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ABSTRACT

Background: Lactoferrin (Lf) has been shown to have antiviral action against a variety of animal
and human viruses, particularly deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) viruses.
This review aims to summarize the pharmacological activities that lead to the influential role of
Lf against SARS-CoV-2. Methods: An all-inclusive search of published articles was carried out to
focus on publications related to Lf and its biological/pharmacological activities using various litera-
ture databases, including the scientific databases Science Direct, Scopus, Web of Science, PubMed,
Google Scholar, Google, EMBASE, and Scientific Information (SID). Results: By acting on cell tar-
gets, Lf prevents viral attachment, surface accumulation on the host cell, and virus penetration. Lf
has shown high antiviral effectiveness across a broad spectrum of viruses, suggesting that it might
be used to cure and prevent severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2). Lf can
also attach to viral particles directly, such as hepatitis C virus (HCV), and steer them away from cer-
tain sites. LF has a powerful attraction for iron, with a constant of approximately 102°. Lf capacity
to link iron relies on the existence of (minute amounts of ) bicarbonate. The bacteriostatic effect
of Lf is due to its capability to come together with free iron, which is one of the ingredients nec-
essary for bacterial development. Lf located in neutrophil secondary granules is essential for host
defense. Conclusion: Researchers confirmed that Lf activates natural killer (NK) cells in a study. Lf
has been shown in certain studies to prevent patronization in pseudovirus severe acute respiratory
syndrome (SARS) cases that leads to attenuation of SARS-CoV-2. Lf may decrease inflammation in-
duced by microbial exposure and directly reduce bacterial growth. It is concluded that Lf possesses
antibacterial, immunomodulatory, anticancer, antiviral, cytoprotective, and anti-inflammatory ac-

tivities, which ultimately act as an antiviral against SARS-CoV-2 via various mechanisms.
Key words: Lactoferrin, SARS-CoV-2, Antiviral Agents, Anticancer, COVID-19, Infectious

INTRODUCTION

Lactoferrin (Lf) is a 14-glycan single-chain polypep-
tide with a molecular weight of 80,000 Da, depend-
ing on the origin of the species. Human Lf (hLf) is
made out of 691 amino acids, and bovine Lf (bLf) is
made out of 689 amino acids, with a sequence simi-
larity of 69%!. Each Lf molecule includes two parallel
lobes, referred to as the C- and N-lobes, respectively,
according to the C-terminal and N-terminal parts of
the molecule. These domains are designated N1, N2,
C1, and C2, respectively. bLf and hLf have compa-
rable three-dimensional structures, but they are not
identical. The second configuration is aided by disul-
fide bonds in cysteine residues. bLf is only partly
iron-saturated (15 — 20%) in its natural state, giv-
ing it a brilliant pink hue with varying sharpness de-
pending on the extent of iron saturation. Apo-Lf is
iron-exhausted Lf with less than 5% iron saturation,
whereas holo-Lf is iron-saturated Lf2. Apo-Lf is the
most common Lf found in breast milk. Lf has a very

strong affinity for iron, with a constant of approxi-
mately 1020, The capacity of Lf to bind iron relies
on the occurrence of (little quantity of) bicarbonate 3,
The capacity of Lf to bind iron depends on bicarbon-
ate levels, which are negatively impacted by elevated
amounts of citrate. On the other hand, citrate can sep-
arate from bLf, which is comparable to the in vivo sit-
uation in milk. The N-terminus of both hLf and bLf
are substantial cationic peptide sequences that con-
tribute to many essential interaction characteristics*.
A loop in the N1 region with a high affection bind-
ing area mediates bacterial lipopolysaccharide (LPS)
binding with human and bLf; the C-lobe seems to
have poor affection binding regions. The human loop
is 28-34 amino acids long, whereas the bovine loop is
17 - 41 amino acids long>. Due to biological activi-
ties, Lf has evolved in various species, including hu-
mans. It has been evaluated for a long time. Lf cor-
relates with an iron deficiency linked to bacteria di-
rectly, which can impact viruses and parasites. In ad-
dition to its protective properties against bacteria, Lf
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also has immunomodulatory effects on immature im-
mune systems. Peptides derived from limited Lf pro-
teolysis, which may occur when Lf is consumed, have
been found to retain the majority of the Lf protective
qualities, sometimes to a greater extent®.

The bacteriostatic effect of Lf combines with that of
free iron, which is one of the components needed for
bacterial development”. Escherichia coli (E. coli) and
other iron-dependent bacteria cannot thrive if they do
not have enough iron®. On the other hand, Lf may
serve as an iron supply, encouraging the growth of
bacteria that need less iron, such as Lactobacillus sp.
or Bifidobacterium sp., which are normally regarded
as beneficial bacteria®. The bactericidal properties of
Lf have also been discovered. The effects of bLf and
hLf on the immune system have been studied in a va-
riety of ways. Despite conflicting evidence, Lf seems
to have both immunomodulatory and immunostim-
ulatory characteristics '°. The ability of Lf to bind en-
dotoxin is believed to be important in immunomod-
ulation. The quantity of immune system activation is
decreased by binding bacterially generated endotoxin
to Lf. This mechanism may avoid overstimulation,
which may occur during a condition such as sepsis 1.
Several antibacterial, antimicrobial, and im-
munomodulatory characteristics have been ascribed
to Lf throughout the 1970s and 1980s. Nevertheless,
it was not until 1994 that Bezault et al.'? presented
convincing evidence of hLf anticancer action in
mouse models of fibrosarcoma and melanoma. Injec-
tions of hLf into the peritoneal cavity, in particular,
have been demonstrated to prevent solid tumor
development and lung metastasis, independent of
how quickly the protein absorbs iron. Several studies
have shown that Lf can combat cancer by activating
natural killer (NK) cells. Zang et al. 13 found that
employing a methyltransferase blocker to restore
hLf gene transcription reduced cancer cell growth
and metastasis in an oral squamous cell carcinoma
system. Due to their great selectivity for cancer cells
and minimal toxicity for normal cells, antimicrobial
peptides are also being used in several novel cancer
therapies. hLf, bLf, and their related peptides have
been investigated and confirmed to play an important
role in cancer prevention and therapy due to their
comparable cell selectivity !1.

The antiviral activity of Lf was found much later, al-
though much data have been collected since then, as
shown by the significant investigations of Van der
Strate et al.'%. Lf has only been proven to be cru-
cial in avoiding viral infection in a few cases. On the
other hand, Lf has an inhibitory impact on a wide
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variety of viruses This group includes a variety
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of enveloped viruses, such as herpes simplex virus
(HSV) 1 and 2, human cytomegalovirus, human im-
munodeficiency virus (HIV), hepatitis B virus (HBV),
hepatitis C virus (HCV), respiratory syncytial virus
(RSV), hantavirus, and four naked viruses, rotavirus,
poliovirus, adenovirus, and enterovirus 7116. Both
hLf and bLf have inhibitory effects, which are me-
diated not only by adhering Lf but also, in certain
cases, by enzymatic fragments of the molecule, as
observed in HSV, cytomegalovirus, adenovirus, and
rotavirus 7. Endoplasmic reticulum (ER) stress in-
hibition is related to the cytoprotective effect of Lf.
Hepatic phosphorylation of eukaryotic initiation fac-
tor 2 (p-elF2) and phosphorylation of nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (p-
NE-«B) were significantly higher in ob/ob mice than
in Lf-treated ob/ob mice. This implies that Lf ther-
apy may reduce ER stress caused by hepatosteatosis 8.
Due to its cytoprotective properties, Lf has been found
to minimize ER stress and autophagy formation in in-
jured hepatocytes. It stimulates the upregulation of
hypoxia-inducible factor-1 alpha/vascular endothelial
growth factor (HIF-loo/VEGF) to aid in hepatic ac-
tivity recovery!®. Recent research revealed that Lf
has a cytoprotective impact on the survival of human
umbilical vein endothelial cells (HUVECs) that had
been subjected to HyO,-induced oxidative damage
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) test20.

