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1. INTRODUCTION

1.1. Iron

Iron is by far the most abundant transition metal on Earth. Iron can have more than one ionic form
and therefore oxidation state. For this reason, it participates in numerous biochemical reactions that
cannot be catalyzed by any other inorganic or organic compound. In general, this transition metal acts
as cofactor in different enzymes and electron transport complexes, as well as in proteins involved in
oxygen transport, such as hemoglobin and myoglobin. Nutritional or genetically derived deficiencies
of the metal are associated with a variety of pathologic conditions, including pernicious anemia.
Generally, iron is assumed through a balanced diet or as nutritional supplement. However, iron
homeostasis requires the levels of the metal be maintained in a definite functional range: lower
concentrations may result in the impairment of metabolic processes whereas higher concentrations
may result in toxicity. It should be recalled that toxicity of iron is strictly linked to the free fraction
rather than to the total quantity. In fact, the free form is highly reactive in solution due to the strong
propensity toward oxidation, with consequent overproduction of reactive oxygen species (ROS).
Excess intracellular ROS disrupt the redox cell balance, thus increasing oxidative stress, which, in
turn, promotes the modification of cellular biomolecules (proteins, lipids, nucleic acids), and the
malfunctioning of mitochondrial respiration, protein folding, DNA repair processes, inflammation,
autophagy, apoptosis, ultimately leading to tissue damage and organ failure. For that reason, all
organisms have evolved tightly controlled networks to keep iron in its unreactive forms and at the
same time ensure that a proper balance between metal uptake, chelation, distribution and storage is
achieved. Generally, iron is sequestered in organometallic complexes and sorted out when and where
needed, and its propensity to promote the generation of harmful ROS is thus minimized.

Iron can switch between different oxidation states, with divalent ferrous (Fe?") and trivalent ferric
(Fe*") being the most common forms. Evolutionary success of this element relies on its unique redox
potential, ranging from 1000 to —550 mV depending on the ligand chemistry (other transition
elements show a much narrower range), which makes its chemical reactivity very easy to be adapted
to specific biological needs. Aerobic life makes Fe*" thermodynamically favored over Fe?*, but this
leads to serious problems of metal solubility: for ferric hydroxides, the equilibrium concentration of
hydrated Fe** cannot exceed 107" M at pH 7. Despite its primary role in oxygen transport in
multicellular organisms, iron has been evolutionary selected for numerous essential biochemical
processes throughout the entire living scale, from prokaryotes to higher eukaryotic organisms. Iron
usually bound to heme or non-heme proteins participates to different metabolic processes, including

cellular respiration and electron transport (cytochromes), oxygen metabolism (peroxidases and



catalases), DNA synthesis (ribonucleotide reductase), gene regulation, drug metabolism, and steroid
synthesis (Pantopoulos et al., 2012). Iron levels in the human body are controlled only by absorption,
since no excretion pathway is present. For these reasons, the acquisition and transport of iron
constitutes a formidable challenge for cells and organisms due to its low solubility and high toxicity.
To overcome these issues, higher organisms have evolved extracellular carrier proteins to acquire,

transport and manage iron.

1.2. Iron metabolism

In humans, total body iron amounts to approximately 3—4 g, two-thirds of which is incorporated, as
heme, in the hemoglobin present in erythroid precursors and mature erythrocytes (Nemeth and Ganz
2021). Under physiological conditions, around 4x10'! senescent erythrocytes, containing a total of 20
mg of iron, are engulfed by macrophages each day. Thus, to preserve homeostasis, 20 mg of iron is

required daily for production of hemoglobin for new erythrocytes (Fig. 1).
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Figure 1. Systemic iron homeostasis. Iron is absorbed from the diet through the enterocytes and released into the bloodstream where
it is bound to transferrin. Approximately 20-25mg of iron is used for erythrocyte biosynthesis. Reticuloendothelial macrophages recycle
iron from senescent or damaged erythrocytes thus rendering it available for biological processes. Minor amounts of iron are used by
the tissues. Iron loss, about 1-2 mg, is not directly regulated and occurs through scaling of duodenal enterocytes or hemorrhage.

Abbreviation: Tf, Transferrin (Hentze et al., 2004).

Dietary iron assumption is necessary in all stages of human life, from fetal to neonatal development,

childhood and adulthood. Bioavailability of iron sources depends on iron-relative solubility, the age
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and relative developed gut, as well the state of health of the consumers. From the diet, the average
daily iron intake is around 15 mg for children aged 2—11 years, 20 mg for men and 18 mg for women,
depending on diet habits. However, due to the low solubility, only about 10% of dietary iron is actually
absorbed by the intestinal mucosa (Nemeth and Ganz 2021) (Fig. 1).

In the first months of life, iron is taken up as a micronutrient from breast milk meeting the daily
requirement (0.3 mg/L) (Prel and Koletzko 2016). After weaning, the main bioavailability sources
are heme iron, mainly from hemoglobin and myoglobin, and non heme iron, deriving from vegetal
and animal foods. Although historically meant to be non-easily absorbed, heme iron is a key source
for metal intake (Carpenter and Mahoney 1992). Heme, released from myoglobin and hemoglobin by
proteolytic activity in the stomach and small intestine, is stabilized by hemoglobin degradation
products, dietary components and alkaline pH of small intestine, thus avoiding aggregation (Anderson
et al., 2005). Differently from inorganic iron, which is more prone to be sequestered by some food
components, such as humic substances (tannins, phytate) and chelators (deferoxamine), intact heme
is easily absorbed by intestinal enterocytes (Anderson et al., 2005). The different bioavailability
regarding iron sources explains the high predisposition to iron deficiency of vegetarian people with
respect to meat consumers. Despite importance of heme iron as dietary source, the mechanism by
which it is absorbed by enterocytes is still poorly characterized. The passive diffusion theory was
abandoned when studies found higher absorption rate for heme than Vitamin B12, a macromolecule
with similar structure, size, and ionic charge (Roberts et al., 1993). To date, a principal heme uptake
pathway involves the Heme Carrier Protein 1 (HCPI), a proton-coupled folate transporter
(PCFT/HCPI) (Shayeghi et al., 2005), capable to transfer heme directly into the cell cytoplasm. Here,
heme is catabolized to free iron and biliverdin by heme oxygenase or it crosses the basolateral
membrane by means of the heme exporter FLVCRI, thus reaching the blood. Further analyses are
needed, however, studies suggest that heme-iron intake by enterocytes is facilitated by a vesicular
transport system, presumably binding first to the brush-border membrane of enterocytes, and then
undergoing internalization into the cytoplasm, finally appearing within enclosed vesicles, where iron
is detached from heme and released into cytoplasm probably by Divalent Metal Transporter 1
(DMTT1) (Hooda et al., 2014). DMT-1 is well known for its fundamental role in inorganic iron
absorption at intestinal level. Four DMT-1 isoforms, generated by alternative splicing and
translational regulation, are regulated by iron request in different cell types. The isoform DMT1A-I
is expressed on the apical side of enterocytes and can cotransport Fe** and H', but also uncoupled
substrate (Fig. 2). In all other cell types, DMT1 A-II, B-I and B-II isoforms promote the release of
endocytosed Fe?" into the cytoplasm (Hubert and Hentze 2002). Since dietary iron is mostly found in
the ferric state, it must be reduced by duodenal cytochrome b, making it accessible to DMT1A-I.



DMT1 is an integral membrane protein containing 12 transmembrane domains, with both N- and C-
terminus located in the cytoplasm (Wang et al., 2011).

Once inside the cell, ferrous iron is either used for cellular functions or captured by poly(rC)-binding
protein (PCBP) chaperones, which escort the metal to the storage/utilization routes or to the
basolateral membrane to be exported into blood. As free iron would organize into toxic aggregates, it
is sequestered in the main cell iron storage protein, namely Ferritin (Ftn), as well as stored in
hemosiderins in macrophages and hepatocytes. Ftn is a spherical heteropolymer of 24 Heavy (H) and
Light (L) subunits. As PCBP1 can only interact with the exterior of the Ftn shell, it is likely to transfer
its bound iron to sites located in the Ftn pores that funnel iron to the interior (Leidgens et al., 2013).
The Ftn ferroxidase center is able to oxidize and conserve up to 4500 iron atoms as ferric ions (Sargent
et al., 2005). Ferritin stores ferric iron in a mineralized, non-toxic state. However, ferritin-bound iron
cannot be directly utilized by the cell. Consequently, iron must be released from ferritin to be
bioavailable, through lysosomal (Kidane et al., 2006; Zhang et al., 2010), or proteasomal (Voss et al.,
2006) degradation of ferritin. Nuclear receptor coactivator 4 (NCOA4) was identified as the cell cargo
responsible for mediating Ftn autophagy (Dowdle et al., 2014). Depending on iron tissue
requirements, the ability to cross the basolateral membrane and the consequent release into the plasma
is guaranteed by the coupled Ferroportin (Fpn)/multicopper ferroxidase (MCFs) system (Fig. 2). Fpn,
the only known iron exporter in mammals, provides a ferrous iron gate not only for enterocytes, but
also for the main cell types involved in iron homeostasis. Fpn is a member of the Major Facilitator
Superfamily (MFS) of transporters, consisting of N- and C-lobe each composed of 6 transmembrane
helix bundles with both N- and C-termini located into the cytoplasm, similarly to DMT1 (Billesbolle
et al., 2020). Structural characterization of the ortholog Bdellovibrio bacteriovorus Fpn with 24%
identity and 40% similarity with human Fpn provided the first support of the alternate access
mechanism model for iron export (Bonaccorsi et al., 2015; Taniguchi et al., 2015). Resolution of the
structure of human Fpn by cryo-EM confirmed the predicted 12TM organization typical of MFS and
identified metal- and hepcidin-binding sites (discussed in more detail below). Fpn switching from
open inward conformation to open outward conformation ensures cytosolic iron passage through a
central cavity. Once exported from the cell, ferrous iron is oxidized by Fpn-coupled MCFs, such as
Hephaestin (Heph), Ceruloplasmin (Cp) or Zyklopen (Zp), depending on the cell type (Bonaccorsi et
al., 2018). Heph is the sole MCF in enterocytes, tethered to the cell membrane through a single C-
terminal transmembrane domain, but it is also moderately expressed in multiple other tissues, such
as the central nervous system (Vulpe et al., 1999; Jiang et al., 2015) and the kidney (Jiang et al.,
2016). Cp, first discovered as soluble plasma protein, is produced by hepatocytes, macrophages and

immune cells, induced by inflammation or iron loading (Bonaccorsi et al., 2018). It is an



inflammatory, acute-phase plasma protein with numerous functions, ranging from copper transport to
biological amines oxidation, to antioxidant activity exerted through several different mechanisms
(Bonaccorsi et al., 2018). In addition, alternative splicing processes give rise to a membrane-anchored
glycosylphosphatidylinositol (GPI)-linked Cp. This latter form, mainly expressed in astrocytes (Jeong
and David 2003), hepatocytes, macrophages and retinal epithelial cells (Mostad and Prohaska 2011;
Marques et al., 2012), is particularly important in facilitating iron release from the liver and CNS.
Lastly, Zp was recently identified in placenta, but it is also expressed in mammary gland, kidney,
brain, and testis (Chen et al., 2010). Like Heph, Zp contains a single C-terminal transmembrane

domain, anchoring it to the cell membrane.
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Figure 2. Iron metabolism. DMT]1 located in the apical membrane of enterocytes allows Fe?*, previously reduced by DCYTB, to
enter the cell. Iron in turn can be: i) used for biological processes such as heme biosynthesis as well formation of Fe-S clusters; ii)
stored in Ftn; iii) become part of the cytosolic iron pool iv) being exported via Fpn. The export of iron from the cell is coupled to
oxidation by Heph in enterocytes and Cp in macrophages. Saturated Tf binds to TfR1 on the surface, where the Tf-TfR1 complex is
endocytosed. Acidification of the endosome ensures the release of iron from Tf and following STEAP3-mediated oxidation, it is
released by DMT1 into the cytoplasm. Abbreviations: DMT1, Divalent Metal Transporter 1; DCYTB, Duodenal Cytochrome b;
MFRN, Mitoferrin; eALAS, erythroid Aminolevulinic acid synthase; Cp, Ceruloplasmin; Tf, Transferrin; TfR1, Transferrin Receptor
1 (Anderson et al., 2012).

After MCF-mediated oxidation, iron is ready to be bound by serum Transferrin (sTf) which delivers
it to cell targets. This occurs by the well-known iron internalization mechanism mediated by sTf
/Transferrin Receptor 1 (TfR1) complex formation. At the extracellular pH of 7.4, Tf can bind one or
two ferric ions, and two iron-bearing Tf molecules can bind the dimeric TfR1 as iron-free Tf is not

recognized by TfR1 at this pH (Cheng et al., 2004). The binding between these two proteins induces



clathrin-mediated endocytosis, where lowering of pH triggers iron release from Tf. Iron is then
converted to Fe** by metalloreductase STEAP3 and transported by DMT1A/B-II to the cytoplasm.
Meanwhile Tf and TfR1 are recycled to the cell surface, where Tf is released from T{R1 at the neutral
pH of the extracellular environment. Of note, TfR1 is also able to uptake serum heavy-chain ferritin
(H-Ftn) as an additional iron source (Anderson and Frazer 2017; Li et al., 2010). From a structural
point of view, TfR1 is a homodimeric type II transmembrane protein composed by two identical
glycosylated subunits with an approximate mass of 95 kDa, each linked by two disulfide bonds (Al-
Refaei et al., 2020). Each monomer is folded in a small cytoplasmic domain, a single-pass
transmembrane region and a complex extracellular domain (Al-Refaei et al., 2020). Crystallographic
studies of the ectodomain region have revealed that it possesses a butterfly-like shape with three
subdomains: protease-like, apical, and helical (Lawrence et al., 1999). In particular, the ectodomain
is used as binding site by sTf, which binds to the basal portion composed of protease-like and helical
domains (Cheng et al., 2004; Montemiglio et al., 2019) whereas the apical domain is an attractive
viral particles target (Giannetti et al., 2003). After being taken up by TfR1-mediated endocytosis, iron
employed for cellular functions mainly reaches mitochondria, where numerous metabolic processes
take place. Significant iron demand is necessary for biosynthesis of heme for hemoglobin in
reticulocytes/erythrocytes and other heme-containing proteins in all cells, as well as Fe-S cluster
assembly of enzymes involved in oxidative phosphorylation (Fig. 2). In addition, excess metal is
incorporated into the homologous of cytosolic Ftn, named Mitochondrial ferritin (Katsarou et al.,
2020).

When the amount of iron exceeds the binding capacity of the proteins which make use of it, or is
inappropriately shielded, its correlated toxicity is more visible in those organs with low regeneration
rates, such as Central Nervous System (CNS). In the brain, the higher demand of iron for myelin
sheath formation, neurotransmitter metabolism and mitochondrial electron transport is guaranteed by
finely regulated iron flow. It is well known that the brain is protected by a special structure called
Blood—Brain Barrier (BBB), which can prevent the entry of pathogen and other macromolecular
compounds into CNS. The BBB is characterized by formation of tight junctions between endothelial
cells, which form a selective barrier for the transport of ions and molecules from the blood to the
parenchyma of the brain, and vice versa (Abbott 2002). A proper balance of iron uptake at the BBB
is of pivotal importance since too much or too little iron can result in various neurological diseases
(Duck and Connor 2016). Therefore, iron transporters and receptors play a crucial role in the
maintenance of brain iron homeostasis; their dysregulation is usually associated with many
neurological diseases and they are the major targets of current research (Ward et al., 2014). Once iron

has passed through the endothelial cells of BBB, it is picked up by astrocytes that make it available
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to other cells (Duck et al., 2017; McCarthy and Kosman 2013; Simpson et al., 2015). In astrocytes,
microglia and neuronal cells the main iron uptake system is the Tf/TfR1 complex, while the coupled
system of Fpn/Cp is highly conserved for iron release (Duck and Connor 2016). Very interestingly,
astrocytes act as regulatory cells of metal homeostasis, being a sort of iron reservoir that can act as
neuronal protectors by reducing the pool of iron in the synaptic cleft (Jeong and David 2003).
Therefore, the natural barrier and astrocytes play a fundamental role in finely regulating brain iron
homeostasis. However, from local to systemic iron homeostasis, numerous cellular and systemic
regulatory mechanism are needed. Thus, it is not surprising that each type of brain cells, such as
neurons, oligodendrocytes and astrocytes, possesses distinct iron metabolism. For that reason, even
more than other tissues, brain requires a fine and tight iron homeostasis in order to maintain normal

physiological functions and avoid neurotoxicity.

1.2.1. Regulation of iron metabolism

The daily iron requirement comes not only from new food intake, but also from iron recycling by
macrophages and mobilization from the main reserve source, the liver (Nemeth and Ganz 2021).
Currently, a route of iron excretion has not yet been found, hence homeostasis is regulated in a
coordinated manner by the absorption, use, recycling, storage and export of the metal. The post
transcriptional modulation is an iron-dependent mechanism involving the binding of iron regulatory
proteins (IRPs) to stem loop iron-responsive element (IRE) located at the untranslated regions (UTRs)
of iron proteins mRNA. During iron deficiency, IRPs bind to 3° UTR of DMT1 and TfR1 mRNAs.
This event stabilizes and increases the mRNA half-life, thus promoting protein expression and
maximizing iron supply. On the other hand, the binding to 5’UTR of Fpn and Ftn blocks translation,
reducing export and storage. During iron overload, IRP2 is degraded while Fe-S cluster formation in
IRP1 favors aconitase activity and hinders IRE binding. Upon this condition, both Fpn and Ftn can
be expressed whereas TfR1 and DMT1 mRNA are readily degraded, thus limiting cellular iron uptake
and promoting export and storage. Interestingly, in erythroid cells, the intake of large amount of iron
can bypass the negative IRP regulation for TfR1, indicating a tissue dependent modulation (Gao et
al., 2019).

