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PREFACE

I am writing my PhD thesis during the COVID-19 pandemic that dramatically changed our
lives. This current situation makes clearer to me that viral infections represent a global challenge and
we need to keep working hard in the fighting against both known and emerging viruses. Viral
infections have indeed a significant impact on the societies, both in terms of death toll and
economically. Furthermore, numerous viruses are still without a specific and safe antiviral drug and
some viruses are developing resistance against the current therapies. All these elements, along with
the constant emergence of new viruses, represented the driving force of my research projects.

During my PhD course, | investigated two different, but in some way complementary, lines
of research. The first one was mainly focused on the discovery of new antiviral drugs or new antiviral
strategies for the treatment and prevention of infectious viral diseases. The second line of research
was instead aimed at studying the antiviral properties of human milk, both against viruses of pediatric
clinical relevance or against recently emerged human pathogens. | was fascinated, and | still am, by
this exceptional biofluid able to confer a natural protection against infections during the most
vulnerable time of our life.

These multidisciplinary studies were performed in collaboration with national and
international Universities and were designed with the aim to fulfill unmet medical needs. Important
associations in the field of human milk banking and pediatric healthcare also supported some studies.
In the following sections, | reviewed the recent literature on the presented research fields with an
overview on the viruses of interest and a description of the analyzed molecules/compounds/biological
fluids. Each section is closed by a brief description of the aim of the study followed by produced
publications.



1. THE ANTIVIRAL THERAPY

The development of a safe and effective antiviral drug is a difficult task and several factors hinder
this process:
1) Viruses are obligate intracellular parasites that largely depend on the host cell biosynthetic
machinery for their replication. Therefore, antiviral drugs can target only a limited number of virus-
specific metabolic functions without harming the host;
2) Most of these functions are specific for each virus, making it difficult to develop broad-
spectrum antivirals active against diverse viruses that cause similar symptoms;
3) The antivirals developed against some viruses treat the acute disease but do not cure the latent
infection. This results in recurrent or chronic diseases that require treatment for longer periods;
4) Many of the approved antiviral drugs present unfavorable pharmacokinetic features (mainly
due to limited adsorption) that increase the dose to be administered daily or prolonge the treatment
period with consequent severe side effects, negative patient compliance and the favorable
environment for viruses to develop resistance.

The list of viral diseases for which antiviral therapies are available is still relatively short.

About one hundred fifty antiviral drugs have been approved for the use in humans so far (1-3). They
are mostly directed against the chronic infections caused by immunodeficiency virus (HIV-1),
hepatitis B virus (HBV), hepatitis C virus (HCV), and herpesviruses such as herpes simplex viruses
type I and Il (HSV-1 and HSV-2) and cytomegalovirus (CMV). Only a few drugs were approved to

treat acute infections, mainly influenza (Fig. 1).
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Figure 1: Proportion and number of US FDA antiviral drug approvals per indication (4)



Between the approved antiviral agents, twenty-one are broad-spectrum antivirals (BSAAS), i.e.
compounds targeting viruses belonging to two or more viral families. This type of molecules could
provide additional protection of the general population from emerging and re-emerging viral diseases,
reinforcing the arsenal of available antiviral options. Although the concept of BSAASs has been around
for almost 50 years, the field received a new impetus with recent outbreaks of Ebola, Zika, Dengue,
influenza and other viral infections, the discovery of novel host-directed agents, as well as
development of drug repositioning methodology (5,6). A large majority of the approvals were for
small molecules and virus-targeting agents over large molecules (interferons, monoclonal antibodies
and one oligonucleotide) and host-targeting therapies.

The available antivirals function using several mechanisms of action that include inhibition
of viral penetration, uncoating, nucleic acid synthesis, integration of viral DNA into host genome,
maturation, and exit from host cells. Nevertheless, the current antiviral clinical trials indicate a
departure from classical targets (polymerase, protease...) with oligonucleotide-based therapeutics,
cell fusion inhibitors, capsid-assembly modulators, and an array of novel host-based mechanisms
(4,7,8) (Fig. 2).
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Combination therapies, approved during the last years, especially for the treatment of HIV-1 and
HCV infections, are employed to prevent the emergence of drug resistance by inhibiting viral
replication at multiple points in the viral life cycle.

Nowadays, administration of antivirals remains the only way to combat HIV, HCV, HSV,
respiratory syncytial virus (RSV), and CMV infections. On the other hand, despite big efforts from
the scientific community, many viral infections are targeted only by vaccines, such as hepatitis A
virus (HAV), rotavirus (HRoV), mumps, varicella and the current pandemic severe acute respiratory
syndrome coronavirus 2 (SARS-CoV2). Furthermore, there are some viral infections against which
we do not have any preventive or therapeutic tools, such as Zika virus (ZIKV), West-Nile virus
(WNV) and other known and emerging viruses.

In this context, the first line of research of my PhD course was addressed to identify new
antiviral molecules between compounds of different origins and different properties (chemically
synthetized molecules, cholesterol derived molecules, plant extracts and compounds from ethno-
medicine). | focused my attention on the emerging ZIKV and on the well-known HRoV that | will
present in details in the next dedicated sections (paragraph 2.1 and 3.1 respectively).



2. STUDY OF NEW ANTIVIRAL MOLECULES AGAINST THE EMERGING ZIKA
VIRUS

2.1 Overview on the emerging zika virus

ZIKV belongs to the Flaviviridae family, which also includes Dengue virus (DENV), WNV,
Yellow fever virus (YFV), Japanese encephalitis virus (JEV) and Usutu virus (USUV). ZIKV is
mostly transmitted by Aedes aegypti mosquitos, but sexual, vertical and blood transmissions have
also been reported (9-11).

ZIKV is a positive sense, single-strand RNA virus with a genome size of approximately 10.8
kilobases. The RNA is translated into a single polyprotein encoding 3 structural proteins—capsid (C);
membrane (M), which is generated from its precursor premembrane (prM); and envelope (E)—as
well as 7 nonstructural proteins—NS1 (involved in RNA replication and particle assembly), NS2A
(RNA replication and immune evasion), NS2B (cofactor of NS3), NS3 (major viral protease), NS4A
(cofactor of NS3), NS4B (RNA replication and immune evasion) and NS5 (RNA synthesis and
modification)—which are essential for viral replication. Immature virions are spiky, have a diameter
of 60 nm, and display 60 projections of trimers of prM-E heterodimers. Mature virions, in contrast,
are smaller (diameter of 50 nm) and have a smooth surface, which is formed by a herringbone-like
array of 90 E protein homodimers oriented parallel to the viral membrane (12,13). Viral envelope
protein E intermediates membrane fusion by receptor-mediated endocytosis mostly through C-type
lectin receptors family from the host-cell. Although, cellular lipid receptors, such as TIM (T-cell
immunoglobulin mucin) and TAM (Receptor tyrosine kinases: TYRO3, AXL and MER) receptor
families showed to mediate ZIKV entry by interactions that do not involve protein E, but occur
between negatively charged lipids, such as phosphatidylserine (PS), present in the viral membrane.
Studies in vivo showed that cells of the reproductive tract (spermatogonia, sperm, Sertoli and Leydig
cells) and from cerebral cortex and hippocampus are permissive to ZIKV infection in mice. More
importantly, using an in vitro approach, cell culture experiments demonstrated the ability of ZIKV to
infect human cells, such as skin fibroblasts, uterine fibroblasts, primary placental trophoblasts and
Hofbauer cells, endometrial stromal cells, and neural progenitor cells (14). ZIKV structure and

replicative cycle are schematically presented in Figure 3.
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Figure 3: ZIKV structure (A) and ZIKV replicative cycle (B) (Adapted from Heinz et al.(12)). ZIKV enters cells by
receptor-mediated endocytosis and fuses its membrane by an acidic-pH-triggered mechanism in the endosome to release
the viral RNA. The positive-stranded genomic RNA serves as the only viral mRNA and leads to the synthesis of a
polyprotein that is co- and post-translationally processed into three structural and seven nonstructural proteins. Virus
assembly takes place at the ER membrane and leads to the formation of immature virions, which are further transported
through the exocytic pathway. The acidic pH in the trans-Golgi network (TGN) causes structural changes that allow the
cleavage of prM by the cellular protease furin and lead to the herringbone-like arrangement of E. At acidic pH, the cleaved
pr part remains associated with the particles (preventing premature fusion in the TGN) and falls off at the neutral pH of
the extracellular environment. Subviral particles (SVPs) are formed as a by-product of virion assembly and contain a lipid

membrane and prM-E complexes but lack a capsid. SVPs are transported, processed, and released like whole virions

In symptomatic individuals (around 18% of cases), ZIKV causes a mild illness characterized by
fever, rash, headache, conjunctivitis, joint and muscle pain. The incubation period is 4-11 days and
the symptoms disappear in approximately a week (15). However, unlike other flaviviruses, ZIKV is
associated to two main neurological complications: the Guillain-Barré Syndrome in adults and the
now termed Zika Congenital Syndrome (CSZ), a variety of neurological impairments in fetus and
infants of women infected during pregnancy. The incidence of ZIKV-associated Guillain—Barré
syndrome is estimated to be 2 to 3 cases per 10,000 ZIKV infections. Acute inflammatory
demyelinating polyneuropathy, acute motor axonal neuropathy, and the Miller—Fisher syndrome (a
subset of the Guillain—Barré syndrome characterized by ophthalmoplegia, ataxia, and areflexia) have
also been observed in these patients. The prognosis of ZIKV-associated Guillain—Barré syndrome is
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similar to that of Guillain—Barré syndrome associated with other infectious or noninfectious
processes; however, findings from a case—control study suggest that ZIKV-associated Guillain—Barré
syndrome results in higher morbidity and more frequent cranial neuropathy. (16). On the other hand,
the main clinical manifestations of CZS are severe microcephaly resulting in a partially collapsed
skull, intracranial calcifications, eye abnormalities, limb contractures, high muscle tone and hearing
loss. Child outcomes vary according to the extent of the brain damage (17). Vertical transmission has
been estimated to occur in 26% of fetuses of ZIKV-infected mothers. The newborns have a 5 to 14%
risk of CZS and a 4 to 6% risk of ZIKV-associated microcephaly. Although ZIKV infection in any
trimester of pregnancy may cause CZS, the risk is greatest with infections occurring in the first
trimester. The absence of clinical and radiologic abnormalities indicative of CZS at birth does not
exclude the risk of abnormalities later in life (16). All the possible outcomes of ZIKV infection are

schematically reported in Figure 4.
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Figure 4: Zika Virus Transmission and Clinical Features (16)
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The first case of ZIKV human infection was reported in 1950 in Africa, but its potential effect
on public health was not recognized until the virus caused outbreaks in the Pacific from 2007 to 2015
and began spreading throughout the Americas in 2015. This last major epidemic counted, at its peak,
more than 500 000 ZIKV cases and around 3000 cases of CZS, driving the World Health Organization
to declare a public health emergency of international concern (18). Although transmission of ZIKV
has declined in the Americas, the virus still poses a public health threat, as shown by outbreaks and
infection clusters reported in some regions, such as India, Southeast Asia and Africa (19). At present,
we do not have the tools to predict where and when the next large epidemic will happen, but the large
numbers of susceptible persons residing in Aedes-infested regions make a reemergence of ZIKV
likely.

Since the beginning of the pandemic, great efforts have been carried out, but nowadays still
no vaccine or specific antiviral against ZIKV is available. The best way to prevent ZIKV infection is
to avoid mosquito bites and the treatment of infected patients is palliative, involving analgesics and
antipyretics (20,21). The discovery of an antiviral drug against ZIKV is a huge challenge, since it
must be efficient and safe as any drug, but also be able to cross the placental barrier and the blood—
brain barrier. Until now, this necessity has not been met.

I have been working on ZIKV since the end of 2016, when the number of ZIKV infections in the
world was at its peak. In particular two different ZIKV strains have been the subject of my PhD
research, the MR766, belonging to the African lineage and the HPF2013, belonging to the Asian one.
They were selected as representative members of the two lineages in which ZIKV can be classified.
The Asian-lineage ZIKV are responsible for the latest epidemics and are considered to be less virulent
than the African ones, because of the lower infection rate, the lower viral production, the poor
induction of early cell death and the lower immuno-stimulation in different models. These
characteristics allow the virus to cause a prolonged infection within the central nervous system of
fetus that could be the cause of its association with neurological impairments. On the contrary, the
African lineage-ZIKV can result in a more acute infection, but they were not the cause of human
outbreaks until now (22). Part of my PhD project was focused on the discovery of new antiviral agents
against both ZIKV strains. Two different approaches have been investigated in vitro and they are

deeply described in the 2.2 and 2.3 sections that are closed by produced publications.
2.2 The polyoxometalates

Polyoxometalates (POMs) are a class of negatively charged inorganic compounds recently used in

biomedical research. POMs are anionic clusters of oxygen atoms and early transitional metal ions in
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their highest oxidation states, such as tungsten (W"'), molybdenum (Mo"') and vanadium (V"). POMs
can be classified into two groups:

- isopolyanions, composed of one type of metal (M) and oxygen (O), [MnOy]";

- heteropolyanions, composed of one type of metal (M), oxygen (O) and a heterogroup (X),

[X:MuOy]*

Heteropolyanions are sub-classified based on core structure, which can vary in the number of oxygen
and metal atoms. Examples are Anderson-Evans type [XMeO24]", Keggin type POM [XM12040]™
and Dawson type [X2M130¢2]" (Figure 5)(23).

¢+ 9B =

Lindquist structure Keggin structure, Dawson structure, Anderson structure,
Mﬁo Ign‘ X-Nl |204Dn_ XZ!M 1 8062'.‘_ m6024n_

Figure 5: Some examples of common POMSs structures (23)

POMs are a large family of compounds, characterized by structural and compositional variety
and consequently various physical, chemical and biological properties. POMs are easily tunable at
the molecular level in order to modify shape, size, surface distribution of charge, redox potential and
acidity. Furthermore, POMs can be linked to an organic group or incorporated in biological matrices,
in order to make the ion more compatible with physiological conditions, to lower the toxicity, and to
improve cellular target delivery. Indeed, nearly every molecular property that affects the recognition
between POMs and biological targets and the bioavailability of POMs can be modified, making them
an interesting tool in biomedicine. In addition, the simple and highly reproducible methods and the
favorable relative cost/efficiency ratio for POMs’ synthesis, compared to organic pharmaceutical
representatives, are other attractive features for POMs’ clinical application. Inorganic POMs, organic-
inorganic hybrid POMs and POM-based nanocomposites are the most common forms of POMs

employed in biomedical research (24-26).
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Recently, POMs were studied for a wide range of biological activities, such as for treatment
of infectious diseases, diabetes, cancer and neurological diseases (27-29). In particular, POMs were
already been investigated for their antiviral activity both in vitro and in vivo studies. Shigeta et al.(30)
examined in vitro a panel of titanium- and vanadium-substituted POMs which exhibited antiviral
activity against HIV-1, influenza virus type A, respiratory syncytial virus, parainfluenza virus type 2,
Dengue virus and SARS coronavirus 1 (SARS-CoV1). Moreover, Wang et al.(31) identified a tri-
niobium-containing POM which exerted anti-Influenza A, -Influenza B, -HSV-1, -HSV-2, -HIV-1,
and -HBV activity and, a more recent article, shows that the polyoxometalate compound POM-12 has
anti-flavivirus activity, with minimal cytotoxicity in cell culture system (32). Some limitations have
been highlighted in the field of polyoxometalates in medicine, especially for their inorganic nature.
At physiological pH, several POM salts are poorly soluble in water or thermodynamically unstable
and therefore can undergo degradation or transformation in toxic metabolites (28). POMs used in
biological studies must be truly solution-stable at physiological pH and in other physico-chemical
conditions, in order to allow the clinical administration with the most suitable route (oral, topical,
nasal and/or systemic) (18).

2.2.1 Publications
Francese R, Civra A, Rittd M, Donalisio M, Argenziano M, Cavalli R, Mougharbel AS, Kortz U,

Lembo D. Anti-zika virus activity of polyoxometalates. Antiviral Res. 2019 Mar; 163:29-33. doi:
10.1016/j.antiviral.2019.01.005. Epub 2019 Jan 14. PMID: 30653996

Considering the previously demonstrated broad-spectrum antiviral activity of POMSs and the
need of a treatment for ZIKV infections, in the present article (Francese et al.) we investigated the
anti-ZIKV activity of a minilibrary of three POMs, the Anderson-Evans type [TeWs024]% (TeWs)
and the Keggin-type [TiW11C004]® (TiW11Co) and [TizPW100a40]” (Ti2PWio). The study was
performed in close collaboration with the chemist group of Prof. Ulrich Kortz, from Jacobs University
(Bremen, Germany), that synthesized and characterized the POMSs according to the published
procedures. The Innovative Pharmaceutical and Cosmetic Technology and Nanotechnology Group
of Prof. Roberta Cavalli (Turin University) determined the physico-chemical characteristics (pH,
osmolarity, Zeta potential) and the biocompatibility of the three POMs. They have been found stable
in agueous solution up to 6 months stored at 4°C, they showed good biocompatibility in hemolysis
assay, and their tonicity and pH values were suitable for in vitro biological studies. These molecules
were subsequently tested in vitro against two different ZIKV strains, the MR766 and the HPF13,
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belonging to the African and the Asian lineage respectively. All POMs showed good antiviral activity
against both strains, with Ti.PW10 showing the most promising activity (ECso in the low micromolar
range) and the most favorable selectivity index (SI). These features prompted us to focus on the study
of the mechanism of action of Ti,PW1g against both ZIKV strains. The evidence accumulated in our
study clearly demonstrated that Ti.PW10 hampers the entry process of ZIKV into the host cells and is
able to reduce the viral progeny production. These results suggest that the polyanion Ti.PW1o could
be a good starting point to develop an effective therapeutic to treat ZIKV infection.
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Zika virus (ZIKV) is an emerging infectious viral pathogen associated with severe fetal cerebral anomalies and
the paralytic Guillain-Barré syndrome in adults. It was the cause of a recent global health crisis following its
entrance into a naive population in the Americas. Nowadays, no vaccine or specific antiviral against ZIKV is
available. In this study, we identified three polyoxometalates (POMs), the Anderson-Evans type [TeWgO24]1®
(TeWs), and the Keggin-type [TiW;,C0040]%_ (TiW;,Co), and [TiaPW;0040]”" (TizPWy,), that inhibit ZIKV in-

fection with ECsgs in the low micromolar range. Ti,PW;, the POM with the greatest selectivity index (SI), was
selected and the step of ZIKV replicative cycle putatively inhibited was investigated by specific antiviral assays.
We demonstrated that Ti,PW;, targets the entry process of ZIKV infection and it is able to significantly reduce
ZIKV progeny production. These results suggest that the polyanion Ti,PW;, could be a good starting point to
develop an effective therapeutic to treat ZIKV infection.

ZIKV is an enveloped positive-strand RNA virus belonging to the
Flaviviridae family and mostly transmitted by Aedes aegypti mosquitos
(Saiz et al., 2016). Sexual, vertical and blood transmissions have also
been reported (Musso et al., 2015; Mlakar et al., 2016; Motta et al.,
2016). In symptomatic individuals (around 18% of cases), ZIKV causes
a mild illness characterized by fever, rash, headache, conjunctivitis,
joint and muscle pain (Paixao et al., 2016); this clinical presentation is
similar to that of other arbovirus infections, such as chikungunya and
dengue virus. However, unlike other flavivirus, ZIKV is associated to
two main neurological complications: the Guillain-Barré Syndrome in
adults and the now termed Zika Congenital Syndrome (CSZ), a variety
of neurological impairments in fetus and infants of women infected
during pregnancy. The main congenital manifestations, developed in
nearly one third of these newborns, are severe microcephaly, resulting
in a partially collapsed skull, intracranial calcifications, eyes abnorm-
alities, redundant scalp skin, arthrogryposis and clubfoot (Mlakar et al.,
2016; Rasmussen et al., 2016; Cao-Lormeau et al., 2016; Brasil et al.,
2016). Specifically, the risk of microcephaly, with a catastrophic impact
on the socioeconomic status of affected families, was reported to be
1-13% during the first trimester and negligible during second and third
trimesters (McCarthy, 2016).

* Corresponding author.
** Corresponding author.

ZIKV can be classified into two lineages (African and Asian) and
three genotypes (West African, East African, and Asian), differing in
pathogenicity and virulence. The Asian-lineage ZIKV, responsible for
the latest epidemics (on Yap Island and Micronesia in 2007, in French
Polinesya in 2013 and in the Americas in 2016), is considered to be less
virulent than the African one, because of the lower infection rate, the
lower viral production, the poor induction of early cell death and the
lower immuno-stimulation in different models. These characteristics
allow the virus to cause a prolonged infection within the central ner-
vous system of fetus that could be the cause of its association with
neurological impairments. On the contrary, the African lineage-ZIKV
can result in a more acute infection (Duffy et al., 2009; Cao-Lormeau
et al., 2014; Simonin et al., 2017; Shao et al., 2017; Beaver et al., 2018).

The last major epidemic in the Americas, in 2016, counted 177614
confirmed ZIKV cases and 2552 cases of CSZ at the end of the year,
driving the World Health Organization to declare a public health
emergency of international concern (CDC; PAHO WHO, ). Since then,
great efforts have been carried out, but nowadays still no vaccine or
specific antiviral against ZIKV is available (Richner and Diamond,
2018; Saiz and Martin-Acebes, 2017). The best way to prevent ZIKV
infection is to avoid mosquito bites and the treatment of infected
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Table 1
Characteristics of POM aqueous solutions.