According to the study, Lf may decrease inflamma-
tion induced by microbial exposure and directly re-
duce bacterial growth. Lf therapy inhibits Helicobac-
ter pylori-induced gastritis, LPS-induced gut mucosal
viability, endotoxemia, and mortality caused by sys-
temic E. coli or LPS exposure, according to animal re-
search?!. Lf may decrease inflammation by reducing
the production of proinflammatory cytokines such as
tumor necrosis factor-alpha (TNF-a), interleukin -
1B (IL-1fB), and IL-6, according to in vitro and in vivo
investigations in mononuclear cells and mice?2. The
capability of Lf to attach molecules that connect to
the Toll-like receptor (TLR) signaling pathway, which
is essential for the subsequent host inflammatory re-
sponse to microbial invasion, may be the primary
mechanism behind this impact23.

The ability of Lf to suppress pseudotyped severe acute
respiratory syndrome (SARS-CoV) with an IC50 of
0.7 M is very relevant to the current research. Human
coronavirus is most often linked with severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2),
which causes coronavirus disease 2019 (COVID-
19)24. The capability of Lf to bind to cell membrane
receptors, viral particles, or both may contribute to its
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capacity to hinder viral entry. According to recent re-
search, viral entry is a difficult process involving cell
surface components, virus attachment, and adhesion
to a more significant attractive cellular receptor to be-
gin cell penetration. Lf limits viral entrance and sup-
presses virus growth after it reaches the cell in the
case of HIV. Lf may thus have an indirect antiviral
impact on immunological cells, which are essential
during the initial phases of viral infection?®. Lf and
ovotransferrin act directly against viruses and bacte-
ria that may cause secondary infections in COVID-
19 patients, thus protecting them against infections
that might occur. These antimicrobials early on, when
noncritical conditions appear, can help prevent them
from becoming complicated 6. They can also be used
as a preventive for those who are more susceptible
to infection, with smaller doses being given, reduc-
ing the chance of infection. Oral consumption of Lfis
the most effective method since the number of SARS-
CoV-2 conditions is increasing?’. Lf and ovotrans-
ferrin, in particular, exhibit systemic effects after in-
gestion. Lf-containing milk or Lf-supplemented yo-
gurt helps treat viral infections in studies 28, The main
objective of the present review is to summarize the
pharmacological activities and protective role of Lf
against SARS-CoV-2 infection with possible molecu-

lar mechanisms.

BIOCHEMISTRY OF LACTOFERRIN

Lf are single-chain polypeptides that include 1-4 gly-
cans and have an average molecular weight of approx-

imately 80,000 Da, based on speciesl.

Because of
Baker and colleagues’ groundbreaking research, the
3-D conformations of bLf and hLf have become un-

derstood in precise detail?>3,

A thorough inves-
tigation by Montreuil, Spik, and colleagues clarified
the architecture of glycans related to Lf in various
species 3132, Although the three-dimensional struc-
tures of bLf and hLf are similar, they are not identical.
According to the C-terminal and N-terminal portions
of the molecule, every Lf molecule contains two paral-
lel lobes, the C- and N-lobes, respectively. N1, N2, C1,
and C2 are the designations of all these domains, cor-
respondingly 33. In bLf, N1 represents the sequences
1-90 and 251-233, N2 represents 91-250, C1 repre-
sents 345-431 and 593-676, and C2 represents 432-
592; the sequence 334-344 represents the so-called
hinge, which is a three-turn helix structure that plays
akey role in domain opening and closing3*. The exis-
tence of disulfide bonds within cysteine residues con-
tributes to the second configuration. When the amino
acids Asp60, Tyr92, Tyr192, and His253 cleave from
the protein, they lead to ferric ion binding; in both

lobes, (bi)carbonate competes with iron for binding!.
The Asn residues at locations 233, 281, 368, 476, and
545 in bLf are five possible locations for N-glycan con-
firmation. Nevertheless, scientific research demon-
strates that only four N-linked glycans, Asn281, seem
to be omitted 3. The amino acid Asn476 appears to
be conserved throughout animals. Spik et al.3? pro-
vided an excellent review of the glycans linked to Lf
from several species, demonstrating the diversity of

these structures3>.

Iron binding

Lf present in breast milk is mostly apo-Lf. Lf has
an extremely high affinity for iron and an attrac-
tion constant of approximately 102 *_ The ability of
Lf to bind iron is based on bicarbonate availability
(minute quantities). The interaction site appears to
be optimized for binding ferric iron and bicarbonated
area, charge, and stereochemistry. It is evident from
many conformational studies that using different an-
ions and cations or utilizing genetically changed genes
Lfs37.
stitute for bicarbonates but not citrate. On the other

In terms of iron binding, oxalates may sub-

hand, citrate can attach to bLf in separation, which
is consistent with the in vivo scenario in milk. High
amounts of citrate may reduce Lf’s ability to bind iron,
relying on bicarbonate levels 38 Other cations, such
as copper, could be bonded in the aperture and alter
the intake of the optimum wavelength. For example,
ferric iron-saturated Lf absorbs best at 466 nm, while
copper (Cu?*)-saturated Lf absorbs best at 434 nm.
Mn3*, Co**, and Zn?7, in addition to Cu®*, might
be connected .

Ward et al. 40 recovered C- and N-lobe hLfs from As-
pergillus awamori. It had been changed for alanine,
whether in the C-lobe or the N-lobe, and two tyro-
sine residues important in iron-binding, using site-
driven mutagenesis. According to their results, the C-
lobe has a more prominent role in iron stability than
the N-lobe. The iron-binding domains of both Lfs’
N-lobes were examined 1*2, Using pH-induced iron
discharge studies, they discovered that the absence of
the Asp60 residue in domain N2 did not affect iron re-
tention. They also found evidence of iron stabilizing
connections between the N-lobe (30 kDa tryptic frag-
ment) and the C-lobe (a 50 kDa tryptic fragment)43.
When the pH fell under 4, bLfbegan to discharge iron,
while hLf was more resilient to discharge when the
pH fell under 3#4. Furthermore, they demonstrated
that complete deglycosylation of both tryptic N-lobe
segments resulted in a 50 — 100% decrease in iron-
binding ability. Nevertheless, no reduction in iron-
binding was observed in experiments using adherent
deglycosylated recombinant hLf 3.
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Strong cationic N-terminus

Both hLf and bLf include significant cationic peptide
sequences at the N-terminus, contributing to various
essential interacting properties. The interaction of
bacterial LPS with human and bLf is mediated by a
loop in the N1 region with a high attraction binding
area; the C-lobe appears to have weak attraction bind-
ing regions (100 - 130 times lower affinity)4. The hu-
man loop is composed of 28-34 amino acids, whereas
the bovine loop consists of 17-41 amino acids. Preeti
et al.,*> and Van Berkel et al.,%¢ investigated the in-
teraction of hLf with heparin, lysozyme, LPS, and
deoxyribonucleic acid (DNA) using intact and N-
terminally removed Lf. They showed that iron sat-
uration did not affect the four-compound interac-
tion. The removal of one or more arginine residues
(Arg?, Arg®, Arg*, and Arg®) reduced Lf interaction
to various degrees, with the deletion of more arginine
residues having the most significant impact. Hav-
ing recombinant Lf lacking the first five amino acid
residues (Gly'-Arg?-Arg®-Arg*-Arg®), there was no

interaction 4.