At systemic level, the pivotal regulator of iron metabolism is the peptide hormone hepcidin, produced
as pre-pro-hepcidin of 84 amino acids by hepatocytes and in smaller quantities by macrophages and
adipocytes. Following two proteolytic events, the 25 amino acids mature form is produced, folding
in a hairpin structure stabilized by 4 disulfide bridges (Rochette et al., 2015). The main role played

by hepcidin is to reduce iron levels in the blood by down-regulating Fpn. Ultimately, the hormone

11



reduces the absorption of intestinal iron and its recycling from the reserve organs, making it
unavailable (Palaneeswari et al., 2013). The mechanism is similar to receptor internalization and its
subsequent ligand-mediated degradation (Nemeth et al., 2004). The interaction between hepcidin and
Fpn induces a conformational change followed by the ubiquitination of the transporter leading to its
degradation by proteasome/lysosome (Ross et al., 2012; Qiao et al., 2012). Another mechanism
involves the Fpn reversible occlusion mediated by hepcidin, dependent on the hormonal dose
(Aschemeyer et al., 2018). The study by Billesbolle et al. 2020, aimed at clarifying the hepcidin-Fpn
interaction, employed a combination of cryo-electron microscopy, molecular simulations, and
biochemical approaches. The results showed that the hormone was able to bind Fpn in an outward-
open conformation, thus occluding the iron efflux pathway. Interestingly, hepcidin binding affinity to
Fpn is 80-folds higher in presence of the metal ligand, suggesting that iron-loaded Fpn is the favorite
target (Billesbolle et al., 2020).

Hepcidin production is influenced by systemic iron status, inflammation, erythropoiesis, hypoxia
(Nemeth and Ganz 2021). The main organ sensitive to systemic iron overload is the liver, where
sinusoidal epithelial cells secrete bone morphogenetic protein (BMP)-6, which interacts with BMP
receptors (types I and II) and hemojuvelin complex (BMPRs/HJV). The interaction between BMP-6
and BMPRs/HJV induces phosphorylation of the SMAD factor which, by translocating into the
nucleus, increases the expression of hepcidin (Canali et al., 2017). Activation of the BMP-SMAD
pathway could be mediated by the hemochromatosis protein (HFE) that acts as a sensor for the Tf-
TfR complex. The proposed mechanism involves the interaction between HFE and TfR, thus
activating the pathway that reduces the systemic iron content (Hare 2017). As inflammation is
concerned, hepcidin induction is typically mediated by pro-inflammatory cytokines, with special
regard to interleukin (IL)-6 as well as IL-1 e IL-22 (Lee et al., 2006). The transduction pathways
involve IL-6 binding to its receptor constituting a hexameric complex that in turn activates Janus
Kinase 2 (JAK2) by promoting STAT3 phosphorylation, dimerization and translocation into the cell
nucleus (Ganz and Nemeth 2015), where it activates hepcidin expression (Baker et al., 2007). Overall,
inflammatory stimuli result in iron sequestration into enterocytes, reticuloendothelial system and

hepatocytes, therefore restricting metal availability to other tissues.
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1.2.2. Iron homeostasis and inflammation

The alteration of iron metabolism is closely associated with pathologies. Iron deficiency/overload can
be caused by insufficient amounts of iron from the diet, blood loss, hemolysis, but also by gene
mutations and blood transfusions. Iron deficiency is the leading cause of anemia affecting three billion
people worldwide (Cappellini et al., 2020). Since iron is used for 2/3 in the process of erythropoiesis,
its deficiency is reflected in a reduced production of red blood cells. Iron deficiency is more frequent
in children and women, causing poor development of growth and cognitive functions, inattention,
asthenia, headache, premature birth. Persistent anemia is associated with complications mainly
affecting the cardiovascular system such as angina and heart attack and in children high risk of
infections and slowed growth (Andrews 1999). The systemic disorder characterized by reduced serum
iron content is the well-known anemia of chronic inflammation (AI) (Fig. 3), a syndrome primarily
associated to systemic inflammation and disorder of iron distribution, usually characterized by low
transferrin saturation and high serum ferritin. At the base of this pathology there may be other
problems such as tumors or microorganism and virus infections (Nemeth et al., 2003), including
Human Immuno-Deficiency Virus (HIV) and the recent Severe Acute Respiratory Syndrome
Coronavirus (SARS-CoV-2) (Aragjo-Pereira et al., 2022; Bergamaschi et al., 2021). Usually,
inflammation is a systemic defense response against viral and microbial infections. However, its
protraction can result in a harmful process for the host, leading to tissue damage and organ failure.
The inflammatory process influences hepcidin synthesis which increases predominantly for the
JAK2-STAT3 activation mediated by IL-6. In enterocytes and macrophages, the hepcidin-mediated
Fpn down regulation is usually accompanied by the coordinated decrease in TfR1 and DMTI1
expression (Rosa et al., 2017), whereas hepatocytes take up most of the systemic iron by increasing
TfR1 expression (Malik et al., 2011) thus reducing systemic iron load. Such regulation reflects the
different functions performed by these cell types: intestinal iron absorption is inhibited and although
iron is stored, it is not available for cellular processes, whereas iron retention in reticuloendothelial
cells results in iron-restricted erythropoiesis. Globally, cellular iron accumulation and systemic metal
deficiency are observed.

On the other side, iron overload occurs as a result of an excessive iron content in the bloodstream that
exceeds the binding capacity of sTf or erythropoiesis needs. Hemochromatosis is the prevalent
monoallelic disease in white population, collecting disorders associated with hepcidin reduction or a
reduction in Fpn/Hepcidin binding. There are two main groups, hepcidin deficiency and hepcidin
resistance characterized by several genetic mutations which affect the Fpn/Hepcidin regulatory axis.
In hepcidin deficiency group, the mutations concern genes coding for HFE1, HFE2, Transferrin

Receptor-2(TfR2) and hepcidin (HAMP) sabotaging hormone upregulation. The absence of hepcidin
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leads to uncontrolled intestinal absorption of iron (a rates up to 8-10 mg / day). Once it reaches the
bloodstream it exceeds the sTf binding capacity and causes the accumulation of toxic free iron thus
leading to iron deposition in liver, heart, and a subgroup of endocrine tissues. In hepcidin resistance
group, Fpn mutation renders the exporter insensitive to peptide hormone regulatory action causing
uncontrolled release of iron from macrophages and duodenal enterocytes into the plasma (Drakesmith

et al., 2005) (Fig. 3).
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Figure 3. A) Following inflammatory stimuli, hepcidin is produced by the liver. High levels of hepcidin in the bloodstream lead to degradation of Fpn
resulting in iron accumulation in macrophages, low iron levels and thus saturation of Tf in plasma and reduced erythropoiesis. (B) Normal levels of
hepcidin regulate the amount of iron in plasma. (C) Haemochromatosis is caused by insufficient hepcidin levels resulting in increased plasma iron, high

Tf saturation and excess iron accumulation in the liver (De Domenico et al., 2007).

Notably, hepcidin indirect role in iron-mediated oxidative stress is typical of pathological conditions
from neuroinflammation (Xu et al., 2020; Probst et al., 2021) to viral infections (Bayraktar et al.,
2022), thus highlighting the wide implication of iron homeostasis alteration. Overall, in various
pathological conditions, the inflammatory process, dysregulation of iron metabolism and oxidative

stress are closely interrelated.
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1.3. Iron homeostasis during viral infections

The viral infection is a pathological condition beginning with penetration of viral particles into the
host, which defends itself by implementing cellular and systemic responses. The first defense line to
prevent invasion and diffusion is the host innate immune system, which takes place before a specific
adaptive immune response is set up. Tissue inflammation is typical of excessive leucocyte population
recruitment at the site of infection, whereas systemic inflammation consists of excessive activation
of circulating leucocytes. Not many viruses cause disease and activate acute inflammation. Some of
the most dangerous include Rabies, Ebola viruses, Influenza Viruses, Human Immunodeficiency
Virus (HIV), Coronavirus Acute Respiratory Syndrome (SARS-CoV), Middle East Respiratory
Syndrome (MERS)-CoV and the most recent SARS-CoV-2 (Casanova and Abel 2021). Iron, as an
overseer of the immune response, promotes the differentiation of immune cells and affects cell-
mediated response and cytokines activity. Host susceptibility to viral infections is influenced by iron
availability, fundamental for viral replication and multiplicity. To limit accessible iron, the body
intervenes with effector weapons such as immune cells, liver derived acute-phase proteins and pro-
and anti-inflammatory cytokines. In particular, IL-6 actively promotes iron traffic veering from the
bloodstream to the endothelial reticulum system reserve. As iron localization is concerned, in vitro
studies have shown that the cellular response leads to reduction of Fpn levels in infected enterocytes
(Frioni et al., 2014) and in inflamed macrophages, in parallel with a reduction of both TfR1 and Cp
as well as an increase of Ftn (Cutone et al., 2014; Cutone et al., 2017). The reduction in circulating
iron has been so far attributed to host defense mechanism to limit the metal to extracellular pathogens
(Cairo et al., 2006). However, high availability of iron is requested as a nutrient for viral survival
(Drakesmith and Prentice 2008) and intracellular infectious agents, including viruses, multiply
extensively in iron loaded sites, thus this concept should be deeply reconsidered. Efficient viral spread
is correlated with increased host metabolism, as the enzymes involved in viral genome duplication
and viral proteins synthesis require iron to carry out their activities. Therefore, the expansion of viral
populations must be accompanied by an increase in iron bioavailability (Drakesmith and Prentice
2008). Usually, progression of the infection is promoted by cellular iron overload, as demonstrated
for human immunodeficiency virus (HIV) (Schmidt 2020) as well as for SARS-CoV-2 (Habib et al.,
2021) where it contributes to pathogenesis. An exception is the hepatitis C virus (HCV), in which
iron excess damages viral particles (Armitage et al., 2014). In addition, the Tf/TfR1 system plays a
key role in viral entry into host cells. TfR1 apical domain is a cell gate for different viruses, ranging
from canine parvovirus (CPV) to feline panleukopenia virus (FPV) (Parker et al., 2001). Although
numerous studies have been carried out, the relationship between iron homeostasis and viral infection

is still not well understood and further investigations are needed. The promotion of viral infectivity,

15


https://www.sciencedirect.com/topics/immunology-and-microbiology/innate-immune-system

transmissibility, disease severity and the development of immunity against infection is also mediated
by structural and non-structural viral proteins. Infected cells can release viral proteins that act at a
distance on other target cells. Many studies have attributed a key role to viral proteins, describing
them as virulence factors and neurotoxins (Bansal et al., 2000; Saadi et al., 2021). For instance, since
HIV-1 does not infect neuronal cells, viral proteins are the causative agents of the neuronal death
observed in infected patients (Marino et al., 2020). In addition, with regard to SARS-CoV-2,
researchers have shown that virus-specific virulence factors can have a major impact on viral spread
and blockade of the host cell defense response (Weiss and Leibowitz 2011). Therefore, current
therapies require a targeted approach to counteract the adverse effect of such viral proteins. For this
reason, two prominent viral proteins, Tat of HIV-1and Spike of SARS-CoV-2, will be investigated in

the present research study.

1.3.1. HIV-1 and the role of Tat protein

HIV-1 is the infectious agent responsible for acquired immunodeficiency syndrome (AIDS). Despite
the development of antiretroviral therapies (ART) which considerably increase the survival of people,
HIV infections are the leading cause of mortality worldwide.

HIV is an enveloped retrovirus currently grouped into two subtypes, HIV-type 1(HIV-1) and HIV-
type 2 (HIV-2). The first is the most widespread in the world, while the second is mainly located in
Africa. During the infection, the body responds with systemic inflammation (Appay and Sauce 2008)
by altering cellular and systemic iron homeostasis, leading to lower hemoglobin (Hb) levels
associated with worse outcomes of HIV infection (Chauhan et al., 2011). Despite ART, about 50% of
patients show signs of HIV associated neurocognitive disorders (HAND), such as behavioral
abnormalities, memory and learning deficits as well as psychomotor disorders (Rojas-Celis et al.,
2019). Indeed, infected patients show altered brain iron metabolism, resulting in mitochondrial
damage (Darbinian et al., 2020).

At the mechanistic level, the viral envelope trimeric complex, composed of the heterodimer proteins
gpl20 and gp4l, recognizes the host glycoprotein CD4 expressed on T-lymphocytes,
monocytes/macrophages, eosinophils, dendritic cells and microglial cells of the Central Nervous
System (CNS), allowing viral capsid entry. Following membrane fusion, viral RNA released into the
cytosol is converted into DNA and integrated into the cellular genome (Fig. 4). At this point, latent
infection can set in, with the main permanent reservoirs represented by the macrophages and CD4+
T lymphocytes (Alexaki et al., 2008). This is the main strategy that allows the persistence of the virus

even in the presence of ART and immune response.
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Figure 4. The crucial stages of the HIV-1 life cycle. The virus binds to the host cell's CD4 receptor and is internalized. The RNA
genome is retro-transcribed into a double-stranded DNA molecule. As part of the pre-integration complex, the linear DNA enters the
nucleus. Here, the linear viral DNA is the precursor to the integrated proviral DNA, which is a stable structure that remains indefinitely
in the genome of the host cell and serves as a template for viral transcription. The viral transcripts are exported into the cytoplasm,
where translation, assembly and processing of the retroviral particle take place. The cycle is concluded when the infectious retroviral

particles are released from the cell (Modified from Pasternak et al., 2013).

The “Trojan Horse” model is the main mechanism proposed for HIV-1 brain infection, in which virus-
carrying cells, such as T lymphocytes and monocytes, primarily cross the BBB and invade the CNS
(Gras and Kaul 2010). Here, microglia and perivascular macrophages support HIV replication, while
neuronal cells are not infected and astrocytes behavior is controversial. As shown in some pioneer
studies, astrocytes rarely undergo HIV infection, indeed they were thought to play a secondary role
in neuropathogenesis (Nuovo et al., 1994; Takahashi et al., 1996). In contrast, Churchill et al. 2009
highlighted much higher frequency of infected astrocytes in patients suffering from HIV-associated
dementia (Churchill et al., 2009.). Recently, it was concluded that up to 20 percent of astrocytes are
carriers of viral DNA (Sénécal et al., 2021). Therefore, being astrocytes a latent HIV-DNA reservoir,
their dysfunction could greatly contribute to neuropathogenesis. In HAND, there is a shift in the
balance between neuroprotection and neurotoxicity. Neuronal damage becomes prominent along with
the production of proinflammatory cytokines and neurotoxic viral proteins from infected cells. During

HIV infection, the release by activated microglia of proinflammatory cytokine factors, including
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Tumor Necrosis Factor-oo (TNF-a)), IL-1B, IL-6, IL-8 (Alvarez-Carbonell et al., 2019), can shift
astrocytes activity to a reactive state, thus promoting further proinflammatory cytokines production
(Hyvérinen et al., 2019). As shown by Chang et al. 2015, high iron levels in CD4+ T cells are
associated with increased HIV infection and replication. In addition, HIV-positive patients have an
increase in serum iron regardless of ART. Besides depression of the immune system, HIV causes
metabolic dysfunctions, including oxidative stress, due to the continuous immune activation
associated with increased viral replication (Salman and Berrula 2012). This demonstrates the
connection between inflammation, alteration of iron metabolism and HIV infection, suggesting iron
metabolism-related systems as possible therapeutic targets. The ART is the standard therapy for HIV-
1 infection that significantly reduces viral load and prolongs life expectancy, but the treatment does
not suppress the expression of HIV-1 non-structural proteins. The neurotoxic effects have been
reported to be mainly linked to the chronic basal expression of different viral proteins, such as gp120,
Nef (Negative factor) and Tat (Transactivator of transcription) (Jadhav and Nema 2021). Tat is known
to be toxic to neurons, and it can be secreted from HIV-infected cells, including astrocytes (Chauhan
et al., 2003). This chronic low-level production of Tat has been proposed to contribute to neuronal
damage over prolonged periods of time (Dickens et al., 2017). Specifically, the viral protein Tat is a
cationic polypeptide whose length varies from 86 to 101 amino acids (Bagashev et al., 2013) produced
immediately after host infection and acting as a transcriptional activator, promoting transcription
initiation and elongation phase. Tat strongly activates viral gene expression from the long terminal
repeat (LTR) through the recognition of short-stem loop structure known as Trans-Activation

Response region (TAR) (Fig. 5).
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Figure 5. Schematic representation on the function of the Tat-TAR interaction in transcription elongation. In the absence of Tat
(top), transcription complexes assemble on DNA and release short viral transcripts. In the presence of Tat (bottom), the transcription
complexes are stabilized by the binding of Tat to TAR, promoting the production of long mature mRNAs. Abbreviations: Tat,

Transactivator of transcription; TAR, Trans-Activation Response (Modified from Greenbaum 1996).
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In addition, Tat is found in the serum of infected individuals (Barillari and Ensoli 2002) as well in
cerebrospinal fluid (CSF), consistent with a release of neurotoxins from infected cells (Mediouni et
al., 2012). The viral protein binds to and enter the cell through receptors for integrins or chemokines.
Upon entrance, Tat can act as a multifunctional protein which regulates gene expression and different
pathways to promote viral spreading. Depending on cell types it can promote chemokine expression,
or act as neurotoxin in SNC. Being able to passively cross the BBB (Banks et al., 2005), Tat increases
membrane permeability by reducing the expression of tight junction (Andras et al., 2011) and adhesin
(Mishra and Singh 2013) proteins, thus facilitating the entry of the infected monocytes into the CNS
(Bethel-Brown et al., 2011). Here, Tat can enter cells, including neurons, and modulate gene
expression according to cell type to promote viral spread, neuroinflammation and neuronal loss
(Dhillon et al., 2007; Asensio and Campbell 2001). Numerous cellular processes are modulated, such
as DNA damage repair, apoptosis (Selliah and Finkel 2001), increased production of cytokines,
chemokines and receptors (Ott et al., 1998; Secchiero et al., 1999; Gavioli et al., 2004). In addition,
Tat protein, together with IFN-y and TNF-a, promotes the generation of ROS and the activation of
NF-kB signaling (Williams et al., 2009). In neuronal cells, Tat increases lipid peroxidation, ROS,
nitric oxide (NO) as well peroxynitrite (ONOO-) formation by the activation of inducible nitric oxide
synthase (Kim et al., 2015) promoting neurodegenerative disease. Recent studies have shown that
constitutively Tat expression in astrocytes induces oxidative stress (Fig. 6). This state triggers a
compensatory cellular response which implement the activation of erythroid Nuclear factor 2-related
factor 2 (Nrf2), its subsequent nuclear translocation and the promotion of antioxidant response
element (ARE) genes expression, including Glutathione Peroxidase 4 (GPX4), Glutamate-Cysteine
Ligase (GCL) and a subunit of System Xc -cystine/glutammate antiporter (SLC7A11) (Mastrantonio
et al., 2019). This latter is a membrane antiport that guarantees the entry of cystine as a precursor of
glutathione and the export of glutamate. Tat-mediated System Xc” overexpression and, consequently,
higher release of glutamate in the extracellular space induces a reduction of neuronal viability.
Although astrocytes normally guarantee a protective antioxidant response for themselves and for

neuronal cells, in this stress condition, the response translates into neurotoxicity (Gupta et al., 2010).