POM sample pH Osmolarity (mOsm) Zeta potential (mV)
TeWs 5.65 324 -6.06 + 3.11
TiW;:Co 5.45 320 -6.95 + 3.49
TiaPWio 6.25 316 -5.31 + 1.95

patients is palliative, involving analgesics and antipyretics. In this
context, ZIKV infection presents a huge challenge to the global health
system and the search for efficient antivirals is absolutely necessary. To
this aim, we investigated in vitro the anti-ZIKV activity of a minilibrary
of three polyoxometalates (POMs). POMs are discrete, anionic metal-
oxo complexes of early d block metal ions in high oxidation states (e.g.
WYL, MoYY, VV) with a very large structural and compositional variety
and a multitude of associated physicochemical properties (Pope, 1983;
Pope and Miiller, 1991; Pope and Kortz, 2012). POMs are usually
synthesized in aqueous acidic media, but some selected species are also
stable at pH 7-8. In fact, POMs have been investigated for many years
as potentially useful agents in medicine, mainly for their antiviral,
antitumoral, and antibacterial properties (Sarafianos et al., 1996; Rhule
et al., 1998; Hasenknopf, 2005; Mauracher et al., 2014; Giang et al.,
2015; Yang et al., 2016; Selman et al., 2018). Here, we decided to in-
vestigate the following three solution-stable POMs, the Anderson-Evans
type [TeWg0241% (TeWs) (Schmidt et al., 1986), and the Keggin-type
[TiW11C0040]8-_ (TlW]]CO) (Chen and Liu, 1997), and [Ti2PW10040]7-
(TioPW10) (Domaille and Knoth, 1983), which were all synthesized
according to the published procedures. The size of all three polyanions
is in the range of 1 nm diameter. The purity (=95%) of the compounds
was confirmed by NMR and IR (Data available in Supplementary info).
Some of these POMs have already been used in biological studies. For
instance, Tio,PW;, showed interesting results in the inhibition of acet-
ylcholinesterase activity while maintaining low toxicity levels (Colovié
et al.,, 2017). On the other hand, TeW¢ showed good activity against
diabetes and Alzheimer's disease (Ilyas et al., 2014; Igbal et al., 2013).
In order to perform in vitro biological assays, we first prepared
aqueous solutions of TeWs, TiW;,Co, and Ti,PW,o and we determined
their physico-chemical characteristics (pH, osmolarity, Zeta potential)
(Table 1) and their biocompatibility. The POMs were stable in aqueous
solution up to 6 months stored at 4 °C. Indeed, a concentration decrease
of 3.25, 5.05 and 4.45% was observed for TeWg, TiW;;Co and Ti,PW;o
respectively, after 6 months. In the hemolysis assay, no significant he-
molysis caused by the POM solutions was observed, indicating good
biocompatibility. (Data available in Supplementary info). The tonicity
and pH values were suitable for the following cell experiments.
Therefore, to evaluate the anti-Zika virus activity of the three POMs,
we performed virus inhibition assays against two Zika virus strains, the
1947 Uganda MR766 and the 2013 French Polynesia HPF2013, re-
presenting the African and the Asian lineage respectively. The cells
were treated with decreasing concentrations of POMs before, during
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and after infection, in order to use a complete protection assay. As
shown in Table 2, all three POMs were active against both ZIKV strains
with half maximal effective concentrations (ECsps) ranging from 0.63 to
2.52 uM. Moreover, in order to assess the specificity of the anti-ZIKV
activity of the POMs, they were tested against the human rotavirus
(HRoV), an unrelated RNA virus belonging to the Reoviridae family.
Interestingly, we did not observe any inhibition. Next, to exclude the
possibility that this antiviral activity was due to a cytotoxic effect of the
POM:s, viability assays were carried out on uninfected cells, challenged
with the compounds under the same conditions as the virus inhibition
assays. The CCsos were different for all the three POMs (TeWg
CC50 = 210.1 l,lM, TiWuCo CCSO = 97.08 l,lM, TizPWm
CCso > 225uM), and demonstrated that they are not toxic at the
concentrations used in the antiviral assays. The Selectivity Index (SI) of
Ti,PW;o was the most favorable one, so we decided to concentrate our
research on the study of the mechanism of action of this polyanion. All
the experiments were performed with the two Zika virus strains used for
the initial screening. We first investigated whether the antiviral activity
of Ti,PW; o was exerted via direct inactivation of the viral particles. The
ZIKV particles were incubated with a concentration of Ti,PW;, that
reduces almost completely the virus infection (ECq¢) and then the viral
titer was determined at high dilutions at which the polyanion was no
longer active when added to cells. As depicted in Fig. 1A, there was no
significant difference between the titer of treated virus and the titer of
untreated control, demonstrating that Ti,PW;, is not able to impair
extracellular viral particles. Having excluded the viral particle as the
target of the antiviral activity of TisPWo, further experiments were
performed to investigate whether this polyanion acted directly on cells
or on essential steps of the ZIKV replicative cycle. Vero cells were pre-
treated with decreasing dilutions of the polyanion for 2h before virus
infection; as reported in Fig. 1B, the infection of both ZIKV strains was
not inhibited even at the highest tested concentration. Hence, we ex-
plored the possibility that Ti,PW;, treatment could affect the early
steps of the ZIKV replicative cycle. Binding assays were performed al-
lowing the virus to bind host cell surface in the presence of a high
concentration of TisPWo. The results (Fig. 2A) demonstrated that the
treatment did not significantly reduce (p > 0.05) the titer of viral
particles bound to the cell surface, thus suggesting that the inhibition
occurs at a post-binding stage. To verify this hypothesis, we treated
cells immediately after virus attachment, i.e. during virus entry into the
host cell. In this case (Fig. 2B), we observed a marked antiviral activity
of Ti;PW;o against both, MR766 and HPF2013, ZIKV strains
(ECs0 = 1.11 and 1.25 uM respectively). To exclude an additional an-
tiviral action of Ti;PWj, on the last steps of the ZIKV replicative cycle,
we executed focus reduction assays adding the polyanion to cells im-
mediately after virus entry into the host cell (post-entry assay). We
stopped the treatment at 24 h post-infection, i.e. at the end of the first
replicative cycle, in order to avoid inhibition of the entry step of the
upcoming viral progeny. As shown in Fig. 2C, the post-entry treatment
did not reduce virus infectivity, suggesting that only the entry step is

Table 2
Antiviral activity of TeWs, TiW;,Co and TiPW;.
Compound Virus ECso (UM) (95% CI) ECoo(UM) (95% CI) CCsp (UM) (95% CI) SI
TeWs MR766 2.52 (1.87-3.39) 9.47 (4.41-20.35) 210.1 (161.3-273.6) 83.37
HPF2013 0.71 (0.53-0.96) 6.12 (3.29-11.39) 210.1 (161.3-273.6) 295.91
HRoV n.a. n.a. > 75 -
TiW;1Co MR766 1.04 (0.80-1.35) 5.19 (2.87-9.38) 97.08 (51.36-183.5) 93.34
HPF2013 0.70 (0.57-0.87) 1.41 (1.02-1.94) 97.08 (51.36-183.5) 138.68
HRoV n.a. n.a. > 75 -
TioPWio MR766 0.63 (0.51-0.78) 3.51 (2.19-5.63) > 225 > 357.14
HPF2013 0.70 (0.59-0.84) 2.78 (1.82-4.25) > 225 > 321.42
HRoV n.a. n.a. > 75 -

ECso: half maximal effective concentration; ECoo: 90% effective concentration; CCsy: half maximal cytotoxic concentration; SI: selectivity index; n.a.: not assessable;

CI: confidence interval.
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are shown as mean plus SEM for three independent experiments. In panels B, the number of viral plaques in the treated samples is expressed as a percentage of the
untreated control and each point represents mean and SEM for three independent experiments. Experimental details are described in the Supplementary data file.
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Fig. 2. Ti,PW;, hampers the entry process of ZIKV into the host cell. In the binding assay (2A), ZIKV particles (MR766 or HPF2013, MOI = 3) were allowed to
attach to cells in presence of TiaPWjo (ECo) for 2 h on ice. Cells were then washed to remove the unbound virus and subsequently subjected to three rounds of freeze-
thawing to release bound virus. The lysate was clarified and the cell-bound virus titer was determined by viral plaque assay. Here, the viral titers are expressed as
PFU/ml and are shown as mean plus SEM for three independent experiments. For the entry assay (2B), ZIKV (MR766 or HPF2013) was adsorbed for 2 h at 4 °C on pre-
chilled Vero cells. After the removal of the unbound virus, the temperature was shifted to 37 °C to allow the entry of pre-bound virus in presence of serial dilutions of
TioPW;o. Subsequently, unpenetrated virus was inactivated with an incubation with citrate buffer followed by 3 washes. The number of viral plaques was evaluated
after 72 h. For the post-entry assay (2C), the same protocol of the entry assay was performed, but adding the polyanion after the incubation with citrate buffer for
24 h. The number of infected cells was assessed by indirect immunostaining after 24 h, in order to avoid the inhibition of the entry step of the upcoming viral progeny.
In panels B, C, the number of viral plaques or infected cells in the treated samples is expressed as a percentage of the untreated control and each point represents
mean and SEM for three independent experiments. In Fig. 2D (MR766) and 2E (HPF2013), the entry and the post-entry assays were performed with a concentration
of Ti,PW;, corresponding to ECgq. After 30 h of infection, cells were fixed and subjected to immunofluorescence. The ZIKV protein E is visualized in red. All
experimental details are described in the Supplementary data file.

targeted by TioPWjo. To confirm the inhibition of the ZIKV entry step, and Fig. 2E (experiments with HPF2013), it was possible to detect a
immunofluorescence experiments were performed by adding the poly- strong red signal of ZIKV protein E only in the untreated and in the post-
anion (ECgg) during the virus entry step or immediately after the entry entry treated samples. The number of red infected cells in the post-entry
phase (post-entry). As reported in Fig. 2D (experiments with MR766) treated samples was comparable to the one of the untreated control. On
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Fig. 3. Ti,PW;, reduces ZIKV progeny production. To test the ability of
TisPW;o compound to inhibit multiple cycles of ZIKV replication, Vero cells
were treated and infected with a mixture of Ti,PW;4 (5 M or 15 uM) and ZIKV
(MR766 or HPF2013, MOI = 0.001) for 2 h at 37 °C. The virus inoculum was
then removed and cells were incubated with medium containing the compound
(5 uM or 15 puM) until control cultures displayed extensive cytopathology.
Supernatants were clarified and cell-free virus infectivity titers were de-
termined by the plaque assay. The viral titers are expressed PFU/ml and are
shown as mean plus SEM for three independent experiments.
(***Prsua < 0.001).

the contrary, the number of infected cells in the entry-treated samples
was considerably reduced. All together these data indicate that the
entry step is the target of the TioPW;, antiviral activity. Finally, to
complete the in vitro analysis of the antiviral potential of Ti,PWjq
against ZIKV strains, virus yield reduction assays were performed by
treating cells during and after infection and allowing multiple cycles of
viral replication to occur before measuring the production of infectious
viruses. The results (Fig. 3) demonstrated that Ti;PW;, significantly
reduces the viral progeny production of both ZIKV strains (p < 0.001).

Previously, researchers focused on the antiviral properties of POMs
because they are generally nontoxic to normal cells. Indeed, several
studies reported the broad spectrum antiviral activities of POMs against
different types of respiratory-viruses, as RSV, FluV A, FluV B, PfluV and
SARS (Barnard et al., 1997; Shigeta et al., 2006), against HCV and
DENV (Shigeta et al., 2003, 2006; Qi et al., 2013), belonging to the
same family of ZIKV, and against others, as HIV, HSV-1, HSV-2 and
HBV (Rhule et al., 1998; Shigeta et al., 2003; Wang et al., 2014).
Herein, we showed that three heteropolytungstates, never tested before
as antiviral agents, are endowed with a strong antiviral activity against
ZIKV and we demonstrated their good biocompatibility. For the first
time, POMs have been tested against two ZIKV strains and we can now
include ZIKV in the list of pathogens targeted by the wide spectrum of
action of POMs. Of note, we did not observe any inhibition against the
human rotavirus, a taxonomically unrelated RNA virus. All together
these results indicate that TeWg, TiW;;Co and Ti,PW,, exert a specific
and not strain-restricted anti-ZIKV effect. In future experiments, we will
investigate the antiviral action of TeWs, TiW;;Co and Ti;PW;, against
other RNA and DNA viruses.

Some other POMs have already been investigated for their me-
chanism of action, which commonly depends on their shape, size and
composition. Various studies reported on the inhibition of the early
steps of an infection: for instance, Shigeta et al. (2003), demonstrated
that the tri-vanadium-containing sandwich-type  polyanion
[(VO)5(SbWy0s33),]1' ~ affects the binding of HIV to the cell membrane
and the syncytium formation between HIV-infected and uninfected
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cells; another biochemical study (Wang et al., 2014), reports that the
ability of the tri-niobium-containing Keggin ion [SiWoNb3O4]”" to
prevent the binding and fusion process of different viruses is mainly due
to its localization on the cell surface; finally, Barnard et al. (1997),
indicate the alteration of the attachment step as the primary mode of
RSV inhibition by POMs of several structural classes. Consistent with
these findings, we demonstrated that Ti,PW;, acts as inhibitor of the
entry process of ZIKV into the host cell. By contrast, no inhibition was
observed at the binding stage. Further experiments are necessary to
identify the cellular localization of this polyanion and to clarify its
molecular mechanism of action.

In conclusion, we have discovered that the Keggin-type POM
Ti;PW; inhibits ZIKV infection by hampering the entry process of the
virus into the host cell. Since specific antivirals against ZIKV are not
available, this polyanion could be a good starting point for the devel-
opment of novel and efficient antiviral pharmaceuticals.
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Abbreviations

ZIKV zika virus

HRoV human rotavirus

RSV respiratory syncytial virus

FluV A  influenza virus type A

FluvV B  influenza virus type B

Pfluv parainfluenza virus

SARS severe acute respiratory syndrome
HCV hepatitis C virus

DENV dengue virus

HIV human immunodeficiency virus
HSV-1  herpes simplex virus type 1
HSV-2  herpes simplex virus type 2

HBV hepatitis B virus

POMs polyoxometalates

ECso half maximal effective concentration
ECoo 90% effective concentration

CCso half maximal cytotoxic concentration
SI selectivity index

n.a. not assessable

CI confidence interval

PFU plaque forming unit

PFU/ml plaque forming unit per ml

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.antiviral.2019.01.005.
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2.3 Medicinal plants as natural sources of antiviral compounds

An alternative and complementary strategy to the classical approaches in the antiviral research
field is the study of medicinal plants as natural sources of phytochemicals, such as polyphenols and
alkaloids. In fact, therapeutically interesting and important drugs can be developed from plant sources
which are used in traditional systems of medicines. Furthermore, there is currently the need of a
scientific evidence for the use of plant derivatives in medicine, since they are frequently administered
without a scientific background supporting their employment.

People are using herbal medicines from centuries for safety, efficacy, cultural acceptability and
lesser side effects. Plants and plant products have been utilized with varying success to cure and
prevent diseases throughout history. In China, as example from recent years, traditional herbal
medicine played a prominent role in the strategy to contain and treat severe acute respiratory
syndrome (SARS). According to WHO, 80% of African populations currently use some form of
traditional herbal medicine and the worldwide annual market for these products approaches US$ 60
billion (33). The active plant derived substances could be found in various parts of the plant like roots,
leaves, shoots and bark and they are used in the form of crude extracts, infusions or plasters for the
treatment of many infectious diseases. In particular, hundreds of plant extracts with antiviral effect
were recognized by numerous scientific productions reporting both in vitro and in vivo studies (34).
As example, Akram M et al. recently reviewed the antiviral potential of medicinal plants against HIV,
HSV, influenza, hepatitis, and coxsackievirus documenting fifty-four medicinal plants, from 36
different families, having antiviral activity against the listed viruses (35). On the contrary, other
studies focused on the antiviral effect of plant derivatives against emerging viruses such as DENV,
ZIKV, SARS-CoV2, Chikungunya virus (CHIKV) and others (36-39). | chose to mention only some
of the most recent works in this field, since the detailed description of the extensive literature on

plants antiviral properties is not the main goal of this thesis.

2.3.1 Punica granatum: the pomegranate plant
With the aim to identify new and effective antiviral compounds against ZIKV, the second approach
that | explored during my PhD course was the study of medicinal plant extracts endowed with antiviral
activity. The most promising results, reported in the 2.3.2 section, were obtained with the analysis of
the antiviral properties of Punica granatum.

Punica granatum L. (Lythraceae family), commonly known as pomegranate, is a domesticated
tree that is widely grown as an evergreen in tropical regions and as a deciduous tree in temperate
areas. It is an ancient plant that is well known in folk medicine and is becoming increasingly popular

as a functional food and nutraceutical source due to its high polyphenol content, not only in the edible
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part, but also in other parts of the fruit and plant, including the peel, bark, leaves, and flowers (40).
Pomegranate is a rich source of a wide variety of compounds with beneficial physiological activities,
in particular antioxidative, anti-inflammatory, and anti-cancerous properties (41). Nearly every part
of the plant has been tested for antimicrobial activity, and roles in the suppression of enteric
infections, food preservation, wound healing, as well as gut and oral health, have been demonstrated
(42). Most antiviral studies have been performed on the fruit’s peel and juice, and it has been found
that extracts exerted inhibitory activity against HSV-2, HIV-1, and the influenza virus (43-45). Little
information has been reported on pomegranate leaf extracts, compared to other edible and nonedible
parts of the plant, although some recent studies have indicated that they may be an important source
of specialized bioactive metabolites and they possess a broad range of biological properties, such as
in vitro antioxidant, anti-inflammatory, anticholinesterase, and antiproliferative activities (46). Our

research focused on this less investigated part of the plant: the leaf.

2.3.2 Publications

Acquadro S, Civra A, Cagliero C, Marengo A, Ritta M, Francese R, Sanna C, Bertea C, Sgorbini B,
Lembo D, Donalisio M, Rubiolo P. Punica granatum Leaf Ethanolic Extract and Ellagic Acid as
Inhibitors of Zika Virus Infection. Planta Med. 2020 Sep 16. doi: 10.1055/a-1232-5705. Epub ahead
of print. PMID: 32937663.

The article Acquadro et al. is the result of a study conducted in close collaboration with the group of
Prof. Patrizia Rubiolo affiliated to the Department of Drug Science and Technology of the University
of Turin. In this study, we explored the cytotoxicity and the anti-ZIKV activity of pomegranate leaf
ethanolic crude extracts, as well as the corresponding fractions and phytoconstituents. Leaves were
collected from various sites in Italy and Greece, after different vegetative periods (summer and
autumn) and in different years (2017 and 2018) and their phytochemical and biomolecular
characterization were performed. These analyses showed that the pomegranate leaf ethanolic extract
is characterized by hydrolysable tannins, flavonoids, and triterpenes and that its phytochemical
pattern is stable and does not depend on geographical conditions or season. Furthermore, no
differences were found in the ITS and psbA-trnH sequences extracted from leaves collected in
different sites. Subsequently, we demonstrated that pomegranate leaf extract and its fractions are
active against the MR766 and the HPF2013 ZIKV strains. Of the 11 phenolic and triterpenic
compounds isolated from the crude extract, ellagic acid was the one possessing the anti-ZIKV
activity, with ECso values of 30.86 uM for MR766 and 46.23 uM for HPF2013. We demonstrated
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that this compound acts by preventing ZIKV cell infection and reduce the transmission of
extracellular free virus at high titers. Our data demonstrated the anti-ZIKV activity of pomegranate
leaf extract for the first time and indicated ellagic acid as a possible candidate compound for
preventive and therapeutic interventions aimed at impairing the chain of ZIKV congenital
transmission. Moreover, leaf collection is sustainable, as it does not cause damage to the plant during
spring pruning or in the fall. Further work must still be done to elucidate the cellular targets involved

in this antiviral action and to assess ellagic acid’s clinical potential.
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ABSTRACT

Zika virus, an arthropod-borne flavivirus, is an emerging
healthcare threat worldwide. Zika virus is responsible for se-
vere neurological effects, such as paralytic Guillain-Barré syn-
drome, in adults, and also congenital malformations, espe-
cially microcephaly. No specific antiviral drugs and vaccines
are currently available, and treatments are palliative, but me-
dicinal plants show great potential as natural sources of anti-
Zika phytochemicals. This study deals with the investigation
of the composition, cytotoxicity, and anti-Zika activity of
Punica granatum leaf ethanolic extract, fractions, and phyto-
constituents. P. granatum leaves were collected from different
areas in Italy and Greece in different seasons. Crude extracts
were analyzed and fractionated, and the pure compounds
were isolated. The phytochemical and biomolecular finger-
print of the pomegranate leaves was determined. The antiviral
activities of the leaf extract, fractions, and compounds were
investigated against the MR766 and HPF2013 Zika virus
strains in vitro. Both the extract and its fractions were found
to be active against Zika virus infection. Of the compounds
isolated, ellagic acid showed particular anti-Zika activities,
with ECsg values of 30.86 uM for MR766 and 46.23 uM for
HPF2013. The mechanism of action was investigated using
specific antiviral assays, and it was demonstrated that ellagic
acid was primarily active as it prevented Zika virus infection
and was able to significantly reduce Zika virus progeny pro-
duction. Our data demonstrate the anti-Zika activity of
pomegranate leaf extract and ellagic acid for the first time.
These findings identify ellagic acid as a possible anti-Zika can-
didate compound that can be used for preventive and thera-
peutic interventions.
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Introduction

ZIKV is a mosquito-borne virus that belongs to the Flaviviridae
family. It is primarily transmitted by the bite of an infected mos-
quito from the Aedes genus, mainly Aedes aegypti, in tropical and
subtropical regions [1]. Outbreaks of ZIKV disease have been re-
corded in Africa, the Americas, Asia, and the Pacific, and it is con-
sidered a global emerging healthcare threat. Since Aedes albopic-
tus has the capability to be a vector for ZIKV, other countries in
temperate regions, such as the Mediterranean basin, are poten-
tially at risk [2]. ZIKV is usually responsible for asymptomatic or
mild self-limiting dengue-like diseases, which are characterized
by fever, rash, conjunctivitis, arthralgia, and malaise. During the
recent outbreak in Brazil, it has been associated with severe neu-
rological effects, such as Guillain-Barré syndrome and menin-
goencephalitis, in adults, and congenital malformations, espe-

cially microcephaly, in infants born to infected mothers [3]. De-
spite the severity of ZIKV complications, there are currently no
FDA-approved vaccines. No specific antiviral drugs are currently
available, and treatments are palliative and mainly directed to-
wards the relief of symptoms [1]. For these reasons, new effective
preventive and therapeutic strategies against ZIKV infection are
urgently needed. Harnessing the potential of medicinal plants as
natural sources of anti-ZIKV phytochemicals, such as polyphenols
and alkaloids [4], is a complementary and alternative strategy.
Punica granatum L. (Lythraceae family), commonly known as pom-
egranate, is a domesticated tree that is widely grown as an ever-
green in tropical regions and as a deciduous tree in temperate
areas. It is an ancient plant that is well known in folk medicine
and is becoming increasingly popular as a functional food and nu-
traceutical source due to its high polyphenol content, not only in
the edible part, but also in other parts of the fruit and plant, in-
cluding the peel, bark, leaves, and flowers [5]. Pomegranate is a
rich source of a wide variety of compounds with beneficial physio-
logical activities, in particular antioxidative, anti-inflammatory,
and anti-cancerous properties [6]. Nearly every part of the plant
has been tested for antimicrobial activity, and roles in the sup-
pression of enteric infections, food preservation, wound healing,
as well as gut and oral health, have been demonstrated [7]. Most
antiviral studies have been performed on the fruit’s peel and juice,
and it has been found that extracts exerted inhibitory activity
against HSV-2, HIV-1, and the influenza virus [8-10]. Little infor-
mation has been reported on pomegranate leaf extracts, com-
pared to other edible and nonedible parts of the plant, although
some recent studies have indicated that they may be an impor-
tant source of specialized bioactive metabolites and they possess
a broad range of biological properties, such as in vitro antioxidant,
anti-inflammatory, anticholinesterase, and antiproliferative activ-
ities [5,11,12]. This study explores the cytotoxicity and anti-ZIKV
activity of pomegranate leaf ethanolic extracts, as well as of the
corresponding fractions and phytoconstituents after a phyto-
chemical and biomolecular characterization of the leaves, which
were collected from various sites, after different vegetative peri-
ods, and in different years.

Results and Discussion

Preliminary tests were carried out on a reference pomegranate
leaf ethanolic extract (PGL8) to investigate its anti-ZIKV activity
in a specific virus plaque reduction assay against the African
lineage strain, 1947 Uganda MR766. A range of extract concentra-
tions were added before and during the infection, as well as after
the removal of the virus inoculum. As reported in Fig. 1S, Sup-
porting Information, the extract exerts remarkable antiviral activ-
ity, generating dose-response curves. Under these conditions, the
extract reduced the number of viral plaques with an ECsq value of
11.4 ug/mL (» Table 1). To exclude the possibility that antiviral
activity was due to cytotoxicity, cells were treated with the serially
diluted extract and added to the cell culture medium for 72 h at
37°C, and the cellular viability was then determined by MTS assay.
The CCsg values were above 100 ug/mlL, indicating that the anti-
viral activity observed was not due to cytotoxicity (» Table 1,
Fig. 2S, Supporting Information). Since the extract was resus-

Acquadro S et al. Punica granatum Leaf... Planta Med | © 2020. Thieme. All rights reserved.
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> Table 1 Anti-ZIKV-MR766 activity of the pomegranate leaf ethanolic extract (PGL8).

Virus Sample ECsq° (ug/mL) ECoo¢ (ug/mL) CCso¢ (ug/mL) CCoo® (ug/mL) sif
(95% CIb) (95% C1) (95% Cl) (95% Cl)
MR766 PGL8 11.40 (7.84-16.57) 75.32(25.7-113.3) 123.60 (104.0-146.7) 443 (313.3-559.2) 10.84
HSV-2 PGL8 3.29(1.64-6.56) 120.20(18.5-224.1) 154.90(112.3-213.7) 1633 (860-2023.3) 47.08
Vaccinia virus PGL8 n.a.g n.a - - n.a.
Fractions ECso (ug/mL) ECq (ug[mL) CCso (ng/mlL) CCoo (ug/mL) Sl
(95% Cl) (95% cl) (95% Cl) (95% cl)
MR766 PGSUM85 16.20 (12.4-21.2) 95.27 (45.5-129.5) 76.10 (48.4-120) 143 (74.5-184.4) 4.69
PGAUtS5 10.40 (7.08-15.2) 43.96 (17.3-111.7) 73.40 (51.6-104) 156 (88.3-216.2) 7.05
PGSUM95 n.a. n.a. 14.20(12.3-16.4) 32.20(22.3-46.6) -
PGAUt95 n.a. n.a. 17.50 (11.9-25.8) 37.20 (18-76.6) -

2 ECsp: half maximal effective concentration; ® Cl: confidence interval; © ECqg: 90 % effective concentration; 9 CCsq: half maximal cytotoxic concentration;

€ CCqo: 90% cytotoxic concentration; f SI: selectivity index; 9 n.a.: not assessable

pended in a DMSO/H,0 solution (50%/50%), a control sample
with equal volumes of DMSO/H,0 was included in all cell-culture
experiments in order to rule out the possibility of the solvent hav-
ing a cytotoxic effect. The SI, which measures the preferential
antiviral activity of a drug in relation to its cytotoxicity, was
10.84. Two unrelated DNA viruses, HSV-2 and VACV, were as-
sessed in order to evaluate the antiviral specificity of PGL8. As re-
ported in » Table 1, the extract exerted relevant inhibitory activ-
ity against HSV-2, with an SI of 47.08. These data confirmed the
anti-HSV-2 effect that had been observed in extracts derived from
pomegranate fruit, including the rind and juice [8]. By contrast,
we did not observe any inhibition of VACV infectivity.