This shows how vital this length of
four arginine residues in biomolecule association is
for host defense.

According to Legrand et al.#!, the number of binding
domains of hLf for human lymphoblast T cells was
most remarkable for the whole molecule. Neverthe-
less, it gradually decreased from approximately 100
000 per cell to 17 000 per cell when Arg?, Arg?, and
Arg* were removed?. The binding characteristics of
intact hLf and bLf were quite similar. According to
scientists, the interaction takes place on the cell’s sul-
fated molecules, and the Arg’residue has no function.
Due to its known antibacterial action, the cationic N-
terminus of bLf is of particular interest3%.

THE PHARMACOLOGICAL EFFECT
OF LACTOFERRIN

It has antimicrobial, antiviral, and immunomodula-
tory properties, which affect both the developing and
immature immune systems. Lf is orally injected and
has previously been associated with iron deficiency
but is now related to direct association with bacte-
rial cell walls*8. It is important to mention that pep-
tides produced from minimal Lf proteolysis that may
be produced upon Lf intake have been shown to con-
tain most of the Lf protective properties, occasionally
to a higher degree?®.

Antibacterial Activity

Lf bacteriostatic action is due to its ability to attach
free iron, one of the components required for bac-
terial development3®. Iron-dependent bacteria such
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as E. coli cannot grow if they do not have enough
iron®?. On the other hand, Lf may act as an iron sup-
plier, boosting the growth of bacteria with fewer iron
needs, such as Lactobacillus sp. or Bifidobacterium sp.,
which are generally regarded as beneficial bacteria>!.
However, certain bacteria can adjust to the changing
circumstances and produce siderophores (bacterial-
derived iron-chelating chemicals) that strive with Lf

52 Several bacteria, such as those in

for Fe** ions
the Neisseriaceae family, are adaptive to changing cir-
cumstances by producing particular receptors that at-
tach Lf and induce variations in the Lf molecule ter-
tiary shape, resulting in iron dispersion >3.

Lf has also been shown to have bactericidal action
(Figure 1). This bactericidal action is not iron de-
pendent, and many mechanisms could induce it. On
the membrane of certain bacteria, receptors for the Lf
N-domain have been identified. Lf interacting with
these receptors causes Gram-negative bacteria to die
by disrupting their cell walls, resulting in cell death >4.
The subsequent removal of LPS reduces permeability
and increases susceptibility to lysozyme and various
antimicrobials. Even if Lf does not contact the cell
surface, LPS may eliminate it. Electrostatic interac-
tions between the negatively charged lipid layer and
the positively charged Lf layer produce bactericidal
activity against gram-positive bacteria®®. These in-
teractions make a substantial difference in membrane
permeability. Lactoferricin, a cationic peptide formed
when Lf is digested by pepsin, shows bactericidal ac-
tivity.

Due to the merging of secondary granules and phago-
somes, Lf acts as a source of iron for the cataly-
sis of available radical generation. It increases neu-
trophil intracellular bactericidal action. Lfinhibits the
development of Pseudomonas aeruginosa biofilms in
vitro>®. Bacteria are forced to migrate due to a short-
age of iron in their surroundings. As a result, they
are unable to attach to surfaces. Lf may play a role
in preventing pathogen adherence to recipient cells
by adhering to both target cell surface glycosamino-

glycan and bacterial invasions>’

. This capacity was
initially documented against enteroinvasive E. coli HB
101 and then against Yersinia enterocolica, Yersinia
pseudotuberculosis, Listeria monocytogenes, Strepto-
coccus pyogenes, and Staphylococcus aureusS. Lf pro-
teolytic action is thought to limit the development of
certain bacteria, including Shigella flexneri and en-
teropathogenic E. coli, by destroying proteins required
for colonization. Serine protease inhibitors, on the
other hand, may prevent this>®.
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Immunomodulatory Activity

Anti-bacterial Activity \\\

Pharmacological effect
of lactoferrin

#

Anti-Inflammatory Activity

Anti-Cancer Activity

Figure 1: Summarize the pharmacological/biological activities of lactoferrin.

Immunomodulatory Activity

The usage of bLf and hLf in the immune system has
been investigated in several types of research. Despite
contradictory findings, Lf appears to have dual im-
munomodulatory and immunostimulatory proper-
ties (Figure 1). The capacity of Lf to attach endotoxin
is thought to play a significant role in immunomodu-
lation>3. Gram-negative bacteria are subjected to dif-
ferent innate immune system proteins when they in-
fect a human host. TLR-4 recognizes this “pathogen-
associated molecular pattern”. It triggers a range of
immunological reactions in different leukocytes and
platelets 1. Immune system activation is decreased by
attaching bacterially produced endotoxin to Lf. This
mechanism may avoid overstimulation, which can oc-
cur during a condition such as sepsis. According to
current research, the hLf 1-11 peptide produced from
human lactoferricin may block myeloperoxidase. It is
a key host-defense enzyme present in different leuko-
cytes, potentially lowering innate immune activity 0.
In contrast, hLf has been demonstrated to promote
the differentiation of dendritic cells and the recruit-
ment of different leukocytes. As a result, the protein
acts as an innate and adaptive immune system activa-
tor L.

Lf, which is found in neutrophil secondary granules,
is crucial for host protection. Neutrophils may re-
act to harmful bacteria in many formats. Neutrophils
may degranulate at the infected area, releasing the
host defense protein mixture in secondary and var-
ious secretory granules. These factors may combine
to produce a significant localized reaction to bacterial
attack ®!. Neutrophils swallow invading microorgan-
isms during the phagocytosis phase once a microbe is
caught within the neutrophil. The phagocytic vacuole

merges with the granules, and the bacteria are natively
destroyed. The formation of neutrophil extracellu-
lar traps (NETs), which are used in the third stage, is
caused by DNA escaping from neutrophil nuclei?4. In
a “kamikaze-like” process, intracellular granules mix
with the nucleus, while host defense proteins, such as
DNA and nuclear proteins, are all released into the
extracellular space®2. Bacteria are subsequently cap-
tured in NETs, where host defense proteins may at-
tack them. Lf may attach to DNA, and because of
its strongly positively charged N-domain, it will stay
linked with ejected DNA in the NETs, in which it can
continue to aid in bacterial death. Because several
proteolytic enzymes are expelled from the granules,
lactoferricin or specific peptides may also be excreted
locally from the adhering Lf protein. However, this
possibility has not yet been explored 3.

Anticancer Activity

The anticancer potential of Lf has been linked to the
stimulation of NK cells in a similar study. However,
there is a negative correlation between endogenous
hLf production and the prevalence of cancer in some
cancer cell lines, which is associated with a substantial
reduction in hLf messenger ribonucleic acid (mRNA).
Lf gene silencing has been related to some molec-
ular events in cancer cells, including regulator and
gene hypermethylation, along with actual gene se-

1.13 showed that restor-

quence alterations. Zhang et a
ing hLf gene transcription with a methyltransferase
blocker reduced cancer cell growth and metastasis in
an oral squamous cell carcinoma system. Both hLf
and bLf were proven to have anticancer action in pro-
tecting and treating tumors. Lf therapy was shown
to be effective in suppressing development, metasta-

sis, and tumor-related angiogenesis and in enhanc-
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ing chemotherapy in many experimental animals har-
boring various kinds of cancers, notably lung, tongue,
esophageal, liver, and colorectal cancer.

