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GENERAL INTRODUCTION



Redox state

The term “redox state” has been utilized historically to indicate the ratio of the oxidized and reduced form
of a specific redox couple [1]. However, cells are complex structures and, for this reason, Shafer and Buettner
suggested the use of the term “redox environment”. According to their definition, “the redox environment of
a linked set of redox couples as found in a biological fluid, organelle, cell, or tissue is the summation of the
products of the reduction potential and reducing the capacity of the linked redox couples present” [2]. However,
in this work I will refer to “redox state” because it is the most commonly used term.

The functioning of many cellular components may be dependent on the cellular redox state; therefore, it is
crucial to maintain correct redox homeostasis [3][4]. This is also important for the proper functioning of the
immune system. When an infection occurs (caused by bacteria, or virus), cells respond by activating all of the
mechanisms aimed to kill the pathogen, including the production of several reactive oxygen/nitrogen species
(ROS/RNS) with the goal to eliminate the non-self. ROS and RNS can affect/modulate the redox-sensitive
mechanisms implicated in the immune/inflammatory response, so it is crucial that the redox state is under

cellular control; otherwise, a malfunction could lead to many oxidative stress-related diseases [5].

Ocxidative stress

The definition of oxidative stress was first formulated by Sies in 1985 [6] as “a disturbance in the
prooxidant-antioxidant balance in favor of the former”. This disturbance can be caused by the presence of the
so-called reactive oxygen species (ROS), which are derived from oxygen, an obligate component of eukaryotic
organisms. These species can be present in free-radical form, like the superoxide anion (O;") and the hydroxyl
radical (OH), or as chemically stable molecules, like hydrogen peroxide (H,O>). In addition to ROS, other
molecules that have an impact on oxidative stress are reactive nitrogen species (RNS). The RNS system
includes different compounds like peroxynitrite (ONOQO") and the free-radical nitric oxide (NO-) [6]. Giles et
al. proposed an additional group of redox-active molecules termed reactive sulfur species (RSS), which “are
redox-active sulfur compounds formed under conditions of oxidative stress that may be capable of initiating
oxidation reactions” [7]. However, these species are synthesized also under non-oxidative conditions. RSS
comprehend different forms of cysteine and methionine, and some low-molecular-mass compounds such as
glutathione, thioredoxin, or mycothiol [8]. Although all these molecules have been historically considered
harmful agents for cells at high concentrations, recent evidence showed that at moderate/low concentrations
they can function as secondary signaling molecules [9], bringing to the updated concept of oxidative stress as
“an imbalance between oxidants and antioxidants in favor of the oxidants, leading to a disruption of redox

signaling and control and/or molecular damage” [6].

ROS/RNS production
The generation of reactive oxygen and nitrogen species (ROS, and RNS) in the cells is due to both
endogenous and exogenous sources. The main ROS source is mitochondria, where adenosine triphosphate

(ATP) is generated. Its generation depends on the electron transport chain (ETC), which needs O»; part of this
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molecular oxygen is incompletely metabolized and converted into O,” by complex I and III of the ETC [10].
The enzyme NADPH oxidase (NOX), which catalyzes the transport of one electron to oxygen from cytosolic
NADPH, is another important ROS source. Of the seven isoforms of NOX, NOX4 is the only known form to
produce H>O; instead of O, [11]. Another important cellular organelle that generates ROS is the endoplasmic
reticulum (ER). One of the ER’s main roles is to promote correct protein folding by forming disulfide bonds,
which is ensured by the maintaining of an oxidized environment [12]. Other ROS sources can be microsomes
and peroxisomes, which primarily generate H>O,, cytochrome ¢ oxidase, and xanthine oxidase [13]. The
production of these reactive species is one of the major mechanisms to fight and kill pathogens by cells of the
immune system, such as neutrophils and macrophages. The RNS NO- is synthesized from L-arginine in the
presence of molecular oxygen through a reaction catalyzed by the nitric oxide synthase (NOS) [14]. There are
several known isoforms of this enzyme, such as the neuronal NOS (nNOS), endothelial NOS (eNOS), and the
inducible NOS (iNOS) that can be induced by pro-inflammatory cytokines [15]. Nitric oxide can react with
Oy to generate ONOO" [16]. Exogenous sources of ROS and RNS are irradiation (e.g. UV irradiation, y

irradiation), drugs, and atmospheric pollutants [17].

Oxidative damage

ROS and RNS have been historically considered harmful agents for cells because they can react with
important cellular structures, like lipids, proteins, and DNA. These modifications could cause damages to these
structures, leading to their dysfunction and oxidative stress-related diseases, such as inflammation,
neurodegenerative diseases, and cancers [5].

High concentrations of ROS/RNS can lead to lipid oxidation, which causes lipid peroxidation and oxysterol
formation. The former is a radical chain reaction, that consists of three major steps: initiation, propagation, and
termination [18]. Briefly, a polyunsaturated fatty acid (PUFA) can be attacked by a free radical molecule
(initiation) producing an unstable fatty acid radical (L°) that in turn reacts with a molecule of oxygen. The
product of this reaction is a peroxyl-fatty acid radical (LOO"), which can continue the cycle by reacting with
another PUFA (propagation) or stop it by reacting with another radical molecule or with an antioxidant able to
break the cycle (e.g., Vitamin E) (termination). This chain reaction mechanism can lead to a loss of membrane
components and to the formation of reactive end products, like malondialdehyde (MDA), 4-hydroxy-2-nonenal
(HNE), acrolein, and isoprostanes, which can cause further damage to protein and DNA [5]. The reactive end
products have been investigated, especially HNE and MDA that were found to easily react with proteins ad
DNA and to be highly toxic molecules [19]. Furthermore, MDA is a stable compound used as a biomarker for
oxidative stress [20]. In addition to lipid peroxidation, there may be the oxidation of cholesterol caused by
specific enzymatic reactions to generate oxysterols. This reaction can be caused either by cytochrome P451 or
by non-specific reactions that involve ROS and RNS. Oxysterols are physiologically produced as intermediates
in the cholesterol catabolism, but when in excess they can be involved in many diseases (e.g.,
neurodegenerative diseases and cancers) [21]. It is interesting to note that oxidative stress appears to both

induce the formation of oxysterols and to be induced by their presence [22]. All these reactions will eventually
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lead to a loss of membrane properties where lipids and cholesterol are mainly localized, and their reactive end
products can consequently damage other molecules.

Besides lipids, proteins can also be modified by oxidative stress. Protein damages may cause dysfunction
in the cellular activity which in turn may lead to the development of diseases, like chronic inflammatory
diseases (cancer, atherosclerosis, ischemia), aging, and age-related neurodegenerative disorders (Alzheimer’s
disease) [5]. Proteins can be subject to modification on their amino-acid side chains. ROS mainly cause sulfur
oxidation of cysteine and methionine, protein hydroxides, and carbonyl derivatives, while RNS induce protein
nitration. It is important to note that these protein modifications are mostly irreversible and that damaged
proteins, such as carbonylated proteins, are marked for their degradation by proteasomes, and once escaped
from degradation they can form high-molecular-weight aggregates that accumulate with age [23].
Carbonylated proteins can be valid biomarkers of oxidative stress because carbonylation is more difficult to
be induced compared to the SH oxidation of cysteine and methionine, and they can also be a sign of disease-
derived protein dysfunction [24]. Protein oxidative modifications are not always harmful to cells, in fact, this
is an important step of protein folding inside the endoplasmic reticulum (ER), in which intra and intermolecular
disulfide bonds are introduced [8].

DNA oxidation causes instability and decay of the genome. The most susceptible base to oxidative damage
is guanine, which undergoes the major mutagenic lesion is 8-0xo0-7,8-dihydroguanine. This mutation is
characterized by the pairing of guanine with adenine rather than with cytosine, thus generating transversion
mutation after replication [25]. RNA can also be subject to oxidation; for example, the oxidation of microRNA-

184 results in the blocking of the translation of anti-apoptotic factors, such as Bel-xL [26].

Protective antioxidant systems

Under physiological conditions, cells maintain redox homeostasis by the production and elimination of
ROS and RNS. To prevent oxidative damages and maintain redox homeostasis, the cells have evolved
enzymatic or non-enzymatic antioxidant systems. Enzymatic antioxidants include superoxide dismutase
(SOD), glutathione reductase (GR), catalase, and glutathione peroxidase (GPX); while the non-enzymatic
antioxidants are thiol molecules, like reduced glutathione (GSH), thioredoxin (Trx), and glutaredoxin (Grx)
which take part to thiol-disulfide exchange reactions [3].

SOD catalyzes the dismutation of O, to oxygen and H>O, [4]. This enzyme is present in different cellular
compartments, and in different isoforms. SOD1 (CuZnSOD) is present in the cytoplasm, SOD2 (MnSOD) is
found in mitochondria, and SOD4 in the extracellular matrix [27]. The H,O, produced is then converted into
H,O + O, by catalase, which is a heme-based enzyme found in the peroxisome [28]. In addition to this pathway,
hydrogen peroxide can be converted into not harmful molecules via the conversion of GSH to oxidized
glutathione (GSSQ), catalyzed by GPX [29]. GSH, that will be discussed in paragraph “Glutathione”, is the
most important low molecular weight antioxidant synthesized in cells. The Trx system consists of thioredoxin
reductase (TrxR), and Trx, in which TrxR activity is to reduce the oxidized form of Trx [4]. To date, two Trxs

isoforms have been identified, Trx1 (cytosolic), and Trx2 (mitochondrial), and three TrxRs isoforms, TrxR1
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(cytosolic), TrxR2 (mitochondrial), and thioredoxin glutathione reductase (TGR) [30]. The Grx system also
functions to reduce protein disulfides; their oxidized form is reduced by GSH. To date, four Grxs isoforms

have been discovered, Grx1, Grx2, Grx3, and Grx5 [31].

Intracellular redox-sensitive pathways

Although ROS are mainly associated with cell damage caused by irreversible oxidation of proteins, lipids,
and nucleic acids, low concentrations of ROS play a crucial role in the response and adaptation to local and
overall stress conditions. Redox-regulated proteins are the first to respond to changes in the intracellular redox
state and induce initial steps to protect against oxidants, repair cellular damage, and restore the redox
homeostasis. Those proteins contain highly specific cysteine residues which can undergo reversible oxidative
modifications, causing conformational and functional switch of the protein [32]. Oxidative modifications can
consist of the oxidation of cysteine residues on proteins, which translate into the formation of reactive sulfenic
acid (-SOH). This acid can react with cysteines and form disulfide bonds (-S-S-), or it can be further oxidized
and form sulfinic (-SO>H) or sulfonic (-SOs;H) acid [33]. These redox oxidations are mostly reversible by
reducing systems, like thioredoxin and peroxiredoxin, and this is because these modifications have important
roles in the redox signaling [34]. Overproduction of ROS may contribute to altering these redox-sensitive
pathways, which could, in turn, lead to the onset of several diseases, such as cancer, neurodegeneration,
atherosclerosis, and diabetes, and also to aging [35]. There are many cellular redox-sensitive pathways, in
which several phosphatases are often involved, and the presence of ROS causes their oxidation and subsequent
inactivation, leading to an impairment in the phosphatase activity [3][36]. Moreover, each pathway is not
isolated from the other, in fact, there is a crosstalk between them; for this reason, their correct activation and
inactivation are fundamental for the prevention of diseases [4]. Here are described some of these pathways.

Nrf2 — Nuclear factor erythroid 2-related factor 2 (Nrf2) is a basic leucine zipper transcription factor, that
under basal conditions is bound to the dimeric inhibitory protein Kelch-like ECH-associated protein 1 (Keap1)
in the cytosol [37]. Keapl is an adaptor of the Cul3-based E3-ubiquitin ligase complex that polyubiquitinates
Nrf2 for proteasomal degradation [38]. Keapl possesses cysteine residues that under stress conditions (ROS,
electrophiles) are oxidized; the result is the dissociation of Nrf2 from Keap1 and its nuclear translocation. Once
in the nucleus, Nrf2 forms a complex with Maf proteins (Maf-F, Maf-g, and Maf-K), which binds to the
antioxidant response element (ARE) [39]. The effects of Nrf2 can be dual: on the one hand, it can regulate the
production of ROS/RNS by controlling the transcription of certain enzymes, such as superoxide dismutase
(SOD), and iNOS; on the other hand, it can lead to the transcription of enzymes involved in the antioxidant

response, such as catalase (CAT), and enzymes involved in the GSH synthesis, such as GCL [4]. (Figure 1).
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Figure 1 Nrf2 activation by ROS. ROS cause the oxidation of Keap! cysteines, leading to its conformational
change. Keap1 dissociates from Nrf2, which is now free to translocate into the nucleus. Here it creates a complex with
the Maf protein and binds to the antioxidant response element (ARE) to induce the transcription of several enzymes,
such as glutamate-cysteine ligase (GCL), superoxide dismutase (SOD), and catalase (CAT).

NF-kB — Nuclear factor-kappa B (NF-kB) represents a family that consists of five transcription factors
(p65, Rel B, c-Rel, p52, and p50). Under non-stress conditions, it is sequestered in the cytosol by the binding
of the inhibitor of kappa B (IkB) [40]. In the presence of stress stimuli (e.g. cytokines, toll-like receptor (TLR)
ligands), the IkB kinase (IKK) is activated and phosphorylates IkB, which dissociates from NF-kB, and is
subsequently ubiquitinated and degraded. NF-kB is now free to translocate to the nucleus, where it binds to
specific DNA promoter regions [41]. NF-kB, as a redox-sensitive factor, is a target activated by ROS and is
involved in the inflammatory response (e.g. pro-inflammatory cytokines, such as TNF-a, IL-6, and IL-1p).
Interestingly, a severe increase of ROS could lead to a different effect, which is the inactivation of NF-kB and
subsequently cell death [3]. The binding of activated NF-kB and DNA requires the reduced form of the
transcription factor; in fact, the oxidation of some NF-kB cysteines could lead to the binding inability [42]

(Figure 2).
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Figure 2 NF-kB activation by ROS. ROS activates the IkB kinase (IKK), which in turn phosphorylates IkB-a. This
phosphorylation causes the dissociation of IkB-a from NF-kB, which is now free to translocate into the nucleus and to
bind to the DNA. NF-kB induces the transcription of factors involved in the inflammation, such as pro-inflammatory
cytokines (e.g. TNF-a and IL-6).

MAPK - The mitogen-activated protein kinase (MAPK) is a family that consists mainly of the extracellular
regulated kinases (ERK1/2), the Jun N-terminal kinase (JNK), and the p38 kinase (p38). These factors operate
in cascades of sequential phosphorylation that are regulated by different kinases (MAPKKK, and MAPKK),
which in turn phosphorylate the MAPK [33]. The outcomes of these pathways can be different: ERK1/2
activation brings to cell survival; while JNK and p38, also known as stress-activated protein kinases (SAPKs),
promote cell death (i.e. necrosis, and apoptosis) [43]. It is known that ERK1/2 can be activated by oxidative
stress [44]; in fact, its cascade initiates when ROS cause the activation of the growth-factor receptor, which is
a tyrosine kinase receptor, that in turn activates Ras. This factor recruits Raf (MAPKKK), which in turn
activates MEK1/2 (MAPKK), and ERK1/2 (MAPK) [45]. This pathway is involved in cellular survival by
regulating the BCL-2 pro-survival activity [46], and in inflammation by modulating the production of
inflammatory cytokines (increased production of TNF-a, IL-1B, and IL-10, and decreased production of IL-
12) [47]. SAPKs can be activated by multiple stimuli: ligands, such as lipopolysaccharide (LPS), and
hormones, cytokines, and many other stresses [48]. Their activation results in pro-inflammatory cytokines
production, and apoptosis. The apoptosis-regulating signal kinase 1 (ASK1) is an important redox sensor for
the initiation of the SAPKs signaling cascade. ASK1 phosphorylates MKK4/7 and MKK3/6 to induce the
activation of JNK and p38, respectively [48]. Under non-stress conditions, ASK1 is inactive because of its

binding to the thioredoxin (Trx). When oxidative stress occurs, the cysteines present on both Trx and ASK1
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are oxidized and the bond can not be formed [49]. The active form of ASK1, in turn, phosphorylates MKK4/7
and MKK3/6 which phosphorylate JNK and p38 (Figure 3).

w Phosphorylation | MKK 4/5 ‘
Trx ‘ ‘ Phosphorylation

MKkk3/e | D) (e}
p38
Inactive Active Active

Active

Figure 3 MAPK activation by ROS. ROS induce the dissociation of Trx from the initiator of the stress-activated
protein kinases (SAPKs) signaling cascade, apoptosis-regulating signal kinase 1 (ASK-1). ASK-1 phosphorylates
and activates MKK 4/5 and MKK 3/6, which in turn phosphorylate and activate JNK and p38 respectively. Their
activation leads to the production of pro-inflammatory cytokines, such as TNF-a, and IL1p.

PI3K/Akt — The phosphoinositide 3-kinase (PI3K), involved in cell proliferation and survival [50], consists
of two subunits, the catalytic (p110) and the regulatory (p85). The activation of this pathway starts when
various growth factors, cytokines, and hormones bind to the receptor tyrosine kinase (RTK), causing the bound
of PI3K by its p85 subunit, or by the insulin receptor substrate (IRS) protein [51]. Activated PI3K catalyzes
the conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) to the second messenger phosphatidylinositol
3.4,5-triphosphate (PIP3), which subsequently recruits to the plasma membrane proteins that contain pleckstrin
homology (PH) domain, such as Akt [52]. This pathway is negatively regulated by the activity of the
Phosphatase and TENsin homolog (PTEN), which dephosphorylates PIP3 back to PIP2 [53]. Oxidative stress
can regulate the PI3K/Akt pathway. In fact, PTEN is normally active when is present in the reduced form,
which is promoted by the protective activity of the NADPH/Trx system [54]. The oxidative inactivation of
PTEN results in sustained activation of the PI3K/Akt signaling [55]. The outcomes are the synthesis of anti-
apoptotic proteins, such as Bcl-2, the inhibition of ASK1 and SAPKs, and the activation of the NF-kB cascade
[3]1[56] (Figure 4).
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Figure 4 PI3K promotes the activation by ROS. ROS oxidize and inactivate the phosphatase PTEN, which leads to the
incapacity of dephosphorylating PIP3 to PIP2. Therefore, the activity of PI3K, which phosphorylates PIP2 to PIP3, is
not counteracted. PIP3 recruits Akt, which in turn inactivates the apoptosis-regulating signal kinase 1 (ASK-1)
inhibiting SAPKs action; while it activates both the IkB kinase (IKK) and therefore the NF-kB pathway, and the cyclic
AMP response element-binding protein (CREB) promoting cell survival.

Glutathione

Glutathione (GSH) is a tripeptide, y-glutamylcysteinglycine (Figure 5), widely distributed in mammalian
cells and tissues, in plants, and most microorganisms [57]. It was discovered by De Rey Pailhade in 1888
during his studies in extracts of yeast, and he called it “Philothion” [58]. It is the most abundant non-protein
thiol of the cells, with a concentration that ranges between 1-10 mM, with the liver as the main reservoir [59].
Inside the cells, the GSH is mostly present in the cytosol (90%), where its synthesis occurs, followed by
mitochondria (10%), and the endoplasmic reticulum (ER) (small percentage) [60]. It is present in the reduced
form, GSH, and in the oxidized form, GSSG [61]. The latter consists of two GSH molecules bound by a
disulfide bond, and its concentration is less than 1% of GSH [60]. GSH structure and function as an antioxidant

were established by Sir Hopkins in 1922 [62].
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Figure 5 GSH chemical structure.

GSH synthesis

GSH is synthesized from the amino acids glycine, cysteine, and glutamate in the cytosol, and its de novo
synthesis involves two ATP-requiring enzymatic steps [63][64].

The first step (Figure 6) is catalyzed by the enzyme glutamate-cysteine ligase (GCL), which produces -
glutamylcysteine by forming an amide bond between the y-carboxyl group of glutamate and the amino group
of cysteine. This enzyme is a heterodimer, formed by a heavy or catalytic (GCLc), and a light or modifier
(GCLm) subunit. The former exhibits the catalytic activity and is regulated by the presence of GSH via
negative feedback; the latter is enzymatically inactive but regulates the functioning of the GCLc. In fact, it
lowers the Km of GCL for glutamate and raises the Ki for GSH, which means that GCL is more efficient and
less subject to inhibition by GSH [65]. Oxidative stress may enhance the activation of the enzyme, even without
changing the expression of GCL [66]. Under physiological conditions, GCL is mostly inactive [60]; moreover,
its functionality depends on the presence of cysteine which is considered the rate-limiting enzyme [64].

The second step (Figure 6) in GSH synthesis is catalyzed by the glutathione synthase (GS), which is
composed of two identical subunits and is not inhibited by GSH [67]. GS is present in higher concentration
than GCL, and overexpression of the enzyme does not translate in an increase of GSH concentration [68];
however, the presence of GS has an important role in determining GSH synthesis for example under stressful

conditions, such as in response to surgical traumas [60].
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Figure 6 Enzymes involved in the de novo synthesis of GSH.
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GSH degradation

The structure of GSH is characterized by the presence of y-bond between glutamate and cysteine, which
makes the tripeptide resistant to hydrolysis from peptidases [69]. For a long time, it has been thought that the
degradation of GSH was possible only outside of the cells because the only known enzyme able to break the
v-bond was the y-glutamyltranspeptidase (GGT or y-GT) [70]. GGT is located on the plasma membrane and it
is implicated in the y-glutamyl cycle. This enzyme transports GSH outside of the cell in the form of the
dipeptide cysteynilglycine and the y-glutamyl moiety, which is then transferred to an amino acid to form y-
glu-aa [71]. The dipeptide is the substrate of a dipeptidase on the plasma membrane and is broken down into
cysteine and glycine. Cysteine is then taken up by the cell and the majority is used to form GSH [58]. y-glu-
aa, on the other hand, is transported back inside the cell and separated from the amino acid; the free glutamate
can be used for GSH synthesis [58].

Recently, an intracellular pathway of GSH degradation catalyzed by the ChaC enzyme family was
discovered [72]. The mammalian ChaCl was discovered as a protein upregulated during the Unfolded Protein
Response (UPR) caused by ER stress [73], and it was shown to be able to break the y-bond between glutamate
and cysteine because of its y-glutamylcyclotransferase activity [72]. Chacl is able to exclusively act on reduced
GSH, by forming the dipeptide cysteynilglycine and 5-oxoproline, while GSSG is not affected by its activity
[74].

GSH functions

GSH is involved in various cellular functions, which can be categorized into two main reactions:
conjugation, and reduction [75]. The first group of reactions is involved in the metabolism of xenobiotics,
where GSH is conjugated with the exogenous compounds by the activity of the enzyme glutathione-S-
transferase (GST) [58]. The resulted conjugates can be excreted from the cells [75]. The second group of
reactions explains its antioxidant activity and includes the GSH itself and several enzymes involved in the
intracellular defense against oxidative stress. This mechanism is composed of GSH itself and several enzymes,
such as glutathione peroxidase (GPx), GST, and glutathione reductase (GR) [76]. GPx and GST, which not
only have conjugating activity, are implicated in the reduction of peroxides, while GR is involved in the
conversion of GSSG in two molecules of GSH [77]. Moreover, GSH is involved in the maintenance of the
sulthydryl groups of proteins in the reduced state. It is known that the redox state of proteins regulates different
intracellular pathways and that the cysteine residues in the active sites can be easily oxidized [78].

Recent evidence has shown that GSH has a broader activity, in addition to the scavenging one. In fact, GSH
deficiency has been described as an important mechanism contributing to the pathogenesis and outcomes of

several infections (both viral and bacterial), [79][80].

