative PCR for //7b (A) and Cxc/10 (B) in the calcaneal tendons
of Pycard” mice (calculated as 222" normalized to the expression in wild type (calculated as 2
AACH after 3 days application of 3 impacts of 3 mA for 3 seconds. Center values represent the
mean and error bars represent s.e.m.; n= 3-12 independent animals. ****p<0.0001, ***p<0.0005,
**p<0.005, *p<0.05, and ns p>0.05.
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Figure 44. Galvanic current does not change properties of the collagen. (A,B) Quantification
of the collagen fiber properties: width (A) and length (B) in calcaneal tendon sections stained
with picrosirius red from wild type mice after 3 and 7 days after application of punctures with
needle (needling, green) or 3 impacts of 3 mA for 3 seconds (blue), or in untreated tendons
(white). Center values represent the mean and error bars represent s.e.m.; n= 6-8 independent
animals. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Figure 45. Galvanic current increase of type | collagen via NLRP3 inflammasome. (A)
Quantitative PCR for Tgfb? in the calcaneal tendons of Nirp3” mice (calculated as 222%)
normalized to the expression in wild type (calculated as 222 after 3 days application of 3
impacts of 3 mA for 3 seconds. Center values represent the mean and error bars represent
s.e.m.; n= 6-12 independent animals. (B,C) Quantification of the collagen type | and Il in
calcaneal tendon sections stained with picrosirius red from wild type (B,C) and Nirp3” (C) mice
after 3, 7 or 14 days (B) or 3 days (C) application of punctures with needle (needling, green) or
3 impacts of 3 mA for 3 seconds (blue), or in non-treated tendons (white). Center values represent
the mean and error bars represent s.e.m.; n= 3-12 independent animals. (D) Quantification of
collagen structural dispersion in calcaneal tendon sections imaged with second harmonic
generation microscopy and calculated with an algorithm based on the Hough transform from wild
type and Nirp3” mice after 7 days application of 3 impacts of 3 mA for 3 seconds (blue), or in
non-treated tendons (white). Center values represent the mean and error bars represent s.e.m.;
n= 3 independent animals imaged at 2 or 3 different tendon areas. (E) Biomechanical testing of
calcaneal tendon from wild-type and Nirp3” mice after 14 days application of 3 impacts of 3 mA
for 3 seconds (blue) or from non-treated tendons (white). Center values represent the mean and
error bars represent s.e.m.; n= 3-8 independent animals. ****p<0.0001, ***p<0.0005, **p<0.005,
*p<0.05, and ns p>0.05.
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RESULTS

Figure 46. Collagenase induce an inflammatory response in the mouse calcaneal tendon.
(A) Quantification of polymorphonuclear cells per field of view of calcaneal tendon sections of
mice after different days of injection of 20 pl of collagenase A (10 pg/pl) or 20 ul of saline solution.
Center values represent the mean and error bars represent s.e.m.; n= 3-15 independent
animals/time point. (B,C) Quantitative PCR for //1b (left) and //6 (right) in the calcaneal tendons
of mice treated as in A or after denatured collagenase injection (C). Center values represent the
mean and error bars represent s.e.m.; n= 3-6 independent animals. ****p<0.0001, ***p<0.0005,
**p<0.005, *p<0.05, and ns p>0.05.
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Figure 47. NLRP3 inflammasome controls pro-inflammatory cytokines production in the mouse
calcaneal tendon after collagenase treatment. (A) ELISA for IL-1(3 (upper left), IL-6 (upper right), IL-18
(lower left) and TNF-a (lower right) from calcaneal tendons of wild type, Nirp3+ and Pycard” mice injected
with 20 pl collagenase A (10 pg/pl) or 20 pl of sterile saline solution or non-treated (control). Center values
represent the mean and error bars represent s.e.m.; n= 3-6 independent animals. (B) Quantitative PCR
for I11b (left) and /6 (right) in the calcaneal tendons of wild type mice, Nirp37 and Pycard” mice treated as
in A. Center values represent the mean and error bars represent s.e.m.; n= 4-5 independent animals.
****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Figure 48 Production of chemokine CXCL10 and polymorphonuclear cells recruitment in the
calcaneal tendon of mice treated with collagenase. (A) ELISA for CXCL10 from calcaneal tendons of
wild type, Nirp37 and Pycard” mice injected with 20 pl collagenase A (10 ug/ul) or 20 pl of sterile saline
solution or non-treated (control). Center values represent the mean and error bars represent s.e.m.; n= 3-
4 independent animals. (B) Quantification of polymorphonuclear cells per field of view of calcaneal tendons
sections of wild type, Nlrp3” and Pycard” mice treated as in A. Center values represent the mean and

error bars represent s.e.m.; n= 2-15 independent animals.
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Figure 49. Percutaneous needle electrolysis applicated on collagenase-injured Achilles
mice tendons. (A,B) Quantification of polymorphonuclear cells per field of view of calcaneal
tendon sections of wild-type mice treated 3 times every 3 days with 3 punctures with needle
(needling, green) or 3 impacts of 3 mA for 3 seconds (blue) after 14 days (A) or 21 days (B) of
injection of 20 pl of collagenase A (10 ug/ul). Center values represent the mean and error bars
represent s.e.m.; n= 3-8 independent animals. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05,
and ns p>0.05.
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RESULTS

Figure 50. Percutaneous needle electrolysis applicated three times on collagenase-injured
Achilles mice tendons. (A) Quantification of polymorphonuclear cells per field of view of
calcaneal tendon sections of wild-type mice treated 3 times every 3 days with 3 punctures with
needle (needling, green) or 3 impacts of 3 mA for 3 seconds (blue) after 7 days of injection of 20
pI of collagenase A (10 ug/ul). (B,C,D) Circularity (B), number (C) and area (D) of nuclei of
tenocytes of calcaneal tendon sections of wild type mice stained with hematoxylin and eosin and
treated as in A. Center values represent the mean and error bars represent s.e.m.; n= 4
independent animals. ****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05, and ns p>0.05.
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Chapter 1. Evaluation of NLRC4 and NLRP3 activation in recombinant
HEK293T system

NLRC4 is a cytosolic nucleotide-binding oligomerization domain-like receptor that
cooperates with NAIP to detect flagellin and components of the bacterial type 3 secretion
system (Duncan & Canna, 2018). Once detected, NLRC4 oligomerizes, forms an
inflammasome complex, activates caspase-1, and promotes the production of inflammatory

cytokines of the IL-1 family.