Although Lf use in clinical studies for tumor protec-
tion in humans is nearly impossible for most can-
cers, studies on its possible usages during the cure
of certain precancerous lesions to avoid their tran-
sition into potentially tumorigenic cells have been
conducted. The Tsuda research team investigated
the inhibitory action of orally administered bLf on
the formation of precancerous adenomatous colorec-
tal polyps in a clinical trial performed at the Na-
tional Cancer Center Hospital in Tokyo, Japan, be-
tween 2002 and 2006. Individuals were randomly
allocated to receive 0 (placebo), 1.5, or 3 g of bLf
each day for a year®. The findings revealed that
the smaller dosage had no impact. The more potent
dose was effective in slowing the development of col-
orectal polyps in individuals aged 63 or younger rel-
ative to the placebo group. Surprisingly, serum hLf
concentrations in patients receiving 3 g of bLf were
found to be significantly higher after 3 months of ther-
apy, indicating an increase in neutrophil activity %4
. The research was enhanced in 2014 when a simi-
lar group presented data on the relationship between
immunological characteristics and polyp size®. En-
hanced NK-cell action and greater concentrations of
the cluster of differentiation 47 (CD4™) cells in the
growth were sustained with adaptive immunity stim-
ulation. It also reduced the concentrations of poly-
morphonuclear neutrophils, and growing levels of
S100A8™ cells in the polyps, sustained with downreg-
ulation of inflammatory stimuli, were seen in study
subjects with regressing cysts. Consequently, even
though the molecular processes are still unknown, the
Tokyo clinical study is a significant step forward in
demonstrating the efficacy of oral bLf treatment in
preventing cancer in people 66,

Aside from broad clinical implications, many molecu-
lar pathways underpinning Lf anticancer activity have
been discovered, such as cell cycle regulation, apopto-
sis promotion, migration and invasiveness inhibition,

and immunomodulation .

Except for the indirect
immunomodulatory mechanism, the other processes
necessitate Lf’s direct identification and choice of tu-
morous and normal cells, involving a central associa-
tion with unique tumor cell surface receptors or a sec-
ondary interaction through differential intracellular
network regulation %8, Few examples of initial iden-
tification between Lf and tumor cell surface recep-
tors have been documented thus far. In this regard,
tumor cells usually have significant levels of proteo-
glycans, glycosaminoglycans (GAGs), and sialic acids,
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all of which are recognized Lfs interactors®. Lf an-
ticancer specificity and sensitivity may be based on
this poor detection. The N-terminal region of hLf,
which includes a unique sequence of four consecu-
tive arginine residues (G!RRRR?), was required for
hLf interaction with GAGs on the human colon car-
cinoma cell line HT29-18-C1 as well as Jurkat hu-
man lymphoblastic T cells”?. Surprisingly, the N-
terminal portion of bLf, which has a unique consen-
sus sequence (A PRKN?) compared to hLf, may bind
with cell membrane-linked GAGs.

Furthermore, Riedl et al.”! discovered that phos-
phatidylserine, a cytoplasmic-membrane constituent
abundant in tumor cells, is a critical focus for
the unique anticancer action of human lactoferricin
derivatives. This main selective association through
cell surface receptors may explain the most ancient
role attributed to Lf, namely, its lethal effect. Sim-
ilarly, large dosages of both hLf and bLf, as well as
their generated peptides, have been demonstrated to
cause cytotoxicity and cell death in both prokaryotic
and eukaryotic pathogens, as well as tumor cells. Lf
cationic charge, which may enhance electrostatic as-
sociations with negatively charged cell surface recep-
tors, has been linked to this function’2. The reduced
particular mass weight of Lf-generated cationic pep-
tides may readily penetrate and disrupt cell mem-

branes, causing lysis”3.

In addition, antimicrobial
peptides are used in several recent cancer therapies
because they have excellent selectivity for cancer cells
and minimal toxicity for normal cells. Because of their
similar cell selectivity, hLf, bLf, and their associated
peptides have been studied and proven to play an es-
sential role in cancer prevention and therapy®®, as

shown in Figure 1.

Antiviral Activity

Lf was only shown to effectively prevent viral infec-
tion in several instances (Table 1). In contrast, many
viruses are susceptible to Lf inhibitory effects. This
group includes various enveloped viruses, such as
HSV 1 and 2,human cytomegalovirus, HIV, hepati-
tis B, hepatitis C, RSV, hantavirus, and four naked
viruses (rotavirus, poliovirus, adenovirus, and en-
terovirus 71)74 that Lf has been shown to diminish
suppress (Table 1 ). This inhibitory action is shown
in both hLf and bLf. This is mediated not only by
adherent Lf but also by enzymatic fragments of the
molecule, as seen in HSV, cytomegalovirus, aden-
ovirus, and rotavirus”>. The impact on viral illness
does not seem to be linked to removing iron from the

surroundings. It has been seen in various instances,
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Lt binds virus directly
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Figure 2: Lactoferrin (Lf) has three potential antiviral mechanisms: (i) direct virus binding; (ii) Lf binding hep-
aran sulfate proteoglycans (HSPGs) on the host cell surface, reducing viralsurfing and subsequent viral entry; and
(i) Lf inhibition of viral replication via induction of intracellular cell signals. IFN stands for interferon, and ACE2

stands for angiotensin-converting enzyme 2.

often with metal-saturated Lf isoforms. However, the
explanation for this is unclear. Regarding the mode
of action of Lf on viruses, it is widely recognized that
the inhibitory effect occurs during the initial stages of
viral penetration instead of blocking virus multipli-

199, as shown in

cation after infection of the host cel
Figure 2. Lf binds directly to several sensitive viruses.
Antiviral activity can also be achieved by linking to
target cell molecules, which the virus uses as a recep-
tor or coreceptor 76,

Lf antiviral action has also been shown in a limited

in vivo study. Lu et al.”’

reported the initial discov-
ery, observing that Lf increased survival chances in
mice treated with the Friend virus complex. Before
viral introduction, Fujihara and Hayashi”® found that
superficially applied bLf inhibited HSV-1 develop-
ment in the murine cornea. Shimizu et al.”® discov-
ered that iron-saturated bLf protects mice from cy-
tomegalovirus infection. Ultimately, Tanaka et al. 3
showed that bLf reduces HCV viremia in chronic hep-
atitis C patients. A finding was later confirmed by

Iwasa et al.8!

in patients with high viral loads and
HCV genotype 1b. Apart from its direct impact on
viral components or host cells, Lf has been shown in
vivo to have an indirect impact via its effect on im-
mune cells, as shown in vivo toward the Friend virus
complex and murine cytomegalovirus. The ability of
Lf to attach precisely to many virus particles or vi-
ral receptors has indicated that this protein might be

used to selectively distribute antiviral medicines 3%

as
shown in Figure 2.

Moreover, due to its reported impact on SARS-CoV
internalization and its capacity to reduce the inflam-
matory reaction, Lf may have a preventative role in
SARS-CoV-2 infection. Lf has been shown in cer-

tain trials to prevent pathogenesis by the pseudovirus

SARS®3. In this regard, it is thought that breast milk,
which consists of a substantial portion of Lf, can pro-
vide considerable prevention to newborns toward the
new coronavirus SARS-CoV-2. On the other hand,
additional research is needed to understand the novel
However, Lf

appears to be an up-and-coming preventive option 15,

coronavirus behavior and treatments.