The characterization of the pomegranate leaf ethanolic extract
(sample PGL8) was carried out by HPLC-PDA-MS/MS and GC-MS
after derivatization with bis(trimethylsilyl)trifluoroacetamide to
obtain trimethylsilyl derivatives, and 3 different chemical classes
of specialized metabolites were revealed: phenolics, flavonoids,
and triterpenes. A list of the identified and putatively identified
compounds is reported in » Table 2, while the HPLC-PDA and
GC-MS profile are found in Figs. 3S and 4S, Supporting Informa-
tion, respectively. In accordance with the current literature, fla-
vones and flavonols are the most representative specialized me-
tabolites in the extract and often exist as glycosides of luteolin,
apigenin, and quercetin. Ellagic acid is the most abundant com-
pound, while hydrolyzable tannins, such as punicalins and punica-
lagins, which are markers of the other parts of the pomegranate
plant, were not detected. In addition, the presence of a pseudo-
molecular ion at m/z 455, in negative mode, with a fragment at
m/z 407 (M-HCHO-H,0-H)", and of a pseudomolecular ion at
m/z 457, in negative ionization mode, in the LC-MS profiles indi-
cates the presence of triterpenoid molecules, but with evident
coelution. A GC-MS analytical platform was therefore used and
enabled oleanolic, betulinic, and ursolic acids to be identified after
their derivatization in the extract.

To ensure consistent quality and reproducible activity in the
pomegranate leaf extracts, genotypic and phenotypic stability
were evaluated by comparing the phytochemical and biomolecu-
lar patterns of leaves that belonged to plants of different origins
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(see Table 1S, Supporting Information) that were harvested in dif-
ferent vegetative periods (summer and autumn) and in different
years (2017 and 2018).

HPLC-PDA-MS/MS and GC-MS profiles were qualitatively con-
sistent, and all markers were detected in all of the samples. Quan-
titation results, reported in Table 2S, Supporting Information,
showed differences in the abundances of some compounds in
the leaf extracts. The repeatability results showed that RSD%
never exceeded 5%, while intermediate precision in the different
extracts showed RSD% of below 15%. The accuracy of the data
was determined by comparing, when available, the UV and MS
quantification results, and the RSD% never exceeded 20%. Princi-
pal component analysis was then applied to highlight similarities
and differences between the samples. » Fig. 1 reports the score
and loading plots of the PC1 against the PC2, showing homoge-
nous sample distribution in the score plot (no cluster of samples
are formed) and a good explained variance (39.14% for PC1 and
19.72% for PC2). No clear discrimination between the samples
was observed, although the Aut show slightly higher contents of
ellagic acid and its hexoside (both positively correlated with PC2,
as can be seen in the loading plot). In general, the few differences
in the phenolics and triterpenes can be ascribed to phenotypical
variability and environmental factors.

To further confirm the quality and reproducibility of the
pomegranate leaf extracts, a genotypic fingerprint of the col-
lected leaves was obtained using a DNA barcoding approach
[16]. The nuclear ITS region and the psbA-trnH genes were ampli-
fied and sequenced for each site from which pomegranate leaf
samples were harvested. The sequences were deposited in the
GenBank (Table 3S, Supporting Information) and compared to
those present in the database (59 P. granatum ITS sequences orig-
inating from India, Iran, and China and 27 P. granatum psbA-trnH
sequences from Iran, Tunisia, China, and Italy [Apulia, Latium,
Sardinia, Padua and Trieste]).

Figs. 5S and 6S, Supporting Information, report no variation in
the ITS and psbA-trnH nucleotide composition for the 11 sites,
suggesting that these biomolecular markers are stable. A consen-
sus sequence for each DNA region was obtained from the align-
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> Table 2 List of identified and putatively identified compounds in leaf extract. Each compound is referred through its relative retention time, UV
maxima A absorption, molecular formula, pseudomolecular ions (ESI* and ESI"), ion fragments generated by Product lon Scan mode (PIS), and iden-
tified or tentatively identified compound names. The identification confidence value and the literature reference that indicates the presence of the
compounds in pomegranate are also reported.

N° RT Amax Molecular [M+H]* [M-H]" Supp. Ms?* MS2- Compound Identif.  Ref.
(min) (nm) formula MW m/z m/z name conf.p
12 1.649 272 C7HgO0s5 / 169 170 125 Gallic acid 1 [13]
110
2 7.373 314 Ci5H180g / 325 326 163 Coumaric acid 2 [14]
145 hexoside
3 11.657 273 C13HgOg | 291 292 247 Brevifolin — 2 [14]
357 carboxyl acid
4 14.364 268 801 799 800 151 301 Ellagic derivative 2 [13]
151
5 19.032 270 611 935 610 151 301 Ellagitannin 3
350 655 137
609
6 19.420 251 Gl i@ 465 463 464 | 301 Ellagic acid 2 [13]
360 glucoside
7 24.091 274 Ca1H35057 953 951 952 | 933 Galloyl- HHDP- 2 [13]
365 301 DHHDP-hexoside
(Granatin B)
82 24366 253 C21H20011 449 447 448 287 285 Luteolin 7-0- 1 [14]
347 glucoside
9 25.994 252 C14Hg0s 301 302 | 284 Ellagic acid 1 [13]
366 229
185
92 25.994 Coren@i 611 609 610 Rutin 1 [13]
102 27.426 255 C31H20012 465 463 464 303 301 Quercetin 1 [13]
353 229 255 3-0-glucoside
153 151
112 28.885 266 Co1H20010 433 431 432 271 269 Apigenin 1 [14]
336 7-0-glucoside
12 30.971 268 433 431 432 271 269 Apigenin 3
332 195 glycoside
151
117
132 31.719 267 C31H20011 449 447 448 287 285 Luteolin 1 [13]
337 257 4'-0-glucoside
14 33.223 268 449 447 448 287 285 Luteolin 3
340 153 151 glycoside 1
15 37.253 268 419 417 418 287 285 Luteolin 3
340 153 257 glycoside 2
175
151
16° 42.958 252 Ci5H1006 287 285 286 153 171 Luteolin 1 [13]
347 135 151
117 133
115
172 45538 267 C15H1005 271 269 270 163 151 Apigenin 1 [14]
336 153 117
119
0 50.201 = C3gH430;3 457 455 456 333 407 Oleanolic acid 1 [14]
239
191
189
cont.
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» Table 2 Continued

N° RT Amax Molecular [M+H]" [M-H]"
(min) (nm) formula

* 50.201 - C3pHa303 457 455

c 50.201 = C3gH450;3 457 455

Supp. MS2* MS2- Compound Identif.  Ref.
MW m/fz mfz name conf.b

456 333 407
239
191
189

456 333 407
239
191
189

Betulinic acid 1 [14]

Ursolic acid 1 [14]

2 Compounds identified by comparing with reference standards; ® An identification confidence according to the request of the Chemical Analysis Working
Group (CAWG, 2007) [15] is indicated: Level 1:ldentified compound (A minimum of 2 independent orthogonal data (such as retention time and mass spec-
trum) compared directly to an authentic reference standard; Level 2: Putatively annotated compound (compound identified by analysis of spectral data and
similarity to bibliographic data); Level 3: putatively characterized class compound; Level 4: unknown compound.

PCA all samples, all variables
Projection of the cases on the factor-plane (1 x 2)

PCA all samples, all variables
Projection of the variables on the factor-plane (1 x 2)

Cases with sum of cosine square 20.00 10
5 : Ellagicjacid
exoside
4
12AUT17
3 8AUT17+ . 05
2AUT18 ’ Quercetin 3-0-glucoside
= o
) L4AUT18 N i
aﬁ] 8 11EST17 . 3AUT18 IN Rutin
~ ESTW e [ AUT18S 8AUT18 ) Betulinic acid
2 1 12E;T17 5AUT18 * - Luteolin glucoside 1
A - 6AUT18 %‘ Lutedln glucoside.2
= 0
S SEST17 *4EST17 = h
- 10EST17 * gpsT17 - 12EST18 % Luteolin 4-0- 44
% . 12AUT18 i glucoside
3 -1 2ESTI7+  pstig|  L-1ESTI7 Jiesms /
gEsTI7 o0 Vet ;:Eg -0.5 fipigenin.7-0-
-2 8EST18" 6ESTIS glucoside
6EST17 " "SesT18 Luteolin 7-0-
glucoside
-3
* Active -1.0 o Active
-4
-10 -8 -6 -4 -2 0 2 4 6 8 -1.0 -0.5 0 0.5 1.0

Factor 1: 39.14%

Factor 1: 39.14%

» Fig. 1 Score plot (a) and loading plot (b) of the principal component analysis relative to the quantity of the main markers of the pomegranate’s

leaf extracts.

ment of all the samples. A BLAST alignment of the consensus,
with all the data present in the database, showed a percentage of
identity among the P. granatum sequences that ranged from
100% to 96.89% for ITS, and from 100% to 97.64 % for psbA-trH,
confirming intraspecies stability and higher interspecies variabili-
ty. Interestingly, the comparison with psbA-trnH from Italian re-
gions (accession numbers: HG765008, HG765007, HG765006,
HG765005), showed 100% similarity, supporting the stability of
the species in Italy.

Based on the data obtained from the phytochemical character-
ization, representative summer and autumn pool extracts were
created.

A bio-guided fractionation procedure was performed to attrib-
ute the antiviral activity to a specific fraction and/or single com-
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ponents of the pomegranate leaf extracts. The summer and au-
tumn extracts were submitted to SPE fractionation, resulting in
2 fractions: a phenolic fraction (yield 73 %) eluted with methanol/
water 85:15 (PGAut85, PGSum85), and a triterpenoid fraction
(yield 5%) eluted with methanol/water 95:05 (PGAut95,
PGSum95). Table 2S, Supporting Information, reports the quali-
quantitative composition of the 4 samples. The phenolic fraction
was characterized by ellagic acid, rutin, apigenin, quercetin, and
luteolin glycosides. In the PGAut85 fraction, ellagic acid was the
most abundant compound, while, in the PGSum85 one, luteolin
4'-0-glucoside was the main compound, although a good
amount of ellagic acid was detected. The triterpenoid fraction
was characterized by oleanolic, betulinic, and ursolic acids.
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> Table 3 Anti-ZIKV-MR766 activity of phenolic and triterpenic compounds. For each concentration tested, the percentage of infection in compar-
ison to control is reported as mean value + SD. The molarities of the compounds is reported in square brackets, referred to 3.7 ug/mL, 11 pg/mL,

and 33 pug/mL concentrations, respectively.

Compounds

Apigenin

Apigenin 7-0-glucoside
Betulinic acid

Luteolin

Luteolin 4-O-glucoside
Luteolin 7-O-glucoside
Oleanolic acid

Quercetin 3-0-glucoside

3.7 ug/mL
99.0+7.1[13.7 uM]
103.6+8.9[8.5 pM]
99.3+1.1[8.1uM]
102.9+4.1[13 pM]
103.0+1.4[8.3 pM]
105.0 5.7 [8.3 pM]
99.5+9.2[8.1 uM]
105.5 % 6.4 [8.0 pM]

11 pg/mL
n.a.2[40.7 uM]
101.2£3.7 [25.4 uM]
101.5+ 6.4 [24.1 uM]
n.a.[38.5 uM]
96.0+5.7 [24.5 uM]
102.0+11.3 [24.5 uM]
103.8 3.2 [24.1 uM]
103.1+9.8[23.8 uM]
95.4+20.6 [18.0 uM]
79.7 2.3 [24.1 uM]

33 ug/mL
n.a.[122.1 uM]
102.5+2.8[76.2 pM]

95.5+10.7 [72.3 pM]

n.a.[115.5uM]
102.8+ 8.8 [73.6 uM]
100.0 £ 3.3 [73.6 uM]
104.3 £ 6.7 [72.3 uM]
106.5+ 4.6 [71.3 pM]
107 2.4 [54.1 uM]
n.a.[72.3 uM]

Rutin 103.3+£9.5[6.1 uM]
Ursolic acid 100.0£11.9[8.1 uM]
Ellagic acid 83.8+11.5[12.2 uM]

43.3+1.3[36.4uM] 0.0+0.0[109.2 uM]

Betulinic acid, oleanolic acid, ursolic acid, apigenin were resuspended in a DMSO/H,0 solution (70 %/30%); apigenin 7-O-glucoside, luteolin, luteolin 4-0-
glucoside, luteolin 7-O-glucoside, quercetin 3-O-glucoside, rutin, and ellagic acid were were resuspended in a DMSO solution. ®n. a.: not assessable

> Table 4 Anti-ZIKV activity of ellagic acid.

Virus ECs0? (uM) (95 % CI°)
Commercial ellagic acid MR766 36.22(28.91-45.37)

HPF2013 20.99(16.48-26.74)
Isolated ellagic acid MR766 30.86(26.02-36.6)

HPF2013 46.23 (37.88-56.41)

ECoq° (uM) (95% CIY) CCsp ¢ (uM) sie
93.05 (53.17-162.8) 496.5 13.7
53.23(31.11-91.09) 496.5 23.7
42.64(33.98-53.51) 446.85 14.5

141.2 (85.90-232.0) 446.85 9.7

2 ECsp: half maximal effective concentration; ® Cl: confidence interval; © ECqg: 90 % effective concentration; 9 CCso: half maximal cytotoxic concentration;

e Sl: selectivity index. Ellagic acid was resuspended in a DMSO solution.

As reported in » Table 1 and Fig. 7S, Supporting Information,
both the PGAut85 and PGSum85 fractions were active against
ZIKV at increasing doses with ECsg values of 10.40 and 16.20 pg/
mL, respectively. However, no PG95 fractions exerted antiviral ac-
tivity. No statistical differences were observed in the ECsq values
of the summer and autumn fractions, confirming the demonstrat-
ed similar chemical compositions of the pomegranate leaves. The
main components of the PG85 and PG5 fractions were therefore
tested. A preliminary screening was performed to test the activity
of the phenolic and triterpenic compounds at 3 doses (33, 11,
3.7 ug/mL) against the MR766 strain by treating cells before, dur-
ing, and after infection. » Table 3 demonstrates that ellagic acid
was active against ZIKV infection in a dose-dependent manner. No
inhibitory effect was observed at any dose for the other com-
pounds. These data, obtained on cell cultures, did not confirm
the predictive inhibitory activity of luteolin, apigenin, and rutin
as inhibitors of the ZIKV NS2B-NS3 protease, as identified by
molecular docking [17,18]. Furthermore, the ability of quercetin
3-0-glucoside to inhibit ZIKV in vitro, as reported in the literature,
was not reproduced [19]. According to our data, ellagic acid
showed the highest antiviral activity against ZIKV and was there-
fore isolated from the pomegranate extract by Prep-LC and se-

lected for further study. The isolated ellagic acid was character-
ized by "H NMR, and its spectrum compared with that of the com-
mercial standard (Fig. 8S, Supporting Information). The purity of
the compound was determined by HPLC-PDA and calculated to
be >97%.

To confirm the inhibition of ZIKV infectivity that the isolated
ellagic acid demonstrated in the preliminary standard plaque re-
duction assay, a wider range of concentrations was tested against
the MR766 strain in order to determine the ECsq values. High in-
hibitory activity was observed with an ECsq value of 30.86 uM
(> Table 4, Fig. 2a). It is worth noting that the compound was
also active against the Asian lineage strain, 2013 French Polynesia
HPF2013, with an ECsy of 46.23 uM, indicating the broad spec-
trum of its action against different ZIKV strains. These data were
confirmed using the commercially available standard, endowed
with comparable ECsq values (> Table 4 and Fig. 2b). To corrobo-
rate the inhibition of ZIKV infectivity by ellagic acid, immunofluor-
escence experiments that incubated fixed cells with a flavivirus
group antigen antibody, were performed in the same conditions
as described previously for both MR766 and HPF2013. As re-
ported in » Figs. 2c and d, the analysis by confocal laser scanning
microscope revealed a strong red signal from ZIKV protein E in the
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» Fig. 2 Panels a and b. Plaque reduction assays infecting cells with MR766 (panel a) and HPF2013 (panel b) in the presence of isolated and com-
mercial ellagic acid. Vero cells were treated with ellagic acid prior to infection, during the infection period, and after the infection for 72 h. Results
are reported as percentage of infection in comparison to untreated controls (Y-axis); the concentrations tested are reported on X-axis. Error bars
represent the standard error of the mean for 3 independent experiments. Panel c and d. Representative MR766 foci (panel ¢) and HPF2013 foci
(panel d) in Vero cells by immunofluorescence assay. Vero cells were treated with ellagic acid before, during, and after the infection. The ZIKV
protein E is visualized in red, nuclei in blue. NI: not infected; UT: untreated. Scale bar, 20 um. Ellagic acid was resuspended in a DMSO solution.

cytosol of untreated cells. A dose-dependent signal was observed
in treated cells; the highest tested dose (109.2 uM) completely in-
hibited the infectivity of both strains, while the number of in-
fected cells was considerably reduced at 36.4 pM.

Recently, the antiviral activity of ellagic acid, which had been
isolated from other plants, has been demonstrated in vitro against
different RNA viruses, such as the influenza virus, Ebola virus,
hepatitis C virus, and HIV-1 [20-23]. Furthermore, ellagic acid
has revealed potential activity against HBV infection due to its
hepatoprotective properties and ability to effectively block HBeAg
secretion in cells [24]. By contrast, ellagic acid partially inhibited
HSV-2 infection [8]. Herein, we have demonstrated, for the first
time, the antiviral activity of pomegranate-derived ellagic acid
against ZIKV, a member of the Flaviviridae family. Previously, oth-
er polyphenols, such as delphinidin and epigallocatechin gallate,
have been shown to have antiflaviviral effects [25]. Our data have
demonstrated that the isolated ellagic acid inhibited, in vitro, the
infection of 2 lineages, the African one, which is responsible for
more acute infection, and Asian ZIKV, which is associated with
neurological impairments [26]. Interestingly, the compound also
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exerted adulticidal activity against Aedes aegypti mosquito, the
main vector of the virus [27].

As ellagic acid was identified as an inhibitor compound of ZIKV
infectivity, further studies were performed to elucidate its mech-
anism of action. Firstly, we tested the ability of isolated ellagic
acid to reduce ZIKV progeny production in vitro by performing a
virus yield reduction assay. The experimental procedure for this
assay is similar to the one described for the viral plaque reduction
assay, but the viral titers of the samples were evaluated after in-
fection. As reported in » Fig. 3, 109.2 and 36.4 uM concentrations
significantly reduced the production of infectious viruses 100-
and 10-fold, respectively.

A virucidal assay was performed to investigate the possible di-
rect virus-inactivating activity of the isolated compound on both
MR766 and HPF2013. To this aim, 10° pfu of the ZIKV strains and
the compound, at the dose corresponding to the ECqq values,
were mixed and incubated for 2 h at either 4 or 37°C. As reported
in Fig. 9S, Supporting Information, no inhibition by the isolated el-
lagic acid was observed under any experimental conditions either
for MR766 or HPF2013, thus excluding the possibility that the di-
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> Fig. 3 Panel a and b. Virus yield reduction assays. Effects of isolated ellagic acid on multiple cycles of MR766 (panel a) and HPF2013 (panel b)
replication. Viral titers are expressed as PFU/mL. Error bars represent the standard error of the mean for 3 independent experiments (p < 0.05).
Panel c and d. Time of addition assays with isolated ellagic acid. Vero cells were treated with compound prior to infection (pre-treatment), during
the infection period (during infection), or after infection (post-treatment) with MR766 (panel c) and HPF 2013 (panel d). Data are reported as
percentage of infection in comparison to untreated control. Error bars represent the standard error of the means for 3 independent experiments.

Ellagic acid was resuspended in a DMSO solution.

rect inactivation of extracellular virus particles may be a mode of
antiviral action. The time-of-addition assay allowed us to investi-
gate the stage of the virus replication cycle at which the com-
pound acts by targeting the cellular surface or intracellular pro-
cesses. To this aim, the compound was added to the cells at differ-
ent times of infection only before, during, or after infection. In all
of the experiments, DMSO-treated infected cells were used as
controls, and plaque-formation inhibition was evaluated.
» Fig. 3¢ shows that the isolated compound exerted inhibitory
activity against the MR766 strain in a dose-response manner,
when added 2 h before infection, with an ECsg value of 74.48 uM.
By contrast, inhibition was absent in the during-treatment assay,
whereas weak inhibition was observed at the higher doses tested
in the post-treatment assay. These data were confirmed using the
HPF2013 (panel d) strain with inhibitory activity being observed in
the pre-treatment assay with a value of 93.01 uM. The ability to
inhibit viral infection during the pre-treatment assay was also ob-
served when cells were treated with the commercial compound
(data not shown). These data suggest that ellagic acid primarily
reduces cell susceptibility to virus infection by tethering to the cell
surface.

Our results demonstrate that ellagic acid did not affect the
ZIKV infection by directly inactivating the virus particles. The
time-of-addition experiments indicated that ellagic acid, added
before viral exposure, suppressed viral replication, which suggests
that, mechanistically, the compound interferes with the cell sur-
face, likely masking ZIKV receptors, including AxI9, on target cells,

prior to viral/cell membrane fusion. Similar ellagic acid activity
was observed against HIV-1. However, in this case, it was also
shown to be able to specifically block viral integrase activity [21].
Furthermore, ellagic acid has been observed to have a HPV-pre-
ventive effect in clinical trials; women treated with the ellagic acid
complex were less likely to be diagnosed with an abnormal Pap
smear at 6 months [28].

The absence of activity when the compound was added, with
the virus, to the cells indicates that it did not impair the early in-
tracellular steps of viral replication or viral targets. This hypothesis
was confirmed by performing a binding assay, and it was shown
that a high concentration of isolated compound did not inhibit
the binding of either MR766 or HPF2013 to the host-cell surface
(Fig. 10S, Supporting Information).

Further studies are required to clarify whether the anti-ZIKV
activity of ellagic acid may also occur indirectly via an alteration
in the innate response of the infected target cells. In recent years,
ellagic acid has gained attention due to its antioxidant, anticancer,
anti-allergic, and anti-inflammatory activities. Its antioxidant
properties have been associated with hepatoprotective activity,
the attenuation of liver injury during hepatitis B infection, and
with therapeutic effects on the survival of influenza-challenged
mice, in combination with an antiviral drug and an immunomodu-
lator [29,30].

Our current data suggest that ellagic acid may be a promising
candidate for the development of a novel anti-ZIKV compound.
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Further structural modifications might be needed to improve its
selectivity index.

In summary, we have demonstrated, for the first time, that
pomegranate leaf extract and its fractions possess anti-ZIKV activ-
ity. The lack of a protective vaccine and specific treatment against
ZIKV has prompted us to develop safe and effective anti-ZIKV
compounds that are also able to prevent infection by impairing
the chain of congenital transmission. The pomegranate leaf etha-
nolic extract is characterized by hydrolyzable tannins, flavonoids,
and triterpenes; its phytochemical pattern is stable and does not
depend on geographical conditions or season. Furthermore, no
differences were found in the ITS and psbA-trnH sequences ex-
tracted from leaves collected in different sites. Moreover, leaf col-
lection is sustainable as it does not cause damage to the plant dur-
ing spring pruning or in the fall. Ellagic acid was identified, from
among the isolated constituents, as an interesting antiviral com-
pound for its inhibitory activity, and its ability to prevent infection
and reduce the transmission of extracellular free virus at high
titers. Further work must still be done to elucidate the cellular tar-
gets involved in this antiviral action and to assess ellagic acid’s
clinical potential as a preventive and/or therapeutic compound.

Materials and Methods

Plant materials

P. granatum leaves were collected from different sites in Sardinia,
and occasionally other Italian regions, and in Greece from June to
October 2017 and 2018 (Table 1S, Supporting Information). Sam-
ple 8 was from the botanical garden of the University of Cagliari,
Italy. All individuals sampled from other sites were collected ran-
domly. Voucher specimens (Table 1S, Supporting Information)
were deposited at the Cagliari’s botanical garden and at the De-
partment of Drug Science and Technology of the University of
Turin. The fresh plant materials were dried at 40°C to constant
weight.

Chemicals

LC-MS grade acetonitrile, HPLC-grade methanol, pyridine, BSTFA,
formic acid (>98% purity), ellagic acid, rutin, and apigenin were
purchased from Merck. De-ionized water (18.2 MQ cm) was ob-
tained from a Milli-Q purification system (Millipore). Luteolin, api-
genin 7-0-glucoside, quercetin 3-O-glucoside, luteolin 7-O-glu-
coside, luteolin 4'-O-glucoside, betulinic acid, oleanolic acid, and
ursolic acid were obtained from Extrasynthese.

Ethanolic extract preparation

Two extracts were prepared from each sample; 0.500 g of dried
and ground powder was extracted using an ultrasonic bath (Sol-
tec, Sonica S3 EP 2400) operating at 40 KHz with 10 mL of etha-
nol, 3 times for 10 min each. The supernatants were combined
and centrifuged at 5000 rpm for 10 min, poured into a glass bal-
loon, and evaporated in a rotary evaporator under vacuum at a
temperature below 50°C. In order to reduce chlorophyll interfer-
ence, 30 mg of crude extract were resuspended in 1 mL of meth-
anol/water (20:80, v/v), loaded onto a Bond Elut |r 500 mg
SPE-C18 cartridge (Agilent Technologies), eluted with 8 mL of
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methanol/water (95:5, v/v), and evaporated in a rotary evapora-
tor. Pool samples, obtained by mixing the leaves that were har-
vested in summer (PGSum) and autumn (PGAut), were also cre-
ated and extracted in the same way.