GSH in infections and inflammation
Alterations of the redox state are common during infections. The consequent modulation of the many

intracellular redox-sensitive pathways affects the ability of the cells to cope with pathogens by modifying both
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the innate and the adaptive immune response [79]. GSH has many important roles in the immune response.
Antigen-presenting cells (APCs) need the tripeptide in order to correctly processing the antigen; in fact, the
endocytosed proteins must undergo a process of denaturation/unfolding, and the rate-limiting-step seems to be
the reduction of disulfide bonds [81]. This antigen processing seems to be correlated with GSH content; indeed,
if it is present in APCs at low concentrations the process is defective [82], while high concentrations of GSH
promote the capacity to present the antigen [83]. APCs, like macrophages, can influence the differentiation of
T helper cells (Th) in Thl (cellular immunity) and Th2 (humoral immunity) according to the secreted
cytokines; thus, the redox state of APCs is important to mount a proper immune response against pathogens
[84]. Macrophages with a decreased GSH content were found to produce less IL-12, which in turn inhibit the
Th1 differentiation in a murine model [84], while elevated GSH concentrations induced by pro-GSH molecules
were found to increase IL-12 secretion associated with a Th1 response [85].

Many viruses are known to alter the intracellular redox state versus a more oxidized, often characterized by
GSH depletion, with the aim to make the cellular environment favorable to an efficient virus cycle. For this
reason, GSH has been proposed as an effective antiviral molecule, and its capacity to hinder the replication of
different viruses has been described. For example, GSH can inhibit NF-kB activation induced by HIV [86], or
influenza virus-induced apoptosis resulting in a reduced spread of the virus [87]. Another interesting
mechanism could be the ability to inhibit the proper folding and stabilization of viral proteins, like the
maturation of the glycoprotein hemagglutinin of the influenza virus in the endoplasmic reticulum (ER) of the
host [88]. In this regard, it is known that viruses don’t have the biosynthetic machinery to translate their genome
and to produce their structural proteins, thus they take advantage of the host’s protein biosynthetic machinery
associated with the ER [89]. The ER is important for the correct folding of proteins, which includes the
disulfide bond formation that is important for the protein maturation and stability and to do that the ER lumen
is characterized by a low GSH/GSSG ratio [90]. The ER redox state is fundamental for the correct functioning
of the protein disulfide isomerase (PDI), which exerts oxidoreductase and redox-regulated chaperone activities.
In fact, PDI leads to the formation, isomerization, and reduction of disulfide bonds, and it has also an important
role in the degradation of misfolded proteins [91]. As a redox-dependent protein, PDI needs a correct ratio
between GSH and GSSG to function properly, otherwise, alterations in the disulfide bond formation could
occur, leading to misfolded protein.

The GSH depletion caused by viruses leads to the activation of the NF-kB pathway, which is normally
considered as an important factor of the innate immune response against pathogens, promoting viral
replication, as said above [92]. GSH has the ability to inhibit NF-kB activation at many levels; as a scavenger
it can eliminate oxidants, it can prevent the activation of IKK by inhibiting the kinase, it can interfere with the
translocation of activated NF-kB, and it can inhibit the binding of NF-kB to the DNA. However, it is important
to remember that this pathway is involved in the immediate early step of immune activation, so in order to
promote a correct immune response, the NF-kB pathway can not be completely suppressed [93]. In fact, the
outcome is the inflammatory response, which brings to the production of various cytokines and chemokines

that have the role to activate the immune response and viral clearance [94].
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Although an effective anti-viral immune response is necessary for viral elimination, an exaggerated
response can be harmful. In particular, pro-inflammatory cascades have a fundamental role in the pathogenesis
of lung damage in respiratory virus infections, such as influenza virus, and other diseases, such as Cystic
Fibrosis (CF). Redox regulation of inflammatory cytokine production induced by Pseudomonas aeruginosa
(P. aeruginosa), which is the most common chronic infection in CF, has been one of the topics of my thesis
work [95]. This disease is characterized by a lack/malfunction of the cystic fibrosis transmembrane regulator
channel (CFTR) [96], and also by an altered redox state in the CF lung which is translated in a decreased
concentration of GSH with respect to healthy lung [97][98]. Furthermore, CF lung has an impaired mucociliary
clearance, which means that an eventual P. acruginosa infection in the lung would not be prevented/resolved
properly [99]. Normally, an increase of ROS production leads to the activation of the redox-sensitive
inflammatory pathways, such as NF-kB that is considered fundamental for the immune response, and for the
production of several inflammatory cytokines, like IL-6, TNF-a [100]; however, CF is characterized by
unresolved infection and hyperinflammation, with basal high ROS levels and increased pro-inflammatory
cytokines. This alteration leads to increased oxidative stress and impairment of the intracellular pathways
involved in the immune response against pathogens [101].

Besides viral infections, bacteria could also invade the cellular host, such as macrophages, and put in place
mechanisms aimed to manipulate the cellular immune signaling pathways to survive [102]. It is known that
macrophages could be a bacterial reservoir and that the bacterial infection could alter the redox state and in
turn influence the antibacterial pathways of the host [103]. One example is represented by infection of
Mycobacterium tuberculosis, which is an opportunistic intracellular pathogen able to persist in the macrophage
host by inhibiting the killing mechanisms, especially in patients with acquired immune deficiency syndrome
(AIDS) [104]. Treatments aimed to increase intracellular GSH levels could influence bacterial survival and
replication for three reasons. First, mycobacteria do not produce GSH, but they synthesize mycothiol as a
regulator of reduction and oxidation reactions [105]. Therefore, the exposure of this bacterium to high
concentrations of GSH could imbalance its redox state and bring to growth inhibition. Second, it is thought
that GSH could have evolved in higher eukaryotes as a precursor of antibiotics before the emergence of cellular
immunity [106]. Third, the tripeptide is a precursor of GSNO, which may represent one of the most important
active forms of NO as an antimicrobial agent [107].

Many diseases, in which GSH alterations have been described, are characterized by impairment in the
cellular immune/inflammatory response, and the replenishment/increase of GSH levels, by GSH itself or GSH-
boosting drugs, could be considered as a useful approach to modulate the pathways involved in the immune

response.

Pro-GSH molecules
Replenishment or augmentation of intracellular GSH concentration can be achieved by treatment with pro-
GSH molecules [108]. The use of GSH as it is, in fact, is not ideal because it has a short half-life in plasma (<3

min), and is unable to cross the cell membrane; therefore, high doses of GSH would be required to achieve
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therapeutic value [109]. For these reasons, several pro-GSH molecules have been designed and used to increase
the levels of the tripeptide more easily. For the synthesis of these molecules, different approaches can be
followed; it is possible to administer GSH-conjugates to facilitate the passage of the tripeptide across the
membrane, such as GSH esters [110]; another potential way is to give GSH precursors, such as the rate-limiting
amino acid cysteine, in the form of N-acetylcysteine (NAC) [111] and B-mercaptoethylamine (cysteamine,
MEA) [112].

NAC, a precursor of L-cysteine, is widely used in clinical treatments and is recognized by the World Health
Organization (WHO). This drug is useful in the treatment of paracetamol overdose [113] and is recognized by
the FDA as a mucolytic [114]. NAC can act as an antioxidant via several mechanisms. It can exert an indirect
effect by providing cysteine, useful to GSH synthesis; a direct effect against oxidant species; a reducing effect
on the sulthydryl group of protein [115]. For these reasons, NAC has been considered a beneficial drug able
to counteract oxidative stress, which is a common characteristic of many diseases [116]. NAC, in fact, is used
in several clinical treatments, like neurological disorders [117], substance abuse disorders [118], Alzheimer’s
disease [119], asthma [120], influenza [121]; moreover, because of its ability to break bacterial biofilms, it can
be used as an adjuvant microbial drug that could improve antibiotic permeability [122]. However, the use of
NAC has some limitations since in order to activate the synthesis of GSH the cells must have undamaged
enzymatic machinery.

MEA is an aminothiol used in the treatment of the rare disease cystinosis that was approved by the FDA in
1994 [122]. Cystinosis is characterized by a redox alteration that affects GSH content in favor of its oxidized
form, GSSG [123]. The effects of MEA had been studied in the cystinosis model, and the results obtained by
in vitro studies in proximal tubular epithelial cells showed that this molecule was able to increase GSH levels.
The GSH-boosting drug of MEA is presumably linked to its capacity to reduce cystine, the oxidized form of
cysteine, in cysteine [124]. Because of its ability to restore GSH and its antioxidant properties, MEA could be
used in diseases hallmarked by a damaging oxidative environment. Furthermore, it had been demonstrated that
MEA has a synergistic effect when used with the antimalarial artemisinin-derivatives, suggesting a broader

effect of this molecule [125].

I-152
[-152 is a pro-GSH molecule composed of NAC and MEA linked together by an amide bond; this molecule
enters the cells where it is first deacetylated on the MEA moiety and subsequently hydrolyzed to release NAC
and MEA [126]. I-152 was synthesized for the first time in 2001 by Oiry et al., and the main goal was to obtain
a potent antioxidant molecule able to pass across the cellular plasma membrane and increase GSH intracellular
content by taking advantage of the two GSH parent drugs (i.e. NAC and MEA) [127]. The pro-GSH activity
of [-152 was reviewed by our research group as reported in Chapter 1 where we collected old and more recent
data that can be summarized as follows:
e inprimary human monocyte-derived macrophages (MDMs) I-152 (i.e. 10 uM — 1 mM) can increase

the intracellular content of GSH (old data);

17



in murine macrophage RAW 264.7 cell line and macrophages obtained from the peritoneal cavity
of mice low concentrations of I-152 (not higher than 1 mM) can increase GSH content, while high
concentrations of I-152 (i.e. 10 and 20 mM), caused a GSH depletion but provided a large amount
of thiol species, such as I-152, NAC, MEA, and cysteine (old data);

in GSH-experimentally depleted RAW 264.7 cells 1-152, at low concentrations (i.e. 0.1 and 0.5
mM), replenishes GSH (recent data);

in vivo 1-152 can deliver NAC and MEA in several mouse organs (recent data);

in vivo 1-152 can restore GSH whose content was depleted by the retroviral complex LP-BMS5.
Moreover, 1-152 immunomodulatory activity towards antigens was demonstrated in different
animal models. Ova-sensitized and Tat-immunized mice pre-treated with 1-152 showed a shift to
a Thl immune response involving splenocyte IFN-gamma production and higher levels of IL-12
in circulation [128][129]. Moreover, in a murine model of AIDS, a correlation between GSH
deficiency and a prevalent Th2 immune response was established; in the same animals, 1-152

treatment was found to restore a balanced Th1/Th2 response [129][130] (old data).
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Structure of the thesis

The thesis is divided into 5 chapters. Every chapter is introduced by a brief paragraph explaining what the
chapter contains. While the chapters 1-3 report papers which have been already published, the chapters 4 and
5 describe results which have not been yet published.

The References of the section “General introduction” and of the Chapters 4 and 5 can be found in the

section “References” at the end of the thesis.

Aim of the study

The study was aimed to modulate intracellular redox-sensitive pathways to hinder directly the pathogen
(like in the case of Mycobacterium avium), whose survival depends on the thiol-based redox metabolism which
is fundamental to maintain a reducing environment to preserve cellular homeostasis, especially from ROS, and
antibiotics, and indirectly by modulating the host’s immune/inflammatory response to the pathogen.
Furthermore, it was investigated whether the redox state could play a role in immune/antiviral response by
modulating folding and secretion of immunoglobulins.
Alteration of redox state was induced by I-152 whose pro-GSH capacity had already been demonstrated, but
the metabolism and the mechanism by which it increases intracellular GSH levels had not been studied in

depth. In this thesis, one of the aims was also to deepen this aspect.
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CHAPTER 1

Chapter 1 — This chapter consists of a review where the pro-GSH activity of [-152 is discussed.

Original article published in Nutrients
Volume 11, Issue 6, 2020, 1291
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Abstract: Glutathione (GSH) has poor pharmacokinetic properties; thus, several derivatives and
biosynthetic precursors have been proposed as GSH-boosting drugs. I-152 is a conjugate of N-acetyl-
cysteine (NAC) and S-acetyl-B-mercaptoethylamine (SMEA) designed to release the parent drugs (i.e., NAC
and P-mercaptoethylamine or cysteamine, MEA). NAC is a precursor of L-cysteine, while MEA is an
aminothiol able to increase GSH content; thus, I-152 represents the very first attempt to combine two pro-
GSH molecules. In this review, the in-vitro and in-vivo metabolism, pro-GSH activity and antiviral and
immunomodulatory properties of I-152 are discussed. Under physiological GSH conditions, low I-152 doses
increase cellular GSH content; by contrast, high doses cause GSH depletion but yield a high content of
NAC, MEA and I-152, which can be used to resynthesize GSH. Preliminary in-vivo studies suggest that the
molecule reaches mouse organs, including the brain, where its metabolites, NAC and MEA, are detected.
In cell cultures, I-152 replenishes experimentally depleted GSH levels. Moreover, administration of I-152 to
C57BL/6 mice infected with the retroviral complex LP-BM5 is effective in contrasting virus-induced GSH
depletion, exerting at the same time antiviral and immunomodulatory functions. 1-152 acts as a pro-GSH
agent; however, GSH derivatives and NAC cannot completely replicate its effects. The co-delivery of
different thiol species may lead to unpredictable outcomes, which warrant further investigation.

Keywords: glutathione; pro-glutathione molecules; co-drug; antiviral activity; immunomodulation;
N-acetyl-cysteine; cysteamine

1. Introduction

Glutathione (GSH) is the most powerful antioxidant molecule within cells performing a variety of
functions that go beyond its protective activity against reactive oxygen species (ROS). Indeed, in its reduced
form, GSH not only acts as a scavenger of ROS and as a substrate for antioxidant enzymes, but also promotes
drug detoxification [1]. Moreover, by controlling the redox potential, GSH modulates many redox-sensitive
proteins within signaling pathways [2]. Notably, GSH itself can be conjugated to the cysteines of proteins in
a process known as S-glutathionylation. It is widely accepted that thiol redox transitions cause changes in
protein activity, abundance, localization, and interaction with other macromolecules [3]. These properties of
GSH may at least partially explain its ability to stimulate cell proliferation and act as an immunomodulator,

although research in this field is still limited.
Nutrients 2019, 11,1291; doi:10.3390/nu11061291 www.mdpi.com/journal/nutrients
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Alterations in GSH levels may be transient in response to an oxidative insult, or they may become
chronic under conditions of prolonged oxidation and/ or dysfunction/ deficiency of the enzymes involved in
GSH synthesis/degradation. Inborn errors in GSH metabolism include those arising from defective y-
glutamyl-cysteine ligase and glutathione transferase which are the most frequently occurring disorders [4].
Conversely, examples of acquired GSH deficiency include mitochondrial diseases, cystic fibrosis, and many
viral/microbial infections [5,6]. In the last few decades, the number of pathologies found to be associated
with low GSH levels has risen rapidly, prompting researchers to consider GSH and its derivatives as
possible therapeutic agents. Cellular GSH concentration can be affected by the exogenous administration of
GSH or GSH-boosting drugs, such as glutathione esters and GSH biosynthetic precursors, which have been
used to overcome the poor pharmacokinetic properties of GSH [7,8]. GSH and N-acetylcysteine (NAC) have
alsobeen used in the co-drugapproach as bioconjugates of several therapeutics employed in the treatment of
neurodegenerative diseases [9]. In this context, the use of [-152 marks the very first attempt to combine two
pro-GSH molecules into one to potentiate both the cellular uptake and to improve the biopharmaceutical
properties of the parent drugs.

In this review, the design, metabolism and ability of I-152 to affect GSH levels are discussed.
Moreover, the antiviral and immunomodulatory properties of I-152 in light of its GSH-boosting activity are
also summarized.

2. 1-152 Design and Synthesis

I-152 is a conjugate of NAC and S-acetyl-B-mercaptoethylamine (SMEA) linked together by an amide
bond. The molecule was synthesized by Oiry et al., in 2001 using commercially available N-acetyl-S-trityl-
L-cysteine and S-acetylcysteamine hydrochloride [10]. Experiments performed in cell-free extracts have
shown that this compound is deacetylated to the corresponding dithiol derivative, which may be responsible
for the in-situ release of NAC and MEA [10] (Figure1).

Amidase or simple
hydrolysis

[0}
HS
HAc

MEA NAC
(cysteamine)

410

Figure 1. Chemical structure and proposed metabolism of I-152. NAC, N-acetyl-cysteine; MEA, (3-
mercaptoethylamine or cysteamine.

In an attempt to enhance the lipophilic properties of the molecule, a series of I-152 analogues carrying
different S-acyl groups on the MEA moiety and S-acylation of the free thiol group were subsequently
synthesized by the same team [11]. In terms of pro-GSH activity, the potency of the molecules increased
with the presence of the free thiol group. By contrast, the presence of an R-radical on the MEA moiety had
no significant effects.

The initial aim of combining NAC and MEA was to design a new potent antioxidant molecule able to
liberate two potential pro-GSH compounds after metabolic conversion. NAC is the N-acetyl derivative of
the natural amino acid L-cysteine; thus, it is a direct precursor of glutathione. NAC has long been used
therapeutically as a well-tolerated and safe medication for the treatment of various
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pathologies, including paracetamol intoxication and cystic fibrosis. Its efficacy as an antioxidant has been
demonstrated in a wide range of clinical settings where oxidation is tightly linked to =~ GSH deficiency,
given that NAC is a poor direct antioxidant [12]. Although NAC was designed to facilitate membrane
permeability, it has been suggested that its pharmacological activity might rely on the reduction of plasma
cystine to cysteine which then enters the cells and sustains glutathione synthesis [13]. NAC-induced
cytoprotection and the NAC signal transduction pathway are not well understood. Recent evidence
suggests that NAC may modulate antioxidant pathways by increasing the expression of miR-141 regulating
Keapl/Nrf2 signaling, at least under conditions in which the miRNA is downregulated [14]. B-
mercaptoethylamine (MEA) or cysteamine is a product of the constitutive degradation of Coenzyme A. It
derives from the cleavage of pantetheine to form MEA and pantothenate (vitamin B5). In mammalian cells,
MEA can be oxidized to hypotaurine and taurine by aminothiol dioxygenase [15]. The thiol cysteamine can
be oxidized into the disulfide cystamine depending on the local redox environment. Both forms have been
used in clinical and experimental settings; however, in most cases their specific role in the observed
biological effects was not understood. High intracellular levels of GSH are probably sufficient to reduce
cystamine to cysteamine; thus, it has been proposed that most of the effects of cystamine may be mediated
by its reduced form [16]. On the other hand, there is evidence that cysteamine has the propensity to form
disulfides in vivo, suggesting that cysteamine-containing disulfides such as cystamine may normally be
present along with cysteamine in mammalian tissue under physiological conditions [17]. Cysteamine can
perform a wide range of functions acting as a cystine-depleting agent, pro-GSH molecule, enzyme inhibitor,
and gene expression modulator. Interestingly, many of these activities are thought to rely on thiol/disulfide
exchange reactions between cystamine/cysteamine and susceptible protein cysteine sulfhydryl groups in a
process called cysteaminylation [17]. Cysteamine, in the form of cysteamine bitartrate (Cystagon), has been
approved by the Food and Drug Administration (FDA) for the clinical treatment of nephropathic cystinosis
acting as a cystine-depleting agent by forming cysteine-cysteamine mixed disulfides [18]. Recent studies
suggest that cysteamine may have several other potential therapeutic applications beyond cystinosis,
including the treatment of neurodegenerative diseases and cancer. Indeed, cysteamine/cystamine is an
efficient inhibitor of transglutaminase and caspase 3 which play a pivotal role in mutant Huntington protein
processing [19]. Other proteins whose activity has been reported to be affected by cysteamine/cystamine
treatment are protein kinase C and metalloproteinases, important drug targets in cancer progression and
metastasis [20,21]. More poorly understood are the mechanisms mediating the pro-GSH activity of
cysteamine and its oxidized form. Cysteamine treatment of normal and cystinotic cells has been shown to
increase GSH content. However, the authors claimed that the increase of cysteine levels resulting from
cystine reduction can only partially explain elevated GSH levels [22]. The ability of cystamine and, less
potently, of cysteamine to activate the Nrf2 antioxidant pathway was shown by Calkins et al., in astrocytes
[23]. Cystamine-mediated activation of Nrf2 was found to be inversely correlated with the GSH content of
the culture and the increase in GSH levels was shown to be dependent on de novo synthesis. Unfortunately,
experiments performed with Nrf2 knockout cells revealed that the cystamine-induced GSH increase was
Nrf2-independent. Hence, cystamine-induced GSH up-regulation seems to involve other yet-unknown
mechanism(s).

3. I-152: Metabolism and Effects on GSH Levels

The ability of I-152 to increase basal intracellular GSH content was evaluated in human and murine
cellular models. In primary human monocyte-derived macrophages (MDMs) and other human cell lines, I-
152 ranging from 10 uM to 1 mM was found to increase GSH content even at doses which were ineffective
when NAC and MEA, alone or in equimolar combinations, were used [10]. In murine
monocyte/ macrophage-like cell line RAW 264.7 and macrophages obtained from the peritoneal cavity of
mice, low concentrations of I-152, i.e., 1 mM, increased GSH level [24]. By contrast, high I-152 concentrations
(i.e., 10 and 20 mM) caused GSH depletion but provided large quantities of
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1-152 and NAC which can be used to resynthesize GSH [24]. The decrease in the GSH content at high
I-152 doses has been suggested to be the consequence of a negative feedback of GSH on y-glutamylcysteinyl
synthetase, the first enzyme involved in GSH synthesis [10]. Alternatively, GSH could be depleted because
of its conjugation to I-152 in a reaction catalyzed by the detoxification enzyme glutathione-S-tranferase
(GST). Preliminary in-vitro experiments indicate that GSH could be indeed conjugated to 1-152 by GST.
Under the condition of GSH depletion, cysteamine could be converted into cystamine, which has been
shown to inhibit y-glutamylcysteinyl synthetase, further supporting the decrease in GSH levels [25].

Less information is available on 1-152 in-vivo metabolism. Preliminary studies were performed in our

laboratory to assess the distribution of I-152 and its metabolites in mouse organs after I-152 intraperitoneal
injection (i.p.). GSH and cysteine levels were also measured. The analyses were performed in selected
organs, i.e., the lymph nodes, brain and pancreas. The lymph nodes were chosen because it has been
reported that lymphoid tissues are significantly more “reduced” than the other tissues, and that the
immune response is strongly influenced by variations in the redox state [26]. In particular, some lymphocyte
functions, such as DNA synthesis, are favored by high levels of GSH, while other redox-sensitive pathways
are favored by low intracellular GSH. However, immunological functions in the diseases characterized by
oxidative stress can be restored by cysteine or GSH supplementation [27,28]. The brain generates high
levels of ROS due to its high oxygen
consumption, hence it is more susceptible to the damaging effects of ROS than other tissues [29,30].
The GSH concentration has a key role in maintaining redox balance in the central nervous system (CNS)
and it is altered in neurodegenerative diseases [5,31,32] such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), HIV-associated neurocognitive
disorder (HAND or “NeuroAIDS”), cerebral ischemia/reperfusion injury (I/R), and traumatic brain injury
(TBI) [33]. The presence of the tightly regulated blood brain barrier (BBB) represents a serious obstacle to
effective treatment of CNS disorders, in fact its selective permeability prevents most bioactive moleculesfrom
entering the brain [34]. Several antioxidants, including vitamin E (the important scavenger of lipid
peroxidation in the brain), vitamin C (intracellular reducing molecule), coenzyme Q10 (transporter of
electrons in the electron transport chain, ETC), and NAC (acting as a precursor of GSH) have been used as
therapeutic agents. Although antioxidant therapies have shown benefits in preclinical animal models,
negative results have been obtained from clinical trials [30]. Moreover, in such treatments, dosage and
additives as well as synergistic interactions with other antioxidants must be considered [35]. Hence, the
design and development of antioxidant-based therapies for the brain require a great deal of effort [33,34,36].
Lastly, the pancreas plays a major role, along with several other organs, in GSH metabolism, as shown by
the high concentration of the tripeptide, its rapid turnover rate, and the presence of high levels of various
enzymes involved in GSH metabolism [37]. Therefore, the pancreas requires a great amount of
cystine/cysteine for pancreatic enzymes, which is provided by glutathione (GSH). Moreover, the induction
of CYP450 enzymes by xenobiotics in pancreatic acinar cells can cause a decrease in GSH content, which
can affect both detoxification and pancreatic enzyme synthesis [38].