19



HIV Tat

Nrf2

i
P
pacrlh)
A
Glu
FAVAVATANEN" 11
Glu Glu

Other phase Il detoxifying and
antioxidant enzymes
(SOD1, SOD2 GCLC, CAT, GPX)

Figure 6. Model for the effects of Tat on Nrf2 translocation, ARE gene upregulation, Xc activation and glutamate release during
HAND. In astrocytes, Tat activates the cellular response mediated by the nuclear translocation of Nrf2, which promotes the expression
of antioxidant genes such as SOD1, SOD2, GCLC, CAT, GPX, including a subunit of the Xc-cystine/glutamate antiport system. The
import of cystine is crucial for glutathione production and the reduction of oxidative stress; whereas the high release of the
neurotransmitter glutamate into the extracellular space may promote neurotoxicity. Abbreviations: ARE, antioxidant response element;
CAT, catalase; GCLC, y-glutamyl-cysteine ligase; Glu, glutamate; GPX, glutathione peroxidase; Nrf2, erythroid nuclear factor 2-
related factor 2; SOD, superoxide dismutase (Modify from Mastrantonio et al., 2019).

Glutamate is an excitatory neurotransmitter important for learning, memory and synaptic plasticity,
yet a too high content constantly stimulates receptors, including the N-methyl-D-aspartate (NMDA)
receptor. The situation is exacerbated by the further action of Tat, which prevents neurotransmitter
reuptake by astrocytes (Zhou et al., 2004) and phosphorylates the NMDA receptor (Haughey et al.,
2001; Song et al., 2003). Overall, Tat-induced neuronal degeneration is attributed to the dysregulation
of calcium homeostasis, ROS induction, activation of caspase and excitatory amino acid receptor
(Nath et al., 1996; Kruman et al., 1998; Haughey et al., 2001). However, HAND has many facets and

involves numerous cellular processes yet to be discovered and clarified.

1.3.2. SARS-CoV>-2 and the role of Spike glycoprotein

Coronaviruses (CoVs) are a family of single-stranded RNA viruses characterized by a positive
envelope grouped into four genera (alphacoronavirus, betacoronavirus, gammacoronavirus, and

deltacoronavirus). They are responsible for multiple diseases of the respiratory tract ranging from a
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simple, common cold to bronchiolitis and pneumonia. CoVs can infect a wide variety of species from
mammals to avian species as well companion animals. In particular, Human Coronaviruses (HCoVs)
such as HCoV-229E and HCoV-OC43 and the newer HCoV-NL63 and HCoV-HKUI, cause milder
symptoms. On the other hand, highly pathogenic HCoVs appeared over the last 20 years in different
world sites which have given rise to major fatal human pneumonia epidemics. We here recall the
Severe SARS-CoV that appeared in 2002 at Foshan, China, the Middle East Respiratory Syndrome
Coronavirus (MERS-CoV), after a decade in Jeddah, Saudi Arabia, and the recent SARS-CoV-2 in
2019 at Wuhan, China (Kirtipal et al., 2020). Their pathogenicity is caused by high recombination
and nucleotide substitution rates, which is an obvious selective advantage. By infecting the first
respiratory tract, i.e. epithelial and bronchial cells and pneumocytes, HCoVs can cause severe and
unresolvable respiratory diseases (V’kovski et al., 2021). Viruses, as obligate intracellular parasites,
have developed several tricks to hijack the host's machinery (Lim et al., 2016) and favor their own
cycle of replication and pathogenesis.

The most recent SARS-CoV-2 is the causative agent of coronavirus disease (COVID)-19, which was
declared a global pandemic by The World Health Organization (WHO) on March 11, 2020. The
structural proteins that characterize the virions are Envelope (E), Membrane (M), Nucleocapsid (N)
and Spike (S). The first two are important in the assembly of the viral particles, while N encapsulates
the genome. Spike is a trimeric glycoprotein composed of two main subunits, Slcontaining the
Receptor Binding Domain (RBD) and S2 involved in the fusion with host cells (Fig. 7).

The infection phase begins when S trimer protrudes from the host-derived viral envelope and provides
specificity for cellular input receptors. The best known is the Angiotensin-Converting Enzyme 2
(ACE2) widely distributed on epithelial cells of trachea, bronchi, bronchial serous glands and alveoli
(Liu et al., 2011), alveolar monocytes and macrophages (Kuba et al., 2005) as well as on renal
epithelial cells and mucous cells of the intestine (Hikmet et al., 2020). The conformational change
induced by receptor binding exhibits S2 internal cleavage site to proteolytic action performed by the
serine protease TMPRSS2, or endosomal cysteine proteases cathepsin B (CatB) and CatL (Senapati
et al., 2021; Gkogkou et al., 2020). Once the interaction has occurred, proteolytic cleavage of Spike
separates the RBD from the S2 domain, promoting its fusion on the cell or endosomal membrane
(Takeda 2022). In addition to ACE2, Spike basic residues interact also with Heparan Sulfate
Proteoglycans (HSPGs) negative charged molecules contributing to SARS-CoV-2 infectivity (Walls
etal., 2020). In addition, a recent study suggested TfR1 as SARS-CoV-2 transporter shuttling between
the inside and outside of cells (Tang et al., 2020). During intracellular life, coronaviruses replicate
their RNA genome and incorporate it into new viral particles (Fig. 7). Following infection, the innate

immune system of the host acts as the first defense line to prevent viral propagation. The severity of
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the disease is closely related to the host defense immune response and to the release of
proinflammatory cytokines, including IL-6 (Liu et al., 2020). An excessive release of this cytokine
can cause tissue and organ damage although the mechanism for initiation of a hyper-inflammatory

response is poorly understood.
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Figure 7. Schematic representation of SARS-CoV-2 Spike glycoprotein and crucial stages of the SARS-CoV-2 life cycle.
SARS-CoV-2 uses the Spike(S) glycoprotein to bind to the host cell's ACE2 receptor, TMPRSS2 primes Spike glycoprotein and trigger
fusion events between the virus and the host membrane (1). The virus is internalized through receptor-mediated endocytosis or through
clathrin-mediated pathways. Once in the cytoplasm, viruses release their genomes (2) to allow replication of their genetic material (3).
After production of the SARS-CoV-2 structural proteins, the nucleocapsids are assembled in the cytoplasm (4) and the viruses are
released from the infected cell through exocytosis (5). Abbreviations: S1, subunit 1; S2, subunit 2; ACE2, Angiotensin-Converting
Enzyme 2; TMPRSS2, Transmembrane Protease Serine 2 (Modify from Grobbelaar et al., 2021; Modified from Johansen-Leete et al.,
2022).

Recent studies have shown that SARS-CoV-2 virulence factors act on the immune system. Spike is a
molecular pattern associated with viral pathogens (PAMPs) that is recognized by toll-like receptor 2
(TLR2), which dimerizes to activate the NF-kB pathway, and an over response characterized by the
so-called proinflammatory cytokine storm is triggered (Patra et al., 2020) (Fig. 8). As already
described, the increase of IL-6 significantly modulates iron metabolism, indeed it is now known that
SARS-CoV-2 infection is related to dysregulation of iron metabolism. In Covid-19 patients, numerous
alterations have been reported including high hepcidin levels associate to systemic inflammation as
well hyperferritinemia (Banchini et al., 2021). Serum ferritin levels can predict COVID-19-related

severity and mortality, as high levels are related to poor prognosis (Suriawinata et al., 2022). The
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increase in serum hepcidin is related to a reduction in serum iron but also to oxidative stress that has
been proposed as a marker for COVID-19 pathogenesis (Michels et al., 2015; Nai et al., 2021). In the
serum of critically ill COVID-19 patients, hepcidin over expression is related to decreased serum
iron, which is not accessible to pathogens in the circulation, and also related to oxidative stress
(Bayraktaret al., 2022). Host response to SARS-CoV-2 infection generates a vicious cycle between
viral infection, inflammation, dysregulation of iron metabolism and oxidative stress. Within this
framework, the identification of a molecule able to counteract such vicious cycle would be of utmost

importance.
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Figure 8. Spike as a virulence factor is able to activate NF-kB complex and induce immune response associated to a storm of pro-
inflammatory cytokines. Abbreviations: NF-Kb, Nuclear Factor kappa B; Interleukin (IL)-6; IL-8; IL-1pB; Tumor Necrosis Factor-a
(TNF-a); Monocyte chemoattractant protein-1 (MCP-1) (Modified from: Tumpara et al., 2021).

1.4. Lactoferrin: structure, properties and related functions

Lactoferrin is a whey glycoprotein discovered around the 1940s by Sorensen and Sorensen (Sorensen
and Sorensen et al., 1940) and subsequently purified from human and bovine milk and defined as
iron-binding red protein (Johanson 1960). Lf is secreted by mucosal epithelial cells, and it is present
in many biological fluids such as saliva, tears, semen, CSF, urine, bronchial secretions, vaginal

discharge, synovial fluid (Czosnykowska-Lukacka et al., 2019). The highest Lf concentration is found
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in human colostrum (around 6-8 mg/ml) and the amount decreases by about one third in mature milk
(Alexander et al., 2012). As a glycoprotein of the innate immunity, Lf is also found in the secondary
granules of neutrophils (15 pg/10%neutrophils) (Lepanto et al., 2019a) and released into the plasma
following their degranulation. The majority of Lf is liberated directly at inflamed or infected sites,
therefore it can be considered a marker for inflammatory diseases as its plasma concentration
increases from 0.2-2 mg/L (Levay and Viljoen 1995) up to 200 mg/l in the case of septicemia. Lf,
also known as Lacto-transferrin, is a member of the Transferrin family together with serum
Transferrin (sTf) and ovo Transferrin (oTf), all expressed as a single polypeptide chain of
approximately 80 kDa organized into two halves, the N- and C-lobes (N and C) connected by a linker
peptide (Fig. 9A, B, C). Each lobe is further divided into two subdomains, N1 and N2 and C1 and
C2. Since the ancestor Tf is single-lobed, it is likely that a gene duplication event gave rise to the
fusion of the two lobes (Williams et al., 1982) which share about 40% homology. To date, triple lobed
Tfs, typical of algae, are also known, leading to an understanding of evolutionary adaptation
according to the requirements of each species (Lambert et al., 2005). In sTf, Lf and oTf, each lobe is
capable to bind one ferric ion (Baker et al., 2001) with high affinity (Kq ~ 102° M) (Lambert 2012).
The metal binds in the space between N1 and N2 and between C1 and C2, where highly conserved
amino acid residues are present, including Asp and His in subdomain 1 (N1 or C1) and two Tyr in
domain 2 (N2 or C2). It is known that of the six iron coordination sites, four are engaged in binding
with these conserved residues, the other two by a bidentate carbonate anion (Mizutani et al., 2001)
(Fig. 9D). The carbonate binds first in the binding pocket, neutralizing the positive charge due to the
Arg residue and allowing the binding of iron to Tyr. The associated conformational change allows
Asp and His to meet iron, switching from an open “Apo” to a closed “Holo” conformation (Pakdaman
et al., 1998). As Lf is concerned, it should be noted that under physiological conditions it is present
in the Native form with an iron saturation rate ranging from 10% to 20%, therefore there is a
prevalence of monoferric and apo/iron-free form molecules. In inflamed/infectious sites it is found
mainly in the Holo form with an iron saturation rate around 95%. By binding free iron in biological
fluids and inflamed or infected sites, Lf reduces ROS production and the availability of the metal to
pathogens. Moreover, each form can activate different metabolic pathways (Jiang et al., 2012; Cutone
etal., 2020a). Since it has been experimentally shown that iron saturation affects Lf biological activity

in vivo and in vivo, these characteristics must be taken into account.
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Figure 9. (A) (PDB code = 3QYT), human lactoferrin (hLf) (B) (PDB code = 1SQY), hen ovotrasferrin (oTf) (C) (PDB code = 10VT)
and the conserved iron binding site (as representative, iron binding site in the N-lobe of hLf was reported) (D). For each protein, the
N-lobe is highlighted in light-blue and the C-lobe in green, the connecting peptide (aa. 332-338 for hTf, 334— 344 for hLf and 334—
342 for oTf) in violet, and the ferric irons are depicted as orange spheres. The peptides produced by tryptic digestion are evidenced as
follows: the lactoferricin (aa.1-47 of hLf) and lactoferrampin (aa. 269-285 of hLf) regions are highlighted in red and yellow,
respectively (B), the OTAP- 92 (aa. 109-200 of oTf) in blue (C). Ferric iron binds as a bidentate carbonate complex, coordinated by
four amino acidic residues: an Aspartate, a Histidine and two Tyrosines (D60, H253, Tyr92 and Tyr192 for the N-lobe of hLf) (D)
(laniro et al., 2022)

The members of the Tf family share many characteristics but present some divergent physicochemical
properties, such as different iron binding stability at low pH and different pl. At an acidic pH,
carbonate protonation facilitates the loss of the ferric ion (Baker and Baker 2004). In particular, sTf
releases iron around pH 5, while Lf has a high iron-binding stability at an even lower pH (around
3.0). This is reflected in the different functions performed by the two proteins. Tf is used to transport
iron into tissues and after receptor-mediated endocytosis, at a pH of around 5.5, iron is released into
the endosome. In contrast, Lf acts as an iron competitor for pathogens in inflammatory and/or infected
sites, where the pH can reach lower values, around 3. This iron binding stability could be attributed
to the cooperativity between the NH2- and COOH-terminal lobes, as suggested by Ward and
colleagues in 1996 (Ward et al., 1996). In addition, the peptide linking the two lobes is found as a
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flexible, irregular non-folded loop in Tf, whereas it is organized in a rigid three-turn alpha helix in
Lf, possibly ensuring a stronger interaction between the two lobes and a better stabilization of iron
binding.

The second evolutionary gap among Tf members regards their isoelectric points. Despite sTf and oTf
present a slightly acidic pl around 6.0, Lf is far away from such a value, approaching very basic values
close to 9. This difference is likely linked to the multiple functions of Lf, and not possessed by the
other two Tfs. As a matter of fact, beyond their ancestral capacity of iron binding, Lf has evolved its
repertoire of activities towards functions usually possessed by niched and specialized
macromolecules. Lf embraces all the selected capabilities, adding unique ones, shown by the
members of the Tf family. It shares antimicrobial, antiviral, antioxidant and immunomodulatory
activity with oTf (Giansanti et al., 2015) and modulates energy metabolism, cell proliferation and
survival as melanoTf (Suryo Rahmanto et al., 2007), whereas it peculiarly shows anticancer action
against a wide range of tumors (Cutone et al., 2020a), as well as DNA and RNA-binding ability, thus
suggesting a direct role in gene expression (Lepanto et al., 2019a), and it is emerging as a natural
modulator of iron homeostasis, in both physiological and pathological conditions (Cutone et al., 2014,
2017, 2019; Rosa et al., 2017; Bonaccorsi et al., 2018). Such properties of Lf have highlighted its
potential as a functional food supplement, being characterized by both nutritional benefits and
protective functions. However, its bioavailability is strictly dependent on two main aspects: a good
natural source to draw from and the existence of intestinal receptors to target.