Pathogenic gain-of-function variants of NLRC4 have been described as the cause of a
dominantly inherited autoinflammatory disorders with variable phenotype presentations. The
first phenotype described was characterized by early-onset skin lesions, enterocolitis,
arthritis, and recurrent episodes of MAS (Canna et al.,, 2014; Romberg et al., 2014).
Subsequently, new phenotypes were reported, including a familial form of cold-induced
autoinflammatory syndrome and painful erythematous nodules (Kitamura et al., 2014;
Volker-Touw et al., 2017). Increasing evidence suggests an important role of IL-18, rather
than IL-1B, in the pathogenesis of the NLRC4-related diseases, including persistently
elevated serum levels of total and free IL-18, and the clinical efficacy of IL-18 blockade
(Canna et al., 2017).

In this Thesis, we studied a patient with recurrent fever and systemic inflammation,
with the p.Ser171Phe NLRC4 variant present in mosaicism. Interestingly, this NLRC4
variant has previously been reported as mosaicism in a 2-month-old infant with fatal disease
and laboratory features of MAS (Liang et al., 2017). The lack of research addressing the
functional consequences of the NLRC4 p.Ser171Phe variant in a previous study was the
main difficulty in unequivocally establishing its pathogenicity (Liang et al., 2017). To address
this issue, different in vitro and ex vivo analyses were performed. In vitro analyses clearly
showed a higher degree of NLRC4 oligomerization and ASC speck formation when mutant
NLRC4 was expressed in HEK293T cells compared with cells transfected with wild-type
NLRC4, an expected behavior for a gain-of-function variant. Data obtained by ex vivo assays
were also consistent with gain-of-function role for the NLRC4 variant and support
hyperactivation of the NLRC4 inflammasome as a disease mechanism, with increased ASC
specks and overproduction of IL-18, similar to previous studies on NLRC4-associated MAS
(Canna et al., 2014). However, IL-1[ release by patient PBMCs was decreased compared
with healthy controls and CAPS patients, which is in contrast to previous data on NLRC4-
associated MAS indicating exacerbated IL-1B production (Canna et al., 2014). The low IL-

1B production by patient’s cells could not be attributed to a decrease of monocytes in PBMCs
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or to impaired LPS priming and NF-kB activation, as the percentage of monocytes or TNF-
a and IL-6 release was similar between patients and healthy controls, indicating normal
priming of cells by LPS. However, LPS failed to upregulate //7b gene expression, but not //6
gene expression, suggesting that this failure might be responsible for the lack of IL-1(3

release from the patient's cells.

Therefore, this patient differs from patients with NLRC4-associated MAS reported in
other studies in which a higher release of IL-18 and IL-6 was found from LPS-treated
monocytes (Canna et al., 2014). These differences could be due to the use of positively
isolated monocytes versus whole PBMCs used for ex vivo stimulation in this study, the
duration of LPS stimulation (4 hours less in our study), or distinct phenotypic responses due
to different NLRC4 variants. The results of our ex vivo functional experiments, support the
treatment of this patient, and potentially other patients with autoinflammatory diseases with
NLRC4 gain-of-function mutations, with IL-18 blockage therapies, some of which have
already been successfully employed in a patient with severe NLRC4-associated MAS
(Canna et al., 2017). The results of these ex vivo assays were in concordance with the
pattern of cytokines quantified in different serum samples of the patient. Despite these
samples being obtained at different times during anti-IL-1 treatments, an increased serum
level of IL-18 was persistently detected. These IL-18 levels were similar to those detected
in patients carrying the germline p.Ser445Pro NLRC4 pathogenic variant, and statistically
higher than those detected in healthy controls and CAPS patients carrying both germline
and post-zygotic NLRP3 variants.

Also, the results regarding BRET signal were in line with the gain-of-function behavior
of the p.Ser171Phe variant, showing a more open-like conformation of the protein in basal
conditions without application of any stimuli. These results are in concordance with the in
silico structural modeling performed with this variant showing that the mutation destabilizes
the contacts of the side chain in closed conformation and stabilizes the local contacts of the
open conformation (lonescu et al., 2022).

In conclusion, the evidence summarized in this Thesis clearly supports a gain-of-
function behavior of the p.Ser171Phe variant in a manner similar to other NLRC4 variants
previously reported as disease-causing mutations. Furthermore, this patient represents the
first case of late-onset autoinflammatory disease associated with NLRC4 as a consequence
of a somatic mosaicism of NLRC4, raising the question of whether inflammatory
manifestations that begin during adulthood in other patients may be a consequence of a

similar genetic defect.
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In addition, gain-of-function behavior have been described for other mutations studied
in this Thesis. In the mutation p.Thr177Ala a gain-of-function behavior has been suggested
by pluripotent cell-based phenotype dissection (Kawasaki et al., 2017). Also 3D structural
models were performed, showing a disruption of an hydrogen bond that appears to be
important for ADP-mediated winged-helix domain-nucleotide-binding domain interaction in
NLRC4 autoinhibition (Kawasaki et al., 2017), probably inducing an open structure of the
NLRC4 protein as we have shown with the decrease in BRET signal, and is also consistent
with the higher amount of cells presenting spontaneous puncta distribution of NLRC4. Gain-
of-function behavior has been described also in p.His443Pro mutation by several functional
studies and with the generation of a mouse model containing this mutation with a severe
phenotype of auto-inflammation (Kitamura et al., 2014; Raghawan et al., 2019; Raghawan
et al., 2017), which is consistent with the pronounced decrease in BRET signal obtained
compared with wild-type NLRC4 and the previous mutations p.Ser171Phe and p.Thr177Ala,
and also with the higher amount of cells presenting spontaneous oligomerization. Also, the
mutation p.Ser445Pro presented a similar pronounced decrease in BRET signal, which
could be related with the severe phenotype and early appearance of the symptoms in
patients with this mutation (Volker-Touw et al., 2017). However, functional studies have to
be performed to confirm the gain-of-function behavior of this mutation, because we observed
an increase in cells presenting a puncta distribution of NLRC4 containing this variant

compared with wild-type NLRC4.