Our preliminary data indicate that I-152 can be used to deliver precursors for GSH synthesis, in the
form of NAC and MEA, to different organs, including the brain (Table 1).

The presence of NAC within tissues supports the hypothesis that I-152 is able to reach the target site
and release in situ the active molecules. In fact, it has been demonstrated that NAC does not pass the cell
membrane, but rather reacts with cystine reducing it to cysteine, which then enters the cells and sustains
GSH synthesis [13]. Hence, increased cysteine found in the organs can derive from NAC released by I-152 or
by the reduction of plasma cystine to cysteine. The presence of NAC in the brain is an interesting aspect since
NAC's ability to cross the BBB is disputed [40]. Hence, I-152 could be a promising pro-drug to release NAC
in the brain. Interestingly, increased intracellular thiol availability did not enhance intracellular GSH with
the exception of the brain, probably because these cells had normal GSH levels. Indeed, under conditions
of GSH depletion, e.g., in cells treated with diethyl
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maleate (DEM) [41],1-152 even atlow concentrations (0.1 and 0.5 mM) exerts a GSH-replenishing effect (Figure 2).

Table 1. Thiol content in different mouse organs after i.p. administration of I-152.

Time from Injection (min) 30 240
Thiol Species NAC MEA GSH Cysteine NAC MEA GSH Cysteine
BRAIN + + = = / / T ]
LYMPH NODES - + l T + / = =
PANCREAS + + = = / / = =

CD-1 mice were i.p. injected with I-152 (30 pmol/mouse), and the thiol content was determined by HPLC [39].
(+) detectable; (/) undetectable; () increased, (]) decreased and (=) unchanged compared to control levels. NAC,
N-acetyl-cysteine; MEA, cysteamine; GSH, reduced glutathione.
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Figure 2. In-vitro replenishment of intracellular GSH by I-152. RAW 264.7 cells were treated with 6 mM diethyl
maleate (DEM) for 15 min, then medium not containing I-152 (DEM+medium) or containing I-152atdifferent
concentrations wereadded for 2h. Reduced glutathione (GSH) contentwas determined by HPLC [24]. Results
represent the mean * S.D. of two independent experiments.

The capacity of I-152 to restore the intracellular GSH content was also studied in vivo in organs of mice
experimentally infected with the retroviral complex LP-BMb5. This infection causes a disease with many
similarities to human Acquired Immuno Deficiency Syndrome (AIDS), including GSH deficiency [42,43].
Glutathione depletion was found in most organs of LP-BM5-infected mice both in the early phases of the
disease and later, in particular in the lymphoid organs, e.g., lymph nodes, known to be the site where viral
loads are higher [42]. The effect of intraperitoneal administration of I-152 in infected mice is shown in Figure
3, where it can be observed that the treatment was able to re-establish the content of the tripeptide in the
lymph nodes of infected mice at all the times of infection. Notably, GSSG content was unaffected by I-152
treatment [42]. Hence, as hypothesized above, 1-152 could be used to increase intracellular GSH during
aging and various disease states  in which antioxidant defense systems can be altered leading to
progressive oxidative damage and subsequent cell death and/or significant impairment of several cellular

processes.
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Figure 3. Replenishment of reduced glutathione (GSH) by 1-152 in LP-BMb5-infected mice. C57BL/6 mice
were infected and treated with I-152 (30 pmol/mouse) three times a week, every other day, for a total of 9
weeks. At 2, 5 and 9 weeks after virus inoculation, GSH content in the lymph nodes was determined by
HPLC [39,42]. Data are the mean + S.D. of at least three mice. *p < 0.05; ** p < 0.01; *** p < 0.001 (ANOVA).
[42]; (unpublished results).

4. Antiviral and Immunomodulatory Properties of 1-152

GSH depletion characterizes several viral infections and associated-disease progression [44].
Numerous studies have demonstrated that the use of GSH is effective in reducing viral production in
different experimental models suggesting that the administration of the tripeptide can be considered a useful
strategy to hinder viral infection and infection-associated symptoms [2,28,44,45]. Due to the poor
pharmacokinetic properties of GSH, high GSH concentrations are necessary to sufficiently increase its
content in order to obtain an antiviral effect [7,8]. Hence, taking advantage of the GSH-replenishing capacity
of 1152, antiviral effects of the molecule were explored in two retroviral infections associated with systemic
and tissue decrease in the GSH content, i.e., HIV and LP-BMS5 infections. In HIV-1/BalL-infected MDMs, 150
uM I-152 was able to inhibit viral replication by 90% likely interfering with both early and late steps of the
virus life cycle [11]. In LP-BMb5-infected mice I-152, when administered at a concentration of about 10 times
lower than GSH, significantly reduced murine AIDS (MAIDS) symptoms were observed, i.e., splenomegaly
and lymphadenopathy, as well as BM5d proviral DNA in spleen and lymph nodes [46]. Actually, the exact
mechanisms through which I-152 can exert antiviral activity are not known. However, since I-152 treatment
replenished virus-induced GSH depletion both in human MDMs [10,11] and in mouse lymphoid organs
(Figure 3), it could be hypothesized that the antiviral effect observed is dependent on GSH. Indeed, GSH
can inhibit the replication of viruses by different modes of action [44,45]. For example, it has been reported
that administration of GSH permeable analogue GSH-C4 can interfere with the maturation of influenza virus
glycoproteins modifying the activity of the host-cell protein disulphide isomerase (PDI) which is essential for
the correct disulphide bond formation of viral proteins [47]. Glutathione can interfere with the entry of
rhinovirus by inhibiting rhinovirus induction of intercellular adhesion molecule-1 (ICAM-1) mRNA in
respiratory epithelial cells [48]. Furthermore, GSH by counteracting the action of reactive oxygen
intermediates (ROI), can prevent the activation of NF-kB and HIV replication [49].

I-152 effects against HIV and LP-BM5 can be due to its direct antiviral action, but also to its
immunomodulatory activity. In fact, many studies have correlated altered GSH levels with an impaired
immune response, suggesting a combination of the highly active antiviral therapy with the GSH
replenishment approach [50,51]. Recently, the main functions of GSH in the immune response have been
reviewed [52]. Accordingly, a possible immunomodulatory role of I-152 was investigated. In particular, the
role of I-152 in Th1/Th2 polarization was studied. In fact, several studies have underlined the correlation
between altered GSH levels and an unbalanced Thl/Th2
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immune response in favor of Th2 linked to an impaired cytokine production by antigen-presenting cells
[42,50,53-56]. The immunomodulatory activity of 1-152 was demonstrated in in-vitro systems where the
molecule-stimulated IL-27 p28 gene expression and sustained STAT-1-mediated IRF-1 de novo synthesis
[24]; moreover, in vivo, it enhanced Thl response in ovalbumin immunized mice as well as drove Thl
immune responses and CTL activity against HIV antigens [55,56]. Finally, I-152 treatment, by inducing Th1
cytokine production, restored a balanced Th1/Th2 response in mice affected by murine AIDS [42]. Hence, the
effect exerted by 1-152 on MAIDS can be derived from its dual mechanisms of action: On the one hand, it
can directly inhibit viral replication; on the other hand, it can re-establish a correct GSH content favoring
the production of cytokines which induce the Th1 immune response (Table 2).

Table 2. Antiviral and immunomodulatory effects of I-152 in MAIDS.

DISEASE PARAMETERS INFECTED INFECTED+I-152
Splenomegaly bt * [42]
Lymphadenopathy - + [42]
Hypergammaglobulinemia e - [42]
Proviral DNA in lymphoid organs +++ + [42]
B and T cell proliferative index decrease +ht ++ [42]
Th1/Th2 unbalance in favour of Th2 b + [46]

C57BL/6 mice were infected with the LP-MB5 murine leukemia virus stock and treated with I-152. +, minor; ++,
moderate; +++, severe.

However, the immunomodulatory activity of I-152 could go beyond the regulation of Th1l/Th2
response. In fact, I-152 treatment inhibited total IgG secretion in LP-BM5 infected mice [46] and influenced
IgG1/1gG2a ratio in favor of the IgG2a subtype (unpublished results). This second effect is likely the
consequence of Th1/Th2 response regulation; in fact, the induction of high IgGl titers is considered
indicative of a Th2-type immune response while high IgG2a are typical of a Thl-type response [57,58]. On
the contrary, the inhibition of hypergammaglobulinemia could be the consequence of alower viralload, butit
cannotbe excluded thatI-152 could also directly affect plasma cell maturation and Ig folding/secretion.

One of the features characterizing murine retrovirus LP-BM5-induced MAIDS is decreased T- and B-
cell responses. 1-152 treatment was demonstrated to partially restore T and B cell proliferative capacity to
mitogens [46]. In this context, Greenetal., whohad previously demonstrated that monocytic myeloid-derived
suppressor cells (M-MDSCs) suppress both T and B cell responses [59,60], found that [-152 could interfere with
the suppressive function of M-MDSCs (Green, personal communication). On the whole, these observations
suggest that I-152 can influence different components of the immune system. Future studies aimed to shed
light on the molecular mechanisms modulated by 1-152 will provide further insights into the
immunomodulatory activity of this pro-GSH molecule.

5. Conclusions

The data presented in this review show that [-152 is an excellent co-drug able to generate NAC and
MEA which can be used to increase intracellular GSH. I-152 has been shown to regulate the intracellular
GSH content differently depending on the concentration used and the pre-existing redox states;
consequently, different redox-sensitive pathways could be activated or inhibited. For example, it has been
reported that different concentrations of NAC cause opposite effects on the GSH/GSSG ratio and on the
production of pro-inflammatory cytokines [61,62]. Moreover, pro-GSH molecules such as NAC and MEA
could affect cellular processes independently of their ability to influence intracellular GSH/GSSG balance
[63,64]. Furthermore, the exact mechanisms through which NAC and MEA can increase GSH levels are not
yet completely understood. Preliminary experiments have shown that I-152 can influence different redox-
signaling pathways linked to GSH [24] and that NAC and MEA administered alone or in combination are
less efficient in raising intracellular GSH [10]. Hence, it
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would be interesting to investigate all of these aspects. Moreover, such studies could yield useful
information for the design and synthesis of new redox-modulating agents with improved activity.
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CHAPTER 2

LP-BMS5 infection is a syndrome characterized by lymphadenopathy, hypergammaglobulinemia, immune
deficiency induced in C57BL/6 mice injected with LP-BMS5 murine leukemia viruses [131][132][133][134].
This model has been already previously used to study the redox alterations induced by the virus mixture and

their fallout on Th1/Th2 immune balance. [126][130]. In this work, LP-BMS5 infection was considered as a
model of hypergammaglobulinemia to establish a role of redox state in IgG folding/assembly and plasma cell

maturation.
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ABSTRACT

Excessive production of immunoglobulins (Ig) causes endoplasmic reticulum (ER) stress and triggers the
unfolded protein response (UPR). Hypergammaglobulinemia and lymphadenopathy are hallmarks of murine
AIDS that develops in mice infected with the LP-BM5 murine leukemia retrovirus complex. In these mice,
Th2 polarization and aberrant humoral response have been previously correlated to altered intracellular redox
homeostasis. Our goal was to understand the role of the cell’s redox state in Ig secretion and plasma cell (PC)
maturation To this aim, LP-BM5-infected mice were treated with 1-152, an N-acetyl-cysteine and cysteamine
supplier. Intraperitoneal 1-152 administration (30 pmol/mouse three times a week for 9 weeks) decreased
plasma IgG and increased IgG/Syndecan 1 ratio in the lymph nodes where IgG were in part accumulated within
the ER. PC containing cytoplasmic inclusions filled with IgG were present in all animals, with fewer mature
PC in those treated with I-152. Infection induced up-regulation of signaling molecules involved in the UPR,
i.e. CHACI, BiP, sXBP-1 and PDI, that were generally unaffected by I-152 treatment except for PDI and
sXBP-1, which have a key role in protein folding and PC maturation, respectively. Our data suggest that one
of the mechanisms through which 1-152 can limit hypergammaglobulinemia in LP-BMS5-infected mice is by

influencing IgG folding/assembly as well as secretion and affecting PC maturation.

Key words: hypergammaglobulinemia, UPR, endoplasmic reticulum, glutathione pro-drug, murine AIDS
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1. INTRODUCTION

A syndrome characterized by lymphadenopathy, hypergammaglobulinemia, and immunodeficiency, known as
murine AIDS (MAIDS), develops in C57BL/6 mice infected with LP-BM5 murine leukemia viruses [1-4].
Several abnormalities in immune function are characteristic of mice with MAIDS [5-7]. An early period
characterized by high viral replication and immune responsiveness is followed by a lasting and profound
immunosuppression that affects several aspects of cellular and humoral immunity [4]. LP-BMS5 infection
induces progressive lymph proliferation and most lymphoid cells are involved in the proliferative process [4].
Alterations in the humoral immune system such as rapid B cell proliferation, polyclonal activation of B cells,
increase in Ig-secreting B cells and development of significant hypergammaglobulinemia have been described
[4,8].

The terminal differentiation of B cells to plasma cells (PC) requires important changes in both the cellular
structure and function [9]. During PC differentiation, the production of Ig heavy and light chain transcripts and
proteins are significantly elevated. This coincides with a significant expansion of the rough endoplasmic
reticulum (ER) where the nascent Ig chains are folded, assembled and, inspected by the ER quality control
apparatus [10]. Moreover, in a viral infection, viruses exploit cellular machineries and resources to complete
their life cycle. In virus-infected cells, the cellular translation machinery is hijacked by the infecting virus to
produce large amounts of viral proteins, which inevitably perturb ER homeostasis and cause ER stress [11].
Disturbances of ER homeostasis cause overload of unfolded or misfolded proteins in the ER lumen resulting
in ER stress with subsequent triggering of cytoprotective signaling pathway (UPR). ER stress can activate
three parallel pathways: PKR-like endoplasmic reticulum kinase (PERK), activating transcription factor 6a
(ATF60), and inositol-requiring transmembrane kinase/endonuclease 1 (IRE1) [12].

The UPR up-regulates synthesis of ER chaperones and folding enzymes, i.e. BiP (Binding immunoglobulin
protein), also referred to as HspaS (Heat shock 70-kDa protein 5) or GRP78 (glucose-regulated protein 78),
protein disulfide isomerase (PDI), and transcription factors, i.e. X-box binding protein 1 (XBP-1) to ensure
efficient antibody (Ab) assembly and to coordinate the enhanced membrane biosynthesis necessary for
generation of the highly developed ER network that is characteristic of PC [9,13-15]. Hence, UPR signaling
has increasingly been shown to have a crucial role in immunity [16]. Of the three ER stress responses, the best
studied in PC is the IRE1 pathway. IRE1 is an ER-localized transmembrane protein with endoribonuclease
activity that excises a 26-nt sequence from XBP-1 messenger RNA (mRNA) [17,18]. This event, termed XBP-
1 splicing, shifts the reading frame to excise a premature stop codon, resulting in a full-length functional XBP-
1 protein product (sXBP-1). sXBP-1 then translocates to the nucleus where it induces target genes expression
involved in protein synthesis and secretion [19-21]. XBP-1 expression, is induced dramatically during PC
differentiation in response to cytokines such as IL-4 and it is required for high Ig expression and the
morphological changes that enable the PC to secrete large amounts of Ab [22-24]. Recent studies support the
view that ER protein folding pathways are highly correlated with ROS production and that redox homeostasis
is crucial for correct protein folding process and disulfide bond formation [25-27). Moreover, the correct

concentrations of glutathione are necessary to maintain ER oxidoreductases in a reduced form or facilitate the
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reduction of polypeptides destined for retro- translocation from the ER to the cytosol for degradation [28].
We have previously demonstrated that LP-BMS5 infection induces significant drops in reduced glutathione
(GSH) and/or cysteine concentration early during infection, i.e. 2-5 weeks post infection (p.i.), when the viral
replicative rate is high and a Th2-type cytokine polarization develops [5]. Moreover, the treatment of LP-BM5-
infected mice with a pro-GSH molecule [N-(N-acetyl-L- cysteinyl)-S-acetylcysteamine] named 1-152,
increases GSH levels in several organs and shifts the immune response towards the cellular immunity by
influencing early Th1/Th2 cytokine secretion [5, 29). In this study, we investigated whether 1-152 treatment
could also affect the later phase of the disease characterized by the lymphoproliferative process and high IgG
production. We found that the infection induced the major UPR components and increased the expression of
UPR targets including the ER chaperons. [-152 treatment lowered plasma IgG concentration and partially
accumulated IgG inside the ER of PC. In the lymph nodes of infected/treated mice, fewer mature PC . and a
decrease in PDI and sXBP-1 expression were found. Taken together, these results suggest that I-152 treatment
inhibits total IgG production by interfering with maturation and secreting capacity of PC as well as with the
folding of Ig.
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2. MATERIALS AND METHODSEthics statement
Adult mice were used according to the Italian law on animal experimentation (D.lgs 26/2014; research project
permitted with authorization N. 279/2015-PR by Italian Ministry of Health). Every effort was made to

minimize the number of animals used and their suffering.

2.2. Mice
Four-week-old female C57BL/6 (B6) mice were purchased from Charles River Laboratories Italy and housed
in the animal facility of the Department of Biomolecular Sciences (University of Urbino), which is approved

by the Health Ministry of Italy.

2.3. LP-BMS5 virus inoculation and treatment with 1-152

The LP-BMS5 viral mixture was prepared by co-culturing G6 cells with uninfected SC-1 cells as previously
described [2]. C57BL/6 mice were infected by two successive intraperitoneal (i.p.) injections at 24-h intervals
of the LP-MBS5 murine leukemia virus stock, in which each injection contained 0.25 units of reverse
transcriptase. A group of LP-BMS5-infected mice was left untreated (infected mice, 1); another one was treated
with i.p. injections of 1-152 (30 umol/mouse) three times a week, every other day, for a total of 9 weeks
(infected/treated mice, [+1-152). I-152 was synthesized as previously described [30]. Mice were sacrificed at
specific time points: early in the course of infection, i.e. 2 weeks post infection (p.i.), when a severe
immunological reaction in response to infection develops; 5 weeks, when B cell proliferation and increased
number of Ig- secreting cells result in the development of hypergammaglobulinemia and enlarged lymphoid
organs; 9 weeks, when the absolute number of Ig-secreting cells and circulating Ig levels do not change or

decline.

2.4. Plasma IgG, IgG1 and IgG2a determination

Total IgG, IgG1 and IgG2a levels were determined using an enzyme-linked immunosorbent assay (ELISA)
technique as previously described [31]. Briefly, the microplates (Nunc-immuno Plate MaxiSorp Surface,
Nunc) were coated with goat anti-mouse IgG (Sigma-Aldrich, Milan, Italy), IgG1 or IgG2a (Bio-Rad,
Hercules, CA, USA). After blocking with 5% bovine serum albumin (BSA), serial dilutions of murine plasma
were added to each well. Immunocomplexes were revealed by using goat anti-mouse IgG-horseradish
peroxidase (HRP) conjugated (Bio-Rad, Richmond, CA, USA), and the 2,2'-azino-di-(3-ethylbenzthiazoline
sulfonic acid) or ABTS (Roche Diagnostic, Penzberg, Germany) substrate. Absorbance was measured at 405
nm on a Model Benchmark Microplate reader (Bio-Rad, Hercules, CA, USA). Absolute plasma IgG
concentrations were calculated using known concentrations of standard mouse 1gG.

2.5. Gene expression analysis

Total RNA was extracted with miRNeasy mini kit (Qiagen) from lymph nodes (7-20 mg) disrupted in 700 ul
Qiazol and homogenized using QIAshredder spin columns (Qiagen, Hilden, Germany). The cDNA was
synthesized using the PrimeScript™ RT Master Mix (Perfect Real Time) (Takara, Kusatsu, Shiga, Japan) from
0.5 pg total RNA, according to the manufacturer’s instructions.

The real time PCR reactions were performed in a RotorGene 6000 instrument (Corbett life science, Sydney,
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Australia) in duplicate, using RT> SYBR® Green ROX FAST Mastermix (Qiagen, Hilden, Germany) and the
primers listed in Table 1. The amplification conditions were: 95°C for 10 min, 40 cycles at 95°C for 10 s and
60°C for 50 s. Relative mRNA expression was determined with the 222 method (48), using B-2 microglobulin

(B2M) as a reference gene and uninfected mice as calibrator.

Table 1. Target mRNA and real time PCR primers used in this study.

mRNA | Accession Primer F (5°-3°) Primer R (5°-3°) Re
number f

B2M NM 009735 TGCTATCCAGAAAACCCCTCA | GGATTTCAATGTGAGGCGG | 32
A G

BiP NM 001163434 TCCGGCGTGAGGTAGAAAAG | GGCTTCATGGTAGAGCGGA | 32
A

CHAC1 | NM 026929 TATAGTGACAGCCGTGTGGG GCTCCCCTCGAACTTGGTA | 32
T

sXBP-1 | NM 001271730 CTGAGTCCGCAGCAGGT TGTCCAGAATGCCCAAAAG | 32
G

P4hb NM 011032 GATCAAGCCCCACCTGATGA | ACCTCTTCAAAGTTCGCCC | 33
(PDI) C

B2M, Mus musculus Beta-2-Microglobulin; BiP, Mus musculus heat shock protein 5;
CHACI1, Mus musculus ChaC, cation transport regulator 1;
sXBP-1, Mus musculus X-Box Binding Protein 1, transcript variant 2 (spliced);

P4hb (PDI), Mus musculus prolyl 4-hydroxylase, beta polypeptide (Protein disulfide-isomerase)

2.6. Organ homogenization and western immunoblotting analysis

The lymph nodes were excised flash frozen in dry ice and stored at -80°C until processing. Organs were
homogenized by sonication at 100 Watts in 8 volumes (w/v) of a buffer containing 50 mM Tris- HCI, pH 7.8,
0.25 M sucrose, 2% (w/v) SDS (Sodium Dodecyl Sulphate), 10 mM N-ethylmaleimide, completed with a
cocktail of protease (Roche, Basilea, Switzerland) and phosphatase inhibitors (1 mM NaF, 1 mM Naz;VO,).
The lysates were boiled and, after centrifugation, the protein content was determined in the supernatant by the
Lowry assay, using bovine albumin as a standard. Proteins were resolved by SDS-PAGE and electroblotted
onto a PVDF membrane (0.2 um) (Bio-Rad, Hercules, CA, USA). The blots were probed with the following
primary antibodies: anti-BiP (C05B12) and anti- PDI (C81H6) from Cell Signaling Technology (Danvers,
Massachusetts, USA); anti-XBP-1 (M-186, sc- 7160) and anti Syndecan-1 (H-174, sc-5632) from Santa Cruz
Biotechnology Inc., Dallas, Texas, USA). Anti-Actin (A 2066, Sigma-Aldrich, Milan, Italy) was used to check
equal protein loading. The bands were detected by HRP-conjugate secondary antibody (Bio-Rad, Hercules,
CA, USA) and the HRP activity was detected with the enhanced chemiluminescence detection kit
WesternBright ECL (Advansta, Bering Dr, San Jose, CA USA). Lymph node IgG levels were detected by
using goat anti- mouse IgG (H+L) HRP-conjugate (Bio-Rad, Hercules, CA, USA). Immunoreactive bands
were visualized in a ChemiDoc MP Imaging System and quantified with the Image Lab software (Bio-Rad,

Hercules, CA, USA).
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2.7. Subcellular fractionation

IgG subcellular localization was studied by fractionation of lymph node homogenates by differential
centrifugation. The lymph nodes were homogenized in a buffer consisting of 12 % (w/v) sucrose, 10 mM KCl,
2 mM MgCl, 100 mM Tris-Cl, pH 7.8. A continuous gradient between 16% and 55% (w/v) sucrose was made
using the same buffer, and 1 mL of the homogenate was loaded on top of the gradient. After centrifugation at
141,000 x g for 4 h at 4°C in a Beckman SW28 rotor, fractions of 0.780 mL were collected. An equal aliquot
of each fraction was analyzed by SDS-PAGE and protein blot with anti-mouse IgG-HRP and anti-BiP

antibodies (as above).