HPLC-PDA-MS/MS analysis

For each extract, a 10 mg/mL stock solution in methanol was pre-
pared, subsequently diluted with acetonitrile/water (95:5, v/v),
and filtered through a 13 mm diameter, 0.22 ym PTFE syringe
hydrophilic filter before HPLC-PDA-MS/MS analyses. Each extract
(5 pL) was analyzed using a Shimadzu Nexera X2 system equipped
with a photodiode array detector SPD-M20A that was connected,
in series, to a Shimadzu LCMS-8040 triple quadrupole system out-
fitted with an ESI source (Shimadzu). The chromatographic condi-
tions were: column: Ascentis Express RP-Amide (10 cm x 2.1 mm,
2.7 um, Supelco); mobile phases: A water/formic acid (999:1, v/v)
and B acetonitrile/formic acid (999:1, v/v); flow rate: 0.4 mL/min;
column temperature: 30°C; gradient: 5% B for 5 min, 5-25% B in
35 min, 25-100% B in 10 min, 100% B for 1 min. UV spectra were
acquired over the 220-450 nm wavelength range. The mass spec-
trometer operation conditions and identification criteria were as
reported by Marengo et al. [31]. Quantitation was performed us-
ing the external standard calibration method via UV (at the A max
for each compound) and SRM acquisition in ESI* (collision energy:
35.0V for ESI*, dwell time: 20). The results are expressed as mg of
compound per g of dried leaves (mg/g). When the commercial
standard was not available, quantification was based on the UV
calibration curves of compounds belonging to the same chemical
class. The calibration ranges, A max, SRM transitions, and analyti-
cal performance of the method are reported in Table 5S, Support-
ing Information. Analyses were performed in triplicate. All data
were processed using LabSolution software (Shimadzu).

GC-MS analysis

GC analysis were carried out on a Shimadzu 2010 GC unit that was
coupled to a Shimadzu QP2010 Mass spectrometer and that made
use of a MPS-2 multipurpose sampler (Gerstel). The derivatization
of the extracts was performed with bis(trimethylsilyl)trifluoroace-
tamide to obtain trimethylsilyl derivatives, as reported by Rubiolo
et al. [32]. GC-MS analyses were carried out on a MEGA-1 column
(100% methylpolysiloxane, 15m x 0.18 mm d,, 0.18 ym df) from
MEGA S.r.l. (Milan, Italy). Analytical conditions: injector tempera-
ture: 300°C, transfer line temperature: 320°C, carrier gas: He
(0.8 ml/min), split ratio 1:10. Temperature program: 50°C
(2min)//5°C/min[[300°C. MS conditions: source temperature:
200°C, ionization mode: electron impact (70eV), scan rate:
0.2 u/s, mass range: 100-650 m/z. Compounds were identified
via comparisons of mass spectra and I, calculated versus a C9-
C25 hydrocarbon mixture, with those reported in the literature.
The identity of the triterpenoids was confirmed by the co-injec-
tion of commercially available standards. The quantitation of the
triterpenoids was performed in SIM-acquisition mode using the
external standard calibration method, according to Rubiolo et al.
[32] (Table 6S, Supporting Information). Data were processed us-
ing Shimadzu GCMS Solution software (Shimadzu)
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DNA extraction, PCR amplification and sequencing

The DNA extraction, PCR amplification, and sequencing of the ITS
and psbA-trnH regions were performed according to Marengo et
al. [16] without modifications. Table 4S, Supporting Information,
reports the list of primers used in PCR and sequencing.

SPE-C18 cartridge and Prep-LC fractionation

Crude PGSum and PGAut ethanolic extracts were fractionated us-
ing a SPE-C18 cartridge: 30 mg of each crude extract were resus-
pended in T mL of methanol/water (20:80, v/v), loaded onto the
Bond Elut Jr 500 mg SPE-C18 cartridge, first eluted with 5 mL of
methanol/water 85:15, v/v (PG85) and subsequently with 5mL
of methanol/water 95:05, v/v (PG95). Both fractions were evapo-
rated to dryness. Fraction PGAut85, at a concentration of 40 mg/
mL, was injected into a Shimadzu LC-10AT system to isolate the
ellagic acid. Chromatographic conditions: column: Ascentis Ex-
press RP-Amide (15 cm x 10 mm, 5 um, Supelco) mobile phases:
see HPLC-PDA-MS/MS analysis; flow rate: 1 mL/min; column tem-
perature: 30°C; gradient program: 10% B for 1 min, 10-30% B in
60 min, 30-51% B in 9min, 51-100% B in 1min, 100% B for
4 min; injection volume: 100 L. Ellagic acid was collected via mul-
tiple injections, the organic solvent was evaporated with a rotary
evaporator, and the sample was subsequently freeze-dried. The
purity of the isolated ellagic acid was confirmed via a HPLC-
PDA-MS/MS analysis at a concentration of 1 mg/ml in methanol
and was calculated as a percentage peak area at 254 nm. Isolated
and commercial ellagic acid were also characterized by 'H NMR.
Spectra were collected in deuterated DMSO using a JEOL ECZR600
(600 MHz) nuclear magnetic resonance (NMR) spectrometer.

Cell cultures

African green monkey fibroblastoid kidney cells (Vero cells, ATCC
CCL-81) were grown as monolayers in Eagle’s MEM (Sigma-Al-
drich) with 10% heat-inactivated FBS (Sigma-Aldrich) and 1% anti-
biotic solution (penicillin-streptomycin, Sigma-Aldrich) in a hu-
midified 5% CO, atmosphere at 37 °C. The antiviral assays, against
ZIKV and HSV-2, were performed on Vero cells. BHK-21 cells
(ATCC CCL-10) were grown in DMEM 10% FBS and used for antivi-
ral assays against the VACV. The embryonic human kidney cells
(293 T) (ATCC CRL-3216) were grown as monolayer in DMEM
10% FBS supplemented with 1% Glutamax-I (Invitrogen).

Viruses

Two ZIKV strains were used to investigate the antiviral potential of
pomegranate: the 1947 Uganda MR766 and the 2013 French
Polynesia HPF2013, representing the African and the Asian
lineages respectively. The viruses were produced via the transfec-
tion of 293T cells with 2 plasmids (pCDNA6.2 Zika MR766 In-
tron3115 HDVr MEG 070916 5 and pCDNA6.2 Zika HPF2013
3864,9388Intron HDVr MEG091316 2) kindly provided by Prof.
F. Di Cunto and Prof. M. |. Evans, and were propagated and titered
in Vero cells, as described in Francese et al. [26]. The HSV-2 strain
(ATCC VR-540) was propagated, collected, and titrated, via plaque
assay, on Vero cells [33]. The VACV, ATCC VR-1354 strain was
propagated, collected, and titrated, via plaque assay, on BHK-21
cells.

Viability assay

Cell viability was assessed using the MTS assay, as described in
Donalisio et al. [34]. PGL8, PGAut85, and PGSum85 were resus-
pended in a DMSO/H,0 solution (50%/50%), at 10 mg/mL con-
centration; PGAut95 and PGSum95 were resuspended in a
DMSO/H,0 solution (87.5%/12.5%) at 2.5 mg/mL concentration;
ellagic acid was resuspended in DMSO at 10 mg/mL concentra-
tion. The effects of the extract, fractions, and ellagic acid on Vero
cells viability were evaluated at 24 and 72 h. CCsg and 95% Cl were
determined using Prism 5 software (Graph-Pad Software).

Inhibition assays

The anti-ZIKV activity of the extract, fractions, and ellagic acid was
determined using a viral plaque reduction assay on Vero cells as
described in Francese et al. [26]. For the HSV-2 and VACV plaque
reduction assays, the cells were infected with virus at MOI 0.001
and 0.006 PFU/cell, respectively; the cells were fixed and the
plaques were counted at 24 (HSV-2) and 72 h (VACV) post infec-
tion. PGL8, PGAut85, and PGSum85 were resuspended in a
DMSO/H,0 solution (50%/50%) at 10 mg/mL concentration;
PGAut95 and PGSum95 were resuspended in a DMSO/H,0 solu-
tion (87.5%/12.5%) at 2.5 mg/mL concentration. Betulinic acid,
oleanolic acid, ursolic acid, and apigenin were resuspended in a
DMSO/H,0 solution (70%/30%) at 7 mg/mL concentration; api-
genin 7-0O-glucoside, luteolin, luteolin 4-O-glucoside, luteolin 7-
O-glucoside, quercetin 3-O-glucoside, rutin, and ellagic acid were
resuspended in DMSO at 10 mg/mL concentration. The concen-
trations that reduced viral infectivity by 50% (half maximal effec-
tive concentration, ECsg) and concentrations that reduced viral in-
fectivity by 90% (effective concentration-90, ECqg) were calcu-
lated using the software Prism. The results are reported for 3 in-
dependent experiments. The selectivity index (SI) was calculated
as the ratio CCsq/ECsy.

Virus inactivation assay

Ellagic acid preparations were investigated for their ability to di-
rectly inactivate ZIKV particles at 4°C and 37°C [26]. Ellagic acid
was resuspended in DMSO at 10 mg/mL concentration.

Time-of-addition assays

Serial dilutions of ellagic acid were either added to Vero cells be-
fore infection for 2 h at 37°C, during infection with MR766 (MOI
0.005), or after the infection [33]. Ellagic acid was resuspended
in DMSO at 10 mg/mL concentration.

Immunofluorescence assay

Vero cells that were seeded on coverslips were treated with serial
doses of plant-isolated ellagic acid for 2 h prior to infection, for 2 h
during infection with MR766 (MOI 1), and for 30 h after the ab-
sorption process, at 37 °C. The experiment was performed as de-
scribed in Francese et al. [26], with the exception of the nucleic
staining, which was performed using DAPI (Sigma-Aldrich)
0.5 pg/mL for 10 min at room temperature. Ellagic acid was resus-
pended in DMSO at 10 mg/mL concentration.
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Virus yield reduction assay

The experiment was conducted as described in Francese et al.
[26]. Ellagic acid was resuspended in DMSO at 10 mg/mL concen-
tration.

Binding assay

The experiment was conducted as described in Francese et al.
[26]. Ellagic acid was resuspended in DMSO at 10 mg/mL concen-
tration.

Statistical analysis

Antiviral data were analyzed using the Student’s t-test and F-test
on GraphPad Prism version 5.00 software, as appropriate. The
Student’s t-test was used to compare viral titers in virus inactiva-
tion assays. Significance was reported for p-value <0.05. Principal
component analysis was carried out using Statistica 10 (StatSoft.
Inc.) software. Sequence quality and alignment were performed
as reported by Marengo et al. [16].

Supporting Information

Anti-ZIKV activity of a reference pomegranate leaf ethanolic ex-
tract PGL8 (Fig. 1S); cell viability assays (Fig. 2S); LC chromato-
grams of the pomegranate leaf extract PGL8 (Fig.3S); GC-MS
chromatograms of the pomegranate leaf extract PGL8 (Fig. 4S);
comparison of ITS sequences between the 11 P. granatum samples
(Fig. 5S); comparison of psbA-trnH sequences between the
11 P. granatum samples (Fig.6S); anti-MR766 activity of
PGSum85, PGSum95, PGAut85, and PGAut95 (Fig.7S); H
600 MHz NMR of ellagic acid isolated with LC-Prep and of the
commercial standard reference (Fig. 8S); inactivation of MR766
particles by isolated ellagic acid (Fig. 9S); effect of isolated ellagic
acid on virus binding to cells (Fig. 10S); location, coordinates, and
code of pomegranate leaf samples (Table 1S); concentration of
phenolic compounds and triterpenes in the different pomegran-
ate leaf extracts and in the fractions (Table 2S); list of the se-
quences obtained from P. granatum samples deposited in
GenBank (Table 3S); list of primers used in PCR and sequencing
(Table 4S); quantification method, linearity range, R?, and calibra-
tion curve of the main compounds by UV and SRM methods
(Table 5S); and target ion, qualifier ions, linearity range, R?, and
calibration curve of triterpenoids quantified by GC-MS (Table 6S)
are available as Supporting Information.
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3. STUDY OF NEW ANTIVIRAL MOLECULES AGAINST THE HUMAN
ROTAVIRUS

3.1 Overview on the human rotavirus

HRoV is a double-stranded RNA virus belonging to the Reoviridae family. It is transmitted
by the fecal-oral route, directly from person to person, or indirectly via contaminated fomites.

HRoV genome consists of 11 segments of double-stranded RNA encoding six structural
proteins (VP1-VP4, VP6, and VP7) and six non-structural proteins (NSP1-NSP6). The mature virion
is a triple-layered particle (TLP) about 100 nm in diameter and consists of an inner layer (the core)
composed of the viral proteins VP1 and VP2, an intermediate layer (the inner capsid made of VP6),
and an outer layer (the outer capsid consisting of VP7 and projections of VP4), with VP4 being the
major determinant of tropism and receptor binding. The proteolytic cleavage of VP4 by trypsin is
essential for optimum rotavirus infectivity and produces two subunits, VP5* and VP8*, which remain

associated with the virion (47).
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Figure 6: Rotavirus particle structure (47)

HRoV entry into the host cell is a multistep process that implicates the sequential interaction
of the VP4-derived peptides (VP5* and VP8*) and VP7 with different cell surface molecules. VP8*
has been implicated in the initial attachment to the host cell through the interaction with glycans,
whereas VP5* and VP7 have been associated in post-attachment interactions. Proposed non-glycan
HRoV co-receptors include integrins avp3 and axf2 for VP7 and a2p1 for VP5*. Additionally, heat
shock cognate protein 70 (Hsc70) has been implicated as a putative co-receptor recognized by VP5*
(48).
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Subsequently, HRoV exploits the endocytic route to enter cells. VVarious human strains, such as HRoV
Wa, WI61, and DS-1, travel along this intracellular path to reach the late endosomes (LEs). Once
inside the LEs, a sequence of molecular transformations in the outer-layer proteins VP7 and VP4
strips the proteins from the virion and delivers into the cytosol an inner capsid particle, known as the
double-layered particle or DLP. These initial entry steps are the target of the anti-HRoV molecules,
25HC and 27HC, tested in our article Civra et al. The later steps of the HRoV replicative cycle are

schematically described in Figure 7.
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Figure 7: Schematic representation of rotavirus replicative cycle. 1) Attachment of the viral VP4 protein to host
receptors mediates clathrin-dependent endocytosis of the virus into the host cell. 2) Particles are partially uncoated in
endolysosomes (loss of the VP4-VP7 outermost layer), and penetrate into the cytoplasm via permeabilization of host
endosomal membrane. 3) Early transcription of the dSRNA genome by viral polymerase occurs inside these DLPs 4) The
nascent (+)RNAs are extruded into the cytoplasm and serve as template for viral proteins synthesis. 5) Progeny cores with
replicase activity are produced in cytoplasmic virus factories (viroplasms). This implies synthesis of complementary (-
)JRNA and initial steps of viral morphogenesis. 5) Late transcription occurs in these progeny cores. 6) At the periphery of
virus factories, these core are coated with VP68, forming immature DLPs that bud across the membrane of the endoplasmic
reticulum, acquiring a transient lipid membrane which is modified with the ER resident viral glycoproteins NSP4 and
VP7; these enveloped particles also contain VVP4. As the particles move towards the interior of the ER cisternae, the
transient lipid membrane and the nonstructural protein NSP4 are lost, while the virus surface proteins VP4 and VP7

rearrange to form the outermost virus protein layer. 7) Mature virions are released presumably following cell death(49).
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Rotavirus causes an acute gastroenteritis in infants and young children and is associated with
profuse watery diarrhea, projectile vomiting and fever. The virus replicates in the enterocytes of the
small intestine, causing extensive damage to the microvilli and resulting in malabsorption and loss of
fluids and electrolyte.

Nearly every child in the world under 5 years of age is at the risk of rotavirus infection. HRoV
causes approximately 2 million hospitalizations and 25 million outpatient cases annually, with more
than 90% deaths occurring in developing countries of Asia and Africa (47). According to a recent
study conducted by Tate and colleagues (50), the number of rotavirus deaths in children <5 years of
age declined from 528 000 in 2000 to 215 000 in 2013. This was possible because of the concurrent
efforts of the two globally licensed live-attenuated oral vaccines. The same authors also estimated
that 22% of all rotavirus deaths under five years of age occurred in India in 2013 and four countries
(India, Nigeria, Pakistan and the Democratic Republic of the Congo) accounted approximately half
(49%) of all rota-deaths under age five. Groups at increased risk for rotavirus infection include
children who are hospitalized or in community care centers and undernourished and/or
immunodeficient children (51). Moreover, since exclusive breast-feeding was found to be associated
with a lower incidence of rotavirus gastroenteritis (52,53), non-exclusively breastfed children are
considered an additional group more vulnerable to rotavirus infections.

To date no specific antiviral drug against rotavirus infection is available. Clinical management
is directed towards early replacement of fluid losses using oral rehydration at home. However, with
more extensive fluid losses there may be a need for intravenous rehydration provided in hospital
settings. No other therapy is required in previously healthy individuals and the condition is self-
limiting (54).

There are two globally licensed live-attenuated oral vaccines, Rotarix (GSK, Belgium) and
RotaTeq (Merck & Co. Inc., USA), first introduced in the USA in 2006. Recently, two Indian-
produced live-attenuated oral vaccines named Rotavac (Bharat Biotech, India) and RotaSIIL (Serum
Institute of India Pvt., India) have been pre-licensed in 2018, to be used globally against HRoV
infections, but their use is still largely restricted to India and partly Africa. Apart from these, there
are other regionally licensed live-attenuated oral vaccines such as LLR-37 from Lanzhou Biologicals
(Chengguan District, China) and Rotavin-M from Polyvac (Center for Research and Production of
Vaccines and Biologicals, Vietnam) (55). Recently, Burnett et al. reported that Rotarix and RotaTeq
are effective in preventing hospitalizations due to rotavirus diarrhea, with higher efficacy in high- and
middle-income countries than in low- income countries. (56). In particular, Rotarix effectiveness
against laboratory-confirmed rotavirus among children younger than 12 months old was 86% in low-

mortality countries and 63% in high-mortality countries and RotaTeq effectiveness was 86% and 66%
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respectively. This lower efficacy in low-income countries could be attributed to several factors,
including the nature of the circulating rotavirus strains, trans-placentally acquired maternal rotavirus-
specific antibodies in infant, co-infections (such as norovirus and enteric bacterial infections),
microbiota, body immune-status, and general nutritional status (55).

The current problems related to the low efficacy of rotavirus vaccines in some Regions and
the relative high mortality rate indicate that a specific anti-HRoV drug is still a necessity. In this
context, part of my PhD research was addressed to fulfill this unmet medical need. Similar to the anti-
ZIKV projects previously described, two different approaches have been investigated in vitro, the
first analyzing cholesterols oxidation products as anti-HRoV agents (3.2 section) and the second

exploring the antiviral properties of plants commonly used in Turkish folk medicine (3.3 section).

3.2 The oxysterols

Oxysterols are a family of cholesterol oxidation derivatives that contain an additional
hydroxyl, epoxide or ketone group in the sterol nucleus and/or a hydroxyl group in the side chain of
the cholesterol molecule. Normocholesterolemic healthy individuals contain a mixture of these
compounds in their peripheral blood, accounting for 1-5% of total cholesterol. A small part of this
oxysterol haematic pool is derived from exogenous origins, i.e. oxysterols originating from
cholesterol-rich food that have undergone non-enzymatic oxidation. The rest are of endogenous
origin. Some endogenous oxysterols are the result of enzymatic hydroxylation of cholesterol at
specific sites of the molecule and are almost ubiquitous in the human body, while other endogenous
oxysterols result from the non-enzymatic attack of a variety of oxidant species. This latter pathway
is greatly enhanced in sites of inflammation compared to non-inflamed areas of the body (Figure 8)
(57). Several among the various cholesterol oxidation products of enzymatic origin contribute to
physiological functions: they are intermediates of pregnenolone and steroid hormone synthesis (58)
and target nuclear receptors (e.g., the liver X receptor [LXR] and the estrogen receptor a [ER a]),
cellular membrane receptors (e.g., C-X-C motif chemokine receptor 2 [CXCR2]) and transport
proteins (e.g., insulin induced gene protein [INSIG], Niemann-Pick protein 1 [NPC1], oxysterol
binding protein [OSBP] and its related proteins [ORPs])(59-63). In contrast, the oxysterols derived
from cholesterol autoxidation, a not-regulated and therefore potentially harmful biochemical reaction,
appear to be more likely involved in pathophysiological processes associated with inflammation and
oxidative stress (64—66).
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Figure 8: Representation of the main oxysterols recognised to date for their potential involvement in human
pathophysiology. They are subdivided into the following three groups: oxysterols of enzymatic origin; oxysterols of
non-enzymatic origin; and oxysterols produced via both enzymatic and non-enzymatic pathways (57). Notably, we
studied 25-OH and 27-OH as antiviral molecules against HRoV.

In recent years, a growing body of evidence points to a significant role of some oxysterols in
host nonspecific antiviral defences.

The bulk of the studies has focused on 25-hydroxycholesterol (25HC) that was shown to act
as a physiological interferon (IFN)-induced effector of innate immunity against viral infections (67)
and to inhibit the replication of a wide spectrum pathogenic viruses (57,68). Indeed, it was
demonstrated that 25HC inhibits both enveloped viruses, i.e., those with a phospholipidic bilayer
outside the proteic capsid such as human immunodeficiency virus (HIV), herpes simplex virus type
1 (HSV-1), varicella zoster virus (VZV), Nipah virus (NiV), Ebola virus (EBOV), ZIKV, hepatitis C
virus (HCV), orthomixovirus, and non-enveloped viruses such as human rhinovirus (HRhV), human
papillomavirus (HPV), and HRoV (57,69-71). The mechanisms underlying this broad antiviral action

are still under investigation and the available studies are mostly focused on enveloped viruses. The
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reported antiviral mechanisms of action are multiple and include the inhibition of virus adsorption,
entry, and release by manipulating cholesterol metabolism; inhibition of virus replication through
direct interactions with viral components; inhibition of virus infection by modulating innate immunity
and virus-specific adaptive immunity; and the activation of the integrated stress response (ISR),
changing the endocytic transport patterns and other mechanisms (72). Of note, other side chain
oxysterols have been found to exert potent antiviral action in vitro. The enzymatically-produced
oxysterol 27- hydroxycholesterol (27HC), the most common oxysterols in the peripheral blood of
healthy individuals, was shown to block the infection of murine cytomegalovirus, HRhV, HRoV,
HPV and HSV-1/HSV-2. Interestingly, 27HC is not induced by IFN, thus indicating that the innate-
immune response to virus infections involving lipid sterol effectors is only partially dependent on
IFN stimulation and might even occur in its absence through 27HC. A third oxysterol containing a
hydroxyl group in its side chain, namely 24-hydroxycholesterol (24HC), has been reported to inhibit
the murine cytomegalovirus and the 22(S)-hydroxycholesterol was shown to be active against HBV
(57).

During the first part of my PhD course, | focused my attention on 25HC and 27HC with the aim
to clarify the mechanisms underlying their protective effects against non-enveloped viruses and to
discover novel antiviral mechanisms and targets potentially exploitable for a new generation of
antiviral molecules.

The following publications were performed in close collaboration with the Pathology group of

Prof. Giuseppe Poli (University of Turin).

3.2.1 Publications

Civra A, Francese R, Gamba P, Testa G, Cagno V, Poli G, Lembo D. 25-Hydroxycholesterol and 27-

hydroxycholesterol inhibit human rotavirus infection by sequestering viral particles into late
endosomes. Redox Biol. 2018 Oct;19:318-330. doi: 10.1016/j.redox.2018.09.003. Epub 2018 Sep 5.
PMID: 30212801; PMCID: PMC6138790.

The group of Prof. Lembo has been investigating the antiviral potential of oxysterols since
2014. The present study is the natural continuation of the study by Civra et al. (73), in which they
showed that 25HC and 27HC are endowed with marked antiviral activity against three pathogenic
non-enveloped viruses, i.e. HPV-16, HRoV and HRhV. That study allowed to expand the broad
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antiviral spectrum of 25HC, that were thought to be to be limited to viruses with envelope until that
moment. Therefore, the mechanisms underlying the protective effect of cholesterol oxidation
products against non-enveloped viruses are still largely unexplored. The few available studies showed
that 25HC markedly reduce the accumulation of phosphatidylinositol 4-phosphate (P14P) in the Golgi
apparatus, a crucial event for the assembly of HRhV replicative machinery, by targeting members of
the OSBP family I (74,75). To get insight into this field, we investigated the antiviral activity of 25HC
and 27HC against the non-eveloped HRoV. We demonstrated that both oxysterols affect the final step
of viral entry into the host cells by inducing an accumulation of cholesterol in the late endosomes
(LEs), thereby sequestering viral particles inside these vesicles. This study discloses a totally novel
mechanism of two oxysterols of enzymatic origin and demonstrates that lipid involvement as host
restriction strategy is an area of focus which holds great promise to discover novel mechanisms and

redox active lipid factors to develop innovative approaches for antiviral therapy.