An increase in the number of cells with spontaneous puncta distribution of NLRC4 was
also observed in the mutations p.Thr337Asn and p.Thr337Ser, both with a described gain-
of-function behavior that can also be assumed for the p.Thr337Asn mutation because the
same amino acid is affected (Bardet et al., 2021; Canna et al., 2014). Surprisingly, no
significant BRET signal decrease was observed in both mutations in contrast with the
previous results obtained for the p.Thr337Ser mutation showing that this mutation could
destabilize the WHD and NBD interactions or directly affect ADP binding, both essential to
maintain NLRC4 in an auto-inhibited state (Canna et al., 2014), therefore the results of the
BRET signal was difficult to interpret for these modifications. The same results were
obtained for the mutation p.Val341Ala with a described gain-of-function behavior, but in this
case with a weakly change in the BRET signal suggesting a potential destabilization of the

protein structure (Barsalou et al., 2018; Canna et al., 2017; Romberg et al., 2014).

In the case of the mutation p.Trp655Cys the increase in spontaneous oligomerization

is in consonance with the previously described increase in percentage of ASC specks and
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functional studies (Moghaddas et al., 2018). Furthermore, the conformational changes
induced by this mutation has been described after activation of NLRC4, stabilizing the final
NLRC4 oligomer (Moghaddas et al., 2018) which has a robust association with the absence
of decrease in BRET signal that we observed compared with wild-type NLRC4 without cell
stimulation. The same behavior has been described for the mutation p.GIn657Leu which is

also in agreement with our oligomerization and BRET results (Chear et al., 2020).

Regarding the mutations p.Gly633dup, p.Cys697Ser and p.Asp1009Gly described in
this Thesis, all of them are novel mutations that have not been previously described and
presented a significant increase in the percentage of cells with a puncta distribution of
NLRC4 compared with wild-type NLRC4, but only a significant decrease in BRET signal was
observed in the mutations p.Cys697Ser and p.Asp1009Gly, being more pronounced when
the mutation affects the final amino acids of the LRR domain. Functional studies need to be
performed in order to confirm the gain-of-function behavior of this mutations and to

described the conformational changes that can induce in auto-inhibited NLRCA4.

Depending on the domain affected by the mutations studied in this Thesis, different
results on the BRET signal of NLRC4 were observed. Mutations affecting the NBD and WHD
domains, and final amino acids of the LRR domain presented a decrease in BRET signal,
and so probably an “open” conformation than wild-type NLRC4. Therefore, these mutations
can induce a conformational change in the NLRC4 structure destabilizing the auto-inhibited
basal conformation of NLRC4. Mutations in WHD induced the lower NLRC4 BRET signal,
so mutations in this domain can be linked with a higher open structure of the protein.
However, the mutations affecting the linker domains HD1 and HD2 did not produce a
significant change in the NLRC4 BRET signal and therefore any major conformational
change in NLRC4 structure. In addition, the polarity of the mutated amino acids is important
for the overall protein conformation. Mutations resulting in a change in the polarity or charge
of the amino acids probably induce an “open” conformation of NLRC4 according to the
decrease in the recorded BRET signal, and mutations in which amino acids with the same
properties are involved did not affect BRET signal and in consequence NLRC4
conformation. This is in agreement with the fact that changes in polarity of the amino acids
can disrupt previous interactions to form new bonds with the surrounding amino acids (as
for example in (Kawasaki et al., 2017) and (Canna et al., 2014)). Interestingly, NLRC4
mutations in the WHD domain of the protein present the higher decrease in the BRET signal
compared with the other NLRC4 mutants, suggesting that changes in this domain induce a

conformational change on the structure of NLRC4 probably resulting in an open receptor
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conformation. Our data suggests that all NLRC4 mutants induces a spontaneous punctum
distribution of NLRC4 in the cell, but only the mutants that produce a change in the polarity
of the amino acid significantly decrease the BRET signal compared with NLRC4 wild type.
The NLRC4 WHD domain seems to be an important domain compared with other domains
of NLRC4 affecting the BRET signal (as for example in (Moghaddas et al., 2018) and
(Romberg et al., 2014)).

Altogether, these results indicates that the NBD and WHD domains, and the last amino
acids of the LRR domain are critical for the correct inactive basal conformation of NLRC4,
and mutations that affect amino acids contained in these domains can induce a change in
the NLRC4 conformation, leading to an auto-active NLRC4 structure. Particularly, mutations
affecting the NBD domain can destabilize the interaction of the protein with the nucleotide
ADP or ATP, mutations affecting the WHD domain can destabilize the WHD-NBD
interactions, and mutations affecting the last amino acids of the LRR domain can function
allowing the opening of the auto-inhibited NLRC4 by destabilization of LRR-NBD interactions
and inducing the formation of the NLRC4 oligomer by facilitating the recognition and binding
of different NLRC4 monomers through LRR-LRR interactions.

On the other hand, puncta distribution of NLRP3 has been previously suggested as an
activation step of the inflammasome (Chen & Chen, 2018; Compan et al., 2012; Tapia-
Abellan et al., 2021; Tapia-Abellan et al., 2019), and here we found that NLRC4 puncta
distribution could be also correlate with inflammasome activation in the HEK293T
recombinant system. This system was also useful to determine the activation of wild type

NLRP3 when galvanic current was applicated.
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Chapter 2. Evaluation of the NLRP3 inflammasome activation induced by

galvanic current in macrophages.

In this Thesis, we demonstrate how galvanic current application induces in
macrophages a pro-inflammatory signature increasing the gene expression of pro-
inflammatory markers in M1 macrophages, and also mainly characterized by activation of
the NLRP3 inflammasome and release of mature IL-1p and IL-18. This is consistent with the
fact that the NLRP3 inflammasome is a key pathway for controlling inflammation in the
absence of pathogenic microorganisms (under sterile conditions) by executing a type of pro-
inflammatory cell death termed pyroptosis (Broz & Dixit, 2016; Broz et al., 2020; Liston &
Masters, 2017). We found that the application of galvanic current, a technique that has been
broadly used to treat chronic lesions in humans (Valera-Garrido et al., 2014), was able to

activate the NLRP3 inflammasome and induce the release of IL-1p and IL-18.