Its antiviral effects are derived from blocking recep-
tors such as heparan sulfate glycosaminoglycan cell
receptors. Its interaction with viral hemagglutinin
(HA) allows Lf to penetrate the viral coating. The
glycosylation characteristic of the molecule may pro-
vide an important understanding of these interac-
tions. Certain studies have shown that changing the
glycosylation of the molecule can change the signaling
strength of different TLRs participating in viral parti-
cle identification, such as TLR-3 and TLR-82%. De-
spite its great tolerability, the results of LF as an oral
supplement remain irregular, both in terms of pre-
vention and treatment of viral infections. Oral sup-
plementation with LF is well tolerated. However, the
results of viral infection prevention and treatment re-
main mixed. Because of the wide range of recruiting
and treatment methods used, as well as the poor re-
search quality, the results are likely to be heteroge-
neous. SARS-CoV-2 and other viruses will need to be

studied in more detail in studies with better designs 34.
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Table 1: The antiviral activities of Lf for some viruses

Type of virus  Enveloped/nake DNA/RNA Sources of LF Mechanism References
Influenza A Enveloped RNA Bovine Interfering with viral 8
hemagglutinin fusogenic
activity
RSV Enveloped RNA Human Modulating RSV- 86

induced IL8 expression
and RSV F protein
attachment
adenovirus Naked DNA Bovine Competing with viral %
particles for cell mem-
brane HS incorporated
in target cell mem-
branes by binding to the
adenovirus penton base.
SARS-CoV Enveloped RNA Human Promoting natural killer 88
cell activity and neu-
trophil aggregation and
adhesion by attaching
to heparan sulfate gly-
cosaminoglycan (HSPG)
and inhibiting the initial

interaction between

SARS-CoV and host cells
Enterovirus Naked RNA Bovine Binding to viral protein1 8
71 protein and host cells
Cytomegaloviru Enveloped DNA Human Lf prevents CMV cell in-  °

vasion and has indirect
antiviral effects on CMV
infections by stimulating
the immune system
HSV-1 Enveloped DNA Bovine By competing with HSV 9!

1 for the heparan sulfate
receptor on the cell sur-
face and inhibiting VP 16
from being translocated
to the nucleus, it affects a
postentry step of viral in-
fection

Abbreviations : RSV: respiratory syncytial virus; IL: interleukin; HS: heparan sulfate; SARS-CoV: severe acute respiratory syndrome coron-
avirus; HSPG: heparan sulfate proteoglycans; CMV: cytomegalovirus.
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Cytoprotective Effect

Protein chaperones are made from the ER, which is a
protein-folding machinery. The ER is responsible for
protein folding and detects misfolded or unwrapped
proteins. Pathological analyses suggest that ER stress
is a frequent source of a variety of illnesses, particu-
larly when the stress is solid or persistent enough to
induce cell death or damage. Whenever ER stress is
constant and the ER folding limit is exceeded, cellu-
lar malfunction and cell mortality are common out-
comes®2. Disruption of typical ER activities triggers
an evolutionarily conserved cell stress reaction called
the unfolded protein reaction. It is designed to ac-
commodate damage but may eventually induce cell
mortality if the ER is severely or chronically dysfunc-
tional ®3.

In that study, leptin-deficient (ob/ob) mice were used
as animal models of nonalcoholic fatty liver disease
(NAFLD). Lf protects Ob/ob mouse liver tissues from
oxidative and ER stress. Due to the involvement of
hepcidin-induced obesity and hepatic lipid deposi-
tion, ER stress has recently been recognized as a cause
Recombinant hLf
is given intraperitoneally to relieve or postpone the

of iron homeostasis control®4.

pathological development of NAFLD to assess Lf hep-

atoprotective properties 18,

The activation of extra-
cellular signal-regulated protein kinase 1/2 (ERK1/2
and elF2), as well as NF-xB stimulation and oxida-
tive stress, was shown to be reduced in the liver tis-
sues of LF-treated ob/ob mice compared to vehicle-
treated ob/ob mice®. Consequently, it is suggested
that the cytoprotective function of Lf is linked to the
inhibition of ER stress. The hepatic p-eIF2 and p-NF-
kB expression rates were significantly greater in ob/ob
animals than in Lf-treated ob/ob mice. This suggests
that Lf treatment may reduce ER stress induced by
hepatosteatosis®®. It has been demonstrated that Lf
prevents ER stress and the development of autophagy
in injured hepatocytes due to its cytoprotective effect.
It also induces upregulation of HIF-1a/VEGF to aid
hepatic activity retrieval®.

A recent study showed that Lf had a cytoprotective
impact on the survival of HUVECs that had been sub-
jected to HyO»-induced oxidative damage using the
MTT assay®®. HUVECs were pretreated with Lf at
25-100 pg/ml doses, which decreased cell mortality
caused by H,O; in a concentration-dependent man-
ner. The survival of HUVECs (P < 0.001) was signifi-
cantly reduced after 2 hours of treatment with 0.5 mM
H202. No cytoprotective activity was detected at 6.25
and 12.5 pig/ml Lf%8.

Anti-Inflammatory Effect

Along with directly inhibiting bacterial growth, re-
search indicates that Lf may reduce the inflamma-
tion caused by microbial exposure. Animal studies
have shown that Lf therapy protects against Helicobac-
ter pylori-induced gastritis, LPS-induced gut mucosal
viability, endotoxemia, and mortality caused by sys-
temic E. coli or LPS exposure?®. In vitro and in vivo
studies in mononuclear cells and mice show that Lf
can reduce inflammation by decreasing the produc-
tion of a variety of proinflammatory cytokines, such
as TNF-a,, IL-1B, and IL-6%°. This effect could be
accomplished primarily by the capacity of Lf to bind
molecules that link with the TLR signaling pathway,
which is critical for the subsequent host inflammatory
process to microbial invasion. Lf has demonstrated
that LPS, soluble CD14, and unmethylated cytosines
followed by guanine residues (CpG) bacterial DNA
are binding and attenuating directly via an immune-

stimulating reaction3.

Finally, in vitro studies in
monocytic cells suggest that the anti-inflammatory ef-
fect of Lf in response to LPS exposure may be re-
lated to reduced proinflammatory cytokine synthesis.
It follows Lf translocation to the nucleus, which sup-
presses NF-kB activation 199,

The opposing-inflammatory impact of Lf is rapidly
being recognized as extending beyond reducing

microbial-induced inflammation 191

Inflammatory
diseases such as neurodegenerative illness, inflam-
matory bowel disorder, dermatitis, pulmonary dis-
eases, and arthritis have been shown to stimulate Lf.
Furthermore, Lf treatment has been demonstrated in
most animal experiments to reduce experimental in-
flammation in such organs%2. For instance, Lf pre-
vents chemical and IL-1f -driven cutaneous inflam-
mation in humans and animals, chemically induced
inflammatory bowel disease in rats and mice, nons-
teroidal anti-inflammatory drugs (NSAIDs)-induced
colon damage in rodents, and inflammation in a rat
model of rheumatoid arthritis 193, This resistance was
linked to a reduction in proinflammatory cytokines,
such as TNF-o and IL-1f, and/or an enhancement in
anti-inflammatory cytokines, like IL-10, in several in-
stances 194, The potential of Lf to engage with particu-
lar receptors on a wide range of immune cells, such as
neutrophils, monocytes, macrophages, and lympho-
cytes, as well as epithelial cells. It indicates that Lf
anti-inflammatory action could be responsible for the
observed influence on modifying cytokine secretion
by these cells primarily through receptor-mediated

105

signaling mechanisms In a sheep model of al-

lergic asthma caused by tryptase imbalances, several
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additional mechanisms by which Lf may inhibit the
inflammatory reaction have been proposed, includ-
ing the prevention of iron-catalyzed complimentary
radical deterioration at areas of inflammation and the
elimination of later stages airway blockage and hyper-
responsiveness 60 Campione, E., et al.® revealed that
Lf as a protective natural barrier of respiratory and in-
testinal mucosa against coronavirus infection and in-
flammation.