2.8. Histological analysis

The lymph nodes were fixed in 10% neutral buffered formalin and paraffin-embedded with standard
procedures. Four pm thick sections were stained with Haematoxylin and Eosin (H&E) for histological and
morphological investigations. Image digitization and semiquantitative analysis of PC were performed using
the microscope Eclipse Ci-L (Nikon Corporation, Japan) and NIS-Elements Br-2 as software (v 5.10; Nikon).
For semiquantitative analysis, the sections were initially scanned at intermediate (20x) magnification to assess
the distribution of PC. Then, at high magnification (40x), the fields containing more PC, were analyzed and
the average of the counts of the cells performed in 5 microscopic fields was calculated.

Among the PC observed, a discrimination between mature (differentiated) and immature (undifferentiated)
PC, was performed. Differentiated PC have a heavily clumped chromatin network, absence of nucleolus, a
perinuclear pale zone and high cytoplasmic nuclear ratio. Mott cells (morular or graped cells) are included in
this population. Immature PC showed instead one prominent nucleolus, finely dispersed/vesicular chromatin,
a lower cytoplasmic nuclear ratio and a cytoplasm sometimes occupied by small optical empty vesicles.
Flaming cells containing a large cytoplasm with several intracytoplasmic vacuoles and binucleated cells were

also counted in immature cells.

2.9. Immunofluorescence staining

Sections of 6-um thickness from paraffin-embedded lymph nodes were processed to detect the ER chaperon
BiP and mouse IgG antibodies. Deparaffinized and rehydrated sections were rinsed in Tris 0.1 M, pH 7.6 at
37°C for 30 min and then incubated with pronase (Streptomyces griseus; Sigma- Aldrich, Milan, Italy). Then
the sections were blocked with goat serum and horse serum before overnight incubation with the anti-BiP
antibody. CY3-labelled goat anti-rabbit IgG (Amersham Bioscences, UK) and fluorescein (isothiocyanate)
(FITC)-conjugated horse anti-mouse IgG antibody (DBA, Vector, Italy) were used to detect BiP and
intracellular IgG, respectively. A Leica TCS-SL confocal microscope, equipped with Argon and He/Ne laser

sources, was used to detect the florescence signal.

2.10. Statistical analysis
Statistical analysis was performed using one-way ANOVA followed by Tukey post-test when 3 experimental
groups were compared or Mann Whitney test when 2 experimental groups were compared (GraphPad

Software, Inc., La Jolla, CA, USA).
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3. RESULTS

3.1. Plasma IgG and IgG isotypes are affected by I-152 treatment

LP-BM5-infected mice develop an unusual proliferation and polyclonal activation of B cells resulting in
abnormal Ig production and secretion [3,8]. In agreement with previous findings [8], plasma IgG significantly
increased in infected mice (I) at 2 weeks (Figure 1A), peaked at 5 weeks (Figure 1B) and then slightly declined
at 9 weeks (Figure 1C). The same trend was observed in infected/treated mice (I+1-152); however, at 5 weeks,
IgG levels were significantly lower compared with infected animals (Figure 1B).

IgG isotypes (IgG1 and IgG2a) displayed a predominance of IgG1 in infected mice, indicating a prevalent
humoral immune response, in the early phase of infection (2 weeks) (Figure 1D), as previously reported [5].
Notably, IgG1 levels were significantly lower in infected/treated mice (I+1-152) compared to infected animals
(D, in agreement with the propensity of I-152 to induce Th1 driven immune responses [5]. The progression of
viral infection (5 weeks) was characterized in both experimental groups by a decrease in IgG1 levels and an
increase in IgG2a concentration (Figure 1E). At 9 weeks, both IgG1 and IgG2a decreased, but interestingly,
the Th1 associated IgGG2a subtype was higher in infected/treated mice than in the infected ones (Figure 1F).
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Figure 1. Plasma IgG (A-C), IgG1 and IgG2a (D-F) in uninfected, infected/untreated (I) and infected/treated
(I+1-152) mice. Mice were infected by two successive i.p. injections at 24-h intervals each containing 0.25
units of reverse transcriptase. 1-152-treated mice received I-152 intraperitoneally (30 umoles/mouse), every
other day, for a total of 9 weeks. At2 (A, D), 5 (B, E), and 9 (C, F) weeks after virus inoculation, IgG and IgG
isotypes were determined in plasma by a double- sandwich ELISA by using anti-mouse IgG, IgG1 or IgG2a
as capture antibody and rabbit anti-mouse HRP-conjugated IgG as detection antibody. Detection was
performed by addition of 2,2'-Azino-di-(3- ethylbenzothiazoline)-6-sulfonic acid) or ABTS as substrate for
horseradish peroxidase (HRP) and absorbance was measured at 405 nm. The values are the mean + S.D. of 5
animals per group. Statistically significant differences are represented as follows:

*p <0.05; **p < 0.01, ***p < 0.001.

3.2. IgG levels in the lymph nodes are affected by [-152 treatment

To investigate the molecular mechanisms underlying the inhibitory effect exerted by I-152 on IgG
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production/secretion, further analyses were performed on the lymph nodes that represent one of the major sites
where B cells are activated to produce and release Ig [34].

As shown in Figure 2 (A-C), a statistically significant increase in the IgG content was detected at all the time
points studied. In agreement with the results obtained in plasma, significantly lower IgG levels were found in
the lymph nodes of infected/treated animals (I+1-152) than in infected mice (I) at 5 weeks p.i. (Figure 2B).
Expression of the PC marker Syndecan-1 [35,36] was significantly increased in infected (I) compared to
uninfected mice at 2 and 5 weeks, consistently with the maturation of Ab-producing PC (Figure 2D, E). By
contrast, in the infected/treated mice (I+1-152) Syndecan-1 levels were never significantly different from those
detected in the uninfected group (Figure 2D, E), despite the increase in the IgG content observed (Figure 2A,
B). At 5 weeks, Syndecan-1 staining was significantly lower in infected/treated animals than in infected mice,
suggesting that an impairment in PC maturation/survival may occur after [-152 treatment (Figure 2E). This
hypothesis may also explain the drop in the lymph node IgG content detected at the same time point (Figure
2B).

Interestingly, normalization of IgG levels on Syndecan-1 signal (Figure 2G-I) resulted in a significant higher
value in [+I-152 mice compared to the infected ones at 2 weeks (Figure 2G), suggesting that the effect of I-

152 on PC observed at 5 weeks is preceded by intracellular accumulation of IgG.
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Figure 2. Western immunoblotting analysis of IgG (A-C) and Syndecan-1 (D-F) levels in the lymph nodes of
uninfected, infected/untreated (I) and infected/treated (I+1-152) mice. Lymph nodes were excised at 2, 5 and
9 weeks p.i. After homogenization, lysates were separated on SDS-PAGE gels, transferred to PVDF membrane
and probed for the indicated proteins by using specific antibodies. Actin was stained as loading control.
Immunoreactive bands were quantified with the Image Lab software and IgG and Syndecan-1 levels,
normalized on actin, are reported in the graphs. In the panels G-I, [gG/Syndecan-1 ratio calculated for each
experimental group is reported. Bars represent the mean = S.D. of at least 3 values obtained from uninfected
mice and of 5 values obtained from infected/untreated and infected/treated mice. For simplicity, only the IgG
light chain is shown. Statistically significant differences are represented as follows:

*p <0.05; **p < 0.01, ***p <0.001.

An imbalance of the redox state towards a more reducing environment is expected to affect folding of the Ig
within the ER, because of an impairment in disulfide bond formation [25-27]. To test this hypothesis, the
subcellular localization of IgG in the lymph nodes of LP-BM5-infected mice either untreated or treated with
1-152, was evaluated by fractionation of whole homogenates by isopycnic sucrose gradient centrifugation. The
results reported in Figure 3 show that a significant amount of IgG co-localizes with the ER marker BiP
(fractions 10-12) in the infected/treated animals (I+1-152), but not in the infected group (I), supporting the idea
that I-152 may interfere with IgG folding, leading to IgG accumulation within the ER, and impairing their

extracellular secretion [37].
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Figure 3. ER retention of IgG in lymph nodes of infected/untreated (I) and infected/treated (I+I-152) mice.
Total proteins extracted from lymph nodes of LP-BM-infected mice either untreated (I) or treated with 1-152
for 2 weeks (I+I-152) were fractionated by centrifugation on an isopycnic Suc gradient. Proteins from each
fraction were analyzed by SDS-PAGE and immunoblotting using anti-IgG or anti-BiP antiserum. The top of
the gradients is on the left; numbers on the top indicate density (g—1 mL ); numbers on the bottom indicate the
gradient fractions. ER fractions are underlined. The positions of molecular mass markers in kD are indicated
by numbers on the left of the panels.

3.3. Activation of ER stress markers is partially affected by I-152 treatment

Maturation and folding of IgG rely on the activity of ER-resident chaperones and folding enzymes, particularly
BiP and PDI. BiP has an important role in the folding and assembly of secretory proteins [38,39]; PDI forms
and isomerizes disulfide bonds and its concentration in lymphocytes corresponds to their antibody secretion
rate [40, 41]. The mRNA analysis showed that in infected mice, both I and [+1-152, BiP was induced at 2
weeks, then it further increased at 5 weeks, plateauing at 9 weeks (Figure 4A). A strong induction of BiP

protein expression was also revealed by western blotting analysis; however, differences between the two

groups were observed neither at 2 weeks (Figure 4B) nor at the following time points (not shown).
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Figure 4. BiP expression in the lymph nodes of uninfected, infected/untreated (I) and infected/treated (I+I-
152) mice. (A) Lymph nodes were excised at 2, 5 and 9 weeks p.i. After total RNA extraction and cDNA
synthesis, relative mRNA expression was determined by real-time PCR with the 224 method using -2
microglobulin (B2M) as a reference gene and uninfected mice as calibrator. The values are the mean + S.D. of
at least 3 animals per group. (B) protein extracts (5 pgs) obtained from mouse lymph nodes excised at 2 weeks
p-1. were resolved onto a 10% SDS polyacrylamide gel and immunoblotted with an anti BiP antibody. Actin
was stained as loading control. BiP levels, normalized on actin, are reported in the graph. Bars represent the
mean =+ S.D. of at least 3 values obtained from uninfected mice and of 5 values obtained from infected/untreated
and infected/treated mice. Statistically significant differences are represented as follows:

*p < 0.05; **p < 0.01, ***p < 0.001.

In the case of PDI, mRNA levels were unchanged after infection, however, protein levels tended to increase
in the 2 week-infected mice (I) as compared to the uninfected. Post-transcriptional induction of PDI was

abrogated in I-152 treated mice (Figure 5B).
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Figure 5. PDI expression in the lymph nodes of uninfected, infected/untreated (I) and infected/treated (I+I-
152) mice. (a) Lymph nodes were excised at 2, 5 and 9 weeks p.i. After total RNA extraction and cDNA
synthesis, relative mRNA expression was determined by real-time PCR with the 222 method using B-2
microglobulin (B2M) as a reference gene and uninfected mice as calibrator. The values are the mean + S.D. of
at least 3 animals per group. (b) protein extracts (5 pgs) obtained from mouse lymph nodes excised at 2 weeks
p-i. were resolved onto a 10% SDS polyacrylamide gel and immunoblotted with an anti PDI antibody. Actin
was stained as loading control. PDI levels, normalized on actin, are reported in the graph. Bars represent the
mean + S.D. of at least 3 values obtained from uninfected mice and of 5 values obtained from infected/untreated
and infected/treated mice. *p <0.05.

The UPR pathway plays also a central role in PC development and directs events leading to humoral immunity
[19-22,24]. In particular, sXBP-1 regulates the transcription of genes involved in ER expansion, protein folding
and synthesis in PC [17,20,21]. sXBP-1 mRNA and protein levels were strongly induced after infection (Figure
6). A significant reduction in sXBP-1 mRNA and protein contents were observed in infected/treated mice (I+1-

152) compared to the infected ones (I) at 5 weeks (Figure 6A and 6B, respectively).
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Figure 6. sXBP-1 expression in the lymph nodes of uninfected, infected/untreated (I) and infected/treated (I+1-
152) mice. (A) Lymph nodes were excised at 2, 5 and 9 weeks p.i. After total RNA extraction and cDNA
synthesis, relative mRNA expression was determined by real-time PCR with the 222 method using B-2
microglobulin (B2M) as a reference gene and uninfected mice as calibrator. The values are the mean + S.D of
at least 3 animals per group. (B) protein extracts (20 pgs) obtained from mouse lymph nodes excised at 5
weeks p.i. were resolved onto a 10% SDS polyacrylamide gel and immunoblotted with an antibody which
recognizes the spliced XBP-1 isoform (sXBP-1). Actin was stained as loading control. sXBP-1 levels,
normalized on actin, are reported in the graph. Bars represent the mean + S.D. of 6 values obtained from
infected/untreated and infected/treated mice. Statistically significant differences are represented as follows:
*p < 0.05; **p <0.01, ***p <0.001.
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Another ER-stress marker strongly up-regulated by infection was CHAC1 which is involved in degradation of
cytosolic glutathione in mammalian cells through its y-glutamylcyclotransferase activity [42]. As shown in
Figure 7, differences in CHAC1 mRNA expression were not observed between I and [+1-152 mice; moreover,
protein was undetectable at 2 weeks while it was immunostained at 5 and 9 weeks, but its content was not

altered by 1-152 treatment (not shown).
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Figure 7. CHACI expression in the lymph nodes of uninfected, infected/untreated (I) and infected/treated
(I+1-152) mice. Lymph nodes were excised at 2, 5 and 9 weeks p.i. After total RNA extraction and cDNA
synthesis, relative mRNA expression was determined by real-time PCR with the 222 method using B-2
microglobulin (B2M) as a reference gene and uninfected mice as calibrator. The values are the mean + S.D of
at least 3 animals per group. Statistically significant differences are represented as follows:

*p <0.05; **p <0.01, ***p <0.001.

3.4. PC morphological maturation is affected by I-152 treatment

Lymph node architecture is severely altered by LP-BMS5 infection; for this reason, lymph node histopathology
has been considered as a useful indicator of disease progression [43,44]. At 2 weeks, differences between
infected and uninfected mice were not yet visible and secondary follicles with germinal centers were still
present in infected animals (Figure 8A).

At 5 weeks after infection, the typical lymph node architecture was no longer present in infected mice as the
presence of architectural effacement, characterized by cellular monomorphism, prevailed not allowing to
distinguish the follicular structures (Figure 8B). Meanwhile, the number of PC was increased in response to
LP-BMS5 infection. By contrast, in I-152-treated mice the lymph node architecture, although modified,
maintained some characteristics such as the presence of primary follicles (Figure 8C). An expanded lymphatic
sinus network, which could reflect an increased lymph flow through the medullary lymphatic sinuses, was
observed as well. The histological features of the lymph nodes after 9 weeks of infection were not significantly
different from those observed at 5 weeks (not shown).

Particular attention was focused on PC morphology of infected mice (Figure 8D-F). It is known that excessive
amount of proteins, which can neither be secreted nor degraded, can be accumulated into intracytoplasmic
spherical inclusions, named Russell bodies [45-47]. At 5 weeks, in all the infected animals, either untreated or
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treated, we observed several PC containing multiple varied size spherical inclusions, likely Russell bodies
structures (Mott cells) (Figure 8D). To investigate the nature of the inclusions detected in PC of infected mice,
we performed double immunofluorescence for IgG and BiP (Figure 8F). When the double labelling was
examined simultaneously, there was a blending of the immuno-reactivity merge, suggesting co-localization of
both proteins, likely in the ER (Figure 8F, yellow arrows). However, in all the infected samples, I-152-treated

or not, we observed at all the times investigated, the presence of numerous spherical IgG positive inclusions

that did not overlap with BiP positive structures (Figure 8F, blue arrows).

Figure 8. Hematoxylin and eosin (H&E) staining of sections of lymph nodes of uninfected, infected/untreated
() and infected/treated (I+1-152) mice (A-E) and immunofluorescence staining of section of lymph nodes of
infected mice (F).

At 2 weeks p.i., follicles with germinal centers (asterisks) are still visible (A).

At 5 weeks p.i., in mice belonging to the infected/untreated group the normal histological architecture was
replaced by a monomorphic population of lymphocytes (B). Several mature PC, including Mott cells
containing numerous Russel bodies (arrows) were present (D).

At 5 weeks p.i., in infected/treated mice, the presence of follicular structures (arrows) and expanded lymphatic
sinus (asterisks) were observed (C). Undifferentiated PC containing vesicular chromatin often presenting
intracytoplasmic vacuoles (black arrows) and binucleated cells (white arrows) predominated (E); flamed cell
(insert).

At 5 weeks p.i., in infected mice, either untreated or treated, IgG (green) colocalize with BiP (red) (yellow
arrows) or are accumulated in Russell bodies-like structures (blue arrows) (F).

Immature PC, having eccentrically placed vesicular nuclei, (clock faced nuclei) (Figure 8E) and several flamed
cells (insert of Figure 8E) were observed particularly in I-152-treated mice. After 5 weeks of infection, an
inverted relationship between immature and mature cells was detected in the lymph nodes of infected and
infected/treated mice, as revealed by semiquantitative analysis (Figure 9B). No differences were found at the

other time points investigated (Figure 9A and 9C).
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Figure 9. Immature and mature PC in the lymph nodes of infected/untreated (I) and infected/treated (I+1-152)
mice. Semiquantitative cell counts were performed in H&E stained sections of lymph nodes at 2 (A), 5 (B)
and 9 (C) weeks p.i. The cell number represents the average of the counts of the PC performed at 40x
magnification in 5 microscopic fields/mouse.
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4. DISCUSSION

One of the primary events in the development of MAIDS is the infection and polyclonal activation of B cells,
resulting in a rapid increase in plasma Ig levels [3].

We have previously demonstrated that 1-152 treatment of LP-BM5-infected mice reduces the levels of Th2
cytokines, i.e. IL-4 and IL-5 [5]. These cytokines had been reported to have an important role in promoting
humoral immunity and inducing IgG1 antibodies [48,49]. Based on these evidences we hypothesized that I-
152 could hinder the signs of the disease by dual mechanisms of action: on the one hand, it can directly hamper
viral replication [5,30]; on the other hand, in the early phases of infection it regulates the induction of IL-12
and Th1/Th2 cytokine production by modulating intra- macrophage glutathione-redox status [5]. Consistent
with this hypothesis, herein we show that 1-152 treatment reduces IgG1 titer at 2 weeks p.i., supporting the
conclusion that I-152 shifts the ratio Th1/Th2 towards Th1. It would be interesting to investigate whether the
redox state can also have a role in the development and/or function of T follicular helper (Tth) cells, which
have emerged as an important cell type required for the formation of germinal centers and related B cells
responses [50]. However, these data appear to indicate that the lower plasma IgG levels measured in infected
1-152- treated animals may be the consequence of a further mechanism by which I-152 affects the later phases
of the disease (i.e. 5 weeks p.i.) characterized by rapid B cell proliferation and high frequency of Ig-secreting
cells [8]. Data presented show that I-152 modulates the antibody-mediated immune response by impairing the
secretory capacity as well as the maturation of PC. These cells are particularly dependent on the ER quality
control system to ensure that only correctly assembled Ig molecules are transported to the cell surface. The
results reported in this paper show that in the lymph nodes of infected mice treated with [-152, a great quantity
of IgG is indeed retained within the PC at 2 weeks p.i and in part accumulated in the ER. It is well known that
the ER resident chaperons BiP and PDI act synergistically to fold Ig. In agreement with these observations,
BiP expression was strongly induced after infection with no significant differences between the untreated and
treated groups. Conversely, PDI protein levels were higher in the lymph nodes of infected mice but not in I-
152-treated mice at 2 weeks p.i., despite the fact that PDI mRNA levels were neither increased following
infection nor affected by 1-152. These data suggest that PDI protein levels augmented through post-
transcriptional mechanisms in infected mice to support a higher demand of IgG folding, and that this event
was affected by I-152 treatment, leading to IgG accumulation. It has been suggested that PDI turnover may be
related to the redox state of the cell [S1]. Moreover, 1-152 treatment could influence the redox-sensitive
cysteines that have been widely demonstrated to be important for its activity [52, 53]. The more oxidative
environment created by GSH depletion during LP-BMS5 infection [5] would favour oxidation of PDI and
disulfide bond

formation which could be impaired by the more reduced environment created by 1-152. In support to this
hypothesis, it has been previously demonstrated that an increase in the intracellular GSH content interferes
with the PDI-dependent maturation of influenza virus hemagglutinin [54], and that in vivo up-regulation of
PDI induced by influenza infection can be counterbalanced by GSH increase [55]. Interestingly, accumulation

of IgG in the PC observed in the early phases of infection (i.e. 2 weeks p.i.) was followed by a drastic drop in
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plasma and intracellular IgG levels found at later times (i.e. 5 weeks p.i.) where the ability of I-152 to affect
PC maturation was clearly evident. In fact, while lymph node architecture was partially preserved by 152
treatment, a lower quantity of mature PC was present as suggested by Syndecan-1 quantification and confirmed
by histological analysis. Differentiation of B cells into PC requires some morphological changes, which
guarantee increased capacity of Ab synthesis and secretion, such as expansion of cytoplasm and ER as well as
decrease in nuclear area. The splicing of XBP-1 is induced during PC differentiation in response to Th2
cytokines, such as IL-4, and this event up-regulates Ig gene transcription leading the PC to synthesize and
secrete antibodies [22,24,56,57]. Fewer mature PC in treated mice are compatible with the decreased
expression of sXBP-1 found in the lymph nodes of these animals. The defective expression of sXBP-1 can
undoubtedly affect the differentiation of a PC, but it has also been demonstrated that blockade of the IRE1a-
XBP-1 pathway contributes to the death of myeloma cells under ER stress conditions [58]. Thus, secretory
cells that require an active UPR to ensure proper processing of proteins in the ER may be particularly
susceptible to apoptosis by agents that evoke ER stress but impair the UPR. Hence, inhibition of IRE1a-XBP-
1 signalling and increased amount of misfolded/unfolded IgG caused by I-152 treatment could ultimately
induce death of PC that are particularly sensitive to this effect due to their high levels of Ab production [59].
Moreover, in all the infected animals, either untreated or treated, despite the activation of UPR branches, likely
to cope with Ig over expression, a cellular indigestion caused by an excessive quantity of unfolded IgG, not
proceeding along the secretory pathway, occurs. This conclusion is supported by the presence in PC of
numerous Russell bodies-like vesicles [47]. As previously proposed by Valetti et al [47], these bodies filled
with Ig seem to be an “emergency” response of the cell to accumulation of unfolded Ig. Although most
commonly found in patients with multiple myeloma, Russell bodies don’t necessarily correspond to malignant
changes of PC, but they can be associated with sustained immunologic stimulation and/or inflammation in
association with abnormal synthesis, trafficking, or excretion of the Ig [60]. Several ER-storage diseases are
characterized by the formation of inclusion bodies where mutated or unfolded proteins are sequestered outside
the secretory pathway. These bodies are membrane-limited and seem different from autophagosomes or
lysosomes [61].