Galvanic current-induced NLRP3 inflammasome activation was found to be dependent
on K* efflux, as high extracellular K* concentrations were able to block IL-1( release, and
high galvanic current intensities decreased intracellular K*. This is similar to the effect of the
well-studied K* ionophore nigericin, which dramatically decreases intracellular K* and
induces the release of IL-1B (Munoz-Planillo et al., 2013; Petrilli et al., 2007; Prochnicki et
al., 2016). In fact, the amount of IL-1( released by galvanic current-activated macrophages
was lower than when macrophages were activated with nigericin, suggesting that NLRP3

activation is correlated with decreased intracellular K* (Tapia-Abellan et al., 2021).

Surprisingly, only a weakly associated pyroptotic cell death dependent on the
inflammasome activation was found after application of galvanic current, which could be due
to two potentially different mechanisms. The first is that upon galvanic current application an
alternative means of GSDMD processing occurs, that is independent of NLRP3, and could
inactivate its N-terminal lytic domain, as previously found for GSDMD processing by
caspase-3 (Taabazuing et al., 2017). The second is that the small amounts of GSDMD N-
terminal found could create a small number of pores in the plasma membrane, thus
facilitating their repair by the endosomal sorting complexes required for the transport
machinery, which in turn leads to a hyperactive state of the macrophage (Evavold et al.,
2018; Ruhl et al., 2018). During this state of the macrophage, IL-1B is released in the

absence of cell death (Evavold et al., 2018).

However, an increase in the intensity, time or number of impacts of galvanic current

application leads to an increase in cell death that was independent of the inflammasome
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and could be related to the current itself. Therefore, clinical application of current intensities
higher than 6 mA would probably lead to tissue necrosis and not to an effective reparative
process. Galvanic currents of 3 and 6 mA for 2 impacts of 6 s are able to induce NLRP3
inflammasome activation in vitro. This is in agreement with the fact that 3 mA galvanic
currents are able to induce clinically significant regeneration of lesions (Garcia-Vidal et al.,
2019; Margalef et al., 2019; Medina-Mirapeix et al., 2019; Valera-Garrido et al., 2014).

Total load of galvanic current was calculated as the multiplication of the value of every
parameter used in the protocol to applicate the current. We found that the release of IL-13
was also dependent on the total load of galvanic current applicated, and in consequence
was the case also for the cell death. Interestingly, although some galvanic current protocols
had the same total current load, the release of IL-1B varied between them depending on the
parameters applicated. Protocols with the same total load in which the time and the number
of impacts were high, induced a higher IL-1B3 release, even with low current intensity,
compared with protocols with lower time or number of impacts. These results suggest that
protocols of galvanic current with increase time or number of impacts are not recommended
for therapeutically galvanic current application, even when low intensities of current are
delivered. In addition, previous results showed that the pain processing effect was
independent of the dosage of galvanic current administered, and is present even using with
0.3 mA of intensity (Varela-Rodriguez et al., 2022). These results reinforce the use of low-
dosage galvanic current protocols. Finally, changes in the temperature while galvanic
current was applicated did not vary the release of IL-13 or cell death, so lowering the
temperature will not affect the pro-inflammatory effects of galvanic current application in
clinics. This effect is in agreement with previous studies using different therapeutic protocols
of galvanic current, including the protocol 3:3:3 used in this Thesis, that showed no changes

in temperature before and after galvanic current application (Margalef et al., 2021).

With all these results we can conclude that application of galvanic current actives the
NLRP3 inflammasome and induces a controlled inflammatory response in vitro. However,
high-intensity doses of galvanic current over long periods of time or repeated impacts, which
means a high total load, could induce high tissue necrosis and are therefore not

recommended for clinical practice.
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Chapter 3. Involvement of NLRP3 on the regenerative response of

galvanic current in pre-clinical models.

3.1. Galvanic current applicated in Achilles’ mice tendon induces
inflammation and tissue regeneration dependent on NLRP3

inflammasome

The low activation of NLRP3 induced by galvanic current application seen in
macrophages could lead to a moderate inflammatory response in vivo that is beneficial for
tissue regeneration. Indeed, NLRP3 was important in inducing an in vivo inflammatory
response with increased amounts of different cytokines, including //7b or Cxcl10, which
conditioned the structure and functions of treated tendons. However, NLRP3 deficiency
does not affect /6 production or polymorphonuclear cell infiltration when galvanic currents
are applied in vivo. This demonstrates that galvanic current-induced NLRP3 is able to control
a specific inflammatory program in vivo, but probably does not affect IL-6-mediated

polymorphonuclear cell infiltration in tendons.

Exacerbated NLRP3 activation could led to fibrosis (Alegre et al., 2017; Gaul et al.,
2021), suggesting that NLRP3 may control collagen deposition. The mild NLRP3 activation
found after galvanic current application was associated with increased Tgfb1 production,
increased type | versus type Il collagen in tendons, and decreased structural dispersion of
collagen fibers. This is associated with an increase in tendon stiffness, which is related to
tendon resistance to length changes, reducing tendon stiffness during aging and resulting
in weaker tendons (Krupenevich et al., 2022). This could explain previous clinical findings
related to galvanic current therapy, such as the fact that almost all patients treated with
galvanic current on tendon injuries had no long-term relapses (Valera-Garrido et al., 2014)
and the fact that the application of galvanic current on human tendon lesions in combination
with exercise therapy achieved greater functional recovery compared to exercise alone
(Moreno et al., 2017), and also compared to combining exercise with other rehabilitation
interventions such as electrotherapy or mechanical intervention (Abat et al., 2016;
Rodriguez-Huguet et al., 2020).