ANTIVIRAL ACTIVITY OF
LACTOFERRIN AGAINST
SARS-COV-2

Lf has been shown to have extensive antiviral ac-
tion against a variety of human and animal viruses,
including DNA and RNA viruses?>1%. 1In the
1980s, mice inoculated with the friend virus com-
plex polycythemia-inducing form were shown to have
antiviral activity””. Lf is particularly relevant to the
present study to eliminate pseudotyped SARS-CoV at
a 50% inhibitory concentration (IC 50) of 0.7 M (Lang
etal,, 2011). The most common reason for developing
COVID-19, in this case, is SARS-CoV-2%,

The capability of Lf to prevent viral entrance might be
due to its capacity to attach to cell membrane recep-
tors, viral particles, or both. According to new find-
ings, viral entrance is a complicated procedure requir-
ing cell surface molecules %7, To initiate cell penetra-
tion, these chemicals are first attached to the virus and
then to a greater affinity for cellular receptors '8, Lf
can also attach straight viral particles, such as HCV, to
redirect them away from specific sites 19, In HIV, Lf
inhibits virus proliferation once it reaches the cell, in
addition to limiting viral entrance!?. Subsequently,
Lf can have an indirect antiviral impact on immuno-
logical cells, which are important in the initial phases
of viral infection.

Two-stage correlation with host cell recep-
tors

The virus must first adhere to it and later perforate the
cellular membrane to enter the host cell. Near the N-
terminus of Lf, a strongly alkaline area may be coupled
with several negatively charged macromolecules?>.
This is a key component of Lf antiviral action since
many macromolecules, such as GAGs, often serve as
receptors on host membranes, which enable viruses
to interact with them 1112, Heparan sulfate proteo-
glycans (HSPGs) have been shown to suppress viruses
such as human RSV, Venezuelan equine encephali-
tis virus 113, Echovirus 114, HSV, dengue 111 and oth-
ers!15,

4910

COVID-19 caused by SARS-CoV-2. SARS-CoV-2 is
similar to SARS, as it is a positive-strand RNA virus
with spikes, envelopes, membranes, and nucleocap-
sid proteins. It is dangerous to public health be-
cause of its high infectivity, death rates, and low re-
covery percentages 16, SARS-CoV binds to host cells
via HSPGs!17, which Lf also uses to adhere to tar-
get tissues 18, Lf has been demonstrated to protect
the host against various viral infections by prevent-
ing viruses such as HSV from internalizing and fill-
ing their attachment sites 1. The consequences of Lf
on 293E/angiotensin-converting enzyme 2 (ACE2)-
Myc cells infected with SARS-CoV pseudovirus have
been studied®. HSPGs (attachment points that al-
low SARS-CoV to enter the cell) are scattered across
the target cell membrane. Lf binds to such attachment
sites to inhibit SARS-CoV internalization and disease
in infected cells during the initial phase. Asa result, Lf
may be a promising therapeutic approach for shield-
ing target cells against SARS-CoV pathogeneses.

SARS-CoV and SARS-CoV-2 share 80% of their
genomes and have comparable receptor-binding do-
main (RBD) configurations, and ACE2 and the RBD
1 helix form a polar bond with the ACE2 peptidase
domain (PD) !?°, The main receptor of SARS-CoV-2
has been identified as ACE2, but another disputed in-
dependent receptor of SARS-CoV-2 is dendritic cell-
specific intercellular adhesion molecule 3-grabbing
nonintegrin (DC-SIGN) 121, DC-SIGN might play a
role in ACE2-mediated illness 22

search has shown that Lf can protect host cells via its

However, no re-

association with ACE2. By attaching to cell mem-
brane sites such as DC-SIGN, heparan sulfate, and
low-density lipoprotein receptors, Lf has been shown
to defend host cells from dengue virus invasion 23,
As a result, Lf may block ACE2-mediated illness by
interacting with DC-SIGN.

Furthermore, ACE2 is widely expressed in gastroin-
testinal epithelial cells 124,125 A result, SARS-CoV-
2 internalization in host cells may be detected in the
gastrointestinal system, potentially leading to effec-
tive disease and replication 126, After oral treatment,
Lf stays on the gastrointestinal tract lining, protecting
host cells from SARS-CoV-21.

Fusion with the viral envelope

The virus attacks host cells by fusing its envelope to
the target cell membrane, an important stage in vi-
ral illness. It has been shown that Lf attaches to sub-
stances on the virus envelope that mediate the infec-
tion procedures and prevent fusion, thus trying to pre-

127,128

vent infection Various viruses have various
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binding locations. The hemagglutinin type 1 and neu-
raminidase type 1 (HIN1) virus binding site is HA,
and fusion of Lf with HA has been shown to suppress
illness 8. The virus coat glycoprotein HA is a crucial
component in viral pathogenicity. When Lf binds to
HA, it prevents the virus glycoprotein and host cell re-
ceptors from merging and causing infection.

Furthermore, they fuse with the F protein on the vi-
ral envelope””. RSV, which has been related to severe
respiratory diseases in babies, including otitis me-
dia and lower respiratory tract involvement (LRTI), is
suppressed by Lf 122, Lf attaches to the F1 component
of the F protein, stopping RSV from entering epithe-
lial cells, limiting the inflammatory reaction induced
by RSV, and reducing Hep-2 cell infection. Lf pro-
tects the host cell from adenovirus invasion by adher-
ing to the penton base of the virus 130 Overall, the
ability of Lf to defend against viral diseases is note-
worthy. However, it is important to examine whether
Lf is similarly efficient in SARS-CoV-2 and discover
the attachment sites on SARS-CoV-2. Lf has shown
significant, wide-ranging antiviral potency, showing
that it might be used to prevent and treat SARS-CoV-
214131 SARS-Co-V may be inhibited by invading
host cells by Lf therapy on HSPGs and ACE238, as
illustrated in Figure 2. Lf has a broad spectrum of
immunoregulatory and anti-inflammatory character-
istics that may benefit SARS-CoV-2 therapy and pro-
tect against its catastrophic consequences on various

organs 13133,

Blocking viral attachment with host cells

Lf inhibits viral attachment, surface buildup on the
host cell, and virus penetration into the cell by oper-
ating on cell targets 196134, Its antiviral action orig-
inates in the earliest phases of infection on bare and
enveloped viruses, inhibiting the virus from penetrat-
ing the host cell’32. It inhibits the proliferation of
many infections by interfering with the breakdown of
the cellular membrane, the sequestration of iron, the
prevention of pathogen adherence to host cells, and
the creation of biofilms 132, The initial step of viral in-
fection, notably in COVID-19, is identifying the first
cell attachment receptors. Engaging with these cell
receptors is found in glycosaminoglycan heparin sul-
fate38.

to cell-surface HSPGs, they have been demonstrated

Lf can inhibit viral infections. By adhering

to function as essential cofactors for SARS-CoV-2

19135 1f can inhibit the internalization of

119

disease
certain viruses, including the SARS pseudovirus
Furthermore, Lfhas been demonstrated to prevent the
entrance of murine coronavirus and human coron-
aviruses such as hCoV-NL63 136, which are similar to

SARS-CoV-2. Cathepsin L, a lysosomal peptidase es-
sential for endocytosis, is a cell entrance route utilized
by SARS-CoV-2 137138 and has similarly been shown
to be inhibited explicitly by Lf 139