Regarding the source, Lf has been characterized in numerous species. Human Lf (hLf) is a single
polypeptide chain constituted of 691 amino acids (Anderson et al., 1990), while bovine Lf (bLf) is
constituted of 689 amino acids (Moore et al., 1997). As a result of tryptic digestion, two peptides are
obtained: Lactoferricin (Lfcin, aa. 1-47 in hLf and 17-41 in bLf) and Lactoferrampin (Lfampin, aa.
269-285 in hLf and 268-284 in bLf). Both are positively charged and have potent antimicrobial (Van
der Kraan et al., 2004; Gifford et al., 2005), antifungal (Fernandes et al., 2017), antiviral (Berlutti et
al., 2011), anti-inflammatory (Drago-Serrano et al., 2018) and anticancer (Arias et al., 2017)
properties. The positive charge that characterizes them favors their interaction with the negatively
charged membrane structures of prokaryotes and eukaryotes, favoring lysis and cell death (Epand and
Vogel 1999). Lf has dislocated regions that can undergo various post-translational modifications,
such as phosphorylation, acetylation, lipidation, ubiquitination or glycosylation. The latter affects
protein folding, protein solubility, proteolysis resistance, immunogenicity and Lf specific receptors
binding (Albar et al., 2014). HLf has two main sites of N-glycosylation Asn 138 and Asn 479 (Haridas
et al., 1995; Thomassen et al., 2005) but different N-glycan patterns (Le Parc et al., 2014) while bLf
has five potential sites (Asn 233, 281, 368, 476 and 545). Glycans added to hLf consist of complex
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branched structures, rich in sialic acid and fucose (Yu et al., 2011). Besides this diversity which could
have effects on the functions performed, bLf has been classified as a functionally bioequivalent to
hLf. It has also been defined as “generally recognized as safe” (GRAS) by the Food and Drug
Administration of the United States, in fact many in vitro (Sessa et al., 2017, Lepanto et al., 2019b),
in vivo (Valenti et al., 2017; Cutone et al., 2019) and clinical studies (Paesano et al., 2014; Lepanto
et al., 2018) use bLf, since it is more easily commercially available. The use of recombinant hLf,
produced by different systems, ranging from microorganisms to higher eukaryotic organisms, plants
and transgenic cattle, requires high industrial costs, and its functionality can depend on differences in
iron-saturation rate, glycosylation patterns, purity and stability, with respect to the natural product
(Cutone et al., 2020b).

As far as receptors are concerned, Tfs are designed for extracellular functions, aimed at addressing
both physiological needs and pathological conditions. However, Tfs are able to bind to specific cell
receptors and transduce their biological message intracellularly. STf receptors are the most well-
characterized at both structural and functional levels; their role in iron metabolism and homeostasis
will be detailed in the next section. Concerning Lf, several receptors (hLfRs) have been characterized
in different cell types, including Intelectin-1 (ITLN1), LDL receptor-related protein (LRP),
asialoglycoprotein receptor (ASGPR), CD14 and nucleolin (Suzuki et al., 2005; Mancinelli et al.,
2018). Generally, upon binding to the receptor, Lf can both trigger intracellular pathways (Jiang et
al., 2011) or undergo clathrin-mediated endocytosis and, depending on the cell type, subsequent
nuclear translocation (Ashida et al., 2004), thus allowing Lf to act as a regulator or transregulator of
cell gene expression (Legrand 2016). Studies on Lf bioavailability have identified ITLN1 to be
expressed on the apical side of enterocytes and functioning as the main gate for Lf internalization in
the intestinal mucosa (Kawakami and Lonnerdal 1991; Suzuki et al., 2005). Importantly, it has been
demonstrated that orally administered Lf can enter systemic circulation through intestine via
lymphatic pathway (Kitagawa et al., 2003; Fischer et al., 2007). Of note, the heterologous interaction
between bLf and hLfRs was demonstrated (Shin et al., 2008) as well as its ability to enter the cell
nucleus in human cells (Paesano et al., 2012; Cutone et al., 2020c¢), thus partially clarifying the reason

why bLf exerts similar functions to its human homologue.

1.4.1. Antiviral function of Lf

Several functions have been attributed to Lf, dependent on and/or independent from its iron binding
ability. In addition to activities directed against pathogens, including viruses, Lf has been shown to

affect different cell and metabolic processes such as wound repair, gene transcription, bone formation,
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intestinal iron absorption, and to exert antitumoral, anti-inflammatory, immunomodulatory and

antioxidant activities (Fig. 10).
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Figure 10. Schematic picture of the main representative Lf functions.

The antiviral activity of Lf was first demonstrated in 1987 in mice infected with the polycythaemia-
inducing Friend virus complex (Lu et al., 1987). Its activity is conserved against both enveloped and
naked viruses (Berlutti et al., 2011; Wakabayashi et al., 2014). In vitro studies have shown antiviral
action of both Nat and Holo forms of bLf, thus indicating that its capacity is not only dependent on
its ability to chelate iron (Marchetti et al., 1998; Marchetti et al., 1999; Siciliano et al., 1999; Superti
et al., 2001; Berlutti et al., 2011). Many studies indicate that Lf antiviral activity occurs during the
early phase of infection, preventing viral particles from entering the host cell through two
mechanisms: (i) by binding to host cell receptors, making them no longer available for virus-host cell
interaction; (ii) by binding to viral particles (Beljaars et al., 2002; Hasegawa et al., 1994; Marchetti
et al., 1999) (Fig. 11). Furthermore, Lf is poised to suppress virus growth once host cells have been
infected (lkeda et al., 2000; Superti et al., 1997) (Fig. 11). Due to its properties, Lf can bind to
negatively charged compounds as previously mentioned, such as glycosaminoglycans (GAGS),
especially HSPGs. In addition, Lf may inhibit viral infection through its binding to the dendritic cell
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adhesion molecule non-integrin 3 and LDL receptors (Groot et al., 2005; Chien et al., 2008). In this

way, Lf avoids viral infection by preventing the interaction between cell receptor and the viral particle

(Van der Strate et al., 2001).

LF prevents
virus attachment
to cells

Virus receptor " ——LF receptor

Induction

v

Target cells

LF inhibitis virus
replication by

induction of INF-af

——— | Replication

i

Figure 11. Mechanism of the antiviral effect of lactoferrin. LF blocks virus attachment to target cells by binding to the virus receptor

on the host cells or by attaching itself to the virus. In addition, lactoferrin leads to the production of IFN o/p and thereby inhibits the
replication of the virus after it enters the cells. Abbreviations: LF, Lactoferrin; IFN o/, Interferon o/f (Modified from Wakabayashi

et al., 2014).

Lf has been demonstrated to exert antiviral activity against Cytomegalovirus (CMV), Herpes Simplex
Virus (HSV), Poliovirus (PV), Hepatitis B Virus (HBV), Hepatitis B Virus (HCV), Parainfluenza
Virus (PIV), Human Papillomavirus (HPV), as well HIV and SARS-CoV (Berlutti et al., 2011;

Wakabayashi et al., 2014; Campione et al., 2021). Concerning HIV, numerous studies have shown
the inhibition of HIV-infection through both hLf and bLf (Harmsen et al., 1995; Puddu et al., 1998;
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Swart et al., 1996) and that its antiviral action is carried out in the early phase of infection (Harmsen
et al., 1995; Puddu et al., 1998). Lf has been shown to bind the gp120 receptor, which is responsible
for virus entry into the host cell (Swart et al., 1996). In addition, Lf binding to C-type lectins on
dendritic cells prevents HIV entry and bLf results more efficient than hLf probably due to different
glycosylation patterns which affects antiviral activity (Groot et al., 2005). However, such infections
can also be counteracted through the inhibition of viral replication, as indicated in other in vitro study
(Viani et al., 1999). Regarding SARS-CoV, Lang and colleagues studied the role of Lf on the entry
route of the SARS pseudovirus into Myc cells. Results showed that Lf was able to block binding of
Spike protein to host cells, indicating an inhibitory function exerted in the viral adhesion phase (Lang
et al., 2011). However, Lf blocks Spike binding to host cells (Lang et al., 2011) by an ACE2-
independent pathway. In silico and in vitro studies have shown that Lf exerts anti-SARS-CoV-2
activity by binding to both viral components and host surface molecules. In silico analysis suggested
that viral entry is hindered by Spike direct recognition to Lf, thus restricting both viral entry into host
cells and infection (Campione et al., 2021). However, the currently accepted model suggests that Lf
could block viral entry by interacting with HSPG, (Hu et al., 2021; Mirabelli et al., 2021), thereby
mediating the transport of extracellular viral particles from low-affinity anchoring sites to specific

high-affinity entry such as ACE2.

1.4.2. Anti-inflammatory and antioxidant functions of Lf

Lf is described as a potent molecule in the treatment of common inflammatory diseases. The anti-
inflammatory activity of Lf is in part related to its ability to chelate iron that accumulates into
inflamed tissues and promotes the production of tissue-toxic hydroxides. At inflamed/infected sites,
Lf is released from the secondary granules of neutrophils (PMN) and, due to its iron-binding stability,
it chelates the metal even at low pH (Wiesner and Vilcinskas 2010; Sagel et al., 2009; Pfefferkorn et
al., 2010). The consequent restricted availability of iron for pathogens inhibits their growth as well
as the expression of virulence factors (Reyes et al., 2005). The anti-inflammatory activity is also
related to the ability of Lf to interact with negatively charged molecules such as proteoglycans on
immune cells and activate anti-inflammatory response signaling pathways (Gonzalez-Chéavez et al.,
2009; Legrand, 2016). In addition, its action can be explained by its ability to enter cells and
translocate into the nucleus (Ashida et al., 2004), where it can modulate gene expression by acting as
a regulator or trans-regulator of gene expression (Legrand 2016). The molecular mechanisms by
which Lf exerts its action are diverse. In particular, the activation of pro-inflammatory cytokines,
such as TNF-a, IL-1pB, IL-6 and IL-8, is hindered by the Lf neutralizing effect against exogenous
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molecules such as bacterial lipopolysaccharides (LPS). Indeed, Lf was found to bind to lipid A of
LPS with high affinity through its lactoferricin domain (Appelmelk et al., 1994; Elass-Rochard et al.,
1995). The interaction between lactoferricin and lipid A (Zhang et al., 1999) prevents LPS from
binding to key players in LPS signaling, such as serum LPS-binding protein (LBP), soluble CD14
(sCD14), membrane CD14 (mCD14) on monocytes and L-selectin on PMNs (Elass-Rochard et al.,
1998, Baveye et al., 2000). In addition, Lf has been shown to reduce the production of cytokines
released by THP-1 cells following LPS-challenging through its nuclear translocation and interference
with NF-kB signaling (Haversen et al., 2002). The neutralizing effect mediated by Lf-LPS binding
affects not only the activation of immune system but also of endothelial cells. These latter, upon LPS-
induction, up-express adhesion molecules, selectins and IL-8, which are necessary for the local
recruitment of immune cells to inflammatory sites, and Lf has been shown to inhibit the production
of such molecules (Elass et al., 2002).

The anti-inflammatory action of Lf under both aseptic and septic conditions has been reported in
several in vitro and in vivo studies. For instance, during Chlamydia trachomatis infection, a sexually
transmitted pathogen that causes acute and chronic infections and thus inflammation, Lf has been
shown to be a potent anti-inflammatory molecule. Incubation with bLf of a human epithelial cell line
at the time of infection resulted in a reduction of C. trachomatis entry (Sessa et al., 2017). In addition
to inhibiting bacterial entry into cells, Lf exerts potent anti-inflammatory activity by down-regulating
the synthesis of IL-6 and IL-8 by infected cells.

In cystic fibrosis (CF), the respiratory tract is susceptible to infection, particularly by Pseudomonas
aeruginosa (Lipuma 2010; Salsgiver et al., 2016). Even before bacterial infection, a major
inflammatory response is triggered with up-regulation of NF-kB and activator protein (AP)-1 and
overproduction of pro-inflammatory cytokines (Dakin et al., 2002; Verhaeghe 2007; Bragonzi et al.,
2018). BLf treatment of infected bronchial epithelium significantly reduced pro-inflammatory
cytokines levels (Frioni et al., 2014). In addition, aerosolised bLf administration in mice infected with
P. aeruginosa was found to exert a protective function by reducing bacterial load, cytokines and pro-
inflammatory chemokines (Valenti et al., 2017).

On the other hand, aseptic inflammation can be triggered by physical, chemical, metabolic stimuli of
a certain magnitude and in detail by the rupture of cell membranes and spillage of contents. However,
persistence of anti-inflammatory response causes the host to face more damages than benefits.

In individuals with Alzheimer's disease, there is elevated deposition of extracellular f-amyloid (AP)
protein and hyperphosphorylation of microtubule-associated tau proteins in neurons (Colvez et al.,
2002). In addition, a chronic inflammatory process, mainly around amyloid plaques of activated

microglia, promotes the synthesis of several pro-inflammatory cytokines, such as IL-1p, IL-6, TNF-
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a and interferon (IFN)-y (Cunningham et al., 2005; Dal Pra et al., 2015), and an increase in free iron
content in the brains of AD patients is found (Du et al., 2018 manca), which impairs brain function
due to the associated induction of oxidative stress (Cunningham et al., 2005; Dal Pra et al., 2015). In
the brains of AD patients, endogenous hLf content increases but it is not sufficient to suppress
pathogenesis. Oral treatment with bLf (250 mg/day for three months) in AD patients has been shown
to be significantly effective in reducing serum IL-6 and increasing serum IL-10 (Mohamed et al.,
2019 manca). The results obtained may be related to the anti-inflammatory and antioxidant activity
due to Lf iron binding capacity.

During inflammation, neutrophils, monocytes and lymphocytes trigger oxidative stress through the
release of ROS/NOS and pro-inflammatory cytokines. Therefore, the two processes are intertwined
in such a way that one can easily induce the other and vice versa. It is typical of chronic diseases
including neurocognitive disorders, but also cancer, infections (Marnett 2000; Misonou et al., 2020)
including HIV-1 (Ivanov et al., 2016) and SARS-CoV-2 (Suhail et al., 2020). The rate and extent of
ROS formation and their elimination depend on the action of enzymes such as SOD, CAT, and GPX.
As already discussed, free iron can promote the production of hydroxyl radicals which can oxidize
any group in the vicinity. Lf, due to its ability to bind Fe**, can protect against ROS-mediated
damaging effects. In addition, Lf has an important antioxidant role in that it promotes the upregulation
of key antioxidant enzymes such as GPX and SOD1 (Kruzel et al., 2013). The antioxidant property
of bLf was demonstrated in a rat model, in which oxidative damage of the renal tubule was induced
by ferric nitrilotriacetate (Okazaki et al., 2012). Protective effects against renal tubular oxidative
damage and maintenance of antioxidant enzyme activities were observed in the Lf-treated group. The
authors suggested that Lf intake is beneficial for the prevention of iron-mediated renal tubular
oxidative damage. In addition, Lf reduced LPS-induced oxidative stress levels in mice (Kruzel et al.,
2010); this was demonstrated by reduced mitochondrial DNA damage and H2O: release (Kruzel
2017). Overall, Lf co-exhibits anti-inflammatory and antioxidant activity independently from its iron

binding ability thus favoring the rescue from the pathological disorders described.
1.4.3. Lf as a natural modulator of iron homeostasis

Acquired disorders of iron homeostasis, mainly associated to pathological states including
inflammation, infection and cancer, result in both systemic iron deficiency, causing anemia and
depletion of iron-containing enzymes essential for many biological processes, and tissue iron
overload, which enhances the production of deleterious ROS that cause tissue damage and organ
failure. As mentioned above, upon inflammation or infection, Fpn is degraded through hepcidin-

dependent or independent mechanisms involving the activation of pro-inflammatory cytokines, such
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as IL-6 and IL-1pB, provoking a significant decrease in iron export from cells to plasma (Andrews
2000). Consequently, at the cellular level, iron uptake by enterocytes is impaired, macrophages fail
to recyclie iron from senescent erythrocytes and hepatocytes become inefficient in releasing iron
stores. Thus, intracellular iron overload is established, and systemic iron deficiency (ID), ID anemia
(IDA) and anemia of inflammation (Al) occur (Andrews 2000; Frazer and Anderson 2003). The
persistence of inflammatory stimuli exacerbates the anemic status by inhibiting erythroid cell
differentiation, thus worsening Al (Weiss et al., 2019). Hence, it is critical to counteract the
persistence of the inflammatory state by rebalancing physiological iron levels between
tissues/secretions and blood. In this frame, Lf is emerging as a natural orchestrator of iron
homeostasis, due to its multi-target activities, including iron-withholding, immunomodulatory, anti-
inflammatory, anti-microbial, anti-viral and anticancer abilities (Sokolov et al., 2012; Kruzel et al.,
2017; Rosa et al., 2017; Lepanto et al., 2019a; Cutone et al., 2020a). First, Lf iron saturation rate
seems to crucially influence its impact in regulating intracellular iron content, which is intrinsically
associated with the modulation of iron-related proteins, also in cancer cells (Zhang et al., 2021). In
addition, Lf capacity to enter the cell nucleus suggests a direct implication of the glycoprotein in
modulating gene expression. Lf possesses two DNA binding sites able to interact with specific and
non-specific DNA sequences (Guschina et al., 2013) and the capacity to act as a transcription factor
(Furmanski et al., 1989). Of note, recombinant hLf has been demonstrated to activate, directly or
indirectly, nuclear translocation of Nrf2 (Zakharova et al., 2018), a master regulator of cell
antioxidant response, also involved in the transcriptional up-regulation of Fpn (Harada et al., 2011).
Moreover, Lf has been described to directly interact with Cp (Zakharova et al., 2000; Sokolov et al.,
2014), the functional partner of Fpn in most cells.