Thus, our findings could help physicians to choose and combine rehabilitation and
orthopedic treatments. However, a limitation of these results is that the use of animals limits
us to employing ultrasound-guided puncture when applying galvanic current to the calcaneal
tendon in mice, because it is the largest accessible tendon, whereas in humans galvanic

current has been applied to the supraspinatus (Rodriguez-Huguet et al., 2020), patellar
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(Abat et al., 2016) and lateral epicondyle (Valera-Garrido et al., 2014) tendons. In all
tendons, the application of galvanic current had a similar clinical benefit, but we cannot rule
out that the mouse calcaneal tendon presents a different response to galvanic current.
Indeed, different species have been reported to exhibit different tenocyte inflammatory
responses (Oreff et al., 2021), and although mice and humans exhibit broad general
similarities in their tenocyte responses (Oreff et al., 2021), galvanic current in the presence
of specific NLRP3 blockers, such as MCC950, needs to be applied in additional animal

models with species other than mice.

Therefore, this Thesis results report how galvanic current is a feasible technique
applied in vivo to activate the NLRP3 inflammasome and induce a local inflammatory
response to enhance a collagen-mediated regeneration process in the tendon, establishing

the molecular mechanism of percutaneous electrolysis for the treatment of chronic lesions

and establishing the first treatment aimed to activate NLRP3 (Figure 51).
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3.2. Sterile damage induced by collagenase in Achilles’ mice tendon is

partially dependent on NLRP3 inflammasome

Collagenase is a metalloproteinase described to degrade different types of collagen
(Krane, 1982) and therefore is a potent enzyme degrading the structure of tissues. After
collagenase injection in mice Achilles tendon, an increase in number of polymorphonuclear
cells, II1b and I/l6 gene expression is observed. This is in agreement with previous results
using collagenase to induce tendinopathy in a rat model in which the expression of other
pro-inflammatory molecules such as Cox2 were also increased after collagenase treatment
(Sanchez-Sanchez et al., 2020). These effects were not present when denatured
collagenase was injected, meaning that the effect was directly related with collagenase
activity itself and not to contaminating endotoxins that it could contain the collagenase.
Therefore, this could be considered a model of inflammation due to sterile-tissue injury. In
addition, an increase in the production of pro-inflammatory cytokines, like IL-183, IL-18, TNF-
a and IL-6, was observed in collagenase-treated mice compared with controls in wild-type
mice, being the production of IL-1p and IL-6, but not IL-18, dependent on NLRP3. This is in
opposite to previous studies where there is a decrease of both IL-13 and IL-18 in NLRP3
deficient mice, for example in an acrylamide-induced neurotoxicity model (Sui et al., 2020),
or in a bacterial infection model (Yamaguchi et al., 2017). However, also more similar models
to collagenase-induced damage, like a model of osteoarthritis induced after transection of
anterior cruciate ligament, in which a decrease on IL-18 and IL-18 is observed after
treatment with sinomenine, but after that treatment also decrease NLRP3 expression levels
which was responsible for the decrease of cytokines (Dong et al., 2019). Therefore, the
inflammation observed in vivo after collagenase injection could be triggered by two
mechanisms, (/) the recognition of the collagen fragments by another cell types like
neutrophils, as in macrophages degraded collagen inhibit the NLRP3 inflammasome
response and this inflammasome has been described to promote neutrophils NETosis under
sterile conditions (Munzer et al., 2021), or (ii) the degradation of collagen produces a tissue
damage that induce the release of different DAMPs, which induce inflammasome activation.

In contrast and as expected, Pycard” mice present a significant decrease in the
production of both IL-1 and IL-18, suggesting that the inflammasome adaptor protein ASC
was critical to control production of these two inflammasome-dependent cytokines. This was
also found in models of skin allograft rejection, mucositis and myocardial ischemia-
reperfusion injury where the ASC knockout mice presented impaired production of both, IL-
1B and IL-18 (Amores-Iniesta et al., 2017; Arifa et al., 2014; Sandanger et al., 2013). This
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suggests that additional inflammasomes different than NLRP3, but dependent on ASC,
could be controlling IL-18 production in the collagenase-damaged model. The AIM2
inflammasome could have a role in this model because after collagen and ECM degradation,
necrosis is induced and the presence of cytosolic DNA in macrophages after engulfing
necrosed cells can be assumed, as this mechanism has been described in other models of
sterile damage (Sun et al., 2017). The AIM2 inflammasome is also present in fibroblasts
(Bostanci et al., 2011), and functions in the inflammatory response in the dental pulp (Wang
et al., 2013). In these non-immunogenic tissues, IL-18 could be playing a physiological role,
as for example, IL-18 is important to maintain intestinal epithelial homeostasis (Rauch et al.,
2017; Van Der Kraak et al., 2021). In addition, the role of other cell types different of the
macrophages in the inflammation induced after collagenase injection cannot be discarded
because in vitro macrophages treated with collagenase showed an impaired capacity to
release IL-1B8 and IL-6 and also because other immune cells like neutrophils have a main
role in the initial inflammatory stages of tendinopathy (D'Addona et al., 2017).

The fact that in the NIrp37- mice a decrease in IL-6 production is observed, without
impairment of TNF-a production, could be explained by the presence of NLRP3
inflammasome in different cell types, as fibroblast that can induce specifically the release of
IL-6 as a response to cell damage (Solini et al., 1999). This is in concordance with the fact
that, as mentioned before, the NLRP3 inflammasome is a key pathway for controlling
inflammation under sterile conditions (Broz et al., 2020; Broz and Dixit, 2016; Liston and
Masters, 2017). In addition, the decrease in IL-6 production in Nirp37 mice correlates with
the slightly decrease in the amount of polymorphonuclear cells infiltrated after collagenase
injection in this genotype. This decrease could be attributed to IL-6, as the potent
chemoattractant chemokine CXCL10 was increased after collagenase injection, but without
differences between genotypes. However, CXCL10 and other chemokines production are
dependent on NLRP3 in different in vivo models, including sterile models of uric acid induced
peritonitis (Tapia-Abellan et al., 2021), or acute cholangitis (Gonzalez et al., 2020). All this
suggests that multiple inflammasomes, including NLRP3, could be involved in sterile
extracellular matrix damage using collagenase and that the inflammasome elicit an
inflammatory response dependent on IL-183, IL-18 and IL-6.