The viral spike protein interacts with the ACE2 recep-
tor and the HSPG attachment factor on the host cell to
bind to host cells 13, as mentioned in Figure 2. Hu-
man coronavirus OC43 HCoV-OC43 virus or SARS-
CoV-2 pseudovirus fragments were used as SARS-
CoV-2 agents. Cell pretreatment and virus inactiva-
tion tests were conducted to determine whether Lf in-
teracts with viral adherence via associations with the
target cell or the virus. Early cure of rhabdomyosar-
coma (RD) cells, mostly 1000 g/ml bLf preceding vi-
ral illness, lowered the appearance of internal cell vi-
ral protein by approximately 80% relative to the HyO
exposure reference specimen. The precipitate viral
concentration was lowered by approximately 1 log 10
units83. SARS-CoV-2 pseudovirus luciferase func-
tion was reduced to approximately half that of the
H;O-exposed reference after pretreatment of Vero E6
cells with 1000 g/ml bLf. To determine whether Lf
directly influences HCoV-OC43 viral fragments, re-
searchers pretreated HCoV-OC43 viruses with 1000
g/ml bLf or the equivalent amount of sterilized HyO
(placebo) for 3 hours at 37 °C and then measured
the viral titer in rhabdomyosarcoma cells. The virus
treated with bLf produced the equivalent quantity of
plaques as the HyO-exposed reference at a 10°-fold
dilution. Since the final concentration in the plaque
test was 0.001 g/ml, much beyond its lowest suppres-
sive level (effective concentration (ECsg) = 37.9 2.5
g/ml), bLf seemed to have no impact on plaque pro-
duction. These findings showed that rather than the
virus itself, bLf suppresses viral adherence by attach-
ing to target cells33.

Lfinhibits SARS-CoV-2 pseudovirus replica-
tion in multiple cell lines

The pseudovirus neutralization test is a well-known
paradigm for studying viral penetration in target cells.
It has been frequently utilized to evaluate the antiviral
efficacy of viral entrance antagonists 14%14!, To de-
termine whether the antiviral activity of Lfs toward
SARS-CoV-2is cell sort-reliant, researchers tested bLf
and hLf in SARS-CoV-2 pseudovirus assays in 3 dif-
ferent cell lines: Vero E6 cells, Calu-3 cells, and 293T
cells overexpressing ACE2 (293T-ACE2)83. Vero E6
and 293T-ACE2 cells have high levels of ACE2 on
the apical membrane but low levels of transmembrane
protease serine 2 (TMPRSS2) 142 Ag a result, SARS-
CoV-2 enters such cells via endocytosis and activates
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endosomal cathepsin L to activate viral spike pro-
teins143. Calu-3, on the other hand, is a human lung
epithelial cell line that expresses both ACE2 and TM-
PRSS2 144,

The SARS-CoV-2 spike protein may be activated by
TMPRSS2 on the cell membrane, allowing immedi-
ate cell entry at the cell surface. E-64d, a cathepsin L
blocker, and camostat mesylate, a TMPRSS2 agonist,
were used as controls in the SARS-CoV-2 pseudovirus
invasion tests. Both bLf and hLf, with ICsqpvalues
ranging from 26.2 to 49.7 g/ml and 34.4-163.5 g/ml,
respectively, reduced SARS-CoV-2 pseudovirus entry
inall 3 cell lines in a dose-dependent manner. The an-
tiviral test findings from infectious HCoV's show that
bLf is more potent than hLf. These findings suggest
that Lfs block SARS-CoV-2 pseudovirus entrance re-
gardless of cell type®3.

Bind to heparin in vitro

According to previous research, LF inhibits SARS-
CoV pseudovirus illness in human embryonic kid-
ney 293 cells (HEK293E)/ACE2-Myc cells by adher-
ing to HSPGs on the surface of the cell®®. Further-
more, through its association with the membrane (M)
protein, HCoV-NL63 has been demonstrated to use
HSPGs as an adherence receptor for virus assembly
to target 136145 SARS-CoV-2 spike protein corecep-
tors have recently been identified on cell surfaces, fa-
cilitating further attachment to the ACE2 receptor 3.
Based on these observations and the data described
above, Lf is proposed to achieve its extensive antivi-
ral effect toward coronaviruses by attaching to HSPGs
and thereby passively inhibiting the association be-
tween the viral spike protein and ACE2 (Figure 2).
They used heparin (Sigma Cat. # H3393) to verify
this idea as an HSPG mimic. They used differential
scanning fluorimetry (DSF) to detect heparin straight
attachment to bLf and hLf 46, When a ligand binds
specifically to a protein, the target protein is gener-
ally stabilized, resulting in a higher melting temper-
ature. According to the DSF findings, heparin raised
the melting temperature of both bLf and hLf reliant on
the amount of the drug, suggesting direct attachment
of bLf and hLf to heparin.

Furthermore, bLf has a greater binding affinity for
heparin than hLf, as seen by the higher melting tem-
perature, consistent with bLf having more robust
antiviral activity than hLE The associated HCoV-
OC43 or human coronavirus-NL63 (HCoV-NL63)
membrane of Vero E6 cells or RD cells was mea-
sured using immunofluorescence labeling and reverse
transcription-polymerase chain reaction (RT-PCR)

4912

after a viral adherence experiment was performed in
the presence of various pairings of heparin and/or
Lf. Fluorescent indicators on the membrane of RD
cells exposed to the HyO control indicate that the
HCoV-OC43 virus had bound to the target cell sur-
face®3,
were decreased in bLf-exposed specimens in a dose-
dependent fashion, indicating that bLf prevented vi-

Fluorescence markers on the cell surface

ral adherence. The immunofluorescence level showed
that heparin administration did not influence viral
adhesion. When bLf was pretreated with heparin be-
fore being added to the viral attachment test, the flu-
orescence responses were recovered (86% at 30 g/ml
heparin and 19% at 10 g/ml), and the suppression of
viral adherence was eliminated 83. Because no partic-
ular antibodies against HCoV-NL63 were accessible,
the immunofluorescence test for HCoV-NL63 was not
conducted. Instead, RT-qPCR was used to determine
the number of viruses adhering to the cell surface 7.
The antiviral action of bLf is mediated by either di-
rect binding to SARS-CoV-2 particles or obscuration
of the host cell receptors for these pathogen proteins.
More evidence points to a direct interaction between
bLf and the spike glycoprotein, which is supported
by results from molecular docking and simulations
of molecular dynamics. According to the simulation,
this identification is extremely likely to take place be-
cause of the high number of atomistic contacts found
and the permanence of these connections over the
simulation. bLf may therefore prevent viral entrance

into host cells 148.

Synergistic antiviral effect with remdesivir

The World Health Organization (WHO) has approved
remdesivir as the most potent antiviral for the cur-
rent COVID-19 outbreak that SARS-CoV-2 causes.
Remdesivir is expected to adhere to SARS-RNA-
dependent CoV-2 RNA polymerase with a binding
energy of -7.6 kcal/mol, potentially inhibiting 4%, and
the primary viral protease with a binding energy vary-
ing from -6.4 to -7.2 kcal/mol 0.

Combination medication has been widely investi-
gated for the treatment of oncology, parasitic, and

viral infections 1?1152,

It has many benefits over
monotherapies, including delayed advancement of
drug opposition, synergistic effectiveness, and fewer
side effects due to more secondary medication. Us-
ing the HCoV-OC43 antiviral cytopathic effect (CPE)
test, the combined therapeutic potential of bLf and
remdesivir was investigated. Remdesivir is a Food
and Drug Administration (FDA) approved antiviral

that inhibits SARS-CoV-2 polymerase. As previously
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stated, the combination index versus ECsy data of
drugs was shown at various combined rates 33, The
CIs for all combination ratios used in many experi-
ments indicate that bLf had a synergistic antiviral im-
pact with remdesivir in combination treatment.