Civra A, Colzani M, Cagno V, Francese R, Leoni V, Aldini G, Lembo D, Poli G. Modulation of cell
proteome by 25-hydroxycholesterol and 27-hydroxycholesterol: A link between cholesterol
metabolism and antiviral defense. Free Radic Biol Med. 2020 Mar;149:30-36. doi:
10.1016/j.freeradbiomed.2019.08.031. Epub 2019 Sep 13. PMID: 31525455; PMCID:
PMC7126780.

In this second study, we deeply explored the broad-spectrum antiviral potential of 25HC and
27HC by analysing their possible modulation of cell proteome. We carried out a technically advanced
proteomic screening in a cell model system (Hela cells) commonly employed to in vitro test the
antiviral efficacy of a wide variety of compounds. We demonstrated that both 25HC and 27HC can
down-regulate the junction adhesion molecule-A (JAM-A) and the cation independent isoform of
mannose-6-phosphate receptor (MPRci), two crucial molecules for the replication of all those viruses
that exploit adhesion molecules and the endosomal pathway to enter and diffuse within target cells.
These results contributed to clarifying the complex and multiple mechanisms of action of oxysterols

that partially mediate the host innate antiviral defense.
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25-Hydroxycholesterol and 27-hydroxycholesterol inhibit human rotavirus
infection by sequestering viral particles into late endosomes

Andrea Civra, Rachele Francese, Paola Gamba, Gabriella Testa, Valeria Cagno', Giuseppe Poli*,
David Lembo*

Department of Clinical and Biological Sciences, University of Turin, Regione Gonzole 10, 10043 Orbassano, TO, Italy

ABSTRACT

A novel innate immune strategy, involving specific cholesterol oxidation products as effectors, has begun to reveal connections between cholesterol metabolism and
immune response against viral infections. Indeed, 25-hydroxycholesterol (25HC) and 27-hydroxycholesterol (27HC), physiologically produced by enzymatic oxi-
dation of cholesterol, act as inhibitors of a wide spectrum of enveloped and non-enveloped human viruses. However, the mechanisms underlying their protective
effects against non-enveloped viruses are almost completely unexplored. To get insight into this field, we investigated the antiviral activity of 25HC and 27HC against
a non-enveloped virus causing acute gastroenteritis in children, the human rotavirus (HRV). We found that 25HC and 27HC block the infectivity of several HRV
strains at 50% inhibitory concentrations in the low micromolar range in the absence of cell toxicity. Both molecules affect the final step of virus penetration into cells
by preventing the association of two cellular proteins: the oxysterol binding protein (OSBP) and the vesicle-associated membrane protein-associated protein-A (VAP-
A). By altering the activity of these cellular mediators, 25HC and 27HC disturb the recycling of cholesterol between the endoplasmic reticulum and the late
endosomes which are exploited by HRV to penetrate into the cell. The substantial accumulation of cholesterol in the late endosomal compartment results in
sequestering viral particles inside these vesicles thereby preventing cytoplasmic virus replication. These findings suggest that cholesterol oxidation products of
enzymatic origin might be primary effectors of host restriction strategies to counteract HRV infection and point to redox active lipids involvement in viral infections

as a research area of focus to better focus in order to identify novel antiviral agents targets.

Introduction

Innate immune response is the first line of defense during the ear-
liest hours of exposure to a novel pathogen. Its mechanisms are non-
specific and rely on a group of proteins and phagocytic cells that
quickly activate to help destroy invaders. Alongside these pathways, a
novel innate immune strategy has begun to reveal connections between
cholesterol metabolism and immune response against viral infections.
[1-3].

The most widely studied effector of this branch of innate immunity
is an oxysterol, 25-hydroxycholesterol (25HC) [1,2]. Oxysterols contain
27 carbon atoms per molecule and are derived from cholesterol by both
enzymatic and nonenzymatic oxidation [4-6]. Several among the var-
ious cholesterol oxidation products of enzymatic origin contribute to
physiological functions: they are intermediates of pregnenolone and
steroid hormone synthesis [7] and target nuclear receptors (e.g., the
liver X receptor [LXR] and the estrogen receptor a [ER al]), cellular
membrane receptors (e.g., C-X-C motif chemokine receptor 2 [CXCR2])
and transport proteins (e.g., insulin induced gene protein [INSIG],
Niemann-Pick protein 1 [NPC1], oxysterol binding protein [OSBP] and

* Corresponding authors.

its related proteins [ORPs]) [8-13]. In contrast, the oxysterols derived
from cholesterol autoxidation, a not-regulated and therefore potentially
harmful biochemical reaction, appear to be more likely involved in
pathophysiological processes associated with inflammation and oxida-
tive stress [4,5,14].

In 2013 Blanc and colleagues provided in vitro findings indicating
that 25HC acts as a physiological interferon (IFN)-induced effector of
innate immunity against viral infections [1]. They reported that 25HC
was the only oxysterol synthesized and secreted by macrophages upon
IFN treatment or virus infection and that transcription factor Statl di-
rectly couples IFN-stimulated signaling to regulation of the cholesterol
hydroxylase gene (Ch25h) encoding the 25HC-synthesizing enzyme.

Unlike known antiviral small molecules that target highly specific
viral determinants, thus showing a restricted spectrum of activity,
25HC inhibits the replication of a wide spectrum of pathogenic viruses.
This includes both enveloped viruses, i.e., those with a phospholipidic
bilayer outside the proteic capsid such as human immunodeficiency
virus (HIV), herpes simplex virus type 1 (HSV-1), varicella zoster virus
(VZV) murine cytomegalovirus (MCMV), vesicular stomatitis virus
(VSV), Ebola virus (EBOV), Zika virus, hepatitis C virus, and
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Table 1
Antirotavirus activity of oxysterols (MA104 cells).

Redox Biology 19 (2018) 318-330

Oxysterols HRV strain ECso” (uM) — 95% CI” ECo0" (UM) — 95% CI CCs0(uM) -95% CI SI¢

25HC Wa 0.16 (0.12-0.20) 1.37 (0.75-2.40) > 150 > 938
wi61 0.09 (0.08-0.12) 0.28 (0.16-0.46) > 150 > 1667
HRV408 0.12 (0.09-0.16) 0.42 (0.23-0.74) > 150 > 1250
HRV248 0.11 (0.07-0.18) 1.26 (0.47-3.38) > 150 > 1364
DS-1 0.27 (0.14-0.53) 5.77 (1.15-28.89) > 150 > 556

27HC Wa 0.26 (0.22-0.31) 1.73 (1.21-2.47) > 150 > 577
wi6l 0.19 (0.14-0.27) 0.74 (0.35-1.55) > 150 > 790
HRV408 0.40 (0.26-0.62) 4.56(1.62-12.82) > 150 > 375
HRV248 0.23 (0.12-0.46) 3.84 (0.80-18.39) > 150 > 652
DS-1 0.72 (0.49-1.06) 5.85 (2.43-14.06) > 150 > 208

n.a. not assessable.
2 ECs half-maximal effective concentration.
> CI confidence interval.
€ ECg090% effective concentration.
4 CCsp half maximal cytotoxic concentration
¢ SI selectivity index.

orthomixovirus [1,2,15-19], and non-enveloped viruses such as human
rhinovirus (HRhV) [20-22], human papillomavirus (HPV), and human
rotavirus (HRV) [21].

This unprecedented range of antiviral properties is ascribable to the
ability of 25HC to modulate cellular lipid metabolism and transport,
thereby modifying the composition and structure of cellular and sub-
cellular membranes [23,24]. Since viral pathogens have to pass through
cellular lipid membranes or hijack them to assemble their replicative
machinery, regulation of the lipid composition of cellular and sub-
cellular membranes looks like a particularly smart and effective
strategy to counteract viral invasion from a strictly evolutionary point
of view.

The mechanisms underlying the antiviral activity of 25HC have
been extensively investigated for a number of enveloped viruses: 25HC
might alter the lipid composition of cellular membranes, thus ham-
pering the fusion between the viral envelope and the cytoplasmic lipid
bilayer that allows some enveloped viruses to penetrate into the host
cell [1]. This oxysterol directly changes cell membrane properties by
inserting itself into the lipid bilayer [2]. Moreover, various studies on
25HC-induced host response to HCV infection clearly correlated this
protective action with an imbalance in the mevalonate pathway by the
oxysterol [17,25-27], implying the inhibition of cholesterol synthesis
and depletion of non-sterol isoprenoid products, in this way impairing
cholesterol membrane content and protein prenylation [17,25-28]. Of
note, our group showed that 25HC but also a second enzymatically
synthesized oxysterol, 27-hydroxycholesterol (27HC) can stimulate the
release of interleukin 6 (IL6) and are endowed with an anti-HSV-1 ac-
tivity which is apparently non-unrelated to the viral entry inhibition
[19].

By contrast, the mechanisms underlying the protective effects of
cholesterol oxidation products against non-enveloped viruses are lar-
gely unexplored, with the unique exception of HRhV [22] and 25HC as
the only oxysterol examined so far [22]. In fact, this oxysterol has been
shown to markedly reduce the accumulation of phosphatidylinositol 4-
phosphate (PI4P) in the Golgi apparatus, a crucial event for the as-
sembly of HRhV replicative machinery, by targeting members of the
OSBP family I [20,22].

With regard to non-enveloped viruses, we previously described the
antiviral activity exerted by 25HC and 27HC, particularly against HRV
[21]. We investigated the mechanism of action of 25HC and 27HC
against HRV to shed a light on an almost totally unexplored scenario,
which may hold promise to reveal novel antiviral mechanisms and
targets, likely exploitable for a new generation of antiviral molecules.

HRV belongs to the reoviridae family and represents one of the
leading causes of infective gastroenteritis in children [29]. Its genome
consists of 11 segments of double-stranded RNA encoding six structural
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proteins (VP1-VP4,VP6, and VP7) and six non-structural proteins
(NSP1-NSP6). The mature virion is a triple-layered particle (TLP) about
100 nm in diameter and consists of an inner layer (the core) composed
of the viral proteins VP1 and VP2, an intermediate layer (the inner
capsid made of VP6), and an outer layer (the outer capsid consisting of
VP7 and projections of VP4) [30,31], with VP4 being the major de-
terminant of tropism and receptor binding [32-35].

HRVs exploit the endocytic route to enter cells. Various human
strains, such as HRV Wa, WI61, and DS-1, travel along this intracellular
path to reach the late endosomes (LEs) [36]. Once inside the LEs, a
sequence of molecular transformations in the outer-layer proteins VP7
and VP4 strips the proteins from the virion (i.e., the TLP) and delivers
into the cytosol an inner capsid particle, known as the double-layered
particle or DLP [37].

Here we report on an original mechanism of antiviral action by
oxysterols against HRV. We found that both 25HC and 27HC block HRV
cell entry and replication by inducing an accumulation of cholesterol in
the LEs, thereby sequestering viral particles inside these vesicles. These
findings represent a step forward in our understanding the role oxy-
sterols play as effectors of innate immunity against viral infections.

Results
Anti-HRV effect of 25HC and 27HC and their spectrum of activity

In a previous study, we reported on the inhibitory activity of 25HC
and 27HC against the Wa strain of HRV [21]. To explore the spectrum
of anti-HRV activity, 25HC and 27HC were tested against four addi-
tional HRV strains (WI61, HRV 408, HRV 248, DS-1) in MA104 cells. As
shown in Table 1, the antiviral activity of both 25HC and 27HC is not
strain-restricted, with ECs, values falling in the low micromolar range
and favorable selectivity index (SI) for all the HRV strains tested. Both
oxysterols inhibited HRV infection in a dose-dependent fashion (Fig. 1).
The antiviral potency of 25HC was significantly (pgrest < 0.001) higher
than that of 27HC against each strain tested. Since most of the assays of
the mechanism of action described below were performed by testing
25HC and 27HC against high viruses/target cell ratios (MOI, multi-
plicity of action), we verified that both molecules were able to inhibit
HRYV infectivity also under these conditions. Indeed, they significantly
inhibited HRV infectivity to a maximum of 90% even at high MOI (MOI
10) (Fig. 3). Finally, 25HC and 27HC were also tested against HRV
infection of human intestinal Caco2 cell line to determine whether their
antiviral activity was influenced by the cellular model. The two oxy-
sterols displayed a strong antiviral effect in both MA104 and Caco2
cells, two quite different cellular models (Tables 1 and 2; Figs. 1 and 2),
thus indicating that their activity is not cell line dependent.
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Fig. 1. Antiviral activity of 25HC and 27HC against HRV strains Wa (A), DS-1 (B), HRV 408 (C), WI61 (D), and HRV 248 (E) on MA104 cells. Cells were treated for
20 h with increasing concentrations of oxysterols and then infected. Viral infections were detected as described in the Material and Methods section. The percentage
infection was calculated by comparing treated and untreated wells. The results are means and SEM for triplicates.

Table 2

Antirotavirus activity of oxysterols (Caco2 cells).

Oxysterols

HRV strain ECso® (M) — 95% ECoo° (UM) — 95% CCso® (uM) SI°
crr CI —-95% CI

25HC Wa 0.19 (0.14-0.25) 1.26 (0.61-2.60) > 150 > 789
WI61 0.25(0.20-0.31) 0.83(0.50-1.38) > 150 > 600
HRV408 0.42(0.36-0.48) 2.30(1.66-3.18) > 150 > 357
HRV248 0.21(0.16-0.28) 1.04(0.55-1.94) > 150 > 714
DS-1 0.43 (0.29-0.63) 2.42 (1.04-5.63) > 150 > 349

27HC Wa 0.44 (0.34-0.56) 2.50 (1.45-4.29) > 150 > 341
wiel 0.34(0.22-0.53) 2.43(0.90-6.59) > 150 > 441
HRV408 0.81(0.60-1.09) 3.78(1.94-7.36) > 150 > 185
HRV248 0.41(0.35-0.48) 2.70(1.90-3.83) > 150 > 366
DS-1 0.45 (0.34-0.61) 2.62 (1.37-5.03) > 150 > 333

n.a. not assessable.

2 ECs half-maximal effective concentration.
> CI confidence interval.

¢ ECg090% effective concentration.

d CCs half maximal cytotoxic concentration.
¢ SI selectivity index.

25HC and 27HC inhibit HRV-cell penetration

Specific assays were performed to identify which step(s) of the HRV
replicative cycle was inhibited by the two oxysterols. Time-of-addition
assays showed that 25HC and 27HC exerted their highest antiviral
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efficacy when added to cells 20 h before infection (Fig. 4A-B). By con-
trast, when the treatment was performed after viral infection, no anti-
viral effect was observed. These data suggest that both oxysterols
modify the cellular milieu so as to render the cells less susceptible to
HRV most likely by targeting cellular determinants essential for virus
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Fig. 2. Antiviral activity of 25HC and 27HC against HRV strains Wa (A), DS-1 (B), HRV 408 (C), WI61 (D), and HRV 248 (E) on Caco2 cells. The results are means and

SEM for triplicates.
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Fig. 3. Antiviral activity of 25HC and 27HC against HRV Wa at multiplicity of
infection (MOI) 10, 3, and 1 on MA104 cells. Cells were treated for 20 h with
25HC or 27HC at EC90 concentrations and then infected. Viral infections were
detected as described in the Material and Methods section. The percentage
infection was calculated by comparing treated and untreated wells. The results
are means and SEM for triplicates. ***panova < 0.001.

penetration or replication. Of note, as displayed in Fig. 4C, the indirect
immunocytochemistry clearly shows that no deposition of neo-synthe-
tized HRV antigen occurs in both MA104 and Caco2 cells at 20 h post
infection, when infection was stopped by fixing cells. Taken together,
these results suggested that 25HC and 27HC were able to affect the
steps of the HRV replicative cycle occurring before HRV protein
synthesis. For this reason, we investigated the effect of oxysterols on the
earliest steps of HRV replication, i.e. virus binding and penetration.
Binding assay experiments clearly showed that treatment with both

25HC and 27HC had no effect on HRV attachment to the cell surface
(Fig. 5 panel A).

In a second set of experiments, we assessed the ability of the oxy-
sterols to alter HRV entry kinetics into the cells. Both 25HC and 27HC
significantly (0.001 < panova < 0.05) hampered normal virus-cell
penetration, when measured as a function of viral particles that enter
cells and carry out a single replication cycle (Fig. 5B). Consistent with
previous results (Fig. 1), 25HC affected HRV entry kinetics more po-
tently than 27HC.

HRV penetration into the host cell is a complex event involving re-
ceptor-mediated endocytosis, LE membrane permeabilization, and release
of the virus particle into the cytoplasm where viral replication occurs.
Interestingly, when we forced by means of Lipofectamine the infection of
an ethylene glycol tetraacetic acid (EGTA)-inactivated HRV suspension,
thereby bypassing viral entry through endocytosis, 25HC and 27HC
showed no antiviral activity (Fig. 5C). Consistently with these results,
when we added oxysterols on infected cells after NH,Cl treatment (i.e.
after the HRV exit from LEs) no antiviral activity was measurable
(Fig. 5D). More importantly, we analyzed the intracellular localization of
HRV 8h post-inoculum, when most of the virus particles have already
escaped from the LEs and replicate in the cytoplasm where newly syn-
thesized viral proteins accumulate. As expected, confocal immune mi-
croscopy revealed that the viral antigen VP6 was mostly diffused in the
cytoplasm of untreated infected cells (Fig. 6). By contrast, in both the
25HC- and the 27HC-treated cells, almost all VP6 co-localized with a
marker of LEs (Rab-7). Taken together, these results indicate that 25HC
and 27HC affect HRV entry by sequestering the virus particles penetrating
the LEs and preventing their replication in the cytoplasm.
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the effect of oxysterols on deposition of neosynthetized VP6 antigen as assessed by immunocytochemistry. Infected MA104 or Caco?2 cell lines were fixed at 20 h post-

infection and stained with anti-VP6 antibody.

OSBP and VAP-A are cellular determinants of 25HC and 27HC anti-HRV
activity

To elucidate the mechanism by which 25HC and 27HC block HRV
penetration in the LEs, we focused our attention on the cellular protein
OSBP, one of the main intracellular interactors of oxysterols. Proteins
that prevent OSBP association with the vesicle-associated membrane
protein-associated protein A (VAP-A) are known to disrupt intracellular
cholesterol homeostasis, leading to cholesterol accumulation on the LEs
membrane. This event has been shown to inhibit the entry of specific
enveloped viruses [38,39]. Although this mechanism has been postu-
lated only for enveloped viruses, we hypothesized that the model of a
“greasy response” to viral infection - as defined by Tanner and collea-
gues in 2013 [39] - could fit with our results (Fig. 6). In specific assays
to verify whether this mechanism applies to the anti-HRV activity of
oxysterols, first we used co-immunoprecipation assays to assess whe-
ther physical interaction between OSBP and VAP-A was disrupted in
25HC- or 27HC-treated MA104 cells.

Immunoprecipitation of VAP-A co-immunoprecipitated OSBP in
untreated cells and the reverse was demonstrated (Fig. 7A). Co-im-
muneprecipitation was specific since neither VAP-A nor OSBP was de-
tected in the immunoprecipitates obtained with an unrelevant antibody
used as a negative control. This result was consistent with previous
studies that showed a physical interaction between OSBP and VAP-A.
Interestingly, we found that the association of OSBP to VAP-A was
disrupted in the 25HC- or 27HC-treated cells. Control experiments
showed that the treatment did not down-regulate OSBP and VAP-A
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protein levels (Fig. 7B). To explore whether OSBP and VAP-A play a
role in the antiviral activity exerted by 25HC or 27HC, we performed
target identification by siRNA sensitization (TISS) assay. This assay
allows to evaluate whether knockdown of OSBP or VAP-A results in
enhanced sensitivity to suboptimal concentrations of 25HC or 27HC.

Silencing of the expression of both proteins by specific siRNA im-
proved the antiviral efficacy of both 25HC and 27HC (Fig. 8A-B-D-E).
By contrast, no effect was observed when the cells were transfected
with a non-targeting siRNA. A slight but significant (panova < 0.01)
block of HRV infectivity was measurable in the OSBP- and VAP-A-si-
lenced untreated cells (Fig. 8C-F). Taken together, these results prove
that OSBP and VAP-A are cellular determinants of the anti-HRV activity
elicited by 25HC and 27HC.

25HC and 27HC induce cholesterol accumulation in LEs

We next investigated by confocal immunomicroscopy whether
treatment of MA104 cells with 25HC or 27HC induces cholesterol ac-
cumulation in LEs. As a positive control, cells were treated with
U18666A, an amphipathic steroid 3-p-[2-(diethylamine)ethoxy] an-
drost-5-en-17-one that blocks the exit of free cholesterol from the LE
compartment. Cholesterol accumulation was visualized by filipin, a
fluorescent polyene antibiotic that binds to cholesterol but not to es-
terified sterols. As compared to the untreated cells, cholesterol accu-
mulation was observed in the LEs of the cells treated with the oxysterols
or U18666A, along with enlargement of the LE compartment (Fig. 9).
Like 25HC and 27HC, U18666A was found to be endowed with anti-
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infected with high MOIs (Fig. 10F), it was not endowed with antiviral

activity when added after HRV escape from LEs (Fig. 10G), when cells
were infected with an HRV suspension that skipped the endocytosis
steps (Fig. 10H), and it blocked the viruses penetrating inside the LEs

(Fig. 10I).
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Fig. 5. Evaluation of the step of HRV inhibited
by 25HC and 27HC. Panel A shows the effect of
oxysterols on binding to the MA104 cell surface.
On the y axis, the infectious titer of Wa bound to
cells is expressed as a % of the titer bound to
control untreated MA104 cells. Error bars re-
present the SEM of 3 independent experiments.
Panel B: HRV Wa entry kinetics on treated or
untreated MA104 cell monolayers. Virus was in-
oculated at 4°C for 1h, then temperature was
shifted to 37°C. HRV-cell penetration was
stopped with EGTA in PBS at fixed time points.
On the y axis, the number of infected cells in the
treated or untreated samples is expressed as a
percentage of infected cells when no EGTA wash
was performed, which was taken as 100% entry.
Each point represents mean and SEM for tripli-
cates. Panel C: Effect of oxysterols on the in-
fectivity of EGTA-inactivated HRV Wa transfected
with lipofectamine (black bars) or trypsin-acti-
vated HRV Wa (white bars). MA104 cells were
treated 20 h before inoculums. Panel D: Effect of
oxysterols when added after HRV escape from
LEs. Cells were infected for 45 min, treated with
25 mM of NH,Cl for 15 min, then oxysterols were
added. In panels C-D, the percentage infection
was calculated by comparing treated and un-
treated wells. The results are means and SEM for
triplicates. ***panova < 0.001.

Here we show that 25HC and 27HC sequester HRV Wa inside LEs
and that both are endowed with antiviral activity against the LEs-de-
pendent strains Wa, WI61, and DS-1, as well as against strains HRV248

and HRV408. Physiologic concentrations of 25HC and 27HC range from

Fig. 6. Intracellular localization of HRV VP6 antigen as assessed by immunofluorescence experiments. Infected MA104 were fixed at 8 h post-infection and stained
with anti-VP6 antibody (red signal) and anti-Rab7 antibody (green signal). The inserts in the right panels show the merged signals.
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Fig. 7. Panel A: effect of 25HC or 27HC treatment on the interaction of OSBP
and VAP-A, as assessed by coimmune precipitation experiments. A total amount
of 500 pg of proteins extracted from treated or untreated cells was pulled-down
with anti-VAP-A antibody (upper insert) or anti-OSBP antibody (lower insert)
overnight at 4 °C. A control (Ctrl(-)) pull-down was performed with or anti-VP6
antibody. The precipitated proteins were analyzed by immunoblotting. IP:
immune precipitation; WB: Western blot. Panel B: effect of 25HC or 27HC
treatment on the expression of OSBP and VAP-A. Actin blotting was used as
normalization.

1 to 25 pg/L for 25HC and from 25 to 250 pg/L for 27HC. The average
ECsos of 25HC against HRV strains are 0.15 uM as assessed on MA104
cells (corresponding to 60 pg/L), and 0.30 uM on Caco2 (corresponding
to 121 pg/L), being at supraphysiologic levels. Notably, average ECsqs
of 27HC are 0.36 uM on MA104 cells (corresponding to 145 pg/L), and
0.49 uM on Caco2 (corresponding to 197 ug/L), being both in the
physiologic range of concentrations of this oxysterol. The intracellular
localization of HRV particles was assessed in immunofluorescence ex-
periments using a specific antibody directed to the intermediate capsid
protein VP6: since this antibody does not recognize the whole TLP
particle (VP6 is hidden beneath the external capsid), we can assume
that the HRV particles sequestered in the LEs of the oxysterol-treated
cells are DLPs. This suggests that oxysterols do not inhibit the dis-
assembly of the HRV external capsid (which would lead to permeabi-
lization of the LEs membrane), but rather they somehow modify the LE
milieu that halts the release of DLPs from LEs. Accumulation of cho-
lesterol within LE compartments has been shown to alter their function,
significantly impairing the infection of certain enveloped viruses that
enter the cell through endocytosis, such as Influenza A virus (IAV),
vescicular stomatitis virus (VSV), and dengue virus [38, 40, 41].