After collagenase injection, application of percutaneous needle electrolysis both as a
unique treatment or with several dosage protocol, did not induce changes in the studied
parameters. These results could be explained with three possible theories: (i) percutaneous
needle electrolysis is not able to interfere with the inflammation of chronic injured Achilles

mice tendons, (ii) collagenase-induced damage model is not a good model to induce chronic
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tendon damage, or (iii) the time points selected or the number of treatments applicated were
not the optimal ones to observe differences in the studied parameters. Further studies are
required to validate the therapeutical value of percutaneous needle electrolysis in injury
tendons, which could include the development of physiological tendinopathies in mice, as

by inducing excessive exercise of the joints.
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10.

11.

12.

Mutations affecting the WHD domain of NLRC4 induce significant changes in the
conformation of NLRC4.

Different NLRC4 mutants described in patients with autoinflammatory syndromes
induce a puncta distribution of NLRC4 in the cells.

The p.Ser171Phe NLRC4 variant present a gain-of-function behavior in assembly an
inflammasome.

The postzygotic p.Ser171Phe NLRC4 variant is a plausible cause of the
autoinflammatory disease in the enrolled patient.

Galvanic current applicated in HEK293T cells expressing NLRP3 results in a puncta
distribution of NLRP3 in the cells.

Galvanic current applicated in LPS-primed macrophages is able to activate the NLRP3
inflammasome.

Galvanic current applicated in LPS-primed macrophages induce the release of IL-13
and IL-18 cytokines.

Galvanic current applicated in LPS-primed macrophages do not induce pyroptotic cell
death.

Increasing the time and the number of pulses in galvanic current applicated to in LPS-
primed macrophages is related with an increase in IL-13 release and also in current-
dependent cell death.

Percutaneous needle electrolysis applicated in the Achilles tendon of mice induces an
increase in type | collagen and tendon stiffness, improving tendon resistance.

Tendon resistance after percutaneous needle electrolysis is dependent on the NLRP3
inflammasome.

Collagenase administration in the Achilles tendon of mice induces a sterile tissue

damage and an inflammatory response partially dependent on NLRP3.
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13. Collagenase damage of the Achilles tendon of mice is not affected by the application
of percutaneous needle electrolysis by delivering 3 times every 3 days with 3 impacts

of 3 mA for 3 seconds.
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Introduccién

El sistema inmune innato es la primera barrera de defensa del organismo frente a infeccién o dafno
tisular. Para ello, el sistema inmune innato estd compuesto por un gran y diverso nimero de células entre las
que destacan macrofagos y neutrofilos. Estas células, llevan a cabo su funcién a través de receptores que
reconocen patrones moleculares relacionadas con patdgenos o con dafio tisular. Una de las familias mas
importantes de receptores de reconocimiento de patrones que se activan en el sistema inmune innato son los
que forman inflamasomas, de entre los que caben destacar los receptores NLRP3 y NLRC4. Los
inflamasomas son complejos multiproteicos que activan a caspasa-1, por tanto, tras la activacion de estos
inflamasomas se secretan diferentes citoquinas que son sustratos proteicos de caspasa-1, como lalL-1B o la
IL-18, que promueven la reaccion inflamatoria. Estas citoquinas inducen la produccion de otras citoquinas
como el TGF- que a su vez estan implicadas en la regeneracion tisular. Por ello, estos inflamasomas estan
estrechamente relacionados con diferentes enfermedades inducidas en ausencia de infecciones, como

enfermedades autoinflamatorias y lesiones tipo tendinopatias.

Objetivos
Los objetivos principales de esta tesis son el estudio de la activacion de estos dos inflamasomas tanto
en enfermedades autoinflamatorias como en tendinopatia, asi como el estudio del efecto terapéutico de la
corriente galvanica en la activacion de NLRP3. En concreto, los objetivos planteados han sido:
1. Determinar el efecto de las mutaciones de NLRC4 asociadas a la autoinflamacion en la estructura
de NLRCA4.
2. Evaluar la activacion del inflammasoma NLRC4 y NLRP3 mediante microscopia de fluorescencia.
3. Caracterizar el efecto de la aplicacion de corriente galvénica en la activacion del inflamasoma
NLRP3 en macréfagos.
4. Estudiar la implicacién del inflammasoma NLRP3 en las respuestas de inflamacion y regeneracion
en el tendon de Aquiles de ratones tras la aplicacion de electrdlisis con aguja percutanea.
5. Dilucidar el papel del inflammasoma NLRP3 en un modelo de ratén de dano tisular estéril.
Materiales y métodos
Durante este proyecto, se llevaron a cabo estudios in vitro realizando cultivos celulares de macréfagos
silvestres y deficientes en diferentes componentes del inflamasoma. Estos macréfagos se activaron con LPS
como primera sefal de activacion tanto del inflamasoma NLRP3. Tras 2h de incubacién con LPS se aplico
corriente galvanica utilizando diferentes protocolos en los que variaban la intensidad, el tiempo, y el numero
de pulsos aplicados. Tras la activacion de estos macréfagos se determind la liberacion de diferentes citoquinas
pro-inflamatorias como la IL-6, el TNF-q, la IL-18 o la IL-18, mediante ELISA. También se medio la liberacion
de LDH como marcador de viabilidad celular y la captacion de YoPro-1 como marcador de la permeabilidad
de la membrana citoplasmatica. Por otro lado, se utilizd6 microscopia de fluorescencia, asi como la técnica
BRET para estudiar la oligomerizacion y conformacion, respectivamente, del inflamasoma. En el caso de
NLRP3 solo se estudi6 la oligomerizacién tras la aplicaciéon de corriente galvanica, y en el caso de NLRC4 se
estudi6 tanto la conformaciéon como la oligomerizacién de forma basal, sin estimulos previos. Por otro lado,
se llevaron a cabo estudios ex vivo, utilizando la sangre de pacientes con enfermedades autoinflamatorias
para aislar células mononucleares de sangre periférica. Las células mononucleares de sangre periférica se
aislaron mediante centrifugacion utilizando el reactivo Ficoll. Una vez aisladas, las células se sembraron en
placas de 24 pocillos a una concentracién de 500.000 células por pocillos, y se estimularon para activar
especificamente el inflamasoma NLRP3 con LPS durante 4h y ATP durante 30 minutos, y NLRC4 con LPS
durante 2h y el reactivo FlaTox durante 5h. Tras su activacion, se recogieron los sobrenadantes y se
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centrifugaron, para, posteriormente, medir la liberacion de IL-6, TNF-a, IL-13 e IL-18 por ELISA, y la formacién
de oligdbmeros de ASC por citometria. También se realizaron estudios in vivo utilizando tanto ratones
silvestres, como Nirp3“y Pycard” para medir la expresion de diferentes citoquinas pro-inflamatorias. También
se midié el tipo, la orientacion y la fuerza de las fibras de colageno mediante tinciéon con rojo picrosirio,
microscopia de segundo armonico y pruebas biomecanicas, respectivamente. Todos estos estudios se
realizaron en muestras de tendén de Aquiles tras aplicar electrolisis percutanea o puncion seca, utilizando
como controles tendones tratados con salino o sin tratar. El protocolo de corriente galvanica utilizado ha sido
de 3 pulsos de 3mA durante 3 segundos cada uno. Ademas, se realizé la medicion de la expresion y la
produccion de IL-1B, IL-18, TNF-a e IL-6 por qPCR y ELISA, asi como la cuantificacion de células
polimorfonucleares en muestras tefidas con hematoxilina-eosina, tras inducir un dafio en el tendon tras la
aplicacion de la enzima colagenasa. Para ello, se inyectaron por via subcutanea 20 pl de colagenasa con una
concentracién de 10 pg/ul. Tras la aplicacion de colagenasa se aplico corriente galvanica o puncion seca para
comprobar el efecto de ambos tratamientos en el tendén dafiado. El protocolo de corriente galvanica utilizado