Since Al is a secondary manifestation of inflammatory disorders, anti-inflammatory therapeutic
approaches should be mainly addressed to restore physiological iron homeostasis. Among the putative
innovative therapies, the use of Fpn agonists or hepcidin antagonists has been proposed (Wessling-
Resnick 2010; Casu et al., 2018). In this scenario, bLf has been repeatedly described to counteract
inflammatory disorders by down-regulating IL-6 and, at the same time, by up-regulating Fpn
expression, rebalancing endogenous iron between tissue/secretions and blood (Frioni et al., 2014;
Cutone et al., 2014; Paesano et al., 2014; Cutone et al., 2017; Lepanto et al., 2018).

As a matter of fact, in several in vitro and in vivo models, bLf has been shown to be affective in
counteracting the down-regulation Fpn induced by inflammatory or infection stimuli. A study on
infected enterocytes reports the efficiency of bLf treatment in reverting both Fpn degradation and
pro-inflammatory activation (Frioni et al., 2014). Concordantly, in inflamed human macrophages,

bLf treatment determines a macrophagic shift from the pro-inflammatory M1 to tolerogenic M2
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phenotype (Cutone et al., 2014; Cutone et al., 2017). After inflammatory stimuli, macrophages
polarize into M1 phenotype, characterized by the synthesis of pro-inflammatory cytokines, including
IL-6 and IL-1B, as well as by the dysregulation of the main iron-related proteins, as the
downregulation of Fpn/Cp axis, TfR1 and the up-regulation of cytosolic Ftn (Corna et al., 2010;
Recalcati et al., 2010; Cutone et al., 2017). All these changes lead to the blockade of iron recycling
to blood by macrophages, the main iron source for the body deriving from the lysis of senescent
erythrocytes (Cutone et al., 2017). Treatment with bLf reverts iron disorders induced by inflammatory
stimuli by down-regulating IL-6 synthesis and up-regulating Fpn expression, thus restoring the
physiological cell-to-blood iron export (Cutone et al., 2014; Cutone et al., 2017). Importantly, bLf,
in addition to Fpn expression, is also able to modulate all the iron-related proteins, up-regulating
TfR1, Cp and down-regulating cytosolic Ftn (Cutone et al., 2017) (Fig. 12). Most of the clinical
studies about the efficacy of bLf supplementation in counteracting systemic iron disorders have been
carried out in anemic pregnant women, a peculiar physiological state often presenting dysregulation
of iron homeostasis. The first clinical study on the efficacy of bLf oral administration, in comparison
with the classical ferrous sulfate therapy, has represented a milestone in the bLf experimentation
against anemia (Paesano et al., 2006). In this clinical trial conducted on pregnant women treated with
100 mg of 20-30% iron-saturated bLf (corresponding to 70-84 ug/day of elemental iron) two times
a day before meals, a significant rescue of both serum Hb and total serum iron (TSI) was reported,
when compared to pregnant women treated with 329,7 mg of ferrous sulfate (about 105 mg of
elemental iron), once a day during meals. The discrepancy between the elemental iron
supplementation and the registered efficacy of bLf, with respect to ferrous sulfate administration, led
to speculate that bLf could modulate iron and inflammatory homeostasis through more sophisticated
mechanisms. The efficacy of bLf was also tested in pregnant and non-pregnant women suffering from
and affected by Al (Lepanto et al., 2018). In this respect, bLf treatment was found to be significantly
efficient in curing Al in HT pregnant and non-pregnant women compared to the classical ferrous iron
therapy (Paesano et al., 2014; Lepanto et al., 2018). In particular, after 30 days of bLf treatment, both
HT pregnant and non-pregnant women showed a significant recovery in the total number of RBCs as
well as in the concentration of serum Hb, TSI and Ftn. Notably, bLf management was also efficient
in significantly reducing serum IL-6 and hepcidin levels with respect to the higher basal ones
(Paesano et al., 2014; Lepanto et al., 2018). Hence, even if more studies are needed to unveil the
molecular mechanisms underlying bLf anti-inflammatory activity, this evidence strongly supports the
bLf efficacy in curing Al through its ability to decrease IL-6 synthesis (Rosa et al., 2017; Lepanto et
al., 2019a) thus modulating hepcidin and/or Fpn, the most pivotal actors in systemic iron homeostasis
(Wessling-Resnick 2010; Casu et al., 2018).
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Figure 12. Schematic representation of systemic iron disorders in the absence (A) or presence (B) of lactoferrin. A) Upon

infection or inflammation, enterocytes, macrophages and hepatocytes, the main cell types involved in iron homeostasis, upregulate the

expression of pro-inflammatory cytokines and of the peptidic hormone hepcidin, negative regulators of Fpn. The blockade of iron

export induces an increase of intracellular iron and, hence, of ferritin, with a consequent decrease in Tf-bound iron import through

TfR1. In these conditions, anemia sets in and intracellular iron engulf takes place. B) Lactoferrin treatment can trigger different

protective effects, from downregulation of pro-inflammatory cytokines and hepcidin, to the up-regulation of Nrf2, a positive regulator

of Fpn expression. Rescued iron export drives the decrease of intracellular iron and the recovery of iron import through TfR1. Other

interactors of lactoferrin are also reported in the scheme. See text for further details. Abbreviations: DMT-1, Divalent Metal

Transporter-1; DCYTB, Duodenal Cytochrome b; Ftn, Ferritin; Fpn, Ferroportin; Heph, Hephestin; Cp, Ceruloplasmin; Tf, Transferrin;

TfR1, Transferrin Receptor 1; Interleukin (IL)-6; IL-1pB; Nrf2, erythroid nuclear factor 2-related factor; Lf, Lactoferrin (laniro et al.,

2022).
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2. AIM

The viral proteins Tat of HIV and Spike of SARS-CoV-2 have been described as a neurotoxin and a
virulence factor respectively, able to induce by themselves metabolic dysregulation into host cells,
independent from the viral infection.

Tat is a multifunctional protein able to activate chemokine expression or act as a neurotoxin in SNC,
depending on cell types. Tat can enter cells, including neurons, and modulate gene expression thus
promoting viral spread, neuroinflammation and oxidative stress (Dhillon et al., 2007; Asensio and
Campbell 2001; Mastrantonio et al., 2019).

Spike is capable of driving host viral pathogenesis, which in turn is the critical regulator of viral
infection and disease outcome. Spike is recognized by TLR2 which activates the NF-kB pathway and
can trigger an over response characterized by the so-called “proinflammatory cytokine storm” (Patra
et al., 2020). As already mentioned, the increase of IL-6 significantly modulates iron metabolism. It
has been shown that SARS-CoV-2 infected patients present iron deficiency and elevation in serum
ferritin and hepcidin (Sonnweber et al., 2020).

Overall, both Tat and Spike induce pathological states worsened by pro-inflammatory cytokines
production. Several studies have indicated that the inflammatory response leads to high intracellular
iron content which facilitates viral spreading (Mancinelli et al., 2020) and oxidative stress (Galaris et
al., 2019). Therefore, these processes are intertwined in such a way that one can easily induce the
other and vice versa. Hence, present therapies demand a specifically targeted approach to counteract
the adverse effects of these viral proteins. Whitin this framework, lactoferrin, a cationic glycoprotein
of innate immunity which exerts multiple functions both dependent and independent from its iron-
withholding ability, could play an important role. Numerous studies have evidenced its efficacy
against inflammation (Lepanto et al., 2019a), oxidative stress (Kruzel et al., 2013) and iron
homeostasis disorders (Frioni et al., 2014; Cutone et al., 2014; Paesano et al., 2014; Cutone et al.,
2017; Lepanto et al., 2018), typical of diverse pathological conditions, including viral infections
(Berlutti et al., 2011).

The aim of the present research work was to evaluate the efficacy of Lf in counteracting inflammatory
and iron disorders, as well as oxidative stress, induced by Tat and Spike viral proteins in different in
vitro models.

Specifically, regarding Tat, the aim was to evaluate the effects of bLf on HIV-1 Tat-mediated oxidative
stress and neurotoxicity in the astrocytoma cell line U373 and in co-cultures with neuroblastoma cells
(SH-SY5Y). Since iron saturation of Lf can influence its functions, experiments were conducted

employing both the Nat and Holo forms of the glycoprotein.
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As for Spike, in order to unravel the mechanism underlying the antiviral activity of lactoferrin, a
neutralizing assay against a pseudovirus expressing the SARS-CoV-2 Spike glycoprotein was carried
out with both bLf and hLf in different cellular models- To demonstrate the effective binding between
Lf and Spike, an in-vitro pull-down assay was performed. Furthermore, the putative protective role
of Lf on inflammatory and iron disorders in epithelial and macrophage models stimulated with the
SARS-CoV-2 Spike glycoprotein was investigated.

The above two parts will be treated separately.
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Effects of bovine Lactoferrin on HIV-1 Tat-mediated oxidative stress,
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3/1. Materials and methods
3/1.1. Reagents

DMEM (Dulbecco’s modified Eagle’s medium), FBS (Fetal Bovine Serum), Trypsin—-EDTA 0.25%
solution, gentamicin 50 mg/ml solution, sulfasalazine (SSZ; a specific inhibitor of System Xc°), MK-
801 hydrogen maleate (MK-801; an NMDA receptor an-tagonist), N-Acetyl-L-cysteine (NAC) and
kit for MTT assay were obtained from Sigma—Aldrich (Milan, Italy). The reagent for Bradford assay
was from Bio-Rad Italia (Milan, Italy). TRIzol Reagent was from Life technologies Italia-Invitrogen,
(Monza, ltaly). The Go Taq 2-Step RT-qPCR System kit was obtained from Promega Italia Srl,
(Milan, Italy) and SsoAdvanced universal SYBR green supermix was purchased from Bio-Rad Italia
(Milan, Italy).

3/1.2. Bovine lactoferrin

Highly purified bLf (Saputo Dairy, Australia) was generously supplied by Vivatis Pharma Italia s.r.l.
Protein purity was about 99% as checked by SDS-PAGE and silver nitrate staining. The concentration
of bLf solutions was assessed via UV spectroscopy with an extinction coefficient of 15.1 (280 nm,
1% solution). Iron saturation was about 11% as determined via optical spectroscopy at 468 nm using
an extinction coefficient of 0.54 for a 1% solution of 100% iron saturated protein. LPS contamination,
assessed via Limulus Amebocyte assay (Pyrochrome kit, PBI International, Italy), was 0.5 £ 0.06
ng/mg. Before each in vitro assay, bLf solutions were sterilized using a 0.2 um Millex HV filter at

low protein retention (Millipore Corp., Bedford, MA, United States).

Holo-bLf was prepared by incubating Native bLf (20 mg/ml in 0.1 M sodium bicarbonate) with 5
mM ferric citrate for 2 h under stirring. The resultant Holo-bLf was then dialyzed against 0.1 M
sodium bicarbonate for 48 h to remove unbound iron. The obtained Holo-bLf, >95% iron-saturated,

was frozen and stored at -20 °C prior to experimental usage.
3/1.3. Cell Cultures, Transfection and Treatments

Human glioblastoma astrocytoma cells (U373-MG) and human neuroblastoma cells (SH-SY5Y) were
purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Both cell lines
were maintained in culture at 37 °C, in 5% CO: atmosphere, using Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 2 mM L-glutamine, 40 pg/ml

gentamicin. Confluent monolayers were sub-cultured by conventional trypsinization.
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U373-MG cells were transfected with pcDNA3.1 (U373-mock) or pcDNA3.1-HIV-Tat (U373-Tat)
expression vectors as previously reported (Mastrantonio et al., 2019; Capone et al., 2013). For the
maintenance of transfected cells in culture, G418 (200 pg/ml) was added to the culture medium.

Treatments with Nat-Lf (100 ug/ml) and Holo-bLf (100 ug/ml) were performed in DMEM without
FBS for different time as indicated. Pre-treatments with Sulfasalazine (300 uM), NAC (2mM) or MK-
801 (10 uM), where indicated, were performed 30 min before the addition of lactoferrin to the cell

cultures.
3/1.4. Co-Cultures and cell viability assay

SH-SYS5Y cells were grown in co-cultures with U373-mock or U373-Tat using a transwell culture
system as previously reported (D’Ezio et al., 2021). For each sample in co-cultures, 1,5x10* neuronal
cells were seeded in transwell insert and 3x10* astroglial cells were plated in the lower compartment
of 6-well plate and allowed to grow for 24 h. U373 and SH-SY5Y cell viability was assessed by MTT
assay at the end of the incubation period. MTT solution (0.5 mg/ml MTT dissolved in Phosphate
Buffered Saline (PBS)) was added to the cell culture at the final concentration of 10%, and the cells
were left in incubator at 37 °C for 4 hours. Formazan crystals were dissolved in MTT solvent (4 mM
HCI, 0.1% NP40 in isopropanol) and samples were incubated at 37 °C for 30 minutes. The optical
density (OD) of each sample was then measured at a wavelength of 570 nm using the Tecan
Spark10M reader. In some experiments, where indicated, Trypan blue exclusion assay has been used

to quantify viable cells.
3/1.5. Quantitative Real-Time Reverse Transcription-Polymerase Chain Reaction

Total RNA was purified by using Trizol Reagent and reverse transcribed into cDNA with GoTaq 2-
step RT-gPCR system. cDNA was then amplified for system Xc gene (XCT subunit, NM_014331.4)
and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, NM_002046.7) mRNA was examined as
the reference cellular transcript. The sequences of primers were as previously reported (D’Ezio et al.,
2021). PCR products were quantified by the SYBR-Green method. Reactions were performed in
Agilent Aria Mx machine (Agilent technologies) using the following program: 45 cycles of 95 °C for
155,60 °C for 60 s, 72 °C for 20 s. GAPDH mRNA amplification products were present at equivalent
levels in all cell lysates. VValues were calculated relative to the internal housekeeping gene according
to the second derivative test (delta—delta Ct (2-AACT) method).
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3/1.6. Total and Nuclear Extracts

Preparation of total extracts was performed by adding 1% TEEN triton buffer (10 mM tris HCI pH
7.4, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 1% Triton X-100, protease inhibitor cocktail
dissolved 1:100) to the cell pellets. Samples were kept at 4°C for 20 minutes, shaking every minute.
Subsequently, samples were centrifuged at 14000 rpm, 4°C for 20 minutes and then the supernatant
containing the cellular proteins was removed and stored in aliquots at -80°C.

Preparation of nuclear extracts was performed by adding buffer A (10 mM Hepes pH 7.9, 10 mM
KCI, 1.5 mM MgClz, 0.5 mM DTT, 0.1% NP40, protease inhibitor cocktail dissolved 1:100) to the
cell pellets to separate nuclei from cytosol. After incubation for 10 min on ice, samples were
centrifuged at 12000 rpm for 10 min at 4 °C. Thereafter, pellets containing nuclear fractions were
resuspended in buffer C (20 mM Hepes pH 7.9, 420 mM NacCl, 1.5 mM MgCl2, 25% glycerol, 1 mM
EDTA, 1 mM EGTA, 0.5 mM DTT, 0.05% NP40, protease inhibitor cocktail dissolved 1:50) and
incubated on ice for 30 min. A final centrifugation at 14000 rpm was carried out, and the supernatants
were collected and stored at -80 °C.

The total protein content was determined according to Bradford method.

3/1.7. Western Blotting

Proteins were separated by SDS-PAGE and electroblotted onto nitrocellulose (GE Healthcare, Life
Sciences, Little Chalfont, Buckinghamshire, UK). Following transfer, each membrane was incubated
in TBS-T (Tris Buffer Saline: 20 mM Tris-HCI pH 7.4; 137 mM NaCl; 0.1% Tween 20) containing
5% non-fat dried milk powder (Blotting-Grade Blocker, PanReac AppliChem, ITW reagents) for 1 h
at room temperature. The membrane was incubated overnight at 4 °C with primary antibody dissolved
in TBS-T containing 5% milk.

The following primary antibodies were employed: polyclonal anti-actin (A2066 Sigma-Aldrich;
Milan, Italy) (1:1000), polyclonal anti-System Xc* (Ab175186 Abcam, Milan, Italy) (1:1000),
polyclonal anti-Nrf2 (16396-1-AP Protein Tech; Manchester, United Kingdom) (1:1000), polyclonal
anti-Ftn (sc25617, Santa Cruz, CA, USA) (1:1000), polyclonal anti-HCP (A0031, Dako, Santa Clara,
CA, USA) (1:1000), polyclonal anti-lamin A (Ab26300 Abcam; Milan, Italy) (1:1000), monoclonal
anti-vinculin (sc-73614, Santa Cruz, CA, USA) (1:1000), monoclonal anti-ARA70 (NCOA4) (sc-
373739, Santa Cruz, CA, USA) (1:1000), monoclonal anti-bLf (sc-53498, Santa Cruz CA, USA)
(2:1000), monoclonal anti-Fpn 31A5 (1:1000), generously provided by T. Arvedson (Amgen),
monoclonal anti-TfR1 (sc-32272, Santa Cruz, CA, USA) (1:1000), monoclonal anti- p-Histone
H2A.X (Ser 139) (sc-517348, Santa Cruz, CA, USA) (1:1000).
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The membrane was then incubated with the appropriate HRP-conjugated secondary antibody
(Biorad) (1:1000) in TBS-T containing 2.5% milk for 1 h at room temperature. The reagent used for
detection was Clarity Western ECL substrate (170-5061, Biorad).

Differences between samples with respect to the presence of the proteins of interest were normalized

using actin protein for total extracts and lamin A protein for nuclear extracts as reference.
3/1.8. Cytokine analysis

Quantitation of IL-6 and IL-1p was performed on cell supernatants by ELISA, using Human ELISA
Max Deluxe Sets (BioLegend, USA).