Oxysterols are implicated in endosomal cholesterol homeostasis
through their interaction with OSBP. Mammalian OSBP and OSBP-re-
lated proteins (ORPs) constitute a large eukaryotic gene family char-
acterized by a conserved C-terminal sterol-binding domain [42]. Their
primary function is to transfer cholesterol, ergosterol or oxysterols be-
tween target membranes and/or to transduce sterol-dependent signals
at these points of contact [43,44]. The OSBP possess N-terminal
pleckstrin homology (PH) domains that interact with phosphatidyli-
nositol (PI) phosphates [45,46] and two phenylalanines (FF) in an
acidic tract (FFAT) motif that bind the vesicle-associated membrane
protein-associated protein A (VAP-A) on the cytoplasmic surface of the
endoplasmic reticulum (ER; 47, 48). The complex VAP-A-OSBP med-
iates the transport of de novo synthesized cholesterol from the ER to
other intracellular organelles.
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A recent study by Amini-Bavil-Olyaee and colleagues investigating
OSBP/VAP-A-mediated cholesterol shuttling as a cellular restriction
mechanism of innate immunity against enveloped viruses showed that
interferon-inducible transmembrane protein 3 (IFITM3) expression in-
duces substantial accumulation of cholesterol within LE compartments
in a VAP-A binding dependent manner [38]. IFITM3 was found to in-
teract with VAP-A and prevent its association with OSBP, so inducing a
marked accumulation of cholesterol in multivesicular bodies and LEs;
the latter event inhibited the fusion of intraluminal virion-containing
vesicles with endosomal membranes, thereby blocking virus release
into the cytosol of IAV and VSV.

To this end, Tanner and Lee commented on a novel and intriguing
antiviral mechanism they called “the greasy response” to viral infec-
tions: IFITM3 expressed at LE compartments interacts with VAP-A and
disrupts the ER resident complex between OSBP and VAP-A, leading to
cholesterol accumulation in LE, thus blocking virus entry [39]. An
eventual involvement of oxysterol (the highest affinity ligands of OSBP)
was never demonstrated.

In the present study, we demonstrate for the first time that oxy-
sterols can trigger this antiviral mechanism, and that this restriction
strategy can block the infectivity of a non-enveloped virus. Consistent
with previous data showing 25HC-induced translocation of OSBP from
the ER (where VAP-A is localized) to the Golgi [49], we show that
treatment with 25HC prevents the association of OSBP to VAP-A. More
interestingly, we report that even 27HC can abolish OSBP-VAP-A in-
teraction. Accordingly, both 25HC and 27HC appeared to induce a
substantial accumulation of cholesterol in the LE compartment.

In agreement with our initial hypothesis, the antiviral effect of
oxysterols was potentiated in the cells in which the expression of either
OSBP or VAP-A was silenced. The silencing of these proteins in the
untreated cells exerted a partial block of HRV infectivity, thus stressing
the involvement of these two proteins in HRV replication.

The present report also provides proof of concept that accumulation
of cholesterol within LEs is an effective anti-HRV mechanism. While
many studies have demonstrated the wide spectrum of antiviral activity
of U18666A against enveloped viruses [50-52], we provide the first
evidence of its antiviral potential against a non-enveloped virus. This
cationic amphiphile causes a significant block of HRV infectivity even
at high MOIs by inducing cholesterol accumulation on LEs and se-
questering HRV inside them. This finding opens the way to the search
for small anti-HRV molecules endowed with this molecular mechanism.

Cholesterol accumulation on the membrane of LEs leads to several
dramatic modifications of this intracellular compartment. Our results
show that cholesterol accumulation in the larger cholesterol-enriched
LEs in the 25HC-, 27HC-, and U18666A-treated cells leads to enlarge-
ment of LEs. Moreover, Sobo and colleagues showed that cholesterol
accumulation dramatically perturbs the back fusion of intraluminal
vesicles with the limiting membrane and intra-organellar trafficking
[53]. Inhibition of back fusion events is expected to severely interfere
with the sorting and trafficking of the proteins that cycle between in-
traluminal and limiting membranes, as was shown for the cation-de-
pendent mannose-6-phosphate receptor (CD-M6PR; 53). LE-dependent
HRYVs are strictly dependent on the presence of the CD-M6PR on such
vesicles to become uncoated and exit the endosomal system [37]. These
cholesterol-induced perturbations of the LE compartment provide a
reasonable explanation for why cholesterol accumulation blocks HRV
particles inside these organelles.

In conclusion, both 25HC and 27HC appear to exert a remarkable
anti-HRV effect, based at least on the impairment of the OSBP/VAP-A
interplay and on abnormal cholesterol accumulation within LEs, the last
gate for the virus to enter the cytosol. Indeed, since these side chain
oxysterols have been shown to drive a number of biochemical reactions
within the cells [14], their direct action on LE structure and function
cannot be excluded.

This study discloses a totally novel mechanism of two oxysterols of
enzymatic origin suggesting that, besides 25HC, other members of this
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Fig. 8. Effect of OSBP silencing (panels A, B, and
C) or VAP-A silencing (panels D, E, and F) by short
interfering RNA (siRNA) transfection on the anti-
viral activity of 25HC or 27HC. Cells were trans-
fected for 72h with 20nM of anti-OSBP siRNA,
anti-VAP-A siRNA or control non-interfering
siRNA. Cells were then treated for 20 h with oxy-
sterols at sub-optimal concentrations and finally
infected with HRV Wa. Viral infections were de-
tected as described in the Material and Methods
section. The infectivity titers of virus in the treated
samples are expressed as a percentage of the titer
obtained in the absence of treatment. Error bars
represent the standard error of the mean (SEM) of
3 independent experiments.*panova < 0.05;
**panova < 0.01; ***panova < 0.001.

recent advances in technology, holds great promise to discover novel
mechanisms and redox active lipid factors to develop innovative ap-
proaches for antiviral therapy.
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27HC 25HC Untreated control

U18666A

Fig. 9. Effect of 25HC or 27HC on intracellular localization of cholesterol. Positive control experiments were performed by treating cells with U18666A. Treated or
untreated MA104 were fixed at 20 h post-treatment and intracellular cholesterol was stained with filipin (blue signal)and late endosomes with anti-Rab7 antibody
(green signal). The inserts in the right panels show the merged signals.

Table 3
Antirotavirus activity of U18666A (MA104 cells).
Treatment HRV strain ECso” (uM) — 95% cr ECgo° (UM) — 95% CI CCso (uM) -95% CI SI¢
U18666A Wa 1.44 (1.17-1.78) 11.66 (7.63-17.83) 219.3 (180.6-266.4) 152.29
Wwi6l 7.84 (7.08-8.68) 20.89 (16.72-26.09) 219.3 (180.6-266.4) 27.97
HRV408 2.14 (1.55-2.95) 12.04 (5.94-24.42) 219.3 (180.6-266.4) 102.47
HRV248 2.63 (1.74-3.80) 17.60 (7.05-43.94) 219.3 (180.6-266.4) 83.38
DS-1 5.84(4.76-7.16) 19.87 (12.43-31.74) 219.3 (180.6-266.4) 37.56

n.a. not assessable.

2 ECs half-maximal effective concentration.
> CI confidence interval.
¢ ECy090% effective concentration.

4 CCsp half maximal cytotoxic concentration.
€ SI selectivity index.
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Fig. 10. Assessment of the antiviral activity of
U18666A against HRV strains and assessment
of its mechanism of action. Cells were treated
for 20h with increasing concentrations of
U18666A and then infected with HRV Wa (A),
WI61 (B), HRV 248 (C), DS-1 (D), and HRV
408 (E). Viral infections were detected as de-
scribed in the Material and Methods section.
The percentage infection was calculated by
comparing treated and untreated wells. The
results are means and SEM  for
triplicates.***panova < 0.001. Panel F: cells
were treated with 1.9 uM of U18666A for 20 h,
then infected with high multiplicities of infec-
tion (MOIs) of HRV Wa. The percentage in-
fection was calculated by comparing treated
and untreated wells. The results are means and
SEM for triplicates.**panova < 0.01. Panel G:
effect of oxysterols when added after HRV es-
cape from LEs. Cells were infected for 45 min,
treated with 25 mM of NH,4CI for 15 min, then
oxysterols were added. Panel H: effect of oxy-
sterols on the infectivity of EGTA-inactivated
HRV Wa transfected with lipofectamine (black
bars) or trypsin-activated HRV Wa (white
bars). MA104 cells were treated 20 h before
inoculums. * **panova < 0.001 Panel L in-
tracellular localization of HRV VP6 antigen as
d by immunofluorescence experiments.

Infected MA104 were fixed at 8 h post-infec-
tion and stained with anti-VP6 antibody (red
signal) and anti-Rab7 antibody (green signal).
The inserts in the right panels show the merged

3 HRV Wa
150
100
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Materials and methods
Cell line and viruses

African green monkey kidney epithelial cells (MA104) and human
epithelial colorectal adenocarcinoma cells (Caco-2) were propagated in
Dulbecco's Modified Eagle Medium (DMEM; Sigma, St. Louis, MO, USA)
supplemented with 1% (v/v) Zell Shield (Minerva Biolabs, Berlin,
Germany) and heat inactivated, 10% (v/v) fetal bovine serum (Sigma).
Human rotavirus (HRV) strains Wa (ATCC" VR-2018), WI61 (ATCC"
VR-2551), HRV 408 (ATCC" VR-2273), HRV 248 (ATCC" VR-2274), DS-
1 (ATCC® VR-2550) were purchased from ATCC (American Type
Culture Collection, Rockville, MD, USA); virus was activated with 5 pug/
ml of porcine pancreatic trypsin type IX (Sigma) for 30 min at 37 °C and
propagated in MA104 cells using DMEM containing 0.5 ug of trypsin
per ml as described previously [54]. Viral titers are expressed as focus-
forming unit (FFU) per ml.

Antibodies and reagents

25HC and 27HC (Sigma) were dissolved in sterile ethanol at con-
centrations ranging from 2.75mM to 3 mM. U18666A was purchased
from Millipore (Darmstadt, Germany) and dissolved in sterile dimethyl
sulfoxide (DMSO) to a concentration of 5mM. Mouse monoclonal an-
tibody (MAb) directed to human rotavirus VP6 (2B4) was purchased
from Covalab (Villeurbanne, France). The rabbit polyclonal antibodies
directed to VAP-A (H-40: sc-98890) and Rab 7 (H-50: sc-10767) were
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The
rabbit polyclonal antibody directed to OSBP (C2C3) was purchased
from GeneTex (Irvine, CA, USA). The rabbit polyclonal antibody to
OSBP-N-terminal (ab192990) was purchased from Abcam (Cambridge,
UK). The mouse monoclonal antibody directed to actin (MAB1501R)
was purchased from Millipore. The secondary antibody peroxidase-
conjugated AffiniPure F(ab’)2 Fragment Goat Anti-Mouse IgG (H+L)
was purchased from Jackson ImmunoResearch Laboratories Inc. (West
Grove, PA, USA). The secondary antibodies anti-mouse IgG horseradish
(HRP)-linked (NA931V) and anti-rabbit IgG HRP-linked (NA934V)
were purchased from GE Healthcare UK (Chalfont St Giles, UK). The
secondary antibodies goat anti-rabbit IgG-FITC (sc-2012) and goat anti-
mouse IgG-R (sc-2092) were purchased from Santa Cruz Biotechnology,
Inc.

Antiviral assays

The antiviral efficacy of the oxysterols was determined by focus
reduction assay on confluent MA104 or Caco2 cell monolayers plated in
96-well trays, as described elsewhere [21]. Cells were treated for 20 h
at 37 °C with 25HC, 27HC or U18666A at concentrations ranging from
0.07 to 16.7 uM (corresponding to 28.2 and 6724 ug/L for both oxy-
sterols, and 29.7 and 7082 pg/L for U18666A). Control samples (100%
of infectivity) were prepared by treating cells with culture medium
supplemented with equal volumes of ethanol or DMSO, corresponding
to 0.6% (v/v) to 0.0014% (v/v) in cell media. Cells were then washed
with medium and infected with HRV at a multiplicity of infection (MOI)
of 0.02 FFU/cell for 1 h, unless otherwise stated. Alternatively, MA104
cells were treated for 20 h with 25HC, 27HC, or U18666A at respective
EC90 concentrations and then infected for 1 h with HRV Wa at MOIs 10,
3, and 1. Experiments with EGTA-inactivated HRV were performed by
treating trypsin activated HRV Wa for 15 min with 1.5mM EGTA at
room temperature. Infection was then performed for 1h at 37 °C in
presence of Lipofectamine (Invitrogen Carlsbad, CA). This technique
represents a useful strategy to skip viral penetration through en-
docytosis while delivering in cytoplasm HRV DLPs ready to start viral
RNA transcription [55]. After infection, cells were washed with
medium and incubated at 37 °C in a humidified incubator in 5% (vol/
vol) CO,-95% (vol/vol) air until fixed. For time-of-addition assays,
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serial dilutions of oxysterols were added on cells alternatively 20 h or
4 h before infection or during infection or post-infection. Alternatively,
cells were infected with trypsin-activated HRV Wa for 45 min at 37 °C,
then medium supplemented with 25 mM NH4Cl was added. This tech-
nique inhibits endosome acidification thereby sequestering HRV parti-
cles that are still inside the endosomes, while permitting the replication
of those that already escaped from LEs [56]. After 15 min of incubation
at 37 °C, oxysterols in presence of 25 mM NH,CI were added. After each
one of these treatment/infection protocols, cells were incubated for
16 h, then fixed with cold acetone-methanol (50:50), and viral titers
were determined by indirect immunostaining. Blockade of viral in-
fectivity is expressed as mean % = standard error of the mean (SEM).

Cell viability assay

Cells were seeded at a density of 5 x 10%/well in 96-well plates and
treated the next day with oxysterols 25HC, 27HC, or U18666A at
concentrations ranging from 0.07 to 150 uM (corresponding to 28.2 and
60400 ng/L for both oxysterols, and 29.7 and 63609 ug/L for U18666A)
to generate dose-response curves. Control samples (100% of viability)
were prepared by treating cells with culture medium supplemented
with equal volumes of ethanol, corresponding to 0.6% (v/v) to 0.0025%
(v/v) in cell media. After 24 h of incubation, cell viability was de-
termined using a CellTiter 96 Proliferation Assay Kit (Promega,
Madison, WI, USA) and following the manufacturer's instructions.
Absorbances were measured using a Microplate Reader (Model 680,
Bio-Rad Laboratories, Hercules, CA, USA) at 490 nm. Viability of oxy-
sterol-treated cells is expressed as a percentage relative to cells in-
cubated with culture medium supplemented with equal volumes of
ethanol.

Rotavirus-cell binding assay

Rotavirus-cell binding assays were performed as described pre-
viously [54]. Confluent MA104 cell monolayers in 24-well trays were
treated with 25HC or 27HC at 1.8 uM or 5.6 uM. After 20 h, cells were
washed with fresh medium and cooled on ice. Trypsin-activated virus,
which had been cooled to 4 °C, was allowed to attach to cells for 1h
(MOI =3 FFU/cell) at 4 °C. After a washing with cold DMEM, the cells
were subjected to two rounds of freeze-thawing and then incubated at
37 °C for 30 min with 10 pg/ml porcine trypsin to release bound virus.
The lysates were clarified by low speed centrifugation for 10 min. Cell-
bound virus titers were determined by indirect immunostaining as
above.

Rotavirus-cell entry assay

Confluent MA104 cell monolayers in 96-well plates were treated
with 25HC or 27HC at concentrations ranging from 0.07 to 16.7 uM.
After 20 h, cells were washed twice with DMEM and cooled on ice for
20 min. Trypsin-activated virus, which had been cooled to 4°C, was
adsorbed to cells on ice for 1h at 4°C (MOI=0.2 FFU/cell) to ensure
virus attachment but not entry. Unbound viruses were then washed,
warmed medium was added, and the plates were incubated at 37 °C in
humidified atmosphere to allow entry. At fixed timepoints (0, 15, 30,
45, 60, 75, 90 min after virus-cell attachment), the medium in the wells
was aspirated, and viral particles still present on the cell surface were
detached by two quick washes with 3mM EGTA in PBS, followed by
incubation in warm medium. After reaching the last timepoint (90 min),
the plates were placed into a CO2 incubator, and the infection was left
to proceed for an additional 16 h. The cells were then fixed and stained
by indirect immunostaining as described above. The amount of virus
that entered at each time point was compared to the amount of virus
that entered when no EGTA wash was performed, which was taken as
100% entry.
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Immunoblotting

Cells were lysed in denaturating conditions, unless otherwise stated.
Extracted proteins were denatured by boiling for 5 min, then separated
by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis
(SDS-12% PAGE) and transferred to a polyvinylidene difluoride (PVDF)
membrane. Membranes were blocked overnight at 4 °C with PBS, 0.1%
Tween 20, and milk powder 10%. Membranes were then incubated
with primary antibodies for 1 h at 37 °C, washed 4 times with PBS, 0.1%
Tween 20, and 15% milk powder, then incubated for 1h at 37 °C with
secondary antibodies coupled with HRP and washed extensively prior
to developing by the enhanced chemiluminescence method. The band
density was compared using ImageJ software, and the intensity of the
actin bands was used to normalize values. Where possible, the results
are expressed as a percentage, by comparing treated cells with cells
incubated with culture medium alone.

Immunofluorescence experiments

Subconfluent MA104 cell monolayers plated on coverslips in 24-
well plates were treated with 25HC, 27HC or U18666A at 1.8 uM. After
20 h, cells were infected with trypsin-activated rotavirus Wa (MOI = 10
FFU/cell) for 8 h at 37 °C. Cells were washed twice with PBS and then
fixed in cold acetone-methanol (50:50). Cells were blocked with 1%
BSA for 30 min and then incubated with primary antibodies diluted in
blocking buffer for 1h followed by three washes in PBS with 0.05%
Tween 20 and incubation with secondary antibodies diluted in blocking
buffer for 1h. After washing three times with PBS, coverslips were
mounted and analyzed on a confocal fluorescence microscope (LSM510,
Carl Zeiss, Jena, Germany).

Co-immunoprecipitation experiments

MA104 cells were treated with 5.6 uM of 25HC or 27HC for 2h at
37°C and then lysed in non-denaturating conditions (Tris HCl pH8
20 mM, NaCl 137 mM, NP40 1%, EDTA 2mM, and 1X protease in-
hibitor mixture). The extracted proteins (500 ug) were incubated with
0.5 pg of VAP-A antibody, rabbit polyclonal to OSBP-N-terminal or anti-
VP6 antibody overnight at 4 °C. Protein A-Sepharose (15 pul in PBS with
0.1% Triton X-100) was added for 1h at 4°C. Sepharose beads were
collected by centrifugation and washed four times with 1 ml of PBS
containing 1% NP40. The samples were heated to 97 °C in SDS sample
buffer, separated by SDS-PAGE, and analyzed by immunoblotting.

SiRNA transfection experiments

Caco2 cells (2 x 10*) were transfected with 20 nM of siRNA against
OSBP, VAP-A or with control non-interfering siRNAs. Each sample of
transfected or untransfected cells was seeded in different wells in a 24-
well tray and cultured for 72h at 37 °C (5% CO,). Cells were treated
with suboptimal concentrations (ECsq) of 25HC or 27HC for 20 h, and
then infected with HRV Wa (MOI 0.02 FFU/cell) as previously de-
scribed. After 16h, cells were fixed and subjected to indirect im-
munostaining to assess blockade of virus infectivity.

Quantitative real-time reverse transcription (RT)-PCR

The levels of siRNA-mediated silencing of OSBP or VAP-A expres-
sion were assessed by quantitative real-time reverse transcription (RT)-
PCR. Briefly, extraction of total RNA from transfected or untransfected
Caco2 cells was performed 72 h after transfection using TRIzol Reagent
(Applied Biosystems, Monza, Italy). Concentration and purity of the
extracted RNA were assessed by spectrophotometry (A260/A280).
Later, 2 ug of RNA were reverse transcribed by using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative RT-
PCR was performed with 30 ng of cDNA using TagMan Gene Expression
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Assay kits for OSBP and B-actin, TagMan Fast Universal PCR Master
Mix, and 7500 Fast Real-Time PCR System (Applied Biosystems). For
each gene, threshold cycles (Ct) were determined and results were
normalized using (-actin. Relative quantification was performed using
a previously published mathematical method [57].

Statistical analysis

Where possible, half-maximal antiviral effective concentration
(ECsp) values were calculated by regression analysis using the dose-
response curves generated from the experimental data using GraphPad
PRISM 7 (GraphPad Software, San Diego, CA, USA). The 50% cytotoxic
concentration (CCsp) was determined using logarithmic viability
curves. Where possible, a selectivity index (SI) was calculated by di-
viding the CCsg by the ECsq value. ECsq values were compared using the
sum-of-squares F test. One-way ANOVA, followed by Bonferroni test,
was used to assess the statistical significance of the differences between
treated and untreated samples, where appropriate. Significance was set
at the 95% level.
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Physiological cholesterol metabolism implies the generation of a series of oxidized derivatives, whose oxysterols
are by far the most investigated ones for their potential multifaceted involvement in human pathophysiology. In
this regard, noteworthy is the broad antiviral activity displayed by defined side chain oxysterols, in particular
25-hydroxycholesterol (25HC) and 27-hydroxycholesterol (27HC). Although their antiviral mechanism(s) may
vary depending on virus/host interaction, these oxysterols share the common feature to hamper viral replication
by interacting with cellular proteins. Here reported is the first analysis of the modulation of a cell proteome by
these two oxysterols, that, besides yielding additional clues about their potential involvement in the regulation
of sterol metabolism, provides novelinsights about the mechanism underlying the inhibition of virus entry and
trafficking within infected cells. We show here that both 25HC and 27HC can down-regulate the junction ad-
hesion molecule-A (JAM-A) and the cation independent isoform of mannose-6-phosphate receptor (MPRci), two
crucial molecules for the replication of all those viruses that exploit adhesion molecules and the endosomal
pathway to enter and diffuse within target cells.

1. Introduction mitochondrial enzyme 27-cholesterol hydroxylase [7] and by far the

most represented oxysterol in human plasma [8]. This unprecedented

Over the last few years solid evidence has been provided of a re-
markable antiviral effect of defined oxysterols, essentially of enzymatic
origin [1-3]. These cholesterol derived molecules proved to be effective
in inhibiting the replication of a wide span of viral pathogens, char-
acterised by highly divergent replicative strategies and structural fea-
tures. In this relation, the most studied member of this family has
certainly been 25-hydroxycholesterol (25HC), a physiological oxysterol
whose production by the enzyme 25-cholesterol hydroxylase was
proven to be interferon-inducible [1,2]. Moreover, a similarly strong
inhibition of the replication of both enveloped and non-enveloped
viruses was demonstrated to be exerted as well by 27-hydro-
xycholesterol (27HC) [4-6], the product of the ubiquitous

antiviral spectrum relies at least in part on the ability of oxysterols to
modify the composition of cellular and subcellular membranes that all
viral pathogens have to cross in order to enter the host cells or hijack
their replicative machinery. These oxysterol-induced modifications can
be triggered by different mechanisms such as (A) the direct interaction
of oxysterols with cellular membranes, (B) the interaction with cellular
proteins involved in cholesterol shuttling between intracellular mem-
branes [such as the oxysterol-binding protein 1 (OSBP)]], (C) the
modulation of the expression of enzymes involved in cholesterol me-
tabolism, by binding specific nuclear receptors such as the liver X re-
ceptor [LXR] and the estrogen receptor a [ER a] [3], or, last but not
least, (D) a suitable potentiation of the initial inflammatory reaction by
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Abbreviations:

25HC 25-hydroxycholesterol

27HC 27-hydroxycholesterol

NFKB2 NF-kappa-B p100 subunit

LC liquid chromatography

MS mass spectrometry

SILAC  stable isotope labelling by amino acids in cell culture
IFITM3 interferon-induced transmembrane protein 3

MPRci  cation independent mannose-6-phosphate receptor
JAM-A  junctional adhesion molecule A

LE late endosomes
DMEM  Dulbecco's modified Eagle's medium

FBS fetal bovine serum

DDA data dependent acquisition

CID collision induced dissociation

AUG automatic gain control

FDR peptide false discovery rates

SDS-12% PAGE sodium dodecyl sulphate-12% polyacrylamide gel
electrophoresis

PVDF polyvinylidene difluoride

PBS phosphate buffered saline

EDTA ethylenediaminetetraacetic acid

OSBP1  oxysterol binding protein 1

LXR liver X receptor

ER a estrogen receptor a

cells under viral attack, for instance through a redox-dependent up-
regulation of NF-kB-driven overproduction of pro-inflammatory cyto-
kines, in particular IL-6 [4].