ha sido de 3 pulsos de 3mA durante 3 segundos cada uno.

Resultados

Como resultados se ha obtenido que la corriente galvanica induce la distribucién de NLRP3 en un
punteado celular, asi como ocurre con las mutaciones de NLRC4 asociadas a sindromes autoinflamatorios,
cuando ambas se analizan en sistemas recombinantes de expresion. Este aumento de la distribucion
punteada de NLRC4 en las células se acompafia en algunas mutaciones con un acusado descenso en la
sefial BRET de NLRC4, siendo p.Ser445Pro y p.His443Pro las mutaciones que mas disminuyen la sefal
BRET de NLRC4. Por otro lado, se estudié la muestra de sangre de una paciente portadora de la mutacién
p.Ser171Phe en NLRC4, que mostré un aumento en la formacién de oligdmeros de ASC en los monocitos,
asi como en la liberacién de IL-18, pero no de IL-1[, en condiciones basales o tras el tratamiento con LPS.
Esta diferencia entre ambas citoquinas se debe a la falta de induccién de la expresién de /I1b con LPS en
comparacion con /18, que si que se indujo en las células de esta paciente. La aplicacion de corriente galvanica
en macroéfagos fue capaz de reforzar el fenotipo M1, ya que se observé un aumento en la expresion de los
genes pro-inflamatorios al inducir un fenotipo pro-M1 tratando estos macréfagos con LPS durante 2h, asi
como una reduccion de la expresion de genes pro-regenerativos al inducir un fenotipo pro-M2 tratando estos
macrdéfagos con IL-2 durante 4h. Ademas, se observoé que la corriente galvanica activaba de forma especifica
el inflamasoma NLRP3, promoviendo la liberacién de IL-13 e IL-18. La liberacion de estas dos citoquinas se
observd que era completamente dependiente del inflamasoma NLRP3. Este resultado, se pudo verificar al
utilizar un inhibidor especifico de este inflamasoma, como fue el MCC950, y un tampén rico en potasio, para
inhibir el descenso del potasio intracelular que ocurre al activar especificamente NLRP3, ya que en ambas
condiciones no se observé una liberacion ni de IL-1f ni de IL-18. Ademas, al utilizar diferentes protocolos de
corriente galvanica se observé que tanto la liberacion de IL-1f3 y de IL-18, como la liberacion de LDH, eran
dependientes tanto de la intensidad, como del tiempo y del nimero de pulsos utilizados en el protocolo de
activacion de corriente galvanica. Por lo que se observd, que las condiciones del protocolo de corriente
galvanica pueden ser modificadas para modular la liberacion de IL-18 y la muerte celular, siendo mas
agresivos los protocolos con mayor tiempo y nimero de pulsos, sin que se relacionen directamente con la
produccion de IL-13. Por ultimo, los resultados in vivo en tendén de Aquiles de ratdn, mostraron que la

aplicacion de corriente galvanica resulté en un aumento de la expresion de genes que codifican para
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diferentes citoquinas proinflamatorias, sin aumentar de forma significativa la expresion de los genes que
codifican los diferentes miembros del inflamasoma NLRP3. También se observé un aumento en el porcentaje
de colageno tipo | en comparacion con el colageno tipo Ill, en las muestras tefidas con rojo picrosirio. Asi
como, tanto una mejor orientacién de las fibras de colageno como un aumento de la rigidez del tendén y por
ello, una mayor resistencia de los tendones tratados con electrolisis percutanea en comparacién con los
tratados con puncién seca. Cabe destacar, que esta mejora en la resistencia del tenddn se observé que era
dependiente del inflamasoma NLRP3 ya que en los tendones de ratones Nirp3” tratados con electrolisis
percutanea no presentaban un aumento en los parametros comentados previamente. Ademas, tras la
induccion de un dafio en el tenddn tras tratarlos con colagenasa, se observé un aumento tanto en la expresion
del ARN mensajero como en la produccién, de las proteinas inflamatorias IL-1B, IL-18, IL-6, TNF-a, y CXCL-
10, y que este efecto era parcialmente dependiente del inflamasoma NLRP3. Por ultimo, se observé que la
aplicacion de electrolisis percutanea no promovia cambios en la expresion de los diferentes genes que

codifican citoquinas pro-inflamatorioas a estudio.