The presence of loads of unfolded or misfolded proteins is common during viral infection [62] and, as expected,
LP-BMS5 infection resulted in the induction of UPR activation. Among the up-regulated mRNAs, ChaC
glutathione-specific y-glutamylcyclotransferase 1 (CHACI) showed dramatically increased expression (about
20 times over basal levels at 5 weeks p.i.). Various stimuli that trigger ER stress, including infection, have
been reported to upregulate CHAC1 mRNA expression and consequent depletion of cellular GSH levels and
accumulation of ROS [63]. Several mechanisms by which different viruses induce a decrease in GSH content
have been described [64]. Thus, we suggest that increased expression of CHACI could be one important factor
leading to GSH depletion in LP-BMS5 infection, presumably to make the environment suitable for correct
protein folding and virus replication. Notably, I-152 treatment did not affect CHAC1 expression, suggesting
that in this experimental model the molecule can raise intracellular GSH levels by providing precursors to

synthesize GSH and/or by influencing the pathways involved in GSH synthesis rather than affect GSH
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degradation.

The data show that a further mechanism by which I-152 could inhibit IgG production during LP-BMS5 infection
is by inducing perturbation in ER redox state leading to impaired IgG folding/secretion as well as to reduced
maturation and, probably survival, of PC (Figure 10).

Conclusions. Intracellular redox state has a key role in folding and secretion of Ig as well as in maturation of
PC where UPR is highly activated. Compounds that shift the intracellular environment towards a more reduced
state affect PDI and sXBP1 expression. These molecules may be potential therapeutic agents for the treatment

of multiple myeloma and other tumours that originate from secretory cells.
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Figure 10. I-152 immunomodulatory effects in LP-BMS5 infection. During the early LP-BM5 infection, I-
152 treatment influences Th1/Th2 cytokine production in favour of Thl (4) and accumulates unfolded IgG
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CHAPTER 3

In this work, we wanted to examine whether redox alteration induced by I-152 and the N-butanoyl GSH
derivative (C4-GSH) could influence the replication and survival of Mycobacterium avium and modulate

cytokine production by the macrophage host.
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Abstract

Despite early treatment with anti-mycobacteria combination therapy, drug resistance continues to emerge.
Maintenance of redox homeostasis is essential for Mycobacterium Avium (M. avium) survival and growth. The
aim of the present study was to investigate the antimycobacterial activity of two pro-glutathione (GSH) drugs,
which are able to induce redox stress in M. avium and to modulate cytokine production from macrophages.
Hence, we investigated two molecules shown to possess antiviral and immunomodulatory properties: C4-GSH,
an N-butanoyl GSH derivative, and 1-152, a pro-drug of N-acetyl-cysteine (NAC) and beta-
mercaptoethylamine (MEA). Both molecules showed activity against replicating M. avium, both in the cell-
free model and inside macrophages. Moreover, they were even more effective in reducing the viability of the
bacteria that had been kept in water for seven days, proving to be active against both replicating and non-
replicating bacteria. By regulating the macrophage redox state, I-152 modulated cytokine production. In
particular, higher levels of IFN-y, IL-1b, IL-18, and IL-12, which are known to be crucial for the control of
intracellular pathogens, were found after 1-152 treatment. Our results show that C4-GSH and I-152, by
inducing perturbation of redox equilibrium, exert bacteriostatic and bactericidal activity against M. avium.
Moreover, 1-152 can boost the host reponse by inducing the production of cytokines which serve as key

regulators of the Thl response.

Keywords: M. avium, redox homeostasis, glutathione, pro-glutathione molecules, anti-mycobacterial

compounds
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1. Introduction

Mycobacterial infections are major causes of worldwide morbidity and mortality. Mycobacterium avium (M.
avium), a member of the Mycobacterium avium complex (MAC), is an opportunistic pathogen, normally
present in the environment, that has now emerged the main bacterial infection in patients with AIDS [1], [2].
A common characteristic shared by many mycobacterial species is that upon host invasion, these bacteria
arrange an army of factors, which circumvent macrophage defences to elude macrophage killing and to
replicate within these phagocytes [3]. Moreover, M. avium can manipulate its host’s complex immune
signalling pathways by influencing the cytokine environment and inhibiting essential immune functions [4],
[5]. Treatment with conventional antimycobacterial drugs does not ensure the elimination of intracellular
bacteria [6]. Most current bactericidal antimicrobials inhibit DNA synthesis, RNA synthesis, cell wall
synthesis, or protein synthesis [7]. The identification of new antibacterial compounds with novel mechanisms
of action has become an urgent need in light of the growing threat of drug-resistant infections [8]. The
bactericidal potential of a drug can be influenced significantly by its mode of action within cellular metabolic
and signalling networks. One susceptible pathway in the bacterial cell is the thiol-based redox metabolism,
which plays a key role in many cellular processes, including protection of the bacterial cell against endogenous
and exogenous reactive oxygen species, proper protein folding, and DNA synthesis [9]. While glutathione
(GSH) is rarely detected in pathogenic prokaryotes, ergothioneine (ERG) and mycothiol (MSH) are the most
important low molecular weight thiols in mycobacteria [9], [10]. They preserve cellular homeostasis by
maintaining a reducing environment, and function as detoxification agents against antibiotics, alkylating
agents, electrophiles, and other reactive intermediates [10]. Several studies have shown that MSH is also
important to the virulence and survival of Mycobacterium tuberculosis (Mtb), as the loss of MSH biosynthesis
and MSH-dependent detoxification inhibit the growth of mycobacteria [11]. Moreover, MSH is an important
component that combats acidic stress during Mycobacterium infection [11], [12]. Due to their beneficial role,
ERG and MSH can be considered valid targets for the development of antibacterial drugs. Indeed, several
studies have demonstrated that affecting the redox balance in Gram-positive bacteria results in bacterial cell
death, and depletion of thiol pools is a promising target to promote Mtb killing and potentiation of
antimicrobials [13].

On the other hand, it is known that redox modulation of macrophage pro-inflammatory innate immune
signalling pathways may play a critical role in the immune response [14]. Previously, we have shown that it is
possible to shift the intra-macrophage environment towards a more reduced state by using pro-glutathione
(GSH) molecules, namely the N-butanoyl derivative of GSH (C4-GSH) or I-152, a precursor of N-acetyl-
cysteine (NAC) and cysteamine (MEA). We established that these molecules increase the intracellular GSH
content [15], while other studies have shown that Mycobacterium growth is sensitive to GSH and NAC [16],
[17]. Hence, we hypothesized that C4-GSH and I-152 could unbalance oxidation-reduction reactions
orchestrated by M. avium to maintain metabolic homeostasis. Moreover, they could modulate the production

of anti/pro-inflammatory cytokines in the macrophage host to make the immune response more effective. In
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fact, C4-GSH and I-152 have been shown to influence macrophage cytokine production in both in vitro and in
vivo models, favouring Thl responses, although by different mechanisms and by influencing the signalling
pathways involved in cytokine production in different ways [15], [18], [19], [20]. In this paper, we report
preliminary results regarding the bacteriostatic and bactericidal activity of C4-GSH and I-152 against M.
avium. Moreover, we show that these molecules can regulate the production of macrophage cytokines involved

in the immune and inflammatory processes.
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2. Materials and methods

2.1. The preparation of pro-GSH molecules
1-152 was synthesized as previously described [21] and C4-GSH was kindly provided by GLUOS S.r.1. Both

molecules were dissolved in culture medium at the highest concentration and then serially diluted.

2.2.Bacterial strain, media and culture preparation

M. avium strain 662, obtained from the blood of AIDS patients (L. Sacco Hospital, Milan, Italy) who had never
been treated for mycobacterial infection, was used. The strain was identified by polymerase chain reaction
(PCR) as described by Schiavano et al [22].

The bacteria were grown in Middlebrook 7H10 agar (Difco Laboratories, Detroit, MI, USA) with oleic acid
albumin dextrose catalase (OADC) and in Middlebrook 7H9 broth with ADC enrichment at 35°C for eight to
ten days. Before the experiments, all the bacterial suspensions were sonicated for 6 s, washed and quantified
by spectrophotometry to an optical density of 0.12 at 650 nm. Ten ul of each dilution suspension was plated
in triplicate on Middlebrook 7H10 agar and incubated at 35°C for eight to ten days for the enumeration of
colony-forming units (CFUs)/ml.

2.3.Evaluation of I-152 and C4-GSH efficacy on M. avium growth and viability

The effect of I-152 or C4-GSH on M. avium growth and viability was determined in mycobacterial suspensions
in supplemented Middlebrook 7H9 broth or in sterile distilled water respectively. Following a seven-day
incubation at 35°C, each sample was two-fold serially diluted and 10 ul of the diluted sample was plated in
triplicate on Middlebrook 7H10 agar for the enumeration of CFUs/ml. A control without compounds was

included in each series.

2.4. Separation of monocytes from human blood and infection with M. avium

Monocyte-derived macrophages were prepared from leukocyte buffy coats obtained from healthy volunteers
and purified as previously described [6], [22].

The macrophage cultures were exposed for four hours to bacteria at a multiplicity of infection (MOI) of 60:1
(bacilli:macrophage). After removal of extracellular bacilli, one sample of infected macrophages was lysed to
assess the intracellular CFUs (infection at time 0). The final macrophage lysate suspension was serially diluted
and plated onto 7H10 agar for the enumeration of CFUs. For the assay of antimycobacterial activity, the
compounds were added at the concentration of 10 mM to the macrophage culture in RPMI supplemented with
10% FCS without penicillin/streptomycin. After four days, the supernatants were removed, replaced with fresh
medium containing the molecules and processed for the CFU counts. On the seventh day of the culture,
supernatants and adherent macrophages were processed to evaluate the viable extracellular and intracellular
mycobacteria. Total viable counts were expressed by adding the supernatant and intracellular CFU counts on

day seven to the supernatant CFU counts on day four. Control samples were run in parallel and treated in the
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same manner as the experimental macrophage cultures; no detachment of cells from the wells of the culture

plate was observed. Total macrophage protein content was quantified on the supernatant and adherent cells.

2.5. Determination of GSH and cysteine in M. avium-infected macrophages

Macrophages, exposed to M. avium as described in the previous section (2.4), were washed and processed for
thiol determination as previously described [15]. GSH and cysteine levels were determined by high
performance liquid chromatography (HPLC) [15]. The procedure was performed at different times from M.

avium exposure and then repeated seven days after M. avium removal.

2.6. M. avium quantification by real-time PCR

M. avium-infected macrophages, treated with 10 mM of [-152 and lysed as described for bacterial plate counts,
were used for total DNA extraction as described by Pathak et al. [23]. Five pl were amplified by qPCR with
the M. avium trasposon element (IS1245) Advanced kit (genesig, Primerdesign, Camberley, UK) according to
the manufacturer’s instruction. The amplification reaction included an M. avium specific primer/probe mix
targeting the insertion sequence IS1245 and an endogenous control primer/probe mix (human B-actin) used to
normalize the number of M. avium genomic units (g.u.) against the macrophage number. The declared

detection sensitivity was less than 100 copies of target template.

2.7. Magnetic multiplex immunoassay of cytokines

Cytokine concentrations in supernatants from macrophages (collected after four and seven days of infection)
were determined through a multiplex suspension immunomagnetic assay, as previously detailed [19]. Levels
of analytes were determined using a Bio-Plex 200 array reader (Bio-Rad Labs, Hercules, CA, USA). Data were
collected and analyzed using a Bio-Plex 200 instrument equipped with BioManager analysis software (Bio-
Plex Manager Software v. 6.1). Levels of cytokines (IFN-y, IL-1b, IL-8, IL-18, IL-12p40, IL-10, IL-6 and
TNF-a) were determined in the supernatants of three separate experiments plated in duplicate. Final values
represent the sum of the fourth and seventh day values. Comparable levels were obtained in two experiments,
while in the third experiment, although the trend was similar to the other two, the values were lower, and IL-
10 and IL-12 were not detectable. Hence, the results obtained from this experiment were not considered in the

final results.
2.8. Statistical analysis

Statistical analysis was performed with GraphPad Instat. Data were analyzed with the two-tail unpaired

Student’s t test. A P value <0.05 was considered significant.
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3. Results

3.1. Pro-GSH molecules possess bacteriostatic and bactericidal activity vs M. avium

3.1.1 Effect of I-152 and C4-GSH on M. avium growth

N-acetyl-cysteine is the molecule of choice to increase intracellular GSH levels. It has shown potent anti-
mycobacterial activity and significant improvement in mycobactericidal responses when combined with
antibiotic treatment [17], [24]. Moreover, several pro-GSH molecules with improved bioavailability and
targeting capacity have been synthesized [25].

The antimycobacterial activity of I-152 and C4-GSH was evaluated by incubating M. avium in Middlebrook
7H9 broth in the presence of different concentrations of I-152 (5, 10 and 20 mM) or C4-GSH (5 and 10 mM).
The 20 mM concentration of C4-GSH was not tested because C4-GSH concentrations higher than 10 mM did
not dissolve in the medium. Mycobacterium replication was compared to that of mycobacteria grown in the
absence of the molecules. The results showed that both I-152 (Figure 1a) and C4-GSH (Figure 1b) significantly
inhibited the growth of the bacterium at all the tested doses. I-152 yielded similar results when used in 10 and
20 mM concentrations; therefore, subsequent experiments were performed with 10 mM or 5 mM I-152. On
the other hand, C4-GSH interfered with M. avium replication in a concentration dependent manner. It was
found that 10 mM of GSH exerted a significantly lower activity than C4-GSH administered at the same
concentration (Figure 1b, white column). These experiments showed that 1-152 and C4-GSH inhibited M.

avium proliferation, indicating bacteriostatic activity.

3.1.2 Effect of I-152 and C4-GSH on M. avium viability

Most antibiotics that are used against Mycobacterium target biosynthetic processes essential for cell growth.
Inhibition of nucleic acid, protein, or cell wall synthesis leads to cessation of growth [6], [7]. Indeed, we
proposed a model in which an imbalance in the redox homeostasis may be at least partially responsible for cell
death. Hence, we investigated whether I-152 and C4-GSH have bactericidal activity. To this end, bacterial
suspensions were maintained in sterile distilled water at 35°C for seven days in the presence or absence of I-
152 or C4-GSH, as described in section 2.3. Dose-dependent effects were observed. Indeed, the highest
concentration of [-152 (10 mM) reduced the number of viable bacteria by about 4.5 logs, while a 5 mM
concentration of I-152 resulted in a 2 log reduction (Figure 2a). Similar results were obtained with C4-GSH
treatment (Figure 2b). Thus, exposure to [-152 or C4-GSH markedly reduced the number of bacterial cells,

indicating bactericidal activity.
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3.2. Pro-GSH molecules inhibit intra-macrophage replication of M. avium and modulate cytokine production

3.2.1. The effect of I-152 and C4-GSH on M. avium growth in human macrophages

To assess the ability of I-152 and C4-GSH to affect the intracellular growth of M. avium and the macrophage
cytokine response, macrophages were exposed to M. avium for four hours and then treated with 1-152 or C4-
GSH, as described in section 2.4. GSH has been shown to have direct antimycobacterial effects [16], [17].
Moreover, the addition of NAC to antibiotics improves their mycobactericidal responses against Mtb infection
[24]. Upon infection, macrophages undergo morphological and functional changes, including variations in
redox equilibrium [26], [27], [28]. Thus, we first measured GSH levels after infection with M. avium. We
found that, although differences were observed in basal GSH levels in macrophages exposed to M. avium, the
infection caused an intracellular GSH increase that was significant compared to the uninfected cells after four
hours of infection, and it was still appreciable after seven days (Figure 3a). On the contrary, we found no
differences in the GSH content at early times of infection (within 1 hour) or in cysteine levels at all the tested
times (not shown). To evaluate the antimycobacterial activity of the pro-GSH molecules, I-152 and C4-GSH
were added to M. avium-infected macrophages at a concentration of 10 mM. In this case, we observed a marked
reduction in bacterial loads, demonstrating the ability of the drugs to limit mycobacterial growth within
macrophages (Figure 3b).

To quantify M. avium inside macrophages real-time PCR was performed following the procedure described in
section 2.6. In this preliminary study, we chose to investigate this parameter only in the cells having received
the most effective treatment in terms of growth inhibition, i.e. 10 mM of I-152. The AACt method was used
to estimate fold differences in intracellular M. avium g.u. between treated and untreated macrophages by
relative quantification. The results, reported in Table 1, show that M. avium g.u. were more than three times

higher in I-152-treated macrophages than in untreated cells.

3.2.2. Modulation of cytokine production in human macrophages by I-152 and C4-GSH

Macrophage cytokines play a major role in determining the outcome of mycobacterial infections [4], [5], [24],
[28], [29], [30]. In the present study, we assessed a panel of eight cytokines secreted from macrophages upon
M. avium infection examining how they were modulated by treatment with pro-GSH molecules. Infection of
macrophage cells with M. avium strain 662 resulted in a high production of IL-6, IL-8 and TNF-0, a medium
level production of IL-12 and IL-10 and a low production of IFN-y, IL-1b and IL-18 (Figure 4). When the
macrophages were treated with 1-152, although the bacterial growth rate was significantly inhibited, IFN-y,
IL-1b, IL-18, IL-8, IL-10 and IL-12 levels showed a three- to six-fold increase compared to infected/untreated
cells (I). By contrast, IL-6 concentration was not affected by the treatment and TNF-a concentration was
decreased (Figure 4, light grey columns). Cytokine production was less influenced by C4-GSH, as reported in
Figure 4 (dark grey columns).
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Table 1. Real-time PCR relative quantification of intracellular M. avium DNA.

Samples M. avium g.u. fold differences (+ SD)
Infected untreated 1

macrophages

Infected and I-152-treated 3.4+0.5

macrophages

The g.u., genomic units; SD, standard deviation. Results are expressed as fold differences between
macrophages treated with 10 mM of I-152 and untreated macrophages (average of two separate experiments,
four replicates).
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4. Discussion

C4-GSH and I-152 have been used as cellular redox modifiers for controlling M. avium infection on the one
hand and to modulate macrophage cytokine production on the other hand.

It was not our aim to compare the antibacterial activity of the two molecules, but it is interesting to note that,
although both C4-GSH and 1-152 are GSH-boosting drugs, their activity against M. avium was found to be
different. Indeed, I-152 was shown to be more effective than C4-GSH in all the experimental conditions under
study. We think that, as has already been reported for other pro-GSH molecules [16], [17], [31], the
antimycobacterial activity of I-152 and C4-GSH can be ascribed to GSH. Extracellular GSH is converted to
dipeptide (Cys-Gly) due to the action of transpeptidase, and the dipeptide is then transported into the bacterial
cells [32]. However, while this mechanism can explain the inhibitory effects of the molecules within
macrophages, it does not explain the antimycobacterial activity found in cell-free systems. In fact, it is known
that mycobacteria do not synthesize GSH. Hence, we can hypothesize that the accumulation of reducing
equivalents is sensed through mycobacteria redox sensors causing DNA and protein synthesis inhibition as
well as modifications in metabolic pathways [33], [34]. The proposed mechanism also suggests that eukaryotic
thiol pools may be targets for C4-GSH and I-152. Indeed, this assumption has been demonstrated in
macrophage cells treated with high I-152 concentrations, in which temporary GSH depletion was shown, but
not in cells treated with C4-GSH [15], [20]. I-152 and C4-GSH are pro-GSH molecules that act through
different mechanisms. C4-GSH, as it is, can enter the cell or act through a mechanism similar to the one
described above for GSH, i.c., it can be a substrate for the enzyme gamma-glutamyl transpeptidase. The
cysteine derived from C4-GSH metabolism can be used to synthesize GSH in a eukaryotic cell or may interfere
with MSH within the Mycobacterium. On the other hand, I-152 induces a transient GSH depletion since it may
be considered xenobiotic and conjugated with GSH. However, no significant macrophage cytotoxicity has
been observed for I-152, probably because the thiol species provided by I-152, in the form of NAC and MEA,
are promptly used to restore the GSH pool [19], [20]. We can hypothesize that I-152 may have a similar effect
inside the mycobacterium, where the MSH concentration and/or activity may be affected by I-152 itself and
by the aberrant increase in reducing equivalents provided by the molecule. On the other hand, the initial GSH
depletion within the macrophage could contribute to creating an adverse environment for mycobacterium
replication, while subsequently, high levels of GSH could modulate the cytokine production. It is known that
reactive oxygen intermediates (ROI) and reactive nitrogen intermediates (RNI) are generated by phagocytic
cells to inhibit growth of intracellular pathogens [28]. When ROI and RNI are generated, there is a
simultaneous synthesis of GSH, which protects against the toxic effects of the reactive species. In fact, we
found a significant GSH increase upon M. avium infection, regardless of different basal macrophage GSH
levels, which depended on the blood sample from which macrophages derived. Despite these differences in
basal GSH levels, we preferred to use primary cells since they provide a more representative result than
immortalized macrophage cell-lines. Monocyte-derived macrophages matured in absence of any stimuli give

rise to a mixed culture of both the M1 and M2 phenotype, and such cultures have been reported to be suitable
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for infection studies with M. avium. In fact, it is not known whether M. avium infects a particular phenotype
[26], [35].

In this study, we demonstrate that the antimicrobial efficacy of C4-GSH and 1-152 is not limited to growing
bacteria, but extends to quiescent bacterial cells, suggesting a functional linkage between redox changes and
survival. High concentrations of C4-GSH and I-152 may create a reductive stress which the bacterium cannot
control, leading to cell death [32], [33]. In short, our experiments show that pro-GSH molecules could exert
bactericidal activity by weakening redox homeostasis in M. avium. Of course, further studies are necessary to
delineate the precise mechanisms of action and in particular, to investigate the significance of the preliminary
result obtained by the molecular analysis of infected macrophages treated with 1-152. In fact, this assay
revealed higher amounts of intra-macrophage M. avium DNA, possibly deriving from both live and dead cells.
On the other hand, the amounts of total viable M. avium cells were found to be significantly lower. We can
thus hypothesize that most intracellular bacteria were dead. Indeed, as previously reported [23], while the
plating method is a measure of live bacteria, the qPCR measures the total number of bacterial genomes,
regardless of whether they derive from dead or live cells. Future studies will aim to establish the subcellular
localization of mycobacteria in infected macrophages treated with 1-152 and the fate of those cells.