3/1.9. Immunocytochemistry and confocal analysis

Cells were grown on coverslips and fixed with 4% PFA in PBS, followed by permeabilization with
0.1% Triton X-100 in PBS. TfR1 and Ftn primary antibodies (1:100) were incubated overnight at 4
°C and visualized by means of Alexa Fluor (Invitrogen, Carlsbad, CA, USA). Coverslips were stained
with the fluorophore-conjugated secondary antibodies (Alexa Fluor™ 546 and Alexa Fluor™ 488,
Invitrogen, Carlsbad, CA, USA) and Hoechst for nuclei visualization, were mounted in antifade
(SlowFade; Invitrogen, Carlsbad, CA, USA) and examined under a confocal microscope (TCS SPS;
Leica, Wetzlar, Germany), equipped with a 40 x1.40-0.60 NA HCX Plan Apo oil BL objective at
RT.

3/1.10. Measurements of Glutamate Concentration in Cell Supernatants

To evaluate glutamate release in supernatants of co-cultures, Glutamate Assay (Abcam) was
performed as indicated by manufacturer’s instructions. Briefly, 20 pl of each sample supernatant were
collected in a 96-well plate and assay buffer was added up to 50 pl final volume. Then 100 ul of the
reaction mix were added to each well, the plate was incubated for 30 min at 37 °C, protected from
light, and optical density (OD) was measured at 450 nm in a microplate reader. Glutamate
concentration of each sample was calculated using glutamate standard curve (0, 1.3, 6.5, 13, 26, 40,
53, 67 uM).

3/1.11. Statistical Analysis

All data are expressed as mean = standard error of the mean (SEM) of n observations. Statistical
analysis of the data was performed using Graph Pad PRISM software. Statistical significance was
assessed by the one-way ANOVA test, followed by the Tukey post-test. Differences are considered
statistically significant at p < 0.05.
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4/1. Results
4/1.1. Native and Holo bovine lactoferrin are internalized by U373 cells

Previous studies have shown that bLf performs its numerous functions either by entering the nucleus
or by initiating signal transduction cascades (Jiang et al. 2011; Suzuki et al. 2005). To investigate the
molecular mechanism by which bLf exerts its action in our experimental system, we first examined
its subcellular localization. In this research work U373 pcDNA3.1 (U373), as control cells, and U373
pcDNA3.1-Tat (U373-Tat) cells were treated with 100pug/mL of bLf, in its Nat- and Holo form. As
shown in Figure 13, both Nat and Holo forms are internalized by U373-mock and U373-Tat cells.

Both forms are mainly localized at the nuclear level, with Holo-bLf showing higher levels than the
Native form (Fig. 13).
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Figure 13. Analysis of bLf internalization and sub-cellular localization in U373 and U373-Tat cells. Western blot of bLf in cytosolic
(C) and nuclear (N) fractions after 24 h of treatment with 100 pg/ml of Nat-bLf or Holo-bLf. Data are calculated relative to the internal

housekeeping gene (Tubulin for cytosolic fraction and Lamin A for nuclear fraction) and are expressed as the means == SEM.
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4/1.2. Bovine lactoferrin modulates cell antioxidant response

To better elucidate the role of bLf in maintaining the physiological balance of ROS, analyses of Nrf2
nuclear translocation and of the expression of System Xc™ were performed in U373-mock and U373-
Tat cells (Fig. 14, 15, 16). The results show an approximately 50% increase of Nrf2 nuclear expression
in U373-Tat cells, as compared to the control (Fig. 14). Treatment with bLf has a positive effect on

Nrf2 traslocation, with the Holo form more efficient than the native counterpart (Fig. 14).
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Figure 14. Analysis of Nrf2 nuclear translocation. Western blot and densitometric analysis of Nrf2 protein levels in nuclear extracts of
U373 and U373-Tat cells after 4 h of treatment with 100 pg/ml of Nat-bLf or Holo-bLf. Data are calculated relative to the internal
housekeeping gene (Lamin A) and are expressed as the means + SEM. One-way ANOVA, followed by Tukey’s test, was used to
determine signif-icant differences. *p < 0.05 vs CTRL; °°p <0.01 and °°°p <0.001 vs Tat; *p < 0.05 between Tat and CTRL

Gene expression of System Xc™ was assessed by qPCR on total RNA extracts. In agreement with Nrf2
nuclear expression, the System Xc” was also found to be up-regulated in Tat-expressing cells, as
already reported (Mastrantonio et al., 2019) (Fig. 15C inset). Again, bLf enhances the expression of
the System Xc¢” with a peak between 4-8 h post-treatment; differences are detected according to iron

saturation rate and Tat expression. The effect over time of both Lf forms is depicted in Figures 15 A-
D.
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Figure 15. Analysis of System Xc™ transcript levels. Real-Time qPCR analysis of System Xc mRNA in U373 (A, B) and U373-Tat (C,
D) cells after 4, 8 and 24 h of treatment with 100 pg/ml of Nat-bLf or Holo-bLf. Data are calculated relative to the internal housekeeping
gene (GAPDH) and are expressed as the means + SEM. One-way ANOVA, followed by Tukey’s test, was used to determine significant
differences. *p < 0.05 and ***p < 0.001 vs CTRL; °°p < 0.01 and °°°p < 0.001 vs Tat; “p < 0.001 between U373-Tat and U373

(inset).

To corroborate the results obtained at the transcript level, protein expression was also evaluated.
Western blots confirme the enhanced expression of System Xc™ in U373-Tat cells, with respect to
control cells and the potentiating effect exerted by bLf, which, globally, acts as a positive regulator
for System Xc (Fig. 16). Consistent with the transcriptional data in Figure 15, a significant up-
regulation of System Xc™ production is obtained following treatment with Holo-bLf in both U373 and
U373-Tat cells.
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Figure 16. Western blot and densitometric analysis of System Xc™ in U373 and U373-Tat cells treated with 100 pg/ml of Nat-bLf or
Holo-bLf after 24h. Data are calculated relative to the internal housekeeping gene (Vinculin) and are expressed as the means + SEM.
One-way ANOVA, followed by Tukey’s test, was used to determine significant differences. *p < 0.05 and ***p <0.001 vs CTRL; °°p
<0.01 and °°°p <0.001 vs Tat; ~p < 0.001 between Tat and CTRL.

4/1.3. Bovine lactoferrin potentiates cell defense against intracellular iron overload

Due to the tight correlation between oxidative stress and iron disorders, the expression of the main
proteins involved in iron homeostasis was then assessed. The expression of the iron storage protein
Ftn and of the receptor required for its degradation, NCOA4, were measured. As shown in Figure 17
A and B, a significant decrease in Ftn expression and a concomitant upregulation of NCOA4 is
observed in U373-Tat cells. This effect would suggest the activation of a ferritinophagy process,
which is not affected by bLf treatment (Fig. 17A, B).

Next, the expression of TfR1 and Fpn, involved in iron uptake and export, respectively, was assessed.
As shown in Figure 17 C and D, cells expressing Tat show a reduction in TfR1 and an increase in
Fpn compared to U373-mock cells. In U373-Tat cells, Nat-bLf treatment increases the sole Fpn
expression, whereas the saturated form boosted the effect of Tat on both TfR1 and Fpn.

In addition, Fpn-coupled ferroxidase Cp is decreased in the presence of Tat (Fig. 17E). Treatment
with Holo- bLf reduces the levels in control cells, while both Nat- and Holo-bLf do not reverse the
effect of Tat. Next, to investigate Tat-induced inflammatory disorders, the expression of IL-6 and IL-
1B, the main cytokines involved in iron disorders, was analyzed under the same experimental
conditions. Tat does not promote any increase in IL-6 expression, whereas treatment with Holo-bLf

induces significant upregulation of IL-6 in U373-Tat cells compared with Nat-bLf, which has no
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effect (Fig. 17A). On the other hand, no detectable levels of IL-1f are found in all conditions tested

(data not shown).
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Figure 17. Western blot and densitometric analysis of Ftn(A), NCOA4 (B), TfR1 (C), Fpn (D), Cp (E), and ELISA quantification of
IL-6 (F) in U373 and U373-Tat cells treated with 100 pg/ml of Nat-bLf or Holo-bLf for 48h. Data are calculated relative to the internal
housekeeping gene (B-Actin or Vinculin) and are expressed as the means = SEM. One-way ANOVA, followed by Tukey’s test, was
used to determine significant differences. *p <0.05 vs CTRL; °p <0.05, °°p <0.01 and °°°p <0.001 vs Tat; *p < 0.05 between Tat and

CTRL.

Confocal microscopy reveales a perinuclear localization of TfR1 and Ftn in U373-mock, unaffected
by bLf treatments (Fig. 18). In the presence of the viral protein Tat, TfR1 localizes predominantly to
the membrane, and bLf treatments restores its perinuclear re-localization. Ftn signal in bL{-treated
U373-Tat cells is reduced compared with U373-mock cells, in agreement with western blots data
(Fig. 17 A).

Overall, the data suggest that bLf treatment counteracts pro-oxidant intracellular iron accumulation,
likely caused by Tat-induced ferritinophagy. This response results in increased Fpn-mediated iron

release and reduced Tf-bound metal entry.
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Figure 18. Immunofluorescence and confocal analysis for TfR1(green) and Ftn (red) subcellular lo-calization in U373 and U373-Tat

cells treated with 100 pg/ml of Nat-bLf or Holo-bLf for 48 h. DAPI was used to stain nuclei (blue). Scale bar,10 um.
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4/1.4. Bovine lactoferrin counteracts Tat-mediated lipid peroxidation and DNA damage in
astroglial cells

To clarify the efficacy of bLf against oxidative stress, ROS production was evaluated by testing lipid
peroxidation. As shown in Figure 19A, expression of Tat induces a significant increase in
lipoperoxidation compared with control cells. Treatment with bLf, in both Native and Holo forms,
effectively restores lipid peroxidation to control levels (Fig. 19A), suggesting an important
antioxidant activity of bLf. The significant reduction of lipid peroxidation in U373-mock cells
suggests a protective role that bLf plays against ROS that is independent of Tat presence. Consistent
with Bodipy analysis, there is a significant increase in histone variant y-H2AX, a selective marker of
DNA damage in U373-Tat. Treatment with bLf reduces Tat-induced y-H2AX expression, suggesting
a potential protective effect on DNA damage (Fig. 19B).
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Figure 19. Analysis of lipid peroxidation by Bodipy assay (A) and Western blotting of y-H2AX (B) in U373 and U373-Tat cells treated
with 100 pg/ml of Nat- or Holo-bLf for 24 h. Data are calculated relative to the internal housekeeping gene (f-Actin) and are expressed
as the means + SEM (b). One-way ANOVA, followed by Tukey’s test, was used to determine significant differences. *p < 0.05 and **p
<0.01 vs CTRL; °p <0.05 vs Tat; “p < 0.05 between Tat and CTRL.
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4/1.5. Holo-bLf exacerbates Tat-induced neurotoxicity via System Xc

Given the close interconnection between astroglial metabolism and neuronal function, co-cultures of
U373 and U373-Tat cells with SH-SY5Y neuronal cells were set up. The co-cultures have been
treated with Nat- and Holo-bLf at a concentration of 100 pg/ml for 24 hours, and viability tests were
carried out by MTT assay and cell counts.

In agreement with a previous study (Mastrantonio et al., 2019), a significant reduction in the viability
of neurons cultured with U373-Tat is recorded (Fig 20A). Treatment with both forms of bLf
exacerbates this effect in cells expressing Tat, most consistently for the Holo form. The same results
are obtained by cell counts (Fig. 20C).

On the other hand, treatment with bLf does not affect the viability of astroglial cells both in the

presence and absence of Tat expression (Fig. 20 panels B, D).
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Figure 20. Cell viability measurement by MTT assay (A, B) and trypan blue exclusion assay (C, D) on co-cultures of SH-SY5Y and
U373 or U373-Tat cells untreated or treated with 100 pg/ml Nat- or Holo-bLf for 24 h. The histograms in (A) and (B) show the
percentage of living cells, and the rate of reduction was calculated by setting the control (CTRL) equal to 100%. One-way ANOVA,
followed by Tukey’s test, was used to determine significant differences. *p < 0.05 and ****p <0.0001 vs CTRL; °p <0.05 and °°°p <
0.001 vs Tat; *p < 0.05 and *p <0.0001 between Tat and CTRL.

In addition, to elucidate the molecular mechanism involving neurotoxicity, the experiments were

repeated using N-acetylcysteine (NAC) as a scavenger of ROS. Co-cultures were treated for 30 min
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with NAC and then with bLf for 24 h. The MTT results show that NAC restores neuronal viability in
both U373 and U373-Tat co-cultures (Fig. 21A). In contrast, astroglial cell viability is not modulated
by NAC under any condition (Fig. 21B).

To clarify a possible correlation between increased System Xc™ and neurotoxicity, experiments were
conducted in the presence of sulfasalazine (SSZ), a specific inhibitor of the antyporter. Again, cells
were pretreated for 30 min with SSZ and subsequently incubated with both forms of bLf. The results
show that, under all conditions, neuronal viability is restored by treatment with SSZ (Fig. 21C). In
the presence of the inhibitor, U373 cell viability is not modulated in any condition, while it is reduced

by 30% in U373-Tat compared with control. Of note, treatment with Nat-bLf restores viability to
control levels (Fig. 21D).
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Figure 21. Cell viability measurement by MTT assay on co-cultures of SH-SY5Y and U373 or U373-Tat cells, pre-treated with 2
mM N-acetyl cysteine (NAC) (A, B) or 300 uM sulfasalazine (C, D), untreated or treated with 100 pg/ml Nat- or Holo-bLf for 24 h.
The histograms show the percentage of living cells, and the rate of reduction was calculated by setting the control (CTRL) equal to
100%. One-way ANOVA, followed by Tukey’s test, was used to determine significant differences. ***p <0.001 and ****p <0.0001
vs CTRL; °p <0.05 and °°°p <0.001 vs Tat; ~p <0.001 and ~*p < 0.0001 between Tat and CTRL; +p < 0.05, ++p <0.01, +++p
<0.001 and ++++p < 0.0001 between treatment with SSZ or NAC and without SSZ or NAC.
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To better understand the molecular mechanism, the amount of glutamate in the culture medium was
measured. Glutamate release was normalized to the number of viable astrocytes (Fig. 22A) by setting
the ratio as 1 for untreated U373-mock cells.

Treatment with bLf-Holo induces a marked increase in glutamate in co-cultures with astroglial cells
expressing or not the viral protein (Fig.22A, B). In contrast, the Native form results in a slight increase
only in U373-Tat cells. Treatment with SSZ reduces the amount of glutamate in all conditions tested,

thus further demonstrating the role of System Xc™ in neuronal excitotoxicity (Fig. 22A e B)
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Figure 22. Measurement of glutamate release in co-culture supernatants of SH-SYS5Y with U373 (A) or U373-Tat (B) cells untreated
or treated with 300 uM sulfasalazine and 100 pg/ml Nat- or Holo-bLf for 24 h. One-way ANOVA, followed by Tukey’s test, was used
to determine significant differences. ****p <0.0001 vs CTRL; °p <0.05 and °°°°p <0.0001 vs Tat; ++++p < 0.0001 between treatment

with or without SSZ.

In addition, viability was also analyzed in the presence of MKS801, a specific NMDA receptor
antagonist. As shown, viability of U373 cells is unaffected, whereas NMDA treatment counteracts
the reduction in neuronal viability induced by Holo-bLf treatment, again confirming the role of
Systema Xc, and thus the increased glutamate release, in the induction of excitotoxicity (Fig 23 B,

Q).
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Figure 23. Cell viability measurement by MTT assay on SH-SYSY cells (A) and U373-Tat cells (B) in co-cultures, untreated or treated
with 10 uM MKS801 and 100 pg/ml Nat- or Holo-bLf for 24 h. The histograms show the percentage of living cells, and the rate of
reduction was calculated by setting the control (CTRL) equal to 100%. One-way ANOVA, followed by Tukey’s test, was used to
determine significant differences. ****p < 0.0001 vs CTRL; ++p < 0.01 between treatment with or without MK801.

Finally, Nat-bLf does not induce lipoperoxidation in SH-SY5Y co-cultured with U373-Tat; on the
other hand, Holo bLf significantly increases lipoperoxidation in neuronal cells compared with control
(Fig. 24A), thus supporting an iron role in ROS-mediated excitotoxicity. Interestingly, neither form

of bLf induces lipid peroxidation in monocultures of SH-SYSY cells (Fig. 24B).
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Figure 24. Analysis of lipid peroxidation by bodipy assay in co-cultures of SH-SY5Y with U373-Tat cells (A) or in SH-SYS5Y
monocultures (B) untreated or treated with 100 pg/ml Nat- or Holo-bLf for 24 h. One-way ANOVA, followed by Tukey’s test, was
used to determine significant differences. °p < 0.05 and °°p < 0.01 vs Tat; ”p < 0.05 between Tat and CTRL; +++p < 0.001 between
treatment with Nat- and Holo-bLf.
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5/1. Discussion

Viruses are obligate intracellular parasites that exploit host cell systems for their own propagation.
RNA viruses exhibit the highest mutation rate (Drake et al., 1999), which gives them a selective
advantage, thus it is more difficult to develop an effective therapy. Several studies have highlighted
the role of oxidative stress in viral pathogenesis, including apoptosis, altered immunological function,
virus replication, and inflammatory response (Pace and Leaf 1995; Paracha et al., 2013). In HIV
infection, oxidative stress plays a crucial role in the spread of the virus by activating NF-kB, which
is required for viral replication (Staal et al., 1990) and at the same time for inflammatory response
(Lenardo and Baltimor 1989). Under infection, the host activates antioxidant pathways governed by
Nrf2 factor to preserve cellular redox homeostasis (Pillai et al., 2022). The systemic inflammatory
state in infected individuals leads to intracellular iron accumulation and anemia, which have been
associated with increased viral replication and worse prognosis in HIV+ patients (Chang et al., 2015;
Drakesmith et al., 2008). To this end, iron depletion may have a marked anti-HIV effect; indeed,
overexpression of Fpn is a contributing factor to HIV-1 limitation (Kumari et al., 2016). Emerging
evidence suggests that viruses take advantage from intracellular iron in order to guide their own
replication (Mancinelli et al., 2020; Schmidt 2020).