Aiming at investigating the mechanism(s) behind such an important
property of these side chain oxysterols, we deemed useful to afford the
analysis of their possible modulation of cell proteome. To date, just two
reports investigated the effect of not enzymatic 7-oxysterols on vascular
cells proteome [9,10], while no data are so far accessible as far as side-
chain and at the same enzymatic oxysterols are concerned.

2. Materials and Methods
2.1. Antibodies and reagents

The mouse monoclonal antibody directed to JAM-A (J10.4: sc-
53623) was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA). The mouse monoclonal antibody directed to actin (MAB1501R)
was purchased from Millipore. The secondary antibody anti-mouse IgG
horseradish (HRP)-linked (NA931V) was purchased from GE Healthcare
UK (Chalfont St Giles, UK). 25HC and 27HC (Sigma) were dissolved in
sterile ethanol at 3 mM.

2.2. Cell culture and SILAC labelling

Human epithelial adenocarcinoma HeLa cells (ATCC® CCL-2™) and
African green monkey kidney epithelial cells (MA104) were propagated
in Dulbecco's modified Eagle's medium (DMEM) (Gibco-BRL,
Gaithersburg, MD) supplemented with heat-inactivated 10% fetal bo-
vine serum (FBS) (Gibco/BRL) and 1% penicillin-streptomycin solution
100X (EuroClone), at 37 °C in an atmosphere of 5% of CO,. HeLa cells
were SILAC-labelled using SILAC DMEM (#89985, ThermoScientific)
deficient in lysine and arginine, supplemented with 10% dialyzed fetal
bovine serum (Invitrogen). To this medium, the appropriate amino
acids were added as follows: unlabelled i-lysine (Lys0O) and r-arginine
(Arg0) (both from Sigma) were used to obtain light-labelled cells, and
13C6!°N, 1-arginine (Arg10, CNLM-539, Cambridge Isotope Laboratory)
and '3C¢'°N, L-lysine (Lys8, CNLM-291, Cambridge Isotope Laboratory)
were used to obtain heavy-labelled cells. The final amino acid con-
centration corresponded to the standard DMEM composition
(i.e.84 mg/] arginine and 146 mg/1 lysine). Cells were cultured for at
least seven replications to achieve complete labelling. Full protein la-
belling was verified by geLC-MS analysis (data not shown) [11].

2.3. Oxysterol treatment and preparation of cell extracts

Exponentially growing HeLa cells (either unlabelled or SILAC-la-
belled) were seeded in 10 cm dishes. After 24 h, cells were treated for
20 h with 25HC or 27HC at 5uM in SILAC DMEM supplemented with
2% dialized FBS. Control samples were prepared by treating cells with
culture medium supplemented with equal volumes of ethanol,

corresponding to 0.17% (v/v) in cell media. For each oxysterol, a “di-
rect” and a “reverse” protocol were performed according to the fol-
lowing scheme: for the “direct” experiment unlabelled HeLa cells were
chosen as untreated control, while labelled HeLa cells were oxysterol-
treated; for the “reverse” experiment, unlabelled HeLa were oxysterol-
treated, while labelled HeLa were chosen as untreated control. After
20 h from treatment, cells were washed twice with phosphate buffered
saline containing ethylenediaminetetraacetic acid (PBS/EDTA), trypsi-
nized, washed with PBS and counted.

2.4. Protein extraction and digestion

Heavy-labelled and light-unlabelled HeLa cells were mixed in 1:1
proportion (5 million:5 million) to form direct and reverse SILAC
samples, i.e. the four samples “direct 25HC”, “reverse 25HC”, “direct
27HC” and “reverse 27HC”. The mixed cells were pelleted and solubi-
lized in Laemmli sample buffer (Bio-Rad) and dithiothreitol 50 mM, to
extract proteins. The protein extract was centrifuged to pellet cellular
debris (10 min, 16,000 g, 4 °C); 50 ug of the clarified protein extracts
were loaded on sodium dodecyl sulphate (SDS) polyacrylamide gel (any
kD Mini Protean TGX, Bio-Rad). After protein electrophoresis (200 V for
25 min), the gel was stained with Coomassie blue (Bio-Safe, Bio-Rad).
Each lane, corresponding to one SILAC sample, was cut into 14 sub-
sequent bands of different molecular weight, in order to obtain a rough
fractionation of the sample. Each gel slice was reduced with 10 mM
dithiothreitol (Sigma) in 50 mM ammonium bicarbonate (Sigma) for
30 min at 56 °C and alkylated on cysteine residues by incubation with
55mM iodoacetamide (Sigma) in 50 mM ammonium bicarbonate for
45 min at RT in the dark. Proteins were in-gel digested overnight using
1 g of trypsin (sequencing grade, Roche) solubilized in 50 mM am-
monium bicarbonate, for each gel slice. Peptides were extracted from
gel firstly with 30% acetonitrile/0.3% formic acid and then with 100%
acetonitrile; the two extractions of each gel slice were pooled. Eluted
peptides were dried in a vacuum concentrator (Martin Christ) and so-
lubilized in 12 pl of 0.1% formic acid.

2.5. Mass spectrometry analysis

Five pl peptides solubilized in 0.1% formic acid were loaded on a
nano C18 column (PicoFrit C18 HALO, 90 A, 75um ID, 2.7 uym, New
Objective) by an RSLCnano System Ultimate 3000 (Dionex) controlled
by the software Chromeleon Xpress (Dionex, version 6.80). Peptides
were separated using a 90 min linear gradient (from 1% acetonitrile,
0.1% formic acid to 40% acetonitrile, 0.1% formic acid) and on-line
electrosprayed into an LTQ Orbitrap XL mass spectrometer equipped
with a nanospray ion source (both Thermo). The mass spectrometer
operated in data dependent acquisition (DDA) mode, controlled by the
software Xcalibur (version 2.0.7, Thermo) to acquire both full MS
spectra in the m/z range 320-1400 (resolution 1 X 10°> FWHM at m/z
400) and MS/MS spectra obtained by collision induced dissociation
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(CID) of the 6 most abundant multi-charged ions. Automatic gain
control (AUG) was set at 1 x 10° for the acquisition of full MS spectra
and at 1 x 10° for MS/MS spectra. To avoid redundancy, after two
subsequent occurrences in less than 30s, precursor ions already se-
lected for fragmentation were dynamically excluded for 45s.

2.6. Protein identification and quantification

The software MaxQuant [12] (version 1.5.1.2) was used to extract
peaks from spectra and to match them against the human protein da-
tabase (downloaded on December 03.12.2014 from UniProt, 66922
entries). Mass values were re-calibrated using the “first search” option.
The following main search was performed using the following para-
meters: enzyme = trypsin, maximum number of missed cleavages = 2,
MS mass tolerance = 5 ppm, MS/MS mass tolerance = 0.3 Da, variable
modification = oxidation of Met, fixed modifica-
tion = carbamidomethylation of Cys. Spectra collected from the 14
fractions of the 4 SILAC samples were analysed simultaneously, by
specifying the correct experimental design of the direct and reverse
assays. The “re-quantify” and “match between runs” options were se-
lected. The decoy mode based on the reverse database was activated;
peptide false discovery rates (FDR) was set to 0.05 and protein FDR was
set to 0.01.

2.7. Analysis of SILAC data

The four SILAC samples, namely “direct 25HC”, “reverse 25HC”,
“direct 27HC” and “reverse 27HC” were analysed simultaneously to
increase the number of protein identification and quantification. Then,
the 25HC- and 27HC-treated samples were analysed separately, by
considering the reverse and direct assay as independent replicate ana-
lyses. Rigorous quality filters were used to filter the “raw” protein list
obtained by MaxQuant; only proteins identified by two peptides and at
least by 1 unique peptide (in both replicates) were considered as gen-
uine identifications and analysed further. Then only proteins quantified
by at least two peptides (in both replicates) were analysed further.

For each replicate, the distribution of protein ratio was used to
detect proteins up- and down-regulated by oxysterols, using as
threshold the 5th and 95th percentile of the ratio distribution. Proteins
with heavy/light (H/L) ratio > 95th percentile in the direct assay
and < 5th percentile in the reverse assay were considered as up-regu-
lated by oxysterols, while proteins with H/L ratio < 5th percentile in
the direct assay and > 95th percentile in the reverse assay were con-
sidered down-regulated by oxysterols. Normalized SILAC ratio values,
provided by MaxQuant, were used for protein quantification (instead of
raw ratio), in order to eliminate experimental bias due to variation in
the overall content of heavy and light proteins in each sample.

The list of proteins modulated by the oxysterols was analysed using
STRING (version 10) to detect interactions between them and to per-
form enrichment analysis of gene onthology (GO) categories and KEGG
pathways, which were considered “enriched” if the probability of
finding the observed number of proteins was < 0.05.

2.8. Immunoblotting

In order to validate the results of SILAC proteomic analysis, an
immunoblot was performed. Briefly, HeLa cells or MA104 cells were
plated in 6 well plates and treated with 25HC or 27HC at 5 uM, when
they reached confluence. Control samples were prepared by treating
cells with culture medium supplemented with equal volumes of
ethanol, corresponding to 0.17% (v/v) in cell media. After 20 h, cells
were washed twice with sterile PBS, harvested and lysed in denaturing
conditions. Extracted proteins were denatured by boiling for 5min,
then separated by 12%-SDS polyacrylamide gel electrophoresis (SDS-
12% PAGE) and transferred to a polyvinylidene difluoride (PVDF)
membrane. Membranes were blocked overnight at 4 °C with PBS, 0.1%
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Tween 20, and milk powder 10%. Membranes were then incubated
with the primary antibody for 1 hat 37 °C, washed 4 times with PBS,
0.1% Tween 20, and 15% milk powder, then incubated for 1 hat 37 °C
with the secondary antibody coupled with horseradish peroxidase and
washed extensively prior to developing by the enhanced chemilumi-
nescence method. The bands’ density was compared using ImageJ
software, and the intensity of the actin bands was used to normalize
values. Where possible, the results were expressed as a percentage, by
comparing treated cells with cells incubated with culture medium
alone. Statistically significant differences (p < 0.05) were assessed by
one-way analysis of variance (one-way ANOVA).

3. Results and discussion
3.1. Detection of proteins modulated by 25HC and 27HC

HelLa cells were challenged 20 h at 37 °C in the presence or in the
absence of 25HC or 27HC, at the final concentration of 5uM, an oxy-
sterol dose and an incubation time that previously showed to fully
abolish Rhinovirus and Rotavirus replication [5]. Notably, the half
maximal cytotoxic concentration (CCsp) of both oxysterols was shown
to be > 150 uM [5].

In order to obtain a first, large-scale and unbiased view of the effect
of the two oxysterols 25HC and 27HC on cells, we applied quantitative
proteomics as approach to detect variations of protein expression upon
the incubation of model cells with 25HC and/or 27HC.

In particular, stable isotope labelling in cell culture (SILAC) was
used as fully established and reliable method to obtain large-scale
protein quantification [13]. The HeLa cell line was exploited as model
system, not only because largely employed in in vitro antiviral studies,
including those related to oxysterols [4,5,14-17], but also because
successfully applied to several SILAC-based studies [13,18], also in the
field of virology [19-21].

According to the SILAC strategy, heavy- and light-labelled cells were
treated in vitro with 25HC, 27HC or vehicle (sterile-filtered ethanol).
After mixing heavy and light cells in 1:1 ratio, proteins were extracted,
fractionated, digested, analysed by mass spectrometry, identified, and
relatively quantified according to heavy/light SILAC ratios. Overall,
more than 3000 proteins were identified in samples obtained from
25HC- and 27HC-treated cells (Table 1).

Rigorous quality filters were applied to focus the analysis on high
quality data (as described in the Materials and Methods section). After
filtering, the total numbers of proteins genuinely identified and quan-
tified were 2262 and 2,287, in HelLa cells respectively treated with
25HC and 27HC. The overlap between replicate analyses was remark-
able: 87.5% of the proteins were identified and quantified in both direct
and reverse 25HC assays, and 83.2% of the proteins in the case of the
27HC assays.

Quality filters were applied to focus on genuine identifications and
quantifications.

Table 1
Number of proteins identified and quantified in HeLa cells treated with 25HC
and 27HC.

N. of proteins

25-HC 27-HC

protein identification (raw) 3081 3135
- reverse database 3043 3105
- contaminants 3008 3068
- id. based on modifications 2965 3025
=2 peptides/protein 2364 2393
=1 unique peptide/protein 2319 2341
=2 SILAC ratio/protein 2262 2287
up-regulated proteins 18 8
down-regulated proteins 38 33
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Proteins modulated by 25HC and 27HC were detected by applying
5th and 95th percentile thresholds at the distribution of SILAC ratio
obtained in each sample.

Notably, since the main task of the here reported proteomic analysis
was to investigate possible mechanisms underlying the antiviral effect
displayed in a quite similar way by both oxysterols, we focused on those
proteins whose cellular expression was either increased or decreased
upon both 25HC and 27HC treatments.

For the sake of completeness, the whole list and details of proteins
modulated by each oxysterol are provided in Supplementary Tables S1-
S4.

3.2. Proteins up-regulated by both 25HC and 27HC

Table 2 reports the proteins up-regulated in both 25HC- and 27HC-
treated HelLa cells, as compared to control cells treated with vehicle.

Among the proteins up-regulated by both oxysterols, only nuclear
factor-kappa-B p100 subunit (NFKB2), a transcription factor playing a
role in inflammation and immune functions, might actually be related
to viral infections but also to the antiviral properties of the two side
chain oxysterols. pl100 is the precursor protein of NF-kB2/p52; the
processing of pl00 is signal-dependent and highly inducible, and it
selectively degrades the C-terminal portion of the precursor protein,
working as an alternative mechanism for NF-kB activation. Indeed,
several viruses have been shown to activate NF-kB signalling, usually in
the first stages of the infection and in a transient way [22-25]. The NF-
kB-dependent induction of inflammatory cytokines synthesis would
then contribute to counteract cell invasion by viral particles [26-28]
and the recognized pro-inflammatory properties of oxysterols [29,30]
could potentiate the cytokine production provoked by the virus, as
actually demonstrated in cells infected with Herpes Simplex type 1
virus (HSV-1) [4]. However, even if the proteomic result regarding NF-
kB2 well fits with the recent available literature, the same finding
should be taken with care due to the high CV observed (Table 2).

3.3. Proteins down-regulated by both 25HC and 27HC

Listed in Table 3 are the proteins down-regulated in both 25HC- and
27HC-treated HelLa cells.

The large majority of the proteins whose cellular content resulted to
be significantly reduced by HeLa treatment with 25HC or 27HC is re-
lated to lipid synthesis and metabolism or more specifically to sterol
synthesis and metabolism. This finding was somehow expected, still the
proteome analysis of oxysterol treated cells provided for the first time,
to our knowledge, meaningful and precious data. For instance, both
investigated oxysterols strongly down-regulated cellular levels of hy-
droxymethylglutaryl-CoA (HMG-CoA) synthase, the key regulatory en-
zyme of the cholesterol synthetic pathway. This is consistent with
previous literature, showing that 25-HC is a HMG-CoA reductase and
synthase inhibitor [31] and, by means of this mechanism, it conveys an
antiviral state in treated cells, particularly against flaviviruses, in-
cluding hepatitits C virus [32]. Moreover, both oxysterols can down-
regulate the expression of isopentenyl-diphosphate delta-isomerase 1, a
crucial regulatory enzyme in the synthesis of isoprenoids. Interestingly,

Table 2
Proteins up-regulated by both 25HC and 27HC
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an excessive protein isoprenylation is correlated to cardiovascular and
age-related disease [33], while the two oxysterols would act as
quenchers of isoprenoids’ synthesis.

Out of 19 cellular proteins found to be down-regulated by both
25HC and 27HC, three are most likely implicated in viral entry and
replication, namely interferon-induced transmembrane protein 3
(IFITM3/Q01628), cation independent mannose-6-phosphate receptor
(MPRci/P11717) and junctional adhesion molecule A (JAM-A/
Q9Y624) (Table 3).

IFITM3 actually appears to be an antiviral protein inducible by a
and y interferons and acting as restriction factor inhibiting the cell entry
of a number of enveloped viruses, such as influenza A virus, Marburg
and Ebola filoviruses, SARS coronavirus [34]. IFITM3, like IFITM2,
predominantly localizes at the endosomal level and most likely inter-
feres with endocytosis-mediated viral entry and progression in the late
endosomes, as observed for IFITM2 in the case of African swine fever
virus [35]. Thus, these findings would exclude the IFITM3 falling off
induced by 25HC and 27HC as a mechanism underlying their proved
antiviral activity.

3.4. Reduced expression of MPRci and JAM-A proteins: two likely antiviral
mechanisms of 25HC and 27HC

Contrary to the observed reduction of IFITM3, the down-regulation
of MPRci and JAM-A cellular levels as exerted by 25HC and 27HC
appears to support the antiviral properties displayed by these side chain
oxysterols.

MPRci, together with the cation dependent isoform MPRcd, is one of
the specialized transporters of newly synthesized lysosomal factors,
including cathepsins, from the Golgi apparatus to late endosomes (LE)
[36]. It was very recently demonstrated that most rotavirus strains need
the Golgi-LEs transporters MPRci and Sortilin-1 and their cargo cathe-
psins to efficiently infect Caco-2 and MA104 cells [37]. In this relation,
both 25HC and 27HC proved to markedly inhibit rotavirus replication
in the same cell lines [5,6]. In the report of Diaz-Salinas and colleagues
[37], at least cathepsins B, L and S were involved in the Golgi-LE traffic
modulated by MPRci. SILAC experiments showed a significant down-
regulation of cathepsin D only in HeLa cells treated with 25HC and not
with 27HC (Supplementary Material, Table S2). It cannot be excluded
that also this isoform could contribute to the infectivity of at least de-
fined rotavirus strains. More importantly, MPR appears to be pivotal for
the replication of several other viruses. Vaccinia virus protein p37 lo-
calizes to the LE and interacts with proteins associated with LE-derived
transport vesicle biogenesis such as MPR to facilitate assembly of ex-
tracellular forms of virus [38]. The HSV glycoprotein D (gD), which is
essential for this virus to enter cells, can efficiently bind to MPRci, an
interaction that plays a role in virus entry and egress [39]. In a recent
study, Dohgu and colleagues showed that the MPR is involved in both
the replicative cycle and the dissemination of human im-
munodeficiency virus (HIV-1), facilitating the passing of HIV-1 through
the blood brain barrier [40].

It must be outlined the fact that Sortilin-1 was not among the pro-
teins whose cellular level was diminished by the oxysterol treatment,
thus a MPRci independent Golgi-LE pathway may compensate the

1st ID UniProt 1st Protein name

average ratio 25HC CV (%) 25HC average ratio 27HC CV (%) 27HC

Q00653 Nuclear factor-kappa-B p100 subunit

Q96QD8 Sodium-coupled neutral amino acid transporter 2

Q00534 Cyclin-dependent kinase 6

Q8IZV5 Retinol dehydrogenasel0

000762 Ubiquitin-conjugating enzyme E2 C

Q99595 Mitochondrial import inner membrane translocase subunit Tim17-A

1.692 31.0 1.399 13.29
1.731 8.3 1.379 11.22
1.280 6.5 1.223 4.89
1.238 6.1 1.212 6.44
1.310 4.1 1.194 5.19
1.323 12.3 1.184 2.52

CV: coefficient of variation.


http://www.uniprot.org/uniprot/Q00653
http://www.uniprot.org/uniprot/Q96QD8
http://www.uniprot.org/uniprot/Q00534
http://www.uniprot.org/uniprot/Q8IZV5
http://www.uniprot.org/uniprot/O00762
http://www.uniprot.org/uniprot/Q99595
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Table 3
Proteins down-regulated by both 25HC and 27HC

Free Radical Biology and Medicine xxx (xxxX) XXX—-XXX

1st ID UniProt 1st Protein name

average ratio 25HC CV (%) 25HC average ratio 27HC CV (%) 27HC

P37268 Squalene synthase

000767 Acyl-CoA desaturase

Q01581 Hydroxymethylglutaryl-CoA synthase, cytoplasmic
Q13907 Isopentenyl-diphosphate Delta-isomerase 1

Q16850 Lanosterol 14-alpha demethylase

Q9UBM7 7-Dehydrocholesterol reductase

Q01628 Interferon-induced trans membrane protein3
P49327 Fatty acid synthase

Q9BWD1 Acetyl-CoA acetyltransferase, cytosolic

P14324 Farnesylpyrophosphate synthase

Q15738 Sterol-4-alpha-carboxylate 3-dehydrogenase, decarboxylating
Q9Y624 Junctional adhesion molecule A

P11717 Cation-independent mannose-6-phosphate receptor
P05413 Fatty acid-binding protein, heart

P53396 ATP-citrate synthase

Q99933 BAG family molecular chaperone regulator 1
Q15796 Mothers against decapentaplegic homolog (SMAD2)
P53007 Tricarboxylate transport protein, mitochondrial
Q96CP2 FLYWCH family member 2

0.262 38.5 0.164 26.80
0.221 19.3 0.229 1.47
0.291 45.3 0.287 38.50
0.483 11.8 0.457 7.48
0.619 26.4 0.535 23.53
0.594 5.4 0.592 5.03
0.544 13.0 0.615 11.71
0.670 4.8 0.648 4.82
0.709 7.9 0.691 9.42
0.743 6.2 0.711 2.33
0.726 6.1 0.726 1.87
0.626 15.3 0.737 16.42
0.658 1.9 0.766 3.23
0.786 1.1 0.767 9.07
0.798 3.1 0.771 5.14
0.782 8.7 0.784 7.03
0.792 2.2 0.796 1.49
0.796 1.6 0.811 3.30
0.799 3.3 0.849 3.82

CV: coefficient of variation.

specific decrease of a given transporter [41]. However, an actual co-
involvement of oxysterol-induced deficit of cell MPRci in the protective
effect of 25HC and 27HC against rotavirus infection [5,6] could be
reinforced by the evidence that defined rotavirus strains, including the
human ones, utilize the tight junction protein JAM-A as a co-receptor to
enter enterocyte cells [42]. Solid proofs are actually available in-
dicating that several virus families exploit various tight junction pro-
teins to enter, replicate or even exit the target cells, being JAM-A used
by reovirus and rotavirus to facilitate the infection process [43].

Of note, JAM-A and MPRci have a different localization in the cell,
being the first bounded to the plasma membrane and the second to
cytoplasmic membranes. Hence, the tight junction protein appears the
first and critical target of viruses, then reaching LE in a second step to
enter into the cytosol from those vesicles.

3.5. Confirmation of JAM-A down regulation in HeLa and MA104 cells

The modulation of JAM-A expression by 25HC and 27HC was as-
sessed by immunoblot analysis. The treatment of HeLa cell line with
25HC or 27HC significantly (panova < 0.05) decreased JAM-A protein
level by about 40% and 60% respectively (Fig. 1 A, B). The modulation
was comparable to the SILAC ratios obtained in the proteomic analysis,

corresponding to 0.626 in the direct assay and 0.737 in the reverse
assay. These results were further confirmed by immunoblotting on
25HC- or 27HC-treated MA104 cells (Fig. 1C, D).

3.6. Modulation of cholesterol and isoprenoid metabolism by 25HC and
27HC

A quite large portion of the proteins that resulted to be either up- or
down regulated by one or both the oxysterols of enzymatic origin
considered in the present study are involved in the cholesterol or the
isoprenoid metabolism. The evidence here provided of a likely mod-
ulation of these key cell metabolic pathways by 25HC and/or 27HC is
certainly preliminary and in need of deeper investigation by other
groups more focused on sterol metabolism. Still, the data reported here
should provide some useful clues for such a more focused research.

4. Conclusions

In the present study, we carried out a technically advanced pro-
teomic screening in a cell model system (HeLa cell line) commonly
employed to in vitro test the antiviral efficacy of a wide variety of
compounds. Cellular treatment was performed at a concentration of the

A C
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http://www.uniprot.org/uniprot/P37268
http://www.uniprot.org/uniprot/O00767
http://www.uniprot.org/uniprot/Q01581
http://www.uniprot.org/uniprot/Q13907
http://www.uniprot.org/uniprot/Q16850
http://www.uniprot.org/uniprot/Q9UBM7
http://www.uniprot.org/uniprot/Q01628
http://www.uniprot.org/uniprot/P49327
http://www.uniprot.org/uniprot/Q9BWD1
http://www.uniprot.org/uniprot/P14324
http://www.uniprot.org/uniprot/Q15738
http://www.uniprot.org/uniprot/Q9Y624
http://www.uniprot.org/uniprot/P11717
http://www.uniprot.org/uniprot/P05413
http://www.uniprot.org/uniprot/P53396
http://www.uniprot.org/uniprot/Q99933
http://www.uniprot.org/uniprot/Q15796
http://www.uniprot.org/uniprot/P53007
http://www.uniprot.org/uniprot/Q96CP2
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two oxysterols (5pM) demonstrated to significantly inhibit viral re-
plication of a large number of viral pathogens, without inducing any
cytotoxicity at all [1,4-6].