FUTURE PERSPECTIVE

Because of the direct antiviral activities of Lf and ovo-
transferrin against various viruses and their antimi-
crobial actions against a variety of microorganisms
that could induce secondary infections in COVID-19

patients >4,

Their immunomodulatory characteris-
tics enhance antimicrobial reactions while promoting
inflammatory resolution, oxidative stress, and exces-
sive inflammatory cytokine manufacturing (particu-
larly IL-6 and TNF-c). The primary recommenda-
tion is to use these antimicrobials as soon as signs
appear to prevent noncritical situations from becom-
ing serious. However, they may also be used to avoid
people at higher risk of infection, where lower doses
could be given to reduce infection risk. Because the
incidence rate of SARS-CoV-2 infection is rapidly in-
creasing, oral delivery is the most efficient approach.
This is especially true for Lf and ovotransferrin, which
have systemic effects after ingestion. Pasteurized en-
tire milk has been shown to influence the shifting
of phagocytes from M1 to M2. Other than those
found in ovotransferrin, many peptides in egg white
have shown antioxidant and ACE-inhibitory conse-

quences 155,156 .

Individuals who are extremely sick
and on ventilators, on the other hand, may require ex-
tra caution with the technique. Lf might be used in-
travenously or through nebulization. In this case, li-
posomal bLf nebulizer treatment is available. Because
of its availability and low cost, this antibiotic is appeal-
ing as a treatment alternative (in comparison to some
other medicines, such as remdesivir).

Therapy for latent or chronic viral diseases, common
in immunocompromised patients, is potentially a vi-
able use of Lf in conjunction with certain chemother-
apeutic drugs. Lf has been shown to work in con-
cert with complement!>” and immunoglobulin '8,
These findings show that Lf is a complicated and mul-
tipurpose protein that plays a role in natural immu-
nity. That research into its antimicrobial properties
must always be considered in the context of a larger
view of host resistance. Lf antibacterial action results
from a protracted evolutionary procedure in which
a molecule operates in a complicated picture. This
impacts cytokine synthesis, immune cell function,
and overall inflammatory reaction modulation 1>°. To
summarize, Lf should be viewed as a major element
in mammalian innate immunity and as a polyvalent

regulator that achieves its goal by associating with a
variety of factors engaged in infectious or inflamma-
tory activities32. There is little question that LF sup-
plementation is an interesting area for further investi-
gation however, the findings of this study do not allow
for a firm judgment regarding its potential advantages

as a support treatment 160.

CONCLUSION

The explosive growth of the SARS-CoV-2 epidemic
has become a significant worldwide health issue. As
aresult, effective therapeutic medicines are needed to
guard against and cure SARS-CoV-2. Lf has demon-
strated strong antiviral efficacy throughout a broad
range, indicating that it might be utilized to cure and
treat SARS-CoV-2. For instance, Lf therapy of ACE2
and HSPGs can inhibit SARS-CoV from invading tar-
get cells. Lf has many immunoregulatory and anti-
inflammatory properties that may help treat SARS-
CoV-2 and limit its catastrophic consequences on a
variety of different organs. Additionally, Lf has a su-
perior safety profile than other antiviral medications.
Consequently, using Lf to cure COVID-19 may be
promising and deserves additional research. Lf may
also adhere to viral fragments actively, such as HCV,
and keep them away from particular sites. In HIV,
Lflimits viral entry and suppresses virus growth once
it enters the cell. SARS-CoV-2 and SARS-CoV share
80% of their genomes, RBD structures, and cellular
receptors, and the RBD 1 helix attaches to the PD
of ACE2 through polar activity. Although the three-
dimensional structures of bovine and hLf are similar,
they are not identical. The most common Lf found in
breast milk is apolipoprotein. The existence of (lim-
ited quantities of) bicarbonate affects the capacity of
Lf to bind iron.

Substantial cationic peptide sequences at the N-
terminus of both hLf and bLf contribute to several im-
portant interaction characteristics. The total number
of binding domains in hLf was the maximum for hu-
man lymphoblast T cells. The bactericidal properties
of Lf have also been discovered. This bactericidal ac-
tion is not iron reliant and may be triggered in a vari-
ety of ways. The ability of Lf to bind endotoxin is con-
sidered important in immunomodulation. LPS (also
known as endotoxin) is a constituent of the bacterial
outer layer. When TLR-4 recognizes this "pathogen-
associated molecular pattern,” it induces a range of
immunological responses in leukocytes and platelets.
Lf gene silencing has been related to many molecu-
lar events in cancer cells, including regulator and gene
hypermethylation, as well as actual gene sequence al-
terations. Lf binds to several viruses that are particu-
larly sensitive. Antiviral activity can also be achieved
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by linking to target cell molecules, which the virus
uses as a receptor or coreceptor. Lf protects ob/ob
mouse liver tissues against oxidative and ER stress.

ABBREVIATIONS

ACE2, Angiotensin-Converting Enzyme2; Asn, As-
paragine; CD4™", Cluster of Differentiation 47;
COVID-19, Coronavirus Disease-2019; Cu?*, cop-
per; CPE, Cytopathic Effect; CpG, Cytosines fol-
lowed by Guanine residues; DSF, Differential Scan-
ning Fluorimetry; DNA, deoxyribonucleic acid; ECs,
Effective Concentration 50; E. coli, Escherichia
coli; ER, Endoplasmic Reticulum; ERK, Extracel-
lular Signal-Regulated Protein Kinase; FDA, Food
and Drug Administration; GAGs, Glycosaminogly-
cans; HA, hemagglutinin; HINI1, Hemagglutinin
type 1 and Neuraminidase type 1; HCoV-NL63,
Human Coronavirus-NL63; HEK, Human Embry-
onic Kidney; HIV, Human Immunodeficiency Virus;
HSV, Herpes Simplex Virus; HIF-lo, Hypoxia-
Inducible Factor-1 alpha; HSPGs, Heparan Sul-
fate Proteoglycans; HUVECs, Human Umbilical
Vein Endothelial Cells; IC 50, Inhibitory Concen-
tration 50; IL, Interleukin; Lf, Lactoferrin; bLf,
Bovine Lf; hLf, human Lf; LPS, Lipopolysaccharide;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide; NAFLD, Non-Alcoholic Fatty
Liver Disease; NK, Natural Killer; NSAIDs, Non-
Steroidal Anti-Inflammatory Drugs; NETs, Neu-
trophil Extracellular Traps; mRNA, messenger ri-
bonucleic acid; PD, Peptidase Domain; RSV, Respi-
ratory Syncytial Virus; RBD, Receptor-Binding Do-
main; RT-PCR, Reverse Transcription-Polymerase
Chain Reaction; p-eIF2, phosphorylation of the eu-
karyotic Initiation Factor 2; p-NF-xB, phospho-
rylation of the Nuclear Factor kappa-light-chain-
enhancer of activated B cells; SARS, Severe Acute Res-
piratory Syndrome; SARS-CoV-2, Severe Acute Res-
piratory Syndrome Coronavirus-2; TLR, Toll-like re-
ceptor; TMPRSS2, Transmembrane protease serine 2;
TNEF-o, Tumor Necrosis Factor-alpha; VEGF, Vascu-
lar Endothelial Growth Factor; WHO, World Health
Organization.
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