Viral proteins are the causal agents of neuronal death observed in HIV-infected patients (Marino et
al., 2020), inducing oxidative stress and neuroinflammation (Capone et al., 2013; Mangino et al.,
2015; Persichini et al., 2016). However, in HAND, the correlation between oxidative stress and
dysregulation of iron metabolism is unclear.

The results shown concern the cellular response in astroglial cell lines constitutively expressing the
viral protein Tat. The antioxidant defense response promotes the activation of Nrf2 factor and
consequently the transcriptional and translational overexpression of the System Xc. When Tat is
present, modulation of iron protein expression suggests that a ferritinophagy process takes place. In
addition, increased expression of Fpn and decreased expression of TfR1 are observed compared with
control, favoring reduction of intracellular iron. Tat protein, as also demonstrated for Nef (Madrid et
al., 2005), appears to reduce Tt receptor expression, thus limiting viral replication. It must be recalled
that TfR1 has been defined as a secondary receptor for virus entry, including SARS-CoV-2 (Wessling-
Resnick 2010; Tang et al., 2020).

Overall, the data suggest that astrocytes try to reply to Tat-mediated effects by counteracting the
accumulation of ROS and intracellular iron. However, significant increases in lipoperoxidation and
DNA damage are still recorded. Treatment with both Nat- and Holo-forms of bLf reduced lipid
peroxidation, and only Nat-bLf played a protective role against DNA damage. Both forms of bLf

promoted antioxidant response and intracellular iron depletion, but with different efficacy. Holo-bLf
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was significantly more efficient than the Native counterpart in promoting the expression of System
Xc and Fpn. However, Nat-bLf reduced the expression of the DNA damage marker y-H2AX and did
not induce the expression of IL-6. The different function exerted by the two forms could be related to
the different iron content which, in turn, influences bLf physico-chemical features. The stability of
Holo-bLf is greater than the Apo and Nat forms; indeed, it is more resistant to proteolysis (Rosa et
al., 2018). Similar to what was reported in a human glioblastoma model (Cutone et al., 2020a), the
saturated form is able to localize more efficiently in the nucleus than its counterpart and persist longer,
suggesting possible gene regulation over time. Importantly, Native form can act as an iron chelator,
reducing potentially reactive free iron and ROS formation.

In the CNS of HIV+ patients, astrocytes can actively contribute to neurotoxicity characterizing the
disease. These cells release excessive amounts of glutamate, pro-inflammatory cytokines, and nitric
oxide that collectively promote ROS production, mediating neuronal damage (Persichini et al., 2014).
Infected patients compared to healthy ones have five times higher levels of glutamate in CSF
(Ferrarese et al., 2001), and in patients with HAND the levels are still higher despite ART (Cassol et
al., 2014). The malfunction of the glutamate-glutamine shuttle system could explain the extracellular
accumulation of this neurotransmitter. In this context, a promising pharmacological target in
neurodegenerative diseases could be System Xc.

In this research work, it was shown that Holo-bLf acts as a positive regulator of the Nrf2 pathway by
promoting the prolonged expression of System Xc, thereby exacerbating the neurotoxic effect on
neuronal cells. Standardization of nutraceuticals is needed since currently available Lf-based products
show high variability in the downstream effects. Quality control of Lf is essential for effective
function to be claimed. The iron content, as shown in this work, greatly affects bLf biological
activities. Indeed, Nat-bLf turns out to be protective against oxidative stress, does not induce
excitotoxicity, protects the host from DNA damage, and does not increase IL-6 expression. On the
other hand, Holo-bLf, although able to promote antioxidant cellular response, exacerbates System
Xc-mediated neurotoxicity, does not protect against DNA damage, and induces IL-6 production. To
date, the neurotoxic effect of Lf has never been described in the literature. Our results emphasize the
importance of glycoprotein saturation and its implications in the success or failure of clinical

therapies.
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Effects of Lactoferrin on SARS-CoV-2 Spike-mediated cell fusion,

inflammation and iron disorders
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3/2. Materials and Methods

3/2.1. Bovine and Human Lactoferrin

For bLf, the same commercial preparation described in the section 3/1.1. was employed. Highly
purified hLf was purchased from Sigma Aldrich (Milan, Italy). HLf purity was about 97%, as checked
by SDS-PAGE and silver nitrate staining. Iron saturation of hLf was about 9%, as determined via
optical spectroscopy at 468 nm using an extinction coefficient of 0.54 for a 1% solution of 100% iron
saturated protein. LPS contamination, assessed via Limulus Amebocyte assay (Pyrochrome kit, PBI
International, Milan, Italy), was 0.3 £ 0.07 ng/mg. Before each in vitro assay, bLf and hLf solutions
were sterilized using a 0.2 um Millex HV filter at low protein retention (Millipore Corp., Bedford,
MA, USA).

3/2.2. Cell Culture and Pseudovirus

The African green monkey kidney-derived Vero E6 and human colon carcinoma—derived Caco-2 cells
were purchased from American Type Culture Collection (ATCC), Human Bronchial Epithelial
(16HBE140-) cell line was purchased from Millipore Sigma (St. Louis, MO, USA), while THP-1
cells were purchased from European Collection of Cell Cultures (ECACC). Vero E6 and Caco-2 cells
were cultured in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Euroclone, Milan,
Italy) with 10% Fetal Bovine Serum (FBS) (Euroclone, Italy) in a humidified incubator with 5% CO-
at 37 °C. 16HBE140- Human Bronchial Epithelial cells were cultured in minimum essential medium
(MEM) with 10% FBS at 37 °C in a humidified incubator with 5% CO,. THP-1 cells were maintained
in RPMI 1640 medium (Euroclone, Italy), supplemented with 10% FBS and 2 mM glutamine, at 37
°C in a humidified incubator with 5% CO,. THP-1 cells, which grow spontaneously in loose
suspension under these conditions, were subcultured twice a week by gentle shaking, followed by
pelleting and reseeding at a density of approximately 5 x 10° cells/mL.

SARS-CoV-2 Spike Pseudovirus (hereafter referred to as “Pseudovirus™), an HIV-based luciferase
lentivirus pseudotyped with SARS-CoV-2 full length Spike protein of Wuhan strain, was purchased
from Creative Biogene (New York, NY, USA) (SARS-CoV-2 S Pseudotyped Luciferase Lentivirus,
cat. CoV-002). The Pseudovirus presents SARS-CoV-2 Spike as the only surface protein that mediates

viral fusion with host cells.
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3/2.3. Pseudovirus Neutralization Assay

For neutralization assays, cells were seeded in 96-well tissue culture plates (1 x 10* cells/well) for 24
h (Vero E6) or 48 h (Caco-2 and 16HBE140-) at 37 °C in a humidified incubator with 5% CO,. THP-
1 cells were differentiated in macrophages by incubation in 96-well tissue culture plates at a density
of 2 x 10* cells/well in RPMI medium containing 0.16 uM phorbol myristate acetate (PMA) (Sigma
Aldrich, Italy) for 48 h at 37 °C in a humidified incubator with 5% CO>. Cell confluence conditions
were set following instructions provided by the Pseudovirus manufacturer. To evaluate the inhibition
of Pseudovirus fusion to the host membrane, 1.25 and 6.25 uM of bLf or hLf, corresponding to 100
and 500 pg/mL, were used on Vero E6 cells; the higher concentration was used on 16HBE140-, Caco-
2 and THP-1 cells. For studies on the interaction of Lf with pseudoviral particles and/or host cells,
the neutralization assay was carried out with a multiplicity of infection (MOI) of 10 in the presence
or absence of bLf or hLf, according to the following experimental plan: (i) to evaluate the entry
efficiency of the pseudoviral particles, cells were treated with Pseudovirus for 8 h at 37 °C; (ii) to
evaluate whether Lf interferes with the viral fusion rate by binding viral surface components, the
Pseudovirus was preincubated with bLf or hLf for 1 h at 37 °C and then the cells were treated with
these suspensions for 8 h at 37 °C; (iii) to evaluate whether Lf interferes with viral attachment to host
cells, cells were preincubated with bLf or hLf for 1 h at 37 °C. The cells were then washed with PBS
and treated with Pseudovirus for 8 h at 37 °C; (iv) to assess whether Lf interferes with both viral and
host cell components, bLf or hLf was added together with Pseudovirus to the cell monolayer for 8 h
at 37 °C.

For experiments on the contribution of TfR1 to pseudoviral fusion to the cell membrane, two different
approaches were followed: (i) cells were preincubated with an antibody against human TfR1 (sc-
32272, Santa Cruz, CA, USA) for 1 h at 37 °C. The cells were then washed with PBS and treated
with Pseudovirus for 8 h at 37 °C; (i1) the Pseudovirus was preincubated with a soluble form of TfR1
(11020-HO1H, Sino Biological, China) for 1 h at 37 °C and then the cells were treated with this
suspension for 8 h at 37 °C.

At the end of the incubation, cells were washed twice with PBS, covered with the appropriate culture
medium with 2% of FBS and incubated for 48 h at 37 °C in a humidified incubator with 5% COx.
After 48 h, cells were washed, lysed with cell culture lysis reagent (Promega, Italy) and the
transduction efficiency was determined by luminescence analysis using firefly luciferase assay kit
(Promega, Italy). The relative luciferase unit (RLU) in each well was detected using a Cytation 5 Cell
Imaging Multi-Mode Reader (BioTek, Winooski, VT, USA).

58



3/2.4. Sepharose 6B Pull-Down

CNBr-activated Sepharose 6B (GE Healthcare, Chalfont St Giles, Buckinghamshire, UK) was
employed for conjugation of bLf, hLf or human Tf (hTf, Fluka Sigma Aldrich, Milan, Italy). The
resin (100 mg) was washed with 1 mM HCI and coupled to 0.5 mL of a 10 mg/mL protein solution
in PBS by overnight incubation at room temperature under continuous shaking. The resin was fully
inactivated by incubation in 1 mL of Tris-HCI 0.5 M pH 8.0 for 2 h at room temperature. After five
washes with 1 mL of PBS, the resins were resuspended in an equal volume of PBS. An amount of 40
uL of the resuspended resins was added to 200 pL of full-length stabilized trimeric Spike of Wuhan
strain (P2020-025, Trenzyme GmbH, Konstanz, Germany) (20 pg/mL) or its S1 domain (40591-
VO08H, Sino Biological, Eschborn, Germany) (20 pg/mL) and incubated for 2 h at room temperature
under continuous shaking. The resins were then washed five times with 1 mL of PBS and eluted in
50 uL of SDS sample buffer. An amount of 20 pL of the eluted fractions was analyzed by SDS-PAGE
and Western blot (monoclonal anti-His-HRP, Sigma, 1:10,000).

3/2.5. Stimulation of Caco-2 and Differentiated THP-1 Cells with Spike

For the stimulation assay, Caco-2 cells were seeded in 6-well tissue culture plates in complete DMEM
medium at a density of 7 x 10° cells/well for 48 h at 37 °C in a humidified incubator with 5% COx,
while THP-1 cells were differentiated in macrophages by incubation in 6-well tissue culture plates at
a density of 2 x 10° cells/well in complete RPMI medium containing 0.16 uM PMA for 48 h at 37 °C
in a humidified incubator with 5% CO». Caco-2 cells and differentiated THP-1 cells were washed
twice with PBS and treated or not with full-length stabilized trimeric Spike and/or with bLf according
to one of the following experimental procedures: (i) untreated cells; (ii) cells treated with 1.25 uM
bLf; (iii) cells treated with 20 nM Spike; (iv) cells pre-treated with 20 nM Spike for 1 h and
subsequent addition of 1.25 uM bLf; (v) cells pretreated with 1.25 uM bLf for 1 h and subsequent
addition of 20 nM Spike and (vi) cells treated with a mixture of 1.25 uM bLf and 20 nM Spike
preincubated for 1 h. For all conditions, cells were incubated for 48 h at 37 °C in a humidified
incubator with 5% COx.

After 48 h from treatments, cytokines were quantified on the supernatants. Adherent cells were
scraped in PBS with 1 mM phenylmethylsulfonyl fluoride (PMSF), pelleted at 5000 g for 5 min and

stored at —80 °C for protein analysis.
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3/2.6. Cytokine Analysis

Quantification of IL-1p and IL-6 was performed on cell monolayer supernatants using Human ELISA

Max Deluxe Sets (BioLegend, San Diego, CA, USA).
3/2.7. Western Blots

Caco-2 cells and THP-1 cells were lysed in 300 pL of 25 mM MOPS pH 7.4, 150 mM NaCl, 1%
Triton, 1 mM PMSEF, 2 uM leupeptin and pepstatin in ice for 1 h. Total protein content was quantified
by Bradford assay. An amount of 20 ug of total protein, in SDS sample buffer containing DTT, was
heat-treated (except for Fpn (Tsuji 2020)) and loaded onto SDS-PAGE. For Western blot analysis, the
following primary antibodies were employed: monoclonal anti-TfR1 (anti-TfR) (sc-32272, Santa
Cruz, CA, USA) (1:5000), monoclonal anti-Fpn 31AS5, (Amgen) (1:10,000), polyclonal anti-Ftn
(sc25617, Santa Cruz, CA, USA) (1:10,000), polyclonal anti-HCP (A0031, Dako, Santa Clara, CA,
USA) (1:10,000), anti-hephaestin (sc-365365, Santa Cruz, CA, USA) (1:10,000), anti-DMT-1 (sc-
166884, Santa Cruz, CA, USA) (1:10,000) and monoclonal anti-actin (sc1616, Santa Cruz, CA, USA)
(1:10,000). After incubation with the appropriate secondary horseradish peroxidase-conjugated
antibody, blots were developed with Enhanced Chemi Luminescence (ECL Prime) (GE Healthcare,

UK). Protein levels were normalized on actin by densitometry analysis, performed with ImageJ.
3/2.8. Statistical Analysis

For fusion experiments, Western blots and ELISA assays, statistically significant differences were
assessed by one-way ANOVA and the post-hoc Tukey test. All statistical analyses were run using
Prism v7 software (GraphPad Software, San Diego, CA, USA). Results were expressed as mean =+
standard deviation (SD) of three independent experiments. A p-value < 0.05 was considered

statistically significant.
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4/2. Results

4/2.1. Antiviral activity of bLf and hLf

The efficacy of bLf and hLf at different concentrations (1.25 and 6.25 uM, corresponding to 100 and
500 pg/mL respectively) in inhibiting SARS-CoV-2 Spike Pseudovirus fusion was examined firstly
on Vero E6 cells, an epithelial cell line extensively employed in studies of SARS-CoV-2, according
to the experimental scheme described in Materials and Methods.

Lf concentrations of 1.25 uM and 6.25uM were chosen based on published data in the literature.
Specifically, the lower concentration is usually used for anti-inflammatory studies (Elass et al., 2002;
Hwang et al., 2007; Inubushi et al., 2012), while the higher concentration is used to evaluate the
antiviral activity of Lf (Campione et al., 2021; Mirabelli et al., 2021; Hasegawaet al., 1994; Oda et
al., 2021; Wotring et al., 2022). Although in inflamed/infected sites the Lf concentration can rise
around 1.25-2.5 uM (Bennett and Mohla 1976), it is still necessary to add exogenous Lf for effective
antiviral activity. Preincubation of reagents allows discrimination of the mechanism of action, based
on the order of addition, and makes the effect independent from the kinetics of interaction. BLf shows
a dose-dependent inhibition of pseudoviral fusion under all experimental conditions compared with
control, especially when bLf was preincubated with pseudovirus and when this glycoprotein was
added at the time of infection (Fig. 23a, b). HLf induces, at both concentrations, a significant
inhibition of pseudoviral entry into Vero E6 cells under all experimental conditions (Fig. 23¢, d), even

if its effect is milder than that exerted by bLf.
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Figure 23. Luminescence of Pseudovirus observed in Vero E6 cells infected at multiplicity of infection (MOI) of 10 in the presence or
absence of 1.25 (a,c¢) or 6.25 uM (b,d) of bovine lactoferrin (bLf) (a,b) or human lactoferrin (hLf) (¢,d). See text for details. Data
represent the mean values of three independent experiments. Error bars: standard error of the mean. Statistical significance is indicated

as follows: **: p <0.01; ***: p <0.001 (one-way ANOVA with post-hoc Tukey test). RLU = Relative Luminescence Units.