Discusion

Los resultados obtenidos en los estudios tanto in vitro como ex vivo de la activacion de NLRC4
desarrollados en esta Tesis apoyan claramente un comportamiento de ganancia de funcién de la variante
p.Ser171Phe de manera similar a otras variantes de NLRC4 previamente reportadas como mutaciones
causantes de enfermedades. Ademas, la paciente a estudio representa el primer caso de enfermedad
autoinflamatoria de inicio tardio asociada a NLRC4 como consecuencia de un mosaicismo somatico de
NLRC4, lo que plantea la cuestion de si las manifestaciones inflamatorias que comienzan durante la edad
adulta en otros pacientes pueden ser consecuencia de un defecto genético similar. En conjunto, estos
resultados indican que los dominios NBD y WHD, y los ultimos aminoacidos del dominio LRR son criticos para
la correcta conformacion basal inactiva de NLRC4, y las mutaciones que afectan a los aminoacidos contenidos
en estos dominios pueden inducir un cambio en la conformaciéon de NLRC4, dando lugar a una estructura
autoactiva de NLRC4. En particular, las mutaciones que afectan al dominio NBD pueden desestabilizar la
interaccioén de la proteina con el nucledtido ADP o ATP, las mutaciones que afectan al dominio WHD pueden
desestabilizar las interacciones WHD-NBD y las mutaciones que afectan a los ultimos aminoacidos del
dominio LRR pueden funcionar permitiendo la apertura de la NLRC4 autoinhibida mediante la
desestabilizacion de las interacciones LRR-NBD e induciendo la formacion del oligdmero NLRC4 al facilitar el
reconocimiento y la unién de diferentes monémeros de NLRC4 a través de las interacciones LRR-LRR.
Ademas, encontramos que la distribucién de los puntos de NLRC4 también puede correlacionarse con la
activacion del inflamasoma en el sistema recombinante HEK293T. Este sistema también fue util para
determinar la activacién de NLRP3 de tipo salvaje cuando se aplicé corriente galvanica. Por otro lado, a partir
de los resultados obtenidos en los estudios in vitro, podemos concluir que la aplicacion de corriente galvanica
activa el inflamasoma NLRP3 e induce una respuesta inflamatoria controlada. Sin embargo, las dosis de alta
intensidad de corriente galvanica durante largos periodos de tiempo o los impactos repetidos, que suponen
una alta carga total, podrian inducir una alta necrosis tisular, por lo que no se recomiendan para la practica
clinica. Ademas, tras los estudios in vivo utilizando electrolisis percutanea en esta Tesis se ha aportado
informacion sobre coémo la corriente galvanica es una técnica factible aplicada in vivo para activar el
inflamasoma NLRP3 e inducir una respuesta inflamatoria local para potenciar un proceso de regeneracion
mediado por colageno en el tendon, estableciendo el mecanismo molecular de la electrdlisis percutanea para

Pagina 285|290



SPANISH SUMMARY

el tratamiento de lesiones cronicas y estableciendo el primer tratamiento dirigido a activar el NLRP3. Por
ultimo, los estudios in vivo realizados tras la aplicacion de colagenasa tanto como tratamiento tnico como con
varios protocolos de dosificacién, no indujo cambios en los parametros estudiados. Estos resultados podrian
explicarse con tres posibles teorias: (i) la electrélisis percutanea con aguja no es capaz de interferir en la
inflamacion de los tendones de Aquiles lesionados de forma croénica, (ii) el modelo de dafio inducido por
colagenasa no es un buen modelo para inducir el dafo crénico del tenddn, o (iii) los puntos de tiempo
seleccionados o el niUmero de tratamientos aplicados no fueron los 6ptimos para observar diferencias en los
parametros estudiados. Se necesitan mas estudios para validar el valor terapéutico de la electrélisis de aguja
percutanea en los tendones lesionados, que podria incluir el desarrollo de tendinopatias fisiolégicas en

ratones, como por ejemplo al inducir un ejercicio excesivo de las articulaciones.

Conclusiones

A partir de los resultados obtenidos, se han establecidos las siguientes conclusiones:

1. Las mutaciones que afectan al dominio WHD de NLRC4 inducen cambios significativos en la
conformacion de NLRC4.

2. Diferentes mutantes de NLRC4 descritas en pacientes con sindromes autoinflamatorios inducen
una distribuciéon punteada de NLRC4 en las células.

3. Lavariante p.Ser171Phe de NLRC4 presenta un comportamiento de ganancia de funcién en el
ensamblaje de este inflamasoma.

4. La variante p.Ser171Phe NLRC4 postcigotica es una causa plausible de la enfermedad
autoinflamatoria en la paciente estudiada.

5. La aplicacién de corriente galvanica en células HEK293T que expresan NLRP3 da lugar a una
distribucion punteada de NLRP3 en las células.

6. La corriente galvanica aplicada en macréfagos tratados con LPS es capaz de activar el
inflamasoma NLRP3.

7. La corriente galvanica aplicada en macrofagos tratados con LPS induce la liberacién de las
citoquinas IL-1B e IL-18.

8. La corriente galvanica aplicada en macréfagos tratados con LPS no induce la muerte celular por
piroptosis.

9. Elaumento del tiempo y del nimero de pulsos en la corriente galvanica aplicada en macréfagos
tratados con LPS se relaciona con un aumento de la liberacion de IL-13 y también de la muerte
celular dependiente de la corriente.

10. La electrolisis percutanea aplicada en el tenddon de Aquiles de ratones induce un aumento del
colageno tipo | y de la rigidez del tenddn, mejorando su resistencia.

11. La resistencia del tendoén tras la electrdlisis percutanea es dependiente del inflammasoma
NLRP3.

12. La administracion de colagenasa en el tendon de Aquiles de ratén induce un dafio tisular estéril
y una respuesta inflamatoria parcialmente dependiente de NLRP3.

13. El dano inducido por la colagenasa en el tendén de Aquiles de ratén no se ve afectado por la

aplicacién de electrdlisis percutanea utilizando 3 impactos de 3 mA durante 3 segundos.
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