By altering the glutathione-redox balance in macrophages, it is possible to modulate cytokine production [31],
[34], [35], [36]. Hence, we investigated inflammatory and anti-inflammatory cytokine production. Both GSH
and NAC have been shown to diminish tuberculosis pathology and inflammation by immune-modulation [24],
[34]. In our experimental conditions, infected macrophages produced high concentrations of IL-6, IL-8 and
TNF-a, medium levels of IL-12 and IL-10 and low levels of IFN-y, IL-1b and IL-18. It is known that high
levels of intra-macrophage GSH favor the Thl response, mainly by modulating IL-12 production [36]. All the
cytokines that were examined were found to be present at higher levels in I-152-treated macrophages, with the
exception of IL-6 and TNF-q, a finding which is partially in agreement with the reported data on NAC therapy
for tuberculosis infection [30]. Increased levels of IL-12, whose biological functions are pivotal in both innate
and adaptive immunity [37], confirm previous findings regarding the capacity of 1-152 to induce the
production of macrophage cytokines able to support the Thl response [18], [19]. Regarding the IL-18 effect,
although there is conflicting evidence in the literature, most studies support its role in synergizing with IL-12
to induce IFN-y production in dendritic cells, macrophages, and B cells [38]. It is generally accepted that IL-
1 has arole in increasing survival and decreasing pulmonary bacterial loads in Mtb infection, probably through
different mechanisms described for IL-12 or IFN-y [36]. Hence, we can generally conclude that I-152, by
increasing the levels of the cited cytokines, could be useful in controlling mycobacteria infection. It is more
difficult to interpret the effect exerted on TNF-a, IL-10 and IL-6 because these cytokines are induced by
mycobacteria but have different effects according to the nature of the challenge and the experimental
conditions [38]. It is therefore difficult to foresee the final effect of I-152 because it will likely differ according
to the experimental conditions and should be analyzed in concert with the other cytokines. In the present study,
C4-GSH treatment did not markedly influence cytokine production although we have previously found that
production of all the main inflammatory cytokines is blocked by C4-GSH through inhibition of NFkB mediated
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signaling [39]. We hypothesize that these differences may be due to the different experimental models, in
particular, in relation to the intracellular redox state and the stimulus triggering the cytokine response.
Moreover, we have previously demonstrated that 1-152 and C4-GSH can regulate cytokine production by
modulating different signaling pathways. Hence, there is no doubt that the tested pro-GSH molecules can
modulate cytokine production, but the exact effect on the single cytokine cannot be foreseen. In conclusion,
C4-GSH and I-152 limit M. avium infection through direct antimicrobial activity and regulation of the cytokine
response. Our most interesting finding was the inhibitory activity of the molecules on the survival of M. avium.
In fact, most bacteria can survive inside macrophages by eluding the killing mechanisms of the host, and
conventional antimicrobial agents are effective against actively growing bacteria.

Conclusions: these data suggest that the redox state of mycobacteria could be a novel target for killing dormant
bacteria and pro-GSH drugs may target the bacteria in a persistent/latent infection. Moreover, thanks to its
immune modulation, the addition of I-152 to the existing anti-Mycobacterium drugs could be a valid strategy

for clearance of M. avium.
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Legends to the figures

Figure 1. Inhibition of M. avium growth by I-152 (a) or C4-GSH (b).

Bacteria suspensions, grown in Middlebrook 7H9 broth, were exposed to different concentrations of the
molecules for seven days at 35°C. Inhibition growth was evaluated by plating, at the beginning and at the end
of the experiment, 10 pl of suspensions on Middlbrook 7H10 agar for the enumeration of CFUs/ml. Mean
values + standard deviations for three experiments are shown. Significant M. avium growth inhibition vs not
treated is indicated as follows: *p<0.05; **p<0.01; ***p<0.001.

Figure 2. Inhibition of M. avium viability by [-152 (a) or C4-GSH (b).

Viability was determined in mycobacterial suspensions in sterile distilled water containing or not containing
the molecules (5 and 10 mM) at 35° C. Cell viability was evaluated by plating in triplicate 10 pl of each
suspension on Middlebrook 7H10 agar for the enumeration of CFUs/ml. The results are the mean of two
independent experiments.

Figure 3. Glutathione (GSH) levels in uninfected and M. avium-infected macrophages (a). Intracellular growth
of M. avium in human macrophages in the presence of 10 mM of I-152 or 10 mM of C4-GSH (b).

The macrophage cultures were exposed for four hours to bacteria at a MOI of 60:1 (bacilli:macrophage). At
this time and seven days after bacterium suspension removal, GSH was determined in the macrophage cells
by HPLC. For the assay of antimycobacterial activity, I-152 and C4-GSH were dissolved in the culture medium
at a concentration of 10 mM and added to the macrophages. After four days, the medium was replaced with
fresh medium containing the pro-GSH molecules. CFUs, determined as described in section 2.4 , were
evaluated per total macrophage proteins. The results of antimycobacterial activity are given as percentage of
growth inhibition vs infected and untreated macrophages. Mean values + standard deviations for three
experiments are shown. Significant M. avium growth inhibition is indicated as follows: *p<0.05; **p<0.01.
Figure 4. Modulation of cytokine production in M. avium-infected macrophages untreated or treated with I-
152 or C4-GSH.

The cytokines were determined in the supernatants collected after four and seven days of infection by a
multiplex biometric ELISA-based immunoassay. The interleukin concentrations were calculated using a
standard curve and software provided by the manufacturer (Bio-Plex manager software, v.6.1). Final values
represent the sum of the fourth day values and the seventh day values. The results represent the mean of two

separate experiments and are given as cytokine pg/CFU.
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CHAPTER 4

In this chapter, the modulatory effects of I-152 on the production of anti/pro-inflammatory cytokines were
studied both in macrophages obtained from transgenic CFTR” mice, and in murine macrophage RAW 264.7
cell line. This work was performed in collaboration with Professor Emanuela Bruscia from Yale University.
All the data were obtained by the author of this thesis first during the abroad experience at Yale University,

and then at the University of Urbino.
(Unpublished data)
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4.1 Introduction

Cystic fibrosis (CF) is a common life-limiting autosomal recessive genetic disorder, with the highest
prevalence in Europe, North America, and Australia CF is caused by mutations in a 230 kb gene on
chromosome 7 encoding a chloride-conducting transmembrane channel named cystic fibrosis transmembrane
conductance regulator (CFTR) [135]. Functional failure of CFTR results in mucus retention and chronic
infection and subsequently in local airway inflammation that is harmful to the lungs. CFTR dysfunction mainly
affects epithelial cells, although there is evidence of a role in immune cells [135][136]. CF is a multisystemic

disease, however, morbidity and mortality result from chronic lung disease [137].

CFTR mutations

At the molecular level, the CFTR gene undergoes transcription and is then translated into the functioning
CFTR ion channel that translocates to the cell membrane. This gene can be altered by more than 2000
mutations [135], which are mostly missense alterations, but also frameshift, splicing, nonsense, large and in-
frame deletion/insertion, and promoter; it is thought that non-pathological variants could account for 15%
[138]. Each mutation can interfere with important aspects for the final functionality of the CFTR protein (i.e.
synthesis, ion conductance, stability at the cell membrane), bringing to a different outcome of the disease that
can be characterized either by severe or mild lung phenotype; these different effects are a useful tool that

allowed the grouping of the CFTR mutations into six classes [138], (Table 4.1).

Table 4.1. CFTR mutation classes.

Phenotype Class CFTR defect Type of mutation Examples
) ) ) G542X,
I No protein synthesized Nonsense, frameshift
W1282X
Missense, F508del,
Severe II Immature protein synthesized
amino acid deletion N1303K
Missense, G551D,
I Gating defect
Amino acid change S549N
Missense, R347P,
v Decreased protein conductance
Amino acid change DI1152H
) o 3849+10kb C>T,
Decreased synthesis of normal Splicing defect,
Mild v ) ) 2789+5 G2A,
protein Missense
A455E
Missense,
VI Decreased cell surface stability 1811+1.6kb A>G
Amino acid change

This classification, based on the similar consequences of the mutations on the CFTR protein, is useful since
it allows to identify of mutation-specific therapy strategies, but it also has limits. Unfortunately, many

mutations nowadays are still not classified, and others that possess traits belonging to more than one class of
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mutation, like F508del. The latter, a three base pair deletion that codes for phenylalanine at position 508 of the
CFTR protein [139], is normally considered a class II mutation (immature protein synthesized), but it also
possesses characteristics typical of class III (gating defect) and class VI (decreased cell surface stability)
[135][138].

According to the Cystic Fibrosis Foundation (CFF, https://www.cff.org/), the highest percentage of people
with CF who have at least one mutation in class II is about 88%, which is followed by class I (22%) while the
other classes are relatively rare. The most common mutation among all CF patients is the F508del [139][140],
while other mutations, like G551D, show heterogeneous geographic distribution [139][140]. It is interesting
to note that some mutations are sometimes mentioned using their geographical origin (e.g. Italian mutation,
Mediterranean mutation, Celtic mutation) [138]. In conclusion, the frequency of each mutation depends on the
belonging class and the geographic position.

The role of the CFTR channel in the pathophysiology of CF in the lung is either due to its absence or lack
of functionality, which leads to mucus obstruction, infection, and inflammation. The effect on the mucus is a
result of the reduced secretion of chloride and bicarbonate, which causes dehydration of airway surfaces.
Moreover, the CFTR malfunction has been linked to increased activity of the epithelial sodium channel (ENaC)
and, consequently, increased absorption of Na' in the airways that causes airway surface liquid (ASL)
depletion, mucus adhesion, and impaired mucus transport [141][142]. The mucus is secreted by goblet cells
and it needs about 115 mM bicarbonate to be secreted and expand properly, a concentration that is not reached
if a CFTR malfunction is present like in the CF disease [143]. The reduced bicarbonate secretion also causes
a decreased ASL pH resulting in defective antibacterial mechanism in the Iung [144]. The final result of mucus
obstruction, impaired mucociliary clearance, and reduced bacterial killing is the lack of the innate pulmonary
defense system, that favors the colonization of the lung environment by opportunistic bacteria like
Pseudomonas aeruginosa (P. aeruginosa; PA) and the consequent severe and chronic inflammatory response
[145]. All these aspects taken together will cause progressive pulmonary damage, and eventually lead to a

decline in lung function and death.

Inflammation

Cystic fibrosis is characterized by chronic lung inflammation, because of infections that the immune system
is not able to resolve properly, thus leading to accumulation and overactivation of neutrophils, their consequent
constant recruitment, and their inability to undergo apoptosis but instead necrosis [146]. All of these aspects
bring to overproduction of oxidants and proteases, and the releasing of intracellular contents by neutrophils
that can finally harm the airway tissues [147] and can be used as predictor factors of bronchiectasis, like in the
case of the protease neutrophil elastase (NE) that damages the airway wall architecture [148]. NE is one of the
components of neutrophil extracellular traps (NETs); NETs formation (NETosis) is an important mechanism
of defense that neutrophils put in place to fight pathogens [149], which has been associated to the increased

inflammatory response in CF [150]. Another interesting aspect is that neutrophils express CFTR in their
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phagolysosome, which when absent or defective causes the impaired microbial killing ability of these cells
[151].

Other immune cells implicated in the inflammatory response in the lungs are macrophages, both resident
[alveolar, and interstitial], and recruited in response to a stimulus [monocite derived macrophages coming from
the circulation] [152][153]. Macrophage activation can be influenced by the presence in the environment of
either pathogen-associated molecules (PAMPs),e.g. lipopolysaccharide (LPS), or damage-associated
molecular patterns (DAMPs), e.g. cytoplasmic and nuclear components, that are recognized by pattern-
recognition receptors (PRRs), e.g. toll-like receptors (TLRs) [154][155]. The recognition of a specific ligand
by a PRR will initiate a signal transduction mechanism of many pathways (e.g. NF-kB, MAPK) which will
bring to the production of inflammatory mediators, e.g. pro-inflammatory cytokines, reactive oxygen species
(ROS), nitric oxide (NO), and the consequent inflammatory response [154]; one important cytokine involved
in inflammation is IL-1, which is in fact considered as the regulator of inflammation [156][157]. The aim is to
exacerbate pathogen infections, resolve inflammation, repair the tissue, and remove dead cells and tissue
debris. To do that, macrophages, that belong to a heterogeneous population, once activated can show either
pro-inflammatory (M1) or anti-inflammatory phenotype (M2) [158]. Classically activated M1 macrophages
derive from undifferentiated macrophages (MO) after exposure to LPS or IFN-y, they secrete high
concentration of pro-inflammatory mediators like 1L-6, IL-12, TNF-0, and low levels of IL-10, and are
involved in phagocytosis of pathogens, and in promoting and sustain inflammation; on the contrary, the
polarization of MO in alternatively activated M2 macrophages, is stimulated by the exposure to IL-4, IL-10
and is characterized by the secretion of IL-4 and IL-13, and by anti-inflammatory, immunoregulatory and
tissue-repair properties [153]. The acute inflammatory response starts with the recruitment of neutrophils in
the first 3 days; a few days later, M1 macrophages arrive in the site of infection, while M2 macrophages appear
over the next 10 or more days to resolve the inflammation and to clear any presence of apoptotic cells by
efferocytosis [159]. Macrophages are characterized by plasticity, which is the ability to switch between M1
and M2 phenotype based on the environmental stimulation, an important characteristic for the appropriate
modulation of the inflammatory response [160]. It is interesting to note that in healthy state, macrophages in
the lungs are not activated, but they act as sentinels that do not react in a pro-inflammatory way to antigens,
otherwise they would harm the lung structure [160]. CF macrophages are characterized by a
hyperinflammatory response when exposed to bacteria such as P. aeruginosa, and PAMPs like LPS
[161][162]. It is interesting to note that TLR4 expression is increased in CF, which could lead to sustained
signal transduction and activation of the NF-kB pathway; this is probably due to abnormal trafficking of the
transmembrane receptor, which is not internalized and consequently degraded [163]. The overactivation of the
NF-kB pathway brings to the M1 phenotype, which shows a little capacity of efferocytosis and autophagy

[164]. This leads to an ineffective bactericidal function, and an inefficient inflammation resolution [165].
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Redox state in CF

Lungs are highly exposed to both endogenous and exogenous oxidants (e.g. ROS produced by activated
phagocytes, and oxidants both inhaled and produced by pathogens respectively) [166], so a reducing
environment composed of enzymatic e non-enzymatic antioxidants, as it is found in healthy lungs, is important
to prevent an exaggerated inflammatory response. Cystic fibrosis lungs, however, are characterized by an
oxidative environment, which leads to an alteration in ion transport (including chloride secretion) [167],
increased synthesis and secretion of mucins [168], and to overactivation of intracellular signaling cascades
resulting in excessive inflammation, mediator release, and tissue injury-events [166]. An important aspect is
that the antioxidants, which are normally found in healthy airway surface fluid (ASF) are also present in CF
ASF, although at lower concentrations; one of them is glutathione (GSH) [98]. The CFTR channel is mostly
known for the transport of chloride and bicarbonate, but in vifro studies showed that it transports other
molecules like GSH [98], resulting in a systemic decrease and not necessarily due to inflammation [169]. This
reduction may be connected with the severe oxidative stress characterizing the chronic inflammation on the
CF lung [170], suggesting that the CFTR channel presence/functionality may have an important role in the
inflammatory response. Furthermore, the transfection of functional CFTR in a pulmonary epithelial cell line
characterized by a defective CFTR, showed the restoration of GSH secretion [171], supporting the hypothesis
that the CFTR protein is involved in antioxidant homeostasis in the lung. Other reasons why GSH is lower in
CF ASF compared to non-CF could be chronic infection and inflammation; when an infection occurs, the
recruited neutrophils produce myeloperoxidases (MPO) to convert hydrogen peroxide to an array of ROS in
order to kill bacteria. In CF this mechanism is over-enhanced, leading to a reaction of ROS with GSH and the
consequent depletion of the latter [172]. GSH decrease found in young individuals with CF could mean that
they may be more vulnerable to oxidative stress [173]. These findings suggest that supplementation of GSH

could be useful to counteract the increased inflammatory response typical in CF patients.

GSH supplementation and GSH precursors in CF

Glutathione supplementation can be achieved via both oral and inhaled GSH administration. Trials
conducted in healthy volunteers showed that oral supplementation did not increase GSH concentration in
plasma [174], probably because it is rapidly metabolized by the GGT, and because its half-life is less than 3
minutes [109]. Some success in increasing GSH in lymphocytes [175] was assessed by increasing cysteine
stores using lipoic acid [176] or whey protein [177]. The supplementation of the tripeptide by inhalation was
tested in CF patients and showed increased levels of GSH in BALF (bronchoalveolar lavage fluid), significant
improvements in lung function, but no significant differences in the numbers of neutrophils, lymphocytes, or
macrophages [178]. Results from a small uncontrolled observational study showed that after the GSH regimen
(both oral and inhaled) the CF patients had higher levels of the tripeptide both in blood and ASL, and fewer
infection exacerbations [179], suggesting that a GSH concentration increase could benefit the health of CF
patients. On the contrary, another study showed that in CF patients the GSH supplementation increased the

tripeptide concentration in lymphocytes, but no improvements in sputum neutrophils or lung function [180],
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probably due to well-established disease, inadequate dose, or the short period of the study. The inhaled GSH
approach could have side effects and various complications, like inducing bronchospasm in individuals with
mild asthma [181], GSH rapid clearance [182], and oxidation [183] in the lung. Another important aspect is
that treatment with the tripeptide could potentially compromise the host defenses in the airway [169]. All these
aspects suggest that future studies aimed to investigate the effectiveness of inhaled GSH should consider the
half-life of the tripeptide, as well as the overall safety, optimal dose, duration of treatment, and efficacy [166]
GSH has, however, unfavorable pharmacokinetic properties [109], which means that administration of high
doses is necessary to reach a therapeutic value [108]. For this reason, another useful approach to increase
intracellular glutathione in CF is by using GSH pro-drugs, like NAC, and MEA.

NAC is the most common agent used as a mucolytic agent in CF, able to break disulfide bonds between
mucin macromolecules in vitro and in vivo [115], thus depolymerizing mucus and facilitating its removal from
the respiratory tract. Also, NAC may act as an oxygen radical scavenger [184]. NAC can be administered both
by inhalation and orally. Inhaled administration is usually prescribed to CF patients to improve the
expectoration of sputum by reducing its tenacity but it has some side-effects, like its unpleasant sulfurous
smell; moreover, it can cause bronchospasm, it is a time-consuming procedure, and it is rapidly oxidized in
the highly oxidizing CF airway [185]. Oral administration is considered more efficient [186] because it is
absorbed by the intestinal epithelium, and it can be rapidly metabolized to liberate cysteine, which can be used
by cells to synthesize GSH in the cytoplasm, in order to increase the antioxidant capacity in the lung [187]. A
study conducted on cultured CF airway epithelial cells showed that NAC could have some effects upon CFTR
function, like improving the duration and frequency rate of chloride efflux by probably changing the redox
potential that affects CFTR channel gating [188][189]. NAC may also restore the activity of Nrf2, which is
decreased in CF, and decrease the production of inflammatory cytokines such as IL-8 and IL-6 [187]. Conrad
and colleagues designed a long-term treatment of orally administered NAC, which results showed that this
molecule is safe and can be used to prevent lung deterioration [187].

MEA, approved by the FDA in 1994, is used for the treatment of the rare disease known as cystinosis [187].
It has been used for more than 20 years, thus there are a lot of data that indicate MEA as a safe drug. However,
its activity has not been fully established in CF; moreover, its pharmacokinetics and tolerability might be
different in CF patients and can not be extrapolated from the cystinosis data. For this reason, Devereaux and
colleagues tested oral administration of MEA and found that MEA levels were higher in the bronchial secretion
than in the plasma [190]. MEA has received an Orphan Drug Designation in CF as a mucolytic because of its
ability to break disulfide bonds [191], an interesting characteristic that could be useful in the treatment of CF.
It was also demonstrated that MEA has antimicrobial properties and is able to disrupt the bacterial biofilm,
suggesting that it could be used in addition to the classical antibiotic treatments used in CF [192]. Interestingly,
it was found to improve the clearance activity against P. aeruginosa of macrophages with the F508del CFTR

mutation [193].
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4.2 Aim of the study

Because of the fundamental role of redox state and GSH depletion in CF, we investigated if I-152 was able
to modulate the inflammatory response in CF macrophages by altering the redox homeostasis of these cells.
The CF inflammatory response is characterized by the fact that it increases until it becomes self-perpetuating,
leading to a deterioration of the CF lung function. Therefore, the aim was to find a way to help the macrophages
to decrease the pro-inflammatory state, without suppressing the inflammatory response. Moreover, 1-152, as
said above, is a molecule able to release NAC and MEA. The interesting characteristics of both molecules as
mucolytic, antimicrobic, biofilm breaker, could make I-152 a valuable drug for CF able to alter the redox state
and, at the same time, to show the features of both NAC and MEA.

The experiments were performed on the CF model consisting of monocytes obtained from transgenic
CFTR™ (B6.129P2-Cftr™!'V"*) mice and differentiated in vitro into macrophages.

Thereafter, the anti-inflammatory capacity of I-152 was confirmed in RAW 164.7 cells, which is a murine

macrophage cell line.
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4.3 Materials and methods

4.3.1 Reagents

1-152 was synthesized by a research group at the Institut des Biomolecules Max Mousseron, Université
Montpellier (France), with which the Department of Biomolecular Sciences collaborates [127].

Pseudomonas aeruginosa LPS (PA-LPS) (Sigma-Aldrich) was prepared in PBS at 100X stock solution and

used at a concentration of 10 pg/ml.

4.3.2 CF bone marrow-derived macrophages: isolation, culture, and treatments

These experiments were performed in collaboration with Professor Emanuela Bruscia from Yale
University, with whom the Section of Biochemistry and Biotechnology has been collaborating for some years.
Cells were obtained from transgenic CFTR™" (B6.129P2-Cftr™!Vn¢) (CF cells) and wildtype (WT cells) mice.
The animals were sacrificed, and bone-marrows (BM) were collected. Briefly, bones were ground with a
mortar and pestle and then filtered in a 50 ml vial with PBS to eliminate any residual muscle tissue. The bone
marrows were centrifuged at 1400 rpm for 6 minutes. The pellet was resuspended in Dulbecco’s Modified
Eagle Medium High Glucose (DMEM) supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100
U/ml penicillin, 100 pg/ml streptomycin (Gibco, Thermo Fisher Scientific, USA), 20 ng/ml recombinant
macrophage colony-stimulating factor (M-CSF) (ConnStem Inc., USA), and were put in culture in a 75 cm?
flask overnight. The next day, the nonadherent cells were transferred to a 175 cm? flask and let to differentiate
for about 7 days [162]. Finally, cells were detached, counted, and plated at a concentration of 1x10° cells/well
in 6-well plates (035 mm dishes) (Corning Incorporated, USA). Treatments were performed the next day.

To determine GSH and cysteine levels, and IkB-a and p-p65 expression after LPS stimulation, CF and WT
cells were incubated with 10 pg/ml of P. aeruginosa LPS for 15, 30 minutes, and 1 hour; two wells were
prepared per condition for each time point. The cells, after 2 washes with PBS, were lysed and treated for thiols
quantification (paragraph 4.3.4), and Western immunoblotting analysis (paragraph 4.3.13).

In the experiments aimed at determining cytokine expression and thiols quantification, after 1h treatment
with LPS (10 ug/ml), I-152 at different concentrations (0.25, 1, and 5 mM) was added to the cells for 6h. Two
wells were prepared per condition, the cells of one well were collected for the study of RNA expression at 6
hours (paragraph 4.3.10), while in another well, after washing, fresh medium was added until the next morning.
At this time, the culture medium was collected and stored at -80°C until analysis (paragraph 4.3.8), and cells

were lysed for intracellular thiol quantification (paragraph 4.3.6).

4.3.3 RAW 264.7 cells: culture and treatments

RAW 264.7 cells, a murine macrophage cell line, were cultured in DMEM, supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 pg/ml streptomycin, and 100 U/ml penicillin
(Sigma Aldrich, Milan, Italy). Cells were plated in 6-well plates (35 mm dishes) (Greiner Bio-One, Germany)
at an initial concentration of 4-10x10* cells/ml in a volume of 2 ml of culture media, and let to incubate at
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37°C and 5% CO.. After three days, when the cells had a confluence of 70-80%, two washes with physiological
saline solution (NaCl 0.9%, K;HPO., pH 7.4; PBS) were performed, and then we proceeded with the
treatments.

To determine GSH and cysteine levels after LPS stimulation, RAW 264.7 cells were incubated with 10
ug/ml of E. coli LPS for 15, 30 minutes, and 1, 2, 4, 6 hours. At each time point, the cells, after 2 washes with
PBS, were lysed and treated as described (paragraph 4.3.6).