To verify that Lf is also effective on a cell line heavily targeted by the virus, experiments were
conducted using the highest concentration of bLf and hLf on human 16HBE140°derived bronchial
epithelial cells. As shown in Figure 24, both forms are efficient in preventing pseudoviral fusion, but
bLf is more efficient in the condition in which it is preincubated with pseudovirus (Fig. 24a, b). Lf
activity was also evaluated on intestinal Caco-2 epithelial cells which mimic intestinal absorption of
Lf and are also involved in iron homeostasis. The results obtained (Fig. 24¢, d) are comparable to
previous ones, in which bLf (Fig. 24¢) was more effective than hLf (Fig. 24d) in counteracting

pseudovirus fusion. Similar results are obtained on THP-1 cells (Fig. 24e, f).
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Figure 24. Luminescence of Pseudovirus observed in 16HBE140- (a,b), Caco-2 (¢,d) and THP-1 (e,f) cells infected at multiplicity of
infection (MOI) of 10 in the presence or absence of 6.25 uM of bovine lactoferrin (bLf) (a,c,e) or human lactoferrin (hLf) (b,d,f). See
text for details. Data represent the mean values of three independent experiments. Error bars: standard error of the mean. Statistical

significance is indicated as follows: ***: p <0.001 (one-way ANOVA with post-hoc Tukey test). RLU = Relative Luminescence Units.

bLf and hLf binding to SARS-CoV-2 Spike glycoprotein

To demonstrate the effective binding between bLf/ hLf and the SARS-CoV-2 Spike, an in vitro pull-
down assay was performed (Fig. 25). For this purpose, unconjugated Sepharose 6B resins conjugated
with bLf, hLf and hTf were incubated with full length trimeric Spike or its S1 domain. The resin
conjugated with hTf was employed as a control of binding specificity, since Tfs belongs to the same
family of Lfs. As shown in Figure 25a, an immunoreactive band around 250 kDa, corresponding to
the monomeric form of the Spike glycoprotein, is recorded in the eluted SDS fractions of the resins
conjugated with bLf and hLf. No reactive bands are recorded for both unconjugated and hTf-
conjugated resins, thus demonstrating the specificity of binding between Spike and bL{/hLf.
Interestingly, the S1 domain alone is not sufficient to allow binding between Lfs and Spike (Fig. 25b).
With this assay, it is shown that bLf is able to bind to the Spike glycoprotein and that this interaction

depends on its oligomerization state.
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Figure 25. Sepharose 6B pull down of full-length stabilized trimeric (a) and S1 domain (b) SARS-CoV-2 Spike. Unconjugated (-),
bovine Lactoferrin (bLf)-, human Lactoferrin (hLf)- and human Transferrin (hTf)-conjugated Sepharose 6B resins were employed.

Input, unbound (U) and SDS eluted fractions were analyzed through Western blot.

bLf counteracts inflammatory and iron homeostasis disorders induced by the glycoprotein

Spike

To investigate the role of the SARS-CoV-2 Spike on inflammatory and iron disorders and the potential
protective effect of bLf, the expression of key iron management proteins and interleukins was
evaluated in in vitro models of both macrophages and enterocytes. For this purpose, THP-1 and Caco-
2 cells were untreated or treated with 20 nM full-length SARS-CoV-2 glycoprotein Spike in the
absence or presence of 1.25uM bLf, according to the experimental scheme described in Materials and
Methods. For this study, the experiments were performed only with bLf, which was more efficient in
antiviral activity as described previously. BLf shares functions with hLf although it has greater
commercial availability, making it a better candidate for in vitro, in vivo, and even clinical studies.

Regarding THP-1 cells, Spike stimulation induces a significant down-regulation of the iron exporter
Fpn, whereas a significant up-regulation of both TfR1 and membrane-bound Cp is observed
compared with untreated cells. BLf is able to counteract Spike-induced iron dysregulation under all
experimental conditions tested, hindering the Fpn down-regulation and both Cp and TfR1 increase
(Fig. 26b, ¢, d). Notably, no modulation of Ftn is detected following Spike stimulation (Fig. 26e). In
addition to iron management proteins, the expression of IL-1f and IL-6, the main cytokines involved
in iron disorders, was tested under the same experimental conditions. As shown in Figure 26f, Spike
treatment induces a significant up-regulation of both IL-1p and IL-6, with bLf contrasting such an
increase in all experimental conditions, reaching significant values for both interleukins when pre-

incubated with the Spike glycoprotein and, only for IL-6, when pre-incubated with cells.
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Figure 26. Protective effect of bovine lactoferrin (bLf) against iron and inflammatory disorders induced by SARS-CoV-2 Spike
glycoprotein on THP-1 cells. Western blot (a) and densitometry analysis of ferroportin (Fpn) (b), membrane-bound ceruloplasmin (Cp)
(¢), transferrin receptor 1 (TfR1) (d) and ferritin (Ftn) (e) levels and ELISA quantitation of IL-1f and IL-6 production (f) in THP-1
cells untreated or treated with 20 nM Spike glycoprotein in the absence or presence of 1.25 uM bLf. See text for details. Error bars:
standard error of the mean. Statistical significance is indicated as follows: *: p <0.05; **: p <0.01; ***: p <0.001 (one-way ANOVA

with post-hoc Tukey test).

As Caco-2 cells are concerned, Spike treatment significantly reduces Fpn, Heph and DMT-1 (Fig.
27b, ¢, e), while no significant effect is recorded for TfR1 and Ftn (Fig. 27d, f). Again, bLf is able to
significantly counteract iron dysregulation when it is pre-incubated with the Spike glycoprotein for
Fpn, Heph and DMT-1, indicating that the two proteins interact. Significant levels for Fpn and Heph
are achieved when bLf was pre-incubated with the cells, and for Heph and DMT-1 when bLf was
added one hour after stimulation with Spike. The latter result indicates that bLf can revert the effects
even after they are triggered by Spike. No significant effect of bLf on the expression of TfR1 and Ftn

is observed. Of note, no detectable levels of IL-1 and IL-6 are recorded under both basal and

Spike/bLf-stimulated conditions.
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Figure 2. Protective effect of bovine lactoferrin (bLf) against iron and inflammatory disorders induced by SARS-CoV-2 Spike
glycoprotein on Caco-2 cells. Western blot (panel (a) and densitometry analysis of ferroportin (Fpn) (b), hephaestin (Heph) (¢),
transferrin receptor 1 (TfR1) (d), DMT-1 (e) and ferritin (Ftn) (f) levels in Caco-2 cells untreated or treated with 20 nM Spike
glycoprotein in the absence or presence of 1.25 uM bLf. See text for details. Error bars: standard error of the mean. Statistical

significance is indicated as follows: *: p < 0.05; **: p <0.01; ***: p <0.001 (one-way ANOVA with post-hoc Tukey test).

4/2.4. TTR1 as a secondary gate for SARS-CoV-2 Spike Pseudovirus

As mentioned above, it has been reported that SARS-CoV-2 exploits several cell surface receptors
for its entry, including TfR1 (Tang et al., 2020). To explore the possible contribution of TfR1 in
promoting the entry of SARS-CoV-2 on novel models, the neutralization assay was done on bronchial
and intestinal epithelial cells and a macrophage cell line in the presence of a monoclonal antibody
that recognizes ectodomains of human TfR1 or a soluble form of TfR1. Both significantly reduce

pseudoviral fusion in all three cell lines (Fig. 28), although the most prominent effect is seen with

soluble TfR1 in 16HBE14o0- respiratory cells (Fig. 28 a).
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Figure 28. Luminescence of Pseudovirus observed in in 16HBE140- (a), Caco-2 (b) and THP-1 (¢) cells infected at multiplicity of
infection (MOI) of 10 in the presence or absence of 200 nM monoclonal antibody recognizing the ectodomains of human transferrin
receptor 1 (TfR1) (anti-TfR1) or 200 nM soluble human TfR1 (sTfR1). See text for details. Data represent the mean values of three
independent experiments. Error bars: standard error of the mean. Statistical significance is indicated as follows: *: p < 0.05; **: p <

0.01; ***: p <0.001 (one-way ANOVA with post-hoc Tukey test). RLU = Relative Luminescence Units.
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5/2. Discussion

Structural glycoprotein Spike, which decorates the surface of virions, is an essential target for the
development of therapies and vaccines. SARS-CoV and SARS-CoV-2 have 79% genomic identity
associated with similar structural and pathogenic features (Tang et al., 2020). However, both viruses
show significant differences in their ability to infect humans. Although the Spike glycoprotein of both
viruses share about 75% amino acid identity in the RBD domain, the presence of new insertions and
deletions in the Spike of SARS-CoV-2 resulted in a gain of function by enhancing virus transmission.
For instance, the binding affinity to the ACE2 receptor is 10-20 times higher in SARS-CoV-2 (Saadi
et al.,, 2021). Spike is emerging as the major virulence factor capable of triggering the
immunopathological response (Saadi et al., 2021). The extent of such response underlies the viral
spread as well as the outcome and severity of the disease. For this reason, many studies aimed at
finding an effective therapy, target the inhibition of Spike activity, including possible molecules
capable of interacting with it.

Results obtained in silico from Campione group (Campione et al., 2021) showed a direct interaction
between Lf and Spike glycoprotein. In this work, the interaction between Lf and Spike of SARS-
CoV-2 was experimentally demonstrated. The antiviral activity of Lf was demonstrated by a
neutralization assay of bLf and hLf against Spike-decorated pseudoviruses. Both Lf are able to
perform this function in all three cell lines analyzed, with little difference depending on the
concentration used. However, bLf exerts a more effective action than hLf, particularly when bLf and
pseudovirus are added together, with or without pre-incubation of the same. This is a good indication
that bLf thorough the interaction with Spike could block virus entry. BLf, by competing with Spike-
mediated binding to the host cell receptor, would exert its action with an efficacy depending on the
type of receptors expressed on the cell surface.

Until now, the effectiveness of Lf in inhibiting SARS-CoV-2 entry was attributed to its ability to
prevent virus binding to HSPG membrane receptors (Hu et al., 2021). Here, an in vitro pull-down
assay allowed us to confirm the in-silico model (Campione et al. 2021) as well as demonstrate that
Lfs can block SARS-CoV-2 entry via direct binding to Spike in the trimeric form.

Purified SARS-CoV and SARS-CoV-2 Spike glycoproteins are potent inducers of the inflammatory
response. Spike of SARS-CoV promotes NF-kB activation and thereby the expression of pro-
inflammatory cytokines such as IL-6 and IL-8 in peripheral blood monocyte macrophages and THP-
1 (Dosch et al., 2009). Similarly, SARS-CoV-2 Spike activates the NF-kB AP-1/c-Fos pathway and
thus the production of IL-6 in epithelial cells (Patra et al., 2020). Activation of pro-inflammatory
pathways can modulate iron protein expression, leading to a decrease in Fpn (Ginzburg 2019) and

increase in TfR1 (Tacchini et al., 2008).
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Iron is involved in numerous biological processes that make it indispensable. High metal levels have
been found in several disease states associated with inflammation (Kernan and Carcillo 2017), as well
as viral infections (Hsu et al., 2022). Iron is not only required for viral spreading, being involved in
processes such as ANTP biosynthesis, reverse transcription, translation, and viral assembly (Schmidt
et al., 2020; Sienkiewicz et al., 2022), but also in ROS production and NF-kB activation (Xiong et
al., 2003).

In this research work, it was shown that Spike can induce alteration of key proteins involved in iron
metabolism in both macrophage and intestinal epithelial cell lines. Down regulation of Fpn was
observed in both cell lines, indicating a phenotype of intracellular iron accumulation. To support this
hypothesis, down regulation of DMT-1 and Heph in enterocytes as well as upregulation of TfR1 in
macrophages was also detected. The observed changes are in line with previous in vitro (Recalcati et
al., 2010; Cutone et al., 2017) and in vivo (Liu et al., 2005; Willemetz et al., 2017) studies in which
decreased Fpn expression has been reported in inflammatory states. Such modulation is often
accompanied by elevated production of pro-inflammatory cytokines such as IL-1f and IL-6 (Lepanto
etal., 2018).

Spike stimulation also led to upregulation of Cp and downregulation of Heph in enterocytes. This
different modulation of Fpn partners must consider that Cp exerts not only ferrosidase activity, but
also copper transport, antioxidant activity, and amine oxidation (Bonaccorsi et al., 2018). Cp is
defined as an acute phase protein, the expression of which can be induced by TNF-a in alveolar
macrophages (Tisato et al., 2018), by IFN-y in monocytic cell lines (Mazumder et al., 1997) as well
as by stimulation with IL-1f in glial cells (Persichini et al., 2010). As for TfR1, its significant up-
regulation in THP-1 cells after Spike treatment is consistent with other studies reporting increased
expression during the acute phase response (Tacchini et al., 2008; Malik et al., 2011). Despite its role
in iron uptake, TfR1 is also hijacked by numerous viruses to enter the cell (Mancinelli et al., 2020),
and SARS-CoV-2 appears to be no exception (Tang et al., 2020). The observed modulation of Fpn
partners is in line with a pro-inflammatory response in macrophages and enterocytes respectively, as
already reported in some studies (Sheikh et al., 2007; Bergamaschi et al., 2017).

Following stimulation with Spike, an increase in TfR1 is observed in THP-1, in agreement with a
previously observed acute phase response (Tacchini et al., 2008; Malik et al., 2011). Of note, TfR1 is
used by many viruses for its own entry, including SARS-CoV-2 (Tang et al., 2020). While the role of
TfR1 may be to promote iron entry and ensure viral replication, the data obtained in this study confirm
that TfR1 contributes to Spike-mediated fusion on epithelial and macrophage cells.

However, intracellular Ftn does not appear to be modulated in any of our models. Hepatocytes,

macrophages, and Kupffer cells have been shown to secrete Ftn (Wesselius et al., 1994); in particular,

69



administration of IL-1B or TNF-a in differentiated rat hepatoma cells doubled the amount of ferritin
released into the culture medium, but did not affect intracellular levels (Tran et al., 1997). In patients
with COVID-19, serum Ftn levels increase as the disease progresses, prognosis is worse when levels
are higher (Mehta et al., 2020; Phua et al., 2020). Our data demonstrated that bLf counteracts the
dysregulation of iron metabolism proteins, but it also downregulated IL-6 production.

Overall, we showed that 1) Lf competes with binding to surface receptors when incubated with cell
monolayer or Spike; i1) Lf can block pathogenesis by binding directly to Spike; iv) bLf can restore
physiological balance by counteracting iron disorders and inflammation. The bLf efficacy as regulator
of iron homeostasis has been reported in several inflamed/infected models in vitro (Cutone et al.,
2017; Frioni et al., 2014) and in vivo (Cutone et al., 2019), as well as in clinical studies (Lepanto et
al., 2018). During viral infection, Lf, by chelating free iron, may act on iron disorders and
consequently potentiate antioxidant response of the host as well downregulate pro-inflammatory
cytokines, such as IL-1B and IL-6. Taken together, our findings support the results of preliminary
clinical studies where, Lf treatment reduces time of SARS-CoV-2 RNA negativization (Rosa et al.,
2021; Campione et al., 2021), recovery of clinical symptoms as well as serum levels of IL-6, Ftn and
D-dimer (Campione et al., 2021).

In conclusion, the results provide evidence for an effective link between Lf and Spike, which
interferes with Spike-mediated pseudovirus fusion and Spike-triggered iron disorders (Fig. 29). These
results give hope for the use of Lf as an adjuvant to current therapies in patients with COVID-19,

however, the in vivo efficacy is yet to be evaluated.

- Upregulation of pro-inflammatory cytokines
- Dysregulation of iron related proteins

- Downregulation of pro-inflammatory cytokines
- Rebalance of iron related proteins

e .
‘Q‘:‘t SARS-CoV-2 SARS-CoV-2 cell receptors &%, Lactoferrin

Y Transferrin receptor 1 ? Spike glycoprotein G Lactoferrin-Spike complex

Figure 29. Schematic representation of viral infections in absence (A) and presence of Lf (B). A) Upon SARS-CoV-2 infections, the
binding between Spike and SARS-CoV-2 receptors as well TfR1 allows viral particles internalization into the host cell, thus enhancing
the upregulation of pro-inflammatory cytokines and dysregulation of iron related proteins; B) The binding between Lf and Spike affects

with Spike-mediated pseudoviral entry and Spike-induced iron dysregulation.
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6. CONCLUSIONS

Increased virus infectivity, transmissibility, disease severity and the development of immunity against
infection are mediated by structural and non-structural viral proteins. The latter have emerged as
crucial molecules in infection-associated disorders. Tat of HIV-1 and Spike of SARS-CoV-2 have
been described as a neurotoxin and virulence factor, respectively. Both can induce an inflammatory
response associated with oxidative stress and iron disorders. Therefore, current treatment requires a
novel approach to counteract these negative effects.

This study showed that Lf, as a multifunctional protein, can both prevent viral infection at an early
stage by blocking virus entry, and counteract viral protein-induced disturbances by restoring
physiological-like conditions. Nat-Lf has been shown to counteract iron dysregulation by improving
iron recycling from cells, increasing iron release, and reducing iron uptake in cells subjected to Tat
and Spike. In addition, the Native form reduces the production of pro-inflammatory cytokines, thus
showing an overall protective effect. On the other hand, the iron-saturated form would appear to have
some functions shared with the Native, such as antioxidant activity, and some divergent ones that
cannot be underestimated. Holo-Lf transports iron and is more stable than the unsaturated forms and
this could diversify the cellular response over time, explaining the differential effects observed. These
results highlight a current problem with commercial preparations of Lf. There is great variability and
discrepancy between Lf products and the associated effects, precisely because the physico-chemical
parameters, including iron saturation, are only partially characterized. Quality control is therefore
necessary prior to Lf treatment for in vitro and in vivo experiments and for dietary supplementation.
In addition, natural compounds are emerging as a promising alternative or support to treatment.

In this context, Lf, as a natural glycoprotein, has been proposed as an adjuvant to antiviral treatments.
Current therapies for HIV-1 and SARS-CoV-2 do not suppress the expression of viral proteins and
their negative effects. In this regard, the present research work highlights the importance of Lf as a
novel and effective therapeutic strategy to restore iron and inflammatory disorders induced by viral

proteins.
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