To determine intracellular thiol species after treatment with 1-152, RAW 264.7 cells were incubated with
the molecule at the concentration of 1 mM, and after 30 min they were washed with PBS, lysed, and processed
for thiol analysis as described (paragraph 4.3.6).

In the experiments aimed at determining the cytokine expression after challenging with LPS (10 pg/ml for
1h), I-152 at different concentrations (0.062 - 1 mM) was added to the cells for 6h. Two wells were prepared
per condition, as the cells of one well were collected for the study of RNA expression at 6 hours, while in
another well, after washing with PBS, fresh medium was added until the next morning. At this time, the culture

medium was collected and stored at -80°C until analysis (paragraph 4.3.12).

4.3.4 Preparation of samples for the determination of GSH, cysteine, and other thiol species

After the treatments, cells were washed twice with PBS. Thereafter, 100 pul of lysing solution (0.1% (v/v)
Triton X-100, 0.1 M Na,HPO4, 5 mM EDTA, pH 7.5), 15 ul of 0.1 N HCI, and 140 ul of precipitating solution
(100 ml containing 1.67 g of glacial metaphosphoric acid, 0.2 g of disodium EDTA, and 30 g of NaCl) were
added to each dish. The lysates were recovered by using a rubber scraper, transferred into 1.5 ml microtubes
(Sarstedt, Germany), and kept on ice for 10 minutes. After centrifugation at 12000 rpm for 10 minutes at 4°C,
the pellet was separated from the supernatant. The former was used for spectrophotometric determination of
the proteins (paragraph 4.3.5), while the latter was used for the determination of thiol species by HPLC
(paragraph 4.3.6).

4.3.5 Spectrophotometric determination of proteins

The pellet obtained as described in paragraph 4.3.4 was dissolved in 0.1 N NaOH, and protein concentration
was determined by the Bradford assay. A 1 ml plastic cuvette (10x4x45 mm Sarstedt, Germany) containing
800 ul of double-distilled H,O + 200 pl of Protein Assay Dye Reagent (Bio-Rad, USA) was used as blank. In
the other two cuvettes were added 5 or 10 ul of protein extract + 795 or 790 ul of double-distilled HO
respectively + 200 ul of Protein Assay Dye Reagent Concentrate. Absorbance measurements were performed
with a spectrophotometer at 595 nm. Quantitative measurements (ug of total proteins) were obtained by using

a calibration curve, obtained with different concentrations of albumin dissolved in 0.1 N NaOH.
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4.3.6 Determination of GSH and other thiol species by high-performance liquid chromatography
(HPLC)

The supernatant obtained as described in paragraph 3.3.4 was filtered through a 0.22 pm pore size
membrane. Therefore, to 60 ul of the sample was added 15 ul of 0.3 M Na,HPOs, and 7.5 ul of DTNB (50 ml
containing 20 mg of 5,5’-dithio-bis-(2-nitrobenzoic acid), and 1% sodium citrate tribasic dihydrate). The
obtained mixture was immediately stirred for 1 min at room temperature (RT), left in the dark for 5 min at RT,
and lastly used for determination of GSH and other thiol species by HPLC; this method was developed to
specifically determine intracellular and intra-tissue thiol species [194]. A Teknokroma Tracer Excel guard-
column with a 10x3.2 mm ODS filter (Teknokroma Analitica SA, Spain) and a BDS Hypersi ITM C18 150x4.6
mm column (TermoFisher Scientific, United States) was used for the analysis. The mobile phase consisted of
buffer A containing 10 mM KH,POj4 solution, pH 6, and buffer B consisting of 40% (v/v) of buffer A and 60%
(v/v) of acetonitrile. The elution conditions were: 100% buffer A for 10 min, 15 min up to 100% buffer B, and
hold 5 min. The gradient was brought back to 100% buffer A in 3 min. The flow rate was 1 ml/min, and the
detection was performed at 330 nm. Quantitative measurements were obtained by injection of standards of
known concentration (paragraph 4.3.7) and values were normalized on protein concentration (paragraph 4.3.5),

by using the following mathematical formula:

peak area of the thiol species o 255 « DF X 1000 __ picomoles of the thiol species
STD area 50 g of protein ug of protein

STD area = 1 nmole area of the thiol species considered;
255 = initial volume (uL) of the sample (100 uL lysant +15 uLL HC1 + 140 uL precipitating solution);
50 = volume (uL) injected into HPLC;

DF = dilution factor (in this case it corresponds to 1.375).

4.3.7 Preparation of standard solutions for HPLC

The spectrophotometric determination of standard solutions (STD) of thiol species was determined at 412
nm. A 1 ml plastic cuvette (10x4x45 mm Sarstedt, Germany) containing 200 pL of double-distilled H,O + 600
pL of Na,HPO,4 was used as blank (B); while another 1 ml cuvette contained 200 pL of 0.05 mM STD + 600
pL of Na,HPO4. Absorbance was determined both before and after the addition of 80 pL of a solution
containing DTNB (prepared as described in paragraph 3.3.6). The following formula is then applied to

determine the actual concentration of the prepared STD:

A|STD| — A|B|
13600

13600 = Absorbance (Abs) of 1umole of TNB;

4.4 = sample dilution.
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The STD were then injected into HPLC at a concentration of 20 uM, prepared by adding 10 ul of DTNB
solution to 100 uL of 22 uM STD. The samples were stirred for 1 minute at RT and kept for 5 minutes in the
dark at RT.

4.3.8 Cytokine quantification by ELISA

The cytokines (IL-6, TNF-qa, IL-10) released into the culture medium by the cells were determined by an
ELISA (enzyme-linked immunosorbent assay) procedure following the instructions described in the kit
(ELISA MAX Deluxe Set Mouse BioLegend, San Diego). In each well of the ELISA plate, 100 pl of Capture
Antibody diluted in Coating Buffer A 1X was added and the plate was then left to incubate at 4°C overnight.
The following day 4 washes were made with TPBS (10 mM NaH,POs, 154 mM NaCl, pH 7 (PBS) + 0.1%
Tween-20) and each well was blocked with 200 pl of Assay Diluent A 1X for 1 hour under stirring at RT. All
subsequent incubations were carried out in this way. After 4 washes with TPBS, 100 pl per sample well, and
the standards serially diluted (500-15.6 pg/ml) were plated in 1X Assay Diluent A and the plate was left to
incubate for 2h. At the end of the incubation, 4 other washes were carried out with TPBS and 100 pl of
Detection antibody 1X diluted in Assay Diluent A 1X were plated. After 1 hour of incubation, after 4 washes
with TPBS, 100 ul of Avidin-HRP were plated and the plate was left to incubate for 30 minutes. After a final
wash, 100 pl of TMB Substrate Solution (50% Substrate Solution A and 50% Substrate Solution B) was plated
and the plate was left to incubate for 20 minutes in the dark at RT. Finally, 100 ul of Stop Solution (2N H>SO4)
was added and the absorbances were read at 450 nm and 570 nm using a Model Benchmark microplate reader
(Bio-Rad, USA). Concentrations were calculated using a standard curve obtained from known cytokine

concentrations included in the assay kit.

4.3.9 CF: Extraction and quantification of total RNA

The RNeasy mini kit (Qiagen) was used for the extraction of total RNA and the manufacturer's instructions
were followed. The cells were lysed with 700 pul of Trizol and the lysates were collected in 1.5 ml microtubes.
140 ul of chloroform were added to each tube and the solution was manually mixed a few times. After 2-3 min
of incubation at RT, the lysates were centrifuged at 12000 rcf for 15 sec at 4°C. Next, the resulted clear liquids
on top were collected and put in a second set of 1.5 ml microtubes, and about 360 pl of EtOH 100% was added
and moved into columns to start the RNA extraction. The mix was centrifuged at 8000 rpm for 15 sec and the
flow-through was discarded. After a wash with the washing buffer RWT, the DNAse mix was added to each
column and left to incubate for 30 min at RT. Next, the columns were washed again with RWT. 500 pl of RPE
buffer were added and columns were then centrifuged 3 times; the last time columns were centrifuged for 1
min at maximum speed to dry the membranes. Finally, RNA was eluted in 1.5 ml microtubes with 30-50 The
columns were first centrifuged for 1 min at maximum speed to dry the membranes, then placed in 1.5 ml

microtubes in which the RNA was eluted with 30-50 pl of RNase-free water. The total RNA extracted was
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measured spectrophotometrically by NanoDrop and the purity of the sample was measured by the ratio between

the absorbances A260/A280.

4.3.10 CF: Synthesis of cDNA and Real-Time PCR for the analysis of genes that code for
inflammatory cytokines

The SuperScript™ II Reverse Transcriptase kit (Thermo Fisher Scientific, USA) was used to obtain cDNA
from 0.5 pg of total RNA, following the manufacturer’s specifications. A first reaction containing Oligo(dT),
RNA and dTNP Mix was prepared. The solution was heated to 65°C for 5 min and quickly chilled on ice.
Next, First-Strand Buffer, DTT, and RNaseOUT™ were added and left to incubate at 42°C for 2 min. Finally,
200 units of SuperScript™ II RT were added. The resulting 20 pul solution was incubated at 42°C for 50 min,
and the reaction was inactivated by heating at 70°C for 15 min. The analysis of the target genes involved in
inflammation (IL-6, TNF-qa, 1L-10) was performed by real-time PCR, with a quantitative-comparative
approach; 18s was used as housekeeping. The analysis was performed with a Bio-Rad iCycler (Bio-Rad, USA)
using TagMan technology. The data analysis was based on the AACt method with the normalization of raw
data on the housekeeping gene, and the results were calibrated on the cDNA of the untreated cells. The used

primers were purchased from Applied Biosystems (Life Technology).

4.3.11 RAW 264.7: Extraction and quantification of total RNA

The RNeasy Plus Mini Kit (Qiagen) was used for the extraction of total RNA and the manufacturer's
instructions were followed. The cells were lysed with 350 pl of RLT buffer and the material was collected in
sterile 1.5 ml microtubes (Sarstedt, Germany). The genomic DNA of the lysate was eliminated thanks to the
use of gDNA Eliminator columns provided by the kit, which were centrifuged for 30 seconds at 8000 xg. 350
ul of 70% ethanol were added to the flow-through and the final 700 pl were transferred to columns to proceed
with the RNA extraction. The columns were centrifuged for 15 seconds at 8000 xg and the flow-through was
eliminated. A first wash was carried out for 15 seconds at 8000 xg with 700 pul of buffer RW1 to eliminate
biomolecules such as carbohydrates, proteins, and fatty acids. The flow-through was eliminated and two
washes were carried out with 500 ul each of buffer RPE, useful for eliminating any traces of salts present in
the column. The columns were first centrifuged for 1 min at maximum speed to dry the membranes, then
placed in 1.5 ml microtubes in which the RNA was eluted with 30-50 ul of RNase-free water. The total RNA
extracted was measured spectrophotometrically by NanoDrop and the purity of the sample was measured by

the ratio between the absorbances A260/A280.

4.3.12 RAW 264.7: Synthesis of cDNA and Real-Time PCR for the analysis of genes that code for
inflammatory cytokines

Complementary DNA (cDNA) was synthesized by reverse transcribing 0.5 pg of total RNA, a reaction
catalyzed by reverse transcriptase, using the PrimeScript RT Master Mix (Perfect Real Time) kit (Takara Bio
Inc.) and following the manufacturer's directions. The reverse transcription process was performed in a final
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volume of 10 pl and the latter was subjected to a cycle of 15 minutes at 37°C and 15 sec at 85°C to inactivate
the reverse transcriptase. The samples were kept at -80°C until they were used. The analysis of the target genes
involved in inflammation (IL-6, TNF-a, IL-10) was performed by real-time PCR, with a quantitative-
comparative approach; 18s was used as housekeeping. The reactions were carried out on a final volume of 25
ul, using the Hot-Rescue Real-Time PCR Kit Sybr Green (Diatheva s.r.l.), 2 ul of cDNA, and primers at a
concentration of 200 nM. The amplification was conducted using the 7500 Real-Time PCR System Applied
Biosystems (Thermo Fisher Scientific, USA) instrument. The data analysis was based on the AACt method
with the normalization of raw data on the housekeeping gene, and the results were calibrated on the cDNA of
the untreated cells. The PCR protocols consisted of a 10-minute cycle at 95°C followed by 40 specific cycles
for each target gene, the indications of which are shown in Table 4.2. The primers used for gene amplification

are shown in Table 4.3.

Table 4.2 Real-Time PCR protocols used to amplify the target gene involved in the inflammation (IL-10, IL-6, and TNF-a) in RAW
264.7 cells. For the IL-10 gene target, it was performed a 3-steps cycle (denaturation, annealing, and extension), while for the gene
targets IL-6 and TNF-alpha it was performed a 2-steps cycle.

Target gene Denaturation Annealing Extension
IL-10 95°C, 15 sec 65°C 20 sec 72°C, 35 sec
IL-6 95°C, 15 sec 60°C, 45 sec

TNF-a 95°C, 15 sec 60°C, 45 sec

Table 4.3 Primers used for gene expression analysis of target genes involved in inflammation (IL-10, IL-6, and TNF-o)) and of the
housekeeping gene (18s) in RAW 264.7 cells.

Target gene Forward primer Reverse primer
IL-10 CCAGTTTTACCTGGTAGAAGTGATG | TGTCTAGGTCCTGGAGTCCAGCAGACTC
IL-6 ACTTCACAAGTCGGAGGCTT TGCCATTGCACAACTCTTTTC
TNF-a CCCACGTCGTAGCAAACCA ACAAGGTACAACCCATCGGC
18s GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

4.3.13 Western immunoblotting analysis of the NF-kB pathway

After the treatment described in paragraph 4.3.2, two washes with PBS were performed and cells were
lysed for Western immunoblotting analysis on ice. To do that 100 ul of lysis buffer [S0 mM Tris / HCI pH 8.0,
2% (w/v) SDS (Sodium dodecyl sulfate), 40 mM N-ethylmaleimide (NEM), 0.25 mM of sucrose supplemented
with protease inhibitors] were put on each well, and whole-cell lysates were collected into 1.5 ml microtubes
using a rubber scraper, and immediately put on ice. Next, the contents of the microtubes were boiled for 5
minutes, sonicated at 70W for 40 sec, and centrifuged 12000 rpm at RT. The protein content was determined
in the supernatant according to the Lowry assay. Proteins were resolved by SDS polyacrylamide gel
electrophoresis (SDS-PAGE) and electroblotted onto polyvinyldene difluoride (PVDF) membrane. Next, the
membrane was blocked in 5% (w/v) nonfat dry milk powder (Cell Signaling Technologies) dissolved in TTBS
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(150 mM Tris-HCI pH 7.4; 150 mM NacCl; 0.1% (v/v) Tween-20) for 1h at RT. The membrane was then
incubated overnight at 4°C with the following primary antibodies: IkBa (Cell Signaling Technologies, #9242),
p-p65 (Cell Signaling Technologies, #3033), and B-ACTIN (Cell Signaling Technologies, #4967). The next
morning, the primary antibodies were removed and incubation with horseradish peroxidase (HRP)-conjugated
secondary antibody (Bio-Rad, Hercules, CA, USA) was performed for 1h at RT. Finally, the immunoreactive
bands were visualized by the enhanced chemiluminescence detection kit WesternBright ECL (Advansta,
Bering Dr, San Jose, CA USA); detection and quantification were performed by using the Image Lab software

(Bio-Rad, Hercules, CA, USA).

4.3.14 Statistical analysis
The statistical analysis was performed using the t-test, and a Prism software version 6.0 was used

(GraphPad, San Diego, CA, United States). p values < 0.05 were considered significant.
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4.4 Results

4.4.1 Results obtained in the CF model
Most results obtained in this model derive from one experiment; this is because of the inability to attempt

replicate experiments due to the limited quantity of cells that can be isolated from the BM of each mouse.

4.4.1.1 Western immunoblotting analysis

The NF-kB pathway, involved in the production of cytokines implicated in the inflammatory response, is
known to be activated by the linkage between LPS, a component of the bacterial cell wall, and the TLR4
present on the cell membrane of cells like macrophages [195]. To investigate the ability to activate this cascade,
CF cells were challenged with PA-LPS at a concentration of 10 pg/ml for different times, and Ikb-o and p-p65
levels were examined. Ikb-a is the protein that keeps NF-kB in an inactivated state in the cytoplasm; after LPS
stimulation the NF-kB cascade is activated and leads to IkB-a degradation [196] p-p65 is the phosphorylated
subunit of NF-kB, which was found to be LPS-induced [197].

The results of the western immunoblotting analysis seem to suggest that LPS treatments decrease IkB-a
levels with respect to NO LPS and that the protein remains low at all the time points considered, even if a
slight time-dependent increase can be observed (Figure 4.1a). The levels of p-p65 appear to increase after LPS

treatment at all time points, especially after 15 min (Figure 4.1b).
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Figure 3.1 Western immunoblotting analysis of Ikb-a (a) and p-p65 (b) expressions in CF cells after PA-LPS stimulation at a
concentration of 10 pg/ml. At the time point shown in the figure (15, 30, and 60 min), cells were lysed and the proteins were resolved
by electrophoretic separation in SDS-PAGE, blotted onto a PVDF membrane, and probed with antibodies against IkB-a and p-p65.
Immunoreactive bands were quantified with the Image Lab software and normalized on actin. The reported results come from a single
experiment. Each value is the average of two technical replicates.
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4.4.1.2 Determination of GSH levels after stimulation with LPS from P. aeruginosa

Data present in the literature show an alteration of the redox state during the inflammatory process [198].
It is known that stimulation with LPS brings to the activation of genes implicated in the inflammatory response
[199]. Furthermore, in some experimental models stimulation with LPS causes an increase in ROS, and a
decrease in GSH content with consequent oxidative stress [198]. For these reasons, GSH and cysteine levels
were determined at different time points after stimulation with PA-LPS at a concentration of 10 ug/ml. The
results reported in Figure 4.2 seem to suggest a slight depletion of the GSH levels after 30 min of LPS exposure,
while at 1h the tripeptide content appear to be higher than the unstimulated control; it was not possible to

determine cysteine levels because of the exiguous number of cells.
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Figure 4.2 Intracellular GSH content in CF cells after LPS stimulation of P. aeruginosa at a concentration of 10 pg/ml. At the time
point shown in the figure (15, 30, and 60 min), the cells were lysed with a solution containing Triton-X, and the proteins precipitated
with metaphosphoric acid as described in Materials and Methods. GSH levels were determined by an HPLC method by derivatizing
thiol species with DTNB [194]. The reported results come from a single experiment. Each value is the average of two technical
replicates.

4.4.1.3 Determination of GSH and cysteine content after LPS and I-152 treatment

Since PA-LPS seems to influence the intracellular GSH levels, we wanted to determine whether it was
possible to affect the overall thiol content by using I-152. To do that, CF cells were challenged with PA-LPS
and then fresh medium with or without I-152 was added, as described in Figure 4.3; after 24h the intracellular
levels of GSH and cysteine were determined. The effects of the different treatments on the GSH content seem
suggest a higher concentration of the tripeptide in all the samples challenged with LPS. In particular, the
highest concentration was detected in the cells stimulated with LPS and treated with 5 mM I-152 (Figure 4.3a).
Interestingly, cysteine levels seem to be very low in the LPS-challenged sample while, as foreseeable, they
appear to be higher in the cells after the treatment with LPS and I-152, particularly in those treated with 5 mM
1-152 (Figure 4.3b).
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Figure 4.3 GSH (a) and cysteine (b) content in CF cells stimulated with PA-LPS (10 pg/ml) for 1h, then treated for 6h with I-152 at
the indicated concentrations, and finally, after washes with PBS, fresh medium was added until the next morning. Cells were lysed
with a solution containing Triton-X and the proteins precipitated with metaphosphoric acid as described in Materials and Methods.
GSH levels were determined by an HPLC method by derivatizing thiol species with DTNB [194]. The reported results come from a
single experiment. Each value is the average of two technical replicates.

4.4.1.4 Modulation of LPS-induced cytokine production by I-152

It is known that the redox state, and in particular GSH levels, play an important role in regulating the cellular
responses involved in the immune response including the production of cytokines by macrophages [200];
moreover, inflammation is a relevant and problematic aspect in the pathogenesis of CF. For this reason, we
investigated whether the shift of the redox balance towards a reduced state by I-152 could affect the cytokine
response induced by PA-LPS in CF macrophages. To this aim, the cells were stimulated with LPS for 1h, and
then 1-152 was added at different concentrations. It was studied how the LPS treatment stimulated the
production of both anti-inflammatory (IL-10) and pro-inflammatory (IL-6 and TNF-alpha) cytokines, and how
the treatment with I-152 influenced this response. To do that, both the expression of mRNA and the secretion
of cytokines in the culture medium were studied.

The mRNA analysis of IL-10 (Figure 4.4a) shows that the expression is significantly decreased only by 5
mM [-152, while the lower concentrations (0.25 and 1 mM) do not affect it. The protein expression of IL-10
(Figure 4.4b) seems to be moderately affected by 0.25 mM I-152 while the effect may be more consistent when

I-152 was used at concentrations of 1 and 5 mM.
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Figure 4.4 1L-10 levels in CF cells stimulated with PA-LPS (10 pg/ml) for 1h and then treated for 6h with 1-152 at the indicated
concentrations. After cells were lysed, total RNA was extracted and retrotranscribed into cDNA. Relative mRNA expression was
determined by real-time PCR technique and calculated with the AACt method using the 18s gene as housekeeping, as described in
Materials and Methods. The values are the mean + S.D. of three independent experiments (a). IL-10 secretion was determined in the
culture medium by the ELISA method and the concentration was calculated using a standard curve, as described in Materials and
Methods. The values are the mean + S.D. of two technical replicates (b). Condition 0 represents cells stimulated with LPS for 1h, to
which, after removal of the stimulus, a medium not containing I-152 was added. *p<0.05.

The mRNA analysis of IL-6 (Figure 4.5a) shows a slight decrease of this parameter at concentrations of
0.25 and 1 mM I-152 while the reduction becomes statistically significant with the treatment of 5 mM I-152.
The protein expression appears to be similar to the mRNA trend, showing a decrease in the concentration of

the secreted protein (Figure 4.5b), which is particularly evident at the highest concentration of [-152 (5 mM).
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Figure 4.5 IL-6 levels in CF cells stimulated with PA-LPS (10 pg/ml) for 1h and then treated for 6h with I-152 at the indicated
concentrations. After cells were lysed, total RNA was extracted and retrotranscribed into cDNA. Relative mRNA expression was
determined by real-time PCR technique and calculated with the AACt method using the 18s gene as housekeeping, as described in
Materials and Methods. The values are the mean + S.D. of three independent experiments (a). IL-6 secretion was determined in the
culture medium by the ELISA method and the concentration was calculated using a standard curve, as described in Materials and
Methods. The values are the mean + S.D. of two technical replicates (b). Condition 0 represents cells stimulated with LPS for 1h, to
which, after removal of the stimulus, a medium not containing I-152 was added. *p<0.05

The study of TNF-a expression shows no differences in mRNA expression after I-152 treatment compared
to LPS-stimulated and untreated cells (Figure 4.6a). On the contrary, the protein production seems to decrease

in a dose-dependent way (Figure 4.6b). It should be emphasized that the results regarding the secretion of
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proteins for all the cytokines analyzed are preliminary and their trend may be considered indicative, as they

come from a single experiment.
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Figure 4.6 TNF-a levels in CF cells stimulated with PA-LPS (10 pg/ml) for 1h and then treated for 6h with I-152 at the indicated
concentrations. After cells were lysed, total RNA was extracted and retrotranscribed into cDNA. Relative mRNA expression was
determined by real-time PCR technique and calculated with the AACt method using the 18s gene as housekeeping, as described in
Materials and Methods. The values are the mean + S.D. of three independent experiments (a). TNF-a secretion was determined in the
culture medium by the ELISA method and the concentration was calculated using a standard curve, as described in Materials and
Methods. The values are the mean + S.D. of two technical replicates (b). Condition 0 represents cells stimulated with LPS for 1h, to
which, after removal of the stimulus, a medium not containing I-152 was added.

4.4.2 Results obtained in RAW 264.7

4.4.2.1 Determination of GSH levels after stimulation with LPS from E. coli

A further investigation was performed on a second model of inflammation consisting of RAW 264.7 cells
challenged with LPS from E. coli at the concentrations of 5 and 10 pg/ml. The results reported in Figure 4.7a
seem to confirm the slight decrease of GSH content after 30 min of LPS stimulation at a concentration of 10
pg/ml. In this model, it was possible to investigate the changes in GSH levels for more time points, until 6h of
stimulation. At later time points (2h, 4h, and 6h) data seem to suggest a progressive increase of the intracellular
content of the tripeptide compared to the relative unstimulated controls. The stimulation with LPS at a
concentration of 5 pg/ml does not appear to cause any decrease in GSH content; on the contrary, the tripeptide
levels are higher than the relative unstimulated controls at all the time points considered, except for the 15 min
stimulation. In Figure 4.7b the trend of cysteine levels only in cells stimulated with 10 pg/ml are reported; it
may be observed a slight decrease of the amino acid at 1h and 2h, while at later time points (4h and 6h) the

concentrations seem to be higher than the relative controls.
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Figure 4.7 Intracellular content of GSH (a) and cysteine (b) in RAW 264.7 cells after stimulation with LPS from E. coli at the
concentrations of 5 and 10 pg/ml. At the time points shown in the figures (15, 30 min and 1, 2, 4, and 6h), the cells were lysed with a
solution containing Triton-X, and the proteins precipitated with metaphosphoric acid as described in Materials and Methods. GSH and
cysteine levels were determined by an HPLC method by derivatizing thiol species with DTNB [194]. The results represent the mean +
S.D. of 2 values from independent tests. Each value is the average of two technical replicates.

4.4.2.2 Determination of GSH and other thiol species content after 30 min I-152 treatment

In order to evaluate the ability of I-152 to increase intracellular GSH level just at the time when a drop in
GSH was observed after LPS stimulation, RAW 264.7 cells were treated with 1 mM 1-152 for 30 min. The
treatment with [-152 seems to induce an increase of GSH above physiological levels (Figure 4.8a). Moreover,
other thiol species can be found, such as the amino acid cysteine, NAC, and MEA coming from the metabolism
of I-152, and 1-152 itself. It may be observed that MEA is the thiol species at the lowest concentration, while

NAC is the one present at the highest concentrations (Figure 4.8b).
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Figure 4.8 Intracellular content of GSH (a) and other thiol species (CIST, NAC, MEA, 1-152) (b) in RAW 264.7 cells after treatment
with I-152 1 mM for 30 min. The cells were lysed with a solution containing Triton-X and the proteins precipitated with metaphosphoric
acid as described in Materials and Methods. The levels of GSH, CIST, NAC, MEA, 1-152 were determined with HPLC by derivatization
of'the thiol species with DTNB [194]. The reported results come from a single experiment. Each value derives from the average of two
technical replicates.
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4.4.2.3 Modulation of LPS-induced cytokine production by I-152

The effects of 1-152 on the modulation of cytokine production after stimulation with LPS were evaluated
also on RAW 264.7 cells. The range of concentrations selected for I-152 is different from the previous one,
going from 0.062 to 1 mM.

The mRNA expression of IL-10 seems to be not affected by I-152 treatment at the concentrations of 0.062
and 0.125 mM, while it is decreased by the concentrations 0.25 and 1 mM of the molecule (Figure 4.9a). The
results regarding the production of the protein show no differences, except for a slight decrease with 1 mM of
1-152 (Figure 4.9b).
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Figure 4.9 IL-10 levels in RAW 264.7 cells stimulated with E. coli LPS (10 pg/ml) for 1h and then treated for 6h with 1-152 at the
indicated concentrations. After cells were lysed, total RNA was extracted and retrotranscribed into cDNA. Relative mRNA expression
was determined by real-time PCR technique and calculated with the AACt method using the 18s gene as housekeeping, as described in
Materials and Methods (a). The concentration of IL-10 in the culture medium was determined by the ELISA method and was calculated
using a standard curve, as described in Materials and Methods (b). Condition 0 represents cells stimulated with LPS for 1h, to which,
after removal of the stimulus, a medium not containing 1-152 was added. The values are the mean = S.D. of two independent
experiments.

The results obtained by the evaluation of IL-6 expression may indicate that a slight drop in mRNA levels
is present with all [-152 concentrations used, although it appears to be more evident with 1 mM (Figure 4.10a),
while a decrease of the secreted protein was observed starting from the 0.125 mM concentration, which may

suggest a dose-dependent regulation (Figure 4.10b).
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Figure 4.10 IL-6 levels in RAW 264.7 cells stimulated with E. coli LPS (10 pg/ml) for 1h and then treated for 6h with 1-152 at the
indicated concentrations. After cells were lysed, total RNA was extracted and retrotranscribed into cDNA. Relative mRNA expression
was determined by real-time PCR technique and calculated with the AACt method using the 18s gene as housekeeping, as described in
Materials and Methods (a). The concentration of IL-6 in the culture medium was determined by the ELISA method and was calculated
using a standard curve, as described in Materials and Methods (b). Condition 0 represents cells stimulated with LPS for 1h, to which,
after removal of the stimulus, a medium not containing I-152 was added. The values are the mean = S.D. of two independent
experiments.

Finally, there seem to be no overall differences in the mRNA expression of TNF-a after the 1-152 treatments
(Figure 4.11a), while a dose-dependent decrease in the protein may be observed at all concentrations of the

molecule (Figure 4.11b).
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Figure 4.11 TNF-a levels in RAW 264.7 cells stimulated with E. coli LPS (10 pg/ml) for 1h and then treated for 6h with I-152 at the
indicated concentrations. After cells were lysed, total RNA was extracted and retrotranscribed into cDNA. Relative mRNA expression
was determined by real-time PCR technique and calculated with the AACt method using the 18s gene as housekeeping, as described in
Materials and Methods (a). The concentration of TNF-a in the culture medium was determined by the ELISA method and was
calculated using a standard curve, as described in Materials and Methods (b). Condition 0 represents cells stimulated with LPS for 1h,
to which, after removal of the stimulus, a medium not containing I-152 was added. The values are the mean + S.D. of two independent
experiments.
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4.5 Discussion

Many intracellular events involved in signal transduction, including those involved in the inflammatory
response, are regulated by the intracellular redox state. In particular, LPS stimulation is able to activate the
NF-kB pathway, which in turn leads to the degradation of IkB-a and the translocation of NF-kB to the nucleus
[41]. Several studies show that both E. coli LPS and PA-LPS induce GSH depletion [201]; however, the data
reported here appear to be not completely in agreement, because our findings may indicate a slight depletion
of GSH only after a short time of exposure (30 minutes), while at longer times the level of the tripeptide seemed
to be even higher than the one found in the controls. We can hypothesize that the cells can respond to this
modest GSH alteration by activating antioxidant systems that induce the synthesis of GSH, which goes beyond
the control values at longer times (Figure 4.7). Although the GSH decrease is modest, it seems sufficient to
induce NF-kB activation and expression of some inflammatory cytokines which is not affected by the next
increase of the tripeptide. It was already demonstrated that I-152 can be used to increase the intracellular GSH
level [127]; our results seem to confirm these findings and show that [-152 can cross the cellular membrane
quickly as indicated by the increased GSH content after 30 min-treatment with 1 mM I-152, suggesting that
this molecule can be used to prevent/avoid the decline induced by LPS. This appear to be confirmed by the
fact that I-152 was able to increase GSH levels in CF cells after stimulation with LPS. Moreover, 1-152
provides high concentrations of other thiol species such as cysteine, NAC, and MEA; cysteine could derive
from the deacetylation of NAC, or from the reduction of cystine reserves by MEA; MEA has always been
quantized at lower concentrations than NAC, probably due to its oxidation into cystamine [202]. These thiol
species, in particular cysteine, could be probably used by the cell to synthesize GSH, and at the same time,
MEA can activate the transcription factors involved in the expression of the genes responsible for the GSH
synthesis. More details about 1-152 metabolism are present in the Chapter 5. Indeed, in the case of CF cells
challenged with LPS, it seems that these cells can increase GSH levels by using cysteine which is the rate-
limiting amino acid of the GSH synthesis. The data also indicate that the increase of the tripeptide levels and/or
the presence of high concentrations of other thiol molecules (cysteine, NAC, MEA, and I-152) are useful to
regulate the cytokine expression induced by LPS (IL-6, TNF- o and IL-10) in both cellular models considered.
The results obtained suggest that I-152 may modulate IL-6 and IL-10 production by acting at the transcriptional
level as demonstrated by. reduced mRNA levels, while for TNF-a, I-152 could act at a later stage by regulating
either the synthesis of the protein or its degradation. The results obtained seem to suggest that [-152 is able to
modulate the inflammatory response induced by stimulation with LPS by inhibiting the production of the
cytokines IL-6 and TNF-a, thus showing to possess anti-inflammatory capabilities similar to other antioxidant
molecules such as NAC [201]. Based on the capacity of both cellular models to cope with the LPS-induced
GSH depletion, we can speculate that inhibition of inflammatory cytokines by I-152 treatment could be mainly
linked to the high concentrations of thiol species provided by I-152; although further studies are needed to
identify the exact mechanism of action. In this regard, it is well known that the canonical signaling pathway
involved in the inflammatory response presupposes the activation of the transcription factor NF-kB [203],

which is shown to be induced in the CF model after LPS stimulation. This transcription factor induces the
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production of cytokines that modulate the immune response (such as TNF-alpha, IL-1, IL-6, and IL-8) as well
as the production of adhesion molecules, which guide leukocytes to the sites of inflammation [204]. It has
previously been shown that other molecules capable of increasing intracellular GSH inhibit the expression and
release of inflammatory cytokines by blocking the activation of NF-kB [201] and presumably I-152 could also
act similarly but whether high GSH concentration or high thiol species are responsible for the observed effect
must be elucidated. Preliminary experiments conducted with high concentrations of I-152 have shown that the
molecule can inhibit IkB-a phosphorylation by acting on the IKK kinase. While comparable results have been
obtained in both models for IL-6 and TNF-a, different effects were observed in IL-10 production. IL-10 has
been described as an anti-inflammatory defense mechanism developed by the immune system in order to
control the excessive production of pro-inflammatory molecules and limit tissue damage as well as maintain
or restore tissue homeostasis [205]. Indeed, an interplay and a mutual influence between IL-6 and IL-10 have
been described in several pathologies suggesting a complex regulatory mechanism. It is therefore difficult to
foresee the final effect of I-152 because it will likely differ according to the experimental conditions and it will

depend on the presence of other cytokines.

4.6 Conclusions

In conclusion, our data show that the pathways that control the immune response are particularly sensitive
to the intracellular redox state and that I-152 by increasing GSH and delivering a great amount of molecules
carrying SH groups, could exert a specific anti-inflammatory action, suggesting a possible use in all those
pathological and metabolic states characterized by excessive production of inflammatory cytokines. The data
presented here are preliminary because the attention was mainly focused on the effects of 1-152 on the
inflammatory cytokines, so future studies will be needed to consolidate them and to identify the exact
mechanism of action. It will also be interesting to investigate the effects of I-152 on P. aeruginosa as an
antimicrobic, and biofilm breaker. Moreover, it would be interesting to study the interactions between 1-152
and pyocyanin, a toxin produced by P. aeruginosa that reacts with GSH and consequently decreases its content

in the lung of CF patients. [206].
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CHAPTER 5

In this section, the results obtained from the study of I-152 metabolism are reported. To do that we
examined how [-152 increases intracellular thiol species and how these modulate the pathways involved in
the synthesis and degradation of GSH.

(Submitted paper)
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5.1 Introduction

It was known that 1-152 could efficiently boost GSH both in vivo and in vitro, under physiological and
pathological conditions characterized by GSH depletion (i.e. viral infection) [126][130]. Although its capacity
to increase intracellular GSH level has been attributed to its ability to provide cysteine precursors, the exact
mechanism of action has not been yet elucidated. This study was aimed to further investigate whether 1-152

was able to modulate the signaling pathways involved in GSH synthesis and/or degradation.

5.2 Materials and methods

5.2.1 Reagents
(See Paragraph 4.3.1 in Chapter 4).

5.2.2 RAW 264.7 cells: culture and treatments

RAW 264.7 cells, a murine macrophage cell line, were cultured in DMEM, supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 pg/ml streptomycin, and 100 U/ml penicillin
(Sigma Aldrich, Milan, Italy). Cells were plated in 6-well plates (35 mm dishes) (Greiner Bio-One, Germany)
at an initial concentration of 1x10° cells/ml in a volume of 2 ml of culture media and let to incubate at 37°C
and 5% CO,. After three days, when the cells had a confluence of 70-80%, two washes with physiological
saline solution (NaCl 0.9%, KoHPOs, pH 7.4; PBS) were performed, and then we proceeded with the
treatments.

To determine intracellular thiol species after treatment with I-152, RAW 264.7 cells were incubated with
the molecule at different concentrations (0.062-1 mM) for 2, 6, and 24 h. Finally, they were washed with

phosphate buffered saline (PBS), lysed, and processed for thiol analysis as described (paragraph 5.3.3).

5.2.3 Preparation of samples for the determination of GSH, cysteine, and other thiol species
(See Paragraph 4.3.4 in Chapter 4).

5.2.4 Spectrophotometric determination of proteins

(See Paragraph 4.3.5 in Chapter 4).

5.2.5 Determination of GSH and other thiol species by high-performance liquid chromatography
(HPLC)
(See Paragraph 4.3.6 in Chapter 4).

108



5.2.6 Preparation of standard solutions for HPLC
(See Paragraph 4.3.7 in Chapter 4).

5.2.7 Western immunoblotting analysis

After the treatment described in paragraph 3.3.2, two washes with PBS were performed and cells were
lysed for Western immunoblotting analysis on ice. To do that 100 pl of lysis buffer [S0 mM Tris / HCI pH 8.0,
2% (w/v) SDS (Sodium dodecyl sulfate), 40 mM N-ethylmaleimide (NEM), 0.25 mM of sucrose supplemented
with protease inhibitors] were put on each well, and whole-cell lysates were collected into 1.5 ml microtubes
using a rubber scraper, and immediately put on ice. Next, the contents of the microtubes were boiled for 5
minutes, sonicated at 70W for 40 sec, and centrifuged 12000 rpm at RT. The protein content was determined
in the supernatant according to the Lowry assay. Proteins were resolved by SDS polyacrylamide gel
electrophoresis (SDS-PAGE) and electroblotted onto polyvinyldene difluoride (PVDF) membrane. Next, the
membrane was blocked in 5% (w/v) nonfat dry milk powder (Cell Signaling Technologies) dissolved in TTBS
(150 mM Tris-HCI pH 7.4; 150 mM NacCl; 0.1% (v/v) Tween-20) for 1h at RT. The membrane was then
incubated overnight at 4°C with the following primary antibodies: NRF2 (Cell Signaling Technology,
#D179C), GCLm (ABclonal, A5314), ChaCl (GeneTex, GTX120775), and B-ACTIN (Cell Signaling
Technologies, #4967). The next morning, the primary antibodies were removed and incubation with
horseradish peroxidase (HRP)-conjugated secondary antibody (Bio-Rad, Hercules, CA, USA) was performed
for 1h at RT. Finally, the immunoreactive bands were visualized by the enhanced chemiluminescence detection
kit WesternBright ECL (Advansta, Bering Dr, San Jose, CA USA); detection and quantification were
performed by using the Image Lab software (Bio-Rad, Hercules, CA, USA).

5.3.8 Statistical analysis
The statistical analysis was performed using the t-test two groups of data, and one-way ANOVA to compare
more than two groups. A Prism software version 5.0 was used (GraphPad, San Diego, CA, United States). p

values < 0.05 were considered significant.
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5.3 Results

5.3.1 Determination of GSH and other thiol species in I-152-treated cells

The ability of I-152 to affect the redox state was evaluated in the mouse macrophage cell line RAW 264.7.
Cells were treated with different concentrations of I-152 (0.062-1 mM) and thiol species (i.e. GSH, cysteine,
NAC, MEA, and I-152) were determined after 2, 6, and 24h (Figure 5).

GSH quantification after 2h treatment with 1-152 shows a dose-dependent increase up to the 0.25 mM
concentration. At this concentration, it can be observed a significant increase of the tripeptide compared to the
relative untreated control (0) (Figure 5.1a). In cells treated with 1 mM [-152, the increase of GSH was less
evident compared to the relative untreated control (0). A similar trend can be noted also at 6 hours when the
most significant increases of GSH content were registered in cells having received 0.125 and 0.25 mM of I-
152. On the contrary, ] mM I-152 caused a decrease in GSH content compared to the relative untreated control
(0) (Figure 5.1a). At 24h higher levels of GSH were determined in the samples treated with the lower
concentrations of I-152, while the higher concentrations lowered the tripeptide content (Figure 5.1a).
Regarding the thiol species (Figure 5.1b), after the 2h-treatments, a dose-dependent increase of all the thiols is
observed, except for the cysteine level in the cells treated with the highest concentration of I-152 (1 mM) which
was found to be lower than all other conditions. A dose-dependent trend can be observed after 6h treatment,

especially for I-152 and MEA. Finally, after 24h all the species are still detectable in all treatments.
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Figure 5.1 GSH (a) and other thiol species (b) content in RAW 264.7 cells treated with different concentrations of I-152 for 2, 6, and
24h. Cells were lysed with a solution containing Triton-X and the proteins precipitated with metaphosphoric acid as described in
Materials and Methods. The levels of GSH and other thiol species were determined by HPLC by derivatizing thiol species with DTNB
[194]. The values are the mean + S.D. of five independent experiments. * p <0.05, ** p <0.01, *** p <0.001.

5.3.2 Western immunoblotting analysis of Nfr2 and GCLm

The well-known GSH-boosting activity of 1-152, previously demonstrated both in vitro and in vivo, is
presumably due to its capacity to yield a high quantity of cysteine, as shown in Figure 5.2, that can be used for
GSH synthesis. Indeed, we have investigated if I-152 could influence the expression of Nrf2, known to induce
the expression of genes involved in GSH synthesis. To this aim, Nrf2 and GCLm protein expressions after the
treatment with I-152 at different concentrations (0.062-1 mM) for 2, 6, and 24h were investigated. As shown
in Figure 5.2a, I-152 treatment increased Nrf2 expression in a dose-dependent manner both after 2 and 24h of
incubation. To assess whether the accumulation of Nrf2 resulted in overexpression of target genes, both GCLC
and GCLM protein levels were determined. The results obtained show no changes in GCLC intracellular
concentration (data not shown), while GCLM protein levels were significantly increased at 6h incubation and

rose further at 24h (Figure 5.2b).
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Figure 5.2 Western immunoblotting analysis of Nrf2 (a) and GCLm (b) expression in RAW 264.7 cells after incubation
with I-152 at different concentrations (0.062-1 mM) at the time points shown in the figure (2 and 24h for Nrf2 expression;
6 and 24h for GCLm expression). Cells were lysed and the proteins were resolved by electrophoretic separation in SDS-
PAGE, blotted onto a PVDF membrane, and probed with antibodies against Nrf2 and GCLm. Immunoreactive bands
were quantified with the Image Lab software and normalized on actin. Values are the mean = S.D. of at least three
independent experiments. *p<0.05, **p<0.01.

5.3.3 Western immunoblotting analysis of ChaC1

Of course, GSH levels do not depend only on its rate of synthesis but also on its degradation. Thus, we
reasoned that at the highest I-152 concentrations tested, GSH overproduction may lead to reductive stress and
to the activation of degradative pathways to restore redox homeostasis [207]. Since GSH depletion has been
often associated with ChaCl expression, which controls intracellular GSH degradation under stressful
conditions, ChaCl levels were determined in cells treated with 1 mM I-152, but no significant differences with

respect to the control were observed at all the times considered (Figure 5.3).
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Figure 5.3 Western immunoblotting analysis of ChaCl expression in RAW 264.7 cells after ImM I-152 at the time points
shown in the figure (2, 6, and 24h). Cells were lysed and the proteins were resolved by electrophoretic separation in SDS-
PAGE, blotted onto a PVDF membrane, and probed with antibodies against Chacl. Immunoreactive bands were
quantified with the Image Lab software and normalized on actin. Values are the mean = S.D. of at least three independent
experiments.
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5.4 Discussion

The study of the mechanisms by which I-152 increases intracellular GSH levels showed that the molecule

is a potentpro-GSH since it provides high levels of NAC as well as cysteine and, interestingly, favors the
tripeptide production by inducing Nrf2 and, subsequently, GCLm protein expressions. The induction of GCLm
is fundamental for GSH synthesis because it has been demonstrated that its presence alone is sufficient to
increase GCLc activity. It has been demonstrated that GCLM levels are limiting within cells, thus up-regulation
of GCLM alone is sufficient to increase GCL catalytic activity by increasing holoenzyme formation. The
heterodimeric enzyme is more efficient in catalyzing the reaction and less sensitive to feedback inhibition by
GSH [208][209].
The study of thiol species in cells treated with I-152 showed a high amount of NAC, which was still detectable
when lower concentrations of the molecule were used; it is known that NAC can provide cysteine, the rate-
limiting amino acid of the GSH synthesis. MEA quantification showed that its levels were markedly lower
than those of NAC. This result was unexpected since 1-152 releases equimolar amounts of NAC and MEA. It
is possible that the MEA moiety, resulting from I-152 intracellular metabolization, could both be partly
oxidized (MEAs.s) and/or conjugated to other thiol species. Moreover, [-152 was still detectable, suggesting
that the molecule enters into the cells as it is, and that is mostly metabolized intracellularly.

MEA is known to increase intracellular GSH content due to its ability to reduce cystine into cysteine [124];
moreover, recent evidence has shown that MEAs s is a strong activator of Nrf2, while the reduced form MEA
is weaker, suggesting that it could be the oxidized form to activate the Nrf2 pathway [210].

The decreased GSH observed at the highest concentration of I-152 (1 mM) was thought to be due to the
activation of GSH degradation mechanisms; however, ChaCl was not induced. This aspect deserves further
investigation and it can be speculated that the high amounts of thiol species provided by I-152 could induce

reductive stress, thus inducing/enhancing mitochondrial oxidation and production of ROS [211].

5.5 Conclusions

The presented data show that [-152 can boost GSH not only delivering NAC and MEA inside the cells but
inducing an accumulation of the main transcription factor involved in GSH synthesis. Hence, it can be
considered a promising molecule to replenish GSH stores in all those pathologies characterized by GSH
depletion. Further studies will be necessary to investigate what occurs when I-152 is administered at high

concentrations.
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FINAL CONCLUSIONS
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Different redox-regulated pathways are involved in host responses towards several pathogens and alteration
in redox balance, often characterized by GSH depletion, represents an exquisite strategy to evade or circumvent
host innate immunity. These alterations can lead often to ineffective or exaggerated immune responses, which
hamper the resolution of infections and are detrimental for the host. The data shown in this thesis suggest that
the shift of the intracellular redox state towards a more reduced one could be a valid approach to influence
and/or re-establish a balanced immune response and to interfere with the thiol-based redox metabolism which
has a key role in vital processes for many pathogenic bacteria. Moreover, we can suggest that the idea of redox
homeostasis involved in the management of oxidative stress is restrictive, and it should be considered as a
fundamental metabolic and regulator key factor involved in several cellular functions, included the immune-

associated ones.
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