Focusing on the antiviral activity of the two oxysterols, we identi-
fied two new mechanisms of inhibition of virus entry and diffusion
within infected cells. Indeed, both 25HC and 27HC were shown able to
down-regulate the junction adhesion molecule-A and the cation in-
dependent isoform of mannose-6-phosphate receptor, two crucial mo-
lecules for a number of viruses to exert infection.

This research communication is the first report on cell proteome
modulation by two side chain oxysterols, i.e. 25HC and 27HC, certainly
of primary interest in human pathophysiology. The two oxysterols were
shown by our group to further up-regulate the redox sensitive tran-
scription factor NF-kB in virus infected cells, by this way boosting the
cellular pro-inflammatory reaction against the virus itself [4]. In addi-
tion, we previously reported that the survival signalling triggered by
low micromolar concentrations of 27HC in the human pro-monocytyc
U-937 cell line was dependent on a rapid and transient activation of
NADPH-oxidase with consequent H,O, production [44,45]. These
findings are thus indicating a promising way to deeper elucidate the
actual contribution of redox reactions in the antiviral effects of 25HC
and 27HC.
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3.3 Plants from Turkish flora as natural source of anti-rotavirus molecules

The study of medicinal plants as alternative source of novel active antiviral compounds has
been deeply described in the 2.4 paragraph. We explored medicinal plants also against HRoV. In
particular, we investigated the anti-HRoV action of the crude extracts of Ballota macrodonta,
Salvia cryptantha and Rindera lanata, three plants from Turkish flora. Rindera lanata (Figure 9),
the one exhibiting the more interesting antiviral action, belongs to the Boraginaceae family that
counts about 2000 species in the world. The genus Rindera includes about 25 species distributed
mainly in Central and Western Asia (76), four of which growing in Turkey, namely R. lanata, R.
caespiota, R. albida and R. dumani. Rindera species are widely known as “Yiinli gelin” and used
as an anti-inflammatory agent in Anatolian folk medicine (77) and to alleviate joint pains in

Iranian folk medicine (78).

Figure 9: Rindera Lanata (Boraginaceae)

3.3.1 Publications

Civra A, Francese R, Sinato D, Donalisio M, Cagno V, Rubiolo P, Ceylan R, Uysal A, Zengin G,
Lembo D. In vitro screening for antiviral activity of Turkish plants revealing methanolic extract of

Rindera lanata var. lanata active against human rotavirus. BMC Complement Altern Med. 2017 Jan
24;17(1):74. doi: 10.1186/s12906-017-1560-3. PMID: 28118832; PMCID: PMC5260038.

This international study was performed in collaboration with researchers of Selcuk University,
Konya, Turkey, and is the first paper that I ever published. With the view to discovering novel
antiviral compounds against HRoV, we first screened Ballota macrodonta, Salvia cryptantha and
Rindera lanata extracts by focus reduction assay and we reported that Rindera lanata methanolic
extract was the one exerting the most interesting antiviral action. Furthermore, we demonstrated that

27



R. lanata extract targets the early steps of HRoV infection, likely by hampering virus penetration into
the cells. The quantification of identified phenolic compounds in the methanol extract of Rindera
Lanata by LC MS/MS revealed the presence of hesperidin, a phenolic compound already known to
have anti-HRoV activity. Considering the favorable selectivity index and the anti-HRoV activity
against multiple rotavirus strains, we concluded that the R.lanata extract is a promising starting

material for a bioguided-fractionation aimed at identifying antiviral compounds.

28



Civra et al. BMC Complementary and Alternative Medicine (2017) 17:74
DOI 10.1186/512906-017-1560-3

In vitro screening for antiviral activity of

BMC Complementary and
Alternative Medicine

@ CrossMark

Turkish plants revealing methanolic extract
of Rindera lanata var. lanata active against

human rotavirus

Andrea Civra', Rachele Francese', Davide Sinato', Manuela Donalisio', Valeria Cagno', Patrizia Rubiolo?,
Ramazan Ceylan®, Ahmet Uysal®, Gokhan Zengin® and David Lembo'

Abstract

Background: Human rotavirus (HRoV) is the leading cause of severe gastroenteritis in infants and children under

the age of five years. No specific antiviral drug is available for HRoV infections and the treatment of viral diarrhea

is mainly based on rehydration and zinc treatment. In this study, we explored medicinal plants endemic to Turkey
flora as a source of anti-HRoV compunds.

Methods: We performed an antiviral screening on Ballota macrodonta, Salvia cryptantha and Rindera lanata extracts
by focus reduction assay. The extract with the highest selectivity index (SI) was selected; its antiviral activity was
further confirmed against other HRoV strains and by virus yield reduction assay. The step of viral replicative cycle
putatively inhibited was investigated by in vitro assays.

Results: The methanolic extract of R. lanata (Boraginaceae) showed the most favourable selectivity index. This
extract exhibited a dose-dependent inhibitory activity against three different HRoV strains (ECs, values ranging from
5.8 pg/ml to 25.5 ug/ml), but was inactive or barely active against other RNA viruses, namely human rhinovirus and
respiratory syncytial virus. The R. lanata extract targets the early steps of HRoV infection, likely by hampering virus

penetration into the cells.

Conclusion: These results make the R. lanata methanolic extract a promising starting material for a bioguided-
fractionation aimed at identifying anti-HRoV compounds. Further work is required to isolate the active principle and

assess its clinical potential.

Background

Gastroenteritis accounts for almost 20% of the deaths of
children under five years (National Collaborating Centre
for Women’s and Children’s Health. 2012). Viruses cause
approximately 70% of acute gastroenteritis, with rotavirus
infection frequently implicated in cases that require
hospitalization [1, 2]. Human rotavirus (HRoV, family
Reoviridae, genus Rotavirus) is responsible for 114 million
episodes of diarrhea, 25 million clinic visits, 2.4 million
hospital admissions, and more than 500,000 deaths in
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children up to age 5 occur worldwide annually [3]. While
most of the episodes are mild, about 10% of cases lead to
dehydration requiring a doctor visit, and in resource-
constrained nations, one in 250 children will die from this
dehydration [4-7]. In Europe, HRoV infection accounts
for more than 50% of hospitalizations for gastroenteritis
and about one-third of emergency department visits [1, 4,
8]. At present, the treatment of viral diarrhea is based on
fluid replacement and zinc treatment in order to prevent
dehydration and to decrease the severity and duration. So
far, no specific antiviral drug is available to treat HRoV in-
fections. Discovering novel, safe and effective antiviral
molecules is a difficult task. One strategy is to explore
plants as a source of novel active compounds due to the
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large structural diversity of natural products. Indeed,
several studies reported on anti-HRoV activity by plant
extracts [9-14]. In this context, we performed an anti-
viral screening of three plants endemic to Turkey flora
and here we report on the anti-HRoV activity of
Rindera lanata (Boraginaceae). Boraginaceae is a plant
family represented by about 2,000 species in the world
[15]. The genus Rindera includes about 25 species
distributed mainly in Central and Western Asia [16],
four of which growing in Turkey, namely R. lanata, R.
caespiota, R. albida and R. dumani. Rindera species are
widely known as “Yiinli gelin” and used as an anti-
inflammatory agent in Anatolian folk medicine [17]. R.
lanata is used to alleviate joint pains in Iranian folk
medicine [18]. However, to the best of our knowledge,
R. lanata was neither traditionally used nor scientific-
ally investigated for antiviral properties. The present
study reports the anti-HRoV potency, the spectrum of
antiviral activity, and the probable mechanisms of anti-
viral action of the R. lanata methanol extract.

Methods

Chemicals

Quinic acid (>98%), malic acid (>99%), cholorogenic acid
(>95%), protocatechuic acid (>97%), caffeic acid (>98%),
p-coumaric acid (>98%), rosmarinic acid (>96%), rutin
(>94%), hesperidin (>97%) and hyperoside (>97%) were
purchased from Sigma-Aldrich (Germany). Apigenin
(>99%) and rhamnetin (>99%) were purchased from
Fluka (Germany).

Plant material and extraction

Taxonomic identification of the plant materials were
confirmed by the senior taxonomist Dr. Murad Aydin
Sanda, from the Department of Biology, Selcuk Univer-
sity. The voucher specimens were deposited at the
Konya Herbarium of Department of Biology, Selcuk
University, Konya-Turkey. Rindera lanata (Lam.)
Bunge var. lanata (Lam.) Bunge (family: Boraginaceae)
was collected from Balcilar-Taskent, Konya-Turkey,
May 2014, (Voucher No: GZ 1410). Salvia cryptantha
Montbret et Aucher ex Bentham (family: Lamiaceae)
was provided by Selcuk University, Aladdin Keykubat
Campus, Yukselen village- Campus road, Konya-Turkey,
June 2014, (Voucher No: GZ 1421). Ballota macrodonta
Boiss. et Bal (family: Lamiaceae): was collected from
Camardi, Mazmili Mountain, Nigde-Turkey, June 2014
(Voucher No: 1425).

The plant materials were dried at room temperature.
The air-dried aerial parts (leaves, stem, flowers) were
collected as a mix (10 g) and were macerated with
250 mL of methanol at room temperature for 24 h.
Methanol was then removed with a rotary evaporator at
40 °C. The extracts were stored at +4 °C until analyzed.
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Yield of these extracts were 17.83%, 14.86% and 4.90%,
respectively.

For both cell viability assays and infectivity assays, the
extracts were reconstituted in sterile methanol, to a
concentration of 25 mg/ml. Every experiment was
performed with freshly resuspended extracts.

LC-MS/MS analysis

LC-MS/MS analyses of the phenolic compounds were
performed on a Shimadzu Nexera UHPLC system
coupled to a triple quadrupole LC-MS8040 system
equipped with an ESI source operating in both positive
and negative ionization modes. The liquid chromato-
graph was equipped with LC-30 AD binary pumps,
DGU-20A3R degasser, CTO-10ASvp column oven and
SIL-30 AC autosampler. The chromatographic separ-
ation was performed on a C18 reversed-phase Inertsil
ODS-4 (150 mm x 4.6 mm, 3 ym particle size, GL Sci-
ences, The Netherlands) analytical column. The column
was maintained at 40 °C. The elution gradient consisted
of mobile phase with eluent A (water, 5 mM ammo-
nium formate and 0.1% formic acid) and eluent B
(methanol, 5 mM ammonium formate and 0.1% formic
acid). The mobile phase gradient was as follows; from
40% to 90% eluent B in 20 min, then 90% B for 4 min.
The flow rate of the mobile phase was 0.5 mL/min and
the injection volume 4 pL.

MS conditions were: interface temperature; 350 °C, DL
temperature; 250 °C, heat block temperature; 400 °C,
nebulizing gas flow (Nitrogen); 3 L/min and drying gas
flow (Nitrogen); 15 L/min. LC-MS/MS data were collected
and processed by LabSolutions software (Shimadzu,
Kyoto, Japan). The multiple reaction monitoring (MRM)
mode was used to quantify the analytes by adopting two
or three transitions per compound, the first one for quan-
titative purposes and the second and/or the third one for
confirmation. These analytical conditions have been suc-
cessfully used to analyze other plant matrices [19-21].

Cell lines and viruses

African green monkey kidney epithelial cells (MA104)
and human epithelial adenocarcinoma HeLa cells
(ATCC® CCL-2) were propagated in Dulbecco’s Modi-
fied Eagle Medium (DMEM; Sigma, St. Louis, MO)
supplemented with 1% (v/v) Zell Shield (Minerva Bio-
labs, Berlin, Germany) and heat inactivated, 10% (v/v)
fetal bovine serum (Sigma). Human epithelial cells
HEp-2 (ATCC® CCL-23) were grown as monolayers in
Eagle’s minimal essential medium (MEM) (Gibco/BRL,
Gaithersburg, MD) supplemented with 10% FBS and
1% antibiotic-antimycotic solution. HRoV strains Wa
(ATCC® VR-2018), HRoV 408 (ATCC® VR-2273) and
DS-1 (ATCC® VR-2550) were purchased from ATCC;
virus was activated with 5 pg/ml of porcine pancreatic
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trypsin type IX (Sigma, St. Louis, Mo.) for 30 min at 37 °C
and propagated in MA104 cells by using DMEM contain-
ing 0.5 pg of trypsin per ml as described previously [22].
Respiratory Syncytial Virus (RSV) strain A2 (ATCC® VR-
1540) was propagated in HEp-2 and titrated by the indir-
ect immunoperoxidase staining procedure using an RSV
monoclonal antibody (Ab35958; Abcam, Cambridge,
United Kingdom) as described previously [23]. Human
rhinovirus (HRhV) 1A (ATCC® VR-1559) was cultured in
HeLa cells, at 34 °C, in a humidified 5% CO, incubator.
When the full cytopathic effect (CPE) developed, cells and
supernatants were harvested, pooled, frozen and thawed
three times, clarified and stored at -70 °C. HRhV titers
were determined by the standard plaque method as de-
scribed previously [22].

Cell viability assay

Cells were seeded at a density of 5 x 10%/well in 96-well
plates and treated the following day with serially-
diluted methanol extracts of B. macrodonta, S. cryptantha
or R lanata (1.2 ug/ml to 1666 pg/ml) to generate dose—
response curves. Control wells (100% of viability) were
prepared by treating cells with equal volumes of methanol,
corresponding to 6.7% (v/v) to 0.0048% (v/v) in cell media.
After 24 h of incubation, cell viability was determined
using the CellTiter 96 Proliferation Assay Kit (Promega,
Madison, WI, USA), and following the manufacturer’s
instructions. Absorbances of both treated (Abst) and
untreated (Absypry) samples were measured using a
Microplate Reader (Model 680, BIORAD) at 490 nm. The
% of cell viability was calculated according to the following
formula: (Abst X 100)/Absyery. The 50% cytotoxic con-
centration (CCso) was determined using logarithmic
viability curves. Where possible, a selectivity index (SI)
was calculated by dividing the CCsq by the ECsq value.

Rotavirus inhibition assays

The anti-HRoV efficacy of methanol extracts of B. macro-
donta, S. cryptantha and R. lanata was determined by
focus reduction assay. Assays of inhibition of rotavirus in-
fectivity were carried out with confluent MA104 cell
monolayers plated in 96-well trays, as described elsewhere
[22]. Cells were treated for 2 h at 37 °C with methanol
extract of R. lanata, at concentrations ranging from 1.2 to
300 pg/ml in serum-free medium prior to virus addition.
HRoV infection was performed at a multiplicity of infec-
tion (MOI) of 0.02 for 1 h at 37 °C, in presence of the
methanol extract unless otherwise stated. Infected cells
were washed with serum-free medium, fresh methanol
extract was added, and cells were incubated in this
medium at 37 °C in a humidified incubator in 5% (vol/vol)
C0O,-95% (vol/vol) air. For time of addition assays, serial
dilutions of extracts were added on cells alternatively 2 h
before infection or during infection or post infection.
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Control samples were prepared by treating cells with
culture medium supplemented with equal volumes of
methanol and taken as 100% of infection. After 16 h of
incubation, infected cells were fixed with cold acetone-
methanol (50:50), and viral titers determined by indir-
ect immunostaining by using a mouse monoclonal
antibody directed to human rotavirus VP6 (0036;
Villeurbanne, France), and the secondary antibody
peroxidase-conjugated AffiniPure F(ab’), Fragment
Goat Anti-Mouse IgG (H+L) (Jackson ImmunoRe-
search Laboratories Inc., 872 W. Baltimore Pike, West
Grove, PA 19390). Blockade of viral infectivity is
expressed as mean % = SD. Where possible, anti-viral
effective concentration (ECsy) values were calculated
by regression analysis using the dose—response curves
generated from the experimental data, using PRISM 4
(GraphPad Software, San Diego, CA, U.S.A.).

RSV inhibition assay

HEp-2 cells were first seeded (at 8 x 10° cells/well) in 96
well plate. The methanol extract of R. lanata was serially
diluted in medium (from 300 to 0.4 pg/ml) and incubated
with cells for 2 h at 37 °C, then mixtures of extracts and
virus (MOI 0.01) were added to cells to allow the viral
adsorption for 3 h at 37 °C; the monolayers were then
washed and overlaid with 1.2% methylcellulose medium
containing serial dilutions of extract. Control wells (100%
of infection) were prepared by treating cells with equal
volumes of methanol. Three days post-infection, cells were
fixed with cold methanol and acetone (50:50) for 1 min
and subjected to RSV-specific immunostaining. Immuno-
stained plaques were counted, and the percent inhibition
of virus infectivity was determined by comparing the
number of plaques in treated wells with the number in
untreated control wells.

Rhinovirus inhibition assay

HeLa cells were first seeded (at 8 x 10* cells/well) in 24
well plates. 24 h later the methanol extract of R lanata
was serially diluted in medium (from 300 pg/ml to 0.4 ug/
ml) and added to cell monolayers. After 2 h of incubation
(37 °C, 5% CO,), medium was removed and infection was
performed with 200 pL/well with HRhV 1A (MOI 0.0002)
and different concentrations of the extract. The infected
cells were incubated at 34 °C for 1 h, then washed with
medium, and overlaid with a 1:1 combination of 1.6%
SeaPlaque Agarose and 2X DMEM containing the extract.
Control wells (100% of infection) were prepared by treat-
ing cells with equal volumes of methanol. The plates were
incubated at 34 °C for 3 days. After incubation, the plates
were fixed with 7.5% formaldehyde (Fluka) and stained
with crystal violet (Sigma, St. Louis, Mo.). The number of
plaques formed was counted.
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Assay of rotavirus yield

To test the ability of R. lanata extract to inhibit multiple
cycles of HRoV replication, confluent MA104 cells in
24-well trays were infected with trypsin-activated Wa
rotavirus (MOI 0.02) for 1 h at 37 °C and washed as
above. Cells were incubated in medium supplemented
with 0.5 pg/ml porcine trypsin and 1.2, 3.6, 11, 33, 100,
300 pg/ml of R. lanata extract. Infected cells and cell su-
pernatants were harvested at 48 h post infection and
virus titers determined by indirect immunostaining of
MA104 cell monolayers inoculated with serial dilutions
of the samples. The assay was performed in triplicate.
One-way analysis of variance (ANOVA), followed by the
Bonferroni test, was used to assess the statistical signifi-
cance of differences in virus titers. Significance was set
at 95% level.

Virus inactivation assay

Trypsin-activated HRoV Wa was incubated for 2 h at
4 °C in presence of 100 pg/ml of R. lanata extract.
After this incubation, both treated and untreated viruses
were titrated. Viral yields were determined by indirect
immunostaning, by counting the number of infective
events at dilutions at which the extract was no more active
(i.e. 1:1024, 1:2048, 1:4096).

Entry assays

In order to test the effect of R. lanata methanol extract
on the rotavirus-cell penetration process, an entry assay
was performed. Briefly, MA104 cells were cultured to
confluence in 96-well trays; cells were washed twice
with DMEM and then cooled on ice for 20 min. Acti-
vated virus, which had been cooled to 4 °C, was allowed
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Table 1 Antiviral activity of R. lanata, B. macrodonta and S.
cryptantha methanolic extract against HRoV Wa

EC50° (ug/ml) —  CC50%(ug/ml)  SI¢

HRoV strain  Source

95% C.1.°
Wa Salvia cryptantha 16.3 (9.0-296) 1348 83
Ballota macrodonta 8.1 (6.9-9.7) 4455 55
Rindera lanata 58 (46-7.2) 1179 205

?ECs, half maximal effective concentration
bC.I. confidence interval

“CCsp half maximal cytotoxic concentration
93] selectivity index

to attach to cells on ice for 1 h at 4 °C, at a MOI of
0.02. Cells were washed three times, then R. lanata
methanol extract was added to the cells (at concentra-
tions ranging from 1.2 pg/ml to 300 pg/ml) and virus
particles were allowed to penetrate inside cells for 1 h
at 37 °C. The entry of the viral particles was stopped
with two quick washes with 3 mM EGTA in PBS, which
releases the outer layer of the virions and causes the
particles to detach from the cell surface [24, 25]; finally,
cells were incubated with warm DMEM. After 16 h,
cells were fixed and blockade of virus entry were deter-
mined by focus reduction assay as described above, and
expressed as mean percentages of untreated control +
SEM. Significant differences were assessed by one way
ANOVA, using PRISM 4 (GraphPad Software, San
Diego, California, USA).

Rotavirus cell-binding assay

Confluent MA104 cell monolayers in 24-well trays were
washed, incubated with R. lanata methanol extract for
2 h at 37 °C and cooled on ice for 20 min in the con-
tinuing presence of the extract. Trypsin-activated virus,

Table 2 Quantification of identified phenolic compounds in methanol extract of Rindera lanata by LC ESI MS/MS in negative

ionization mode

Analytes RT [M-H]"(m/2) MS? (m/2) Equation Amount®

Quinic acid 336 190.95 85,93 f(x) = 33.66x + 25133 231860+ 111.29
Malic acid 3.60 133.05 115, 71 flx) = 93.61x-5673 9381.66 +497.23
Chlorogenic acid 529 353 191 f(x) = 48.98x + 26780 2363+1.16
Protocatechuic acid 551 152.95 109, 108 flx) = 36.86x + 6197 323+£165
Caffeic acid 711 178.95 135, 134, 89 f(x) = 1585x + 83958 13.53+0.70
p-Coumaric acid 9.17 162.95 119, 93 f (x) =73.53x + 27064 17359+ 8.85
Rosmarinic acid 9.19 3589 161,133 f(x)=1802x+ 1149 706.38 + 34.61
Rutin 9.67 609.1 300, 271, 301 f(x) =51.88 + 3841 101.89+5.09
Hesperidin 9.69 611.1 303, 465 fx) = 1975.77 + 105641 399.74 £ 19.59
Hyperoside 9.96 463.1 300, 301 f(x) = 0.98x + 827 118.00+5.78
Apigenin 16.73 268.95 151, 117 flx) =543.79 + 18525 0.10£0.005
Rhamnetin 1841 314.95 165, 121, 300 fix) =110.09 + 632.44 0.23+0.014

RT: Retention time

[M-H]": Deprotonated ions of the standard compounds

MS2: MRM fragments for the related molecular ions
“Values in ug/g (w/w) of plant methanol extract
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which had been cooled to 4 °C, was allowed to attach
to cells on ice for 1 h (MOI=3) in presence of R
lanata methanol extract. Cells were washed with cold
DMEM, followed by addition of cold DMEM. Cells
were subjected to two rounds of freeze-thawing, incu-
bated at 37 °C for 30 min with 10 pg/ml porcine trypsin
to release bound virus, and the lysate clarified by low
speed centrifugation for 10 min. Cell-bound virus titers
were determined by indirect immunostaining as above.
Significant differences were assessed by Student’s ¢-test,
using PRISM 4 (GraphPad Software, San Diego, Califor-
nia, USA).

Results

R. lanata methanolic extract is endowed with anti-HRoV
activity

In a first set of experiments, we tested the anti-HRoV
activity of R. lanata, B. macrodonta and S. cryptantha
methanolic extracts against HRoV Wa. Results depicted
in Table 1 show that all the methanolic extracts were
endowed with anti-HRoV activity, with ECsos ranging
from 5.8 to 16.3 pg/ml. To exclude the possibility that
the antiviral activity might depend on a cytotoxic effect,
cell viability assays were performed on uninfected cells,
challenged with the extracts under the same conditions
as the antiviral assays. Control wells were prepared by
treating cells with equal volumes of methanol, corre-
sponding to 6.7% (v/v) to 0.0048% (v/v) in cell media:
these low volumes of methanol were non cytotoxic and
did not influence viral replication (data not shown). As
shown in Table 1, R. lanata showed the most favourable
selectivity index (SI), i.e. 205. Therefore, we focused our
research on R lanata methanolic extract. Firstly, we
performed LC-MS/MS analysis to identify and quantify
phenolic components that characterize R. lanata metha-
nolic extract, in order to make sure of the reproducibil-
ity of our study and to ensure that the results of future
studies will be comparable to the ones of this research.
The LC-MS/MS analysis allowed to identify and quantify
twelve phenolic compounds in R lanata methanolic
extract and the results are listed in Table 2. Malic acid
(9381.66 pg/g extract) and quinic acid (2318.60 pg/g)
were found to be major phenolic component followed
by rosmarinic acid (706.38 pg/g) hesperidin (399.74 ug/g

Table 3 Antiviral activity of R. lanata methanolic extract against
HRoV strains

HRoV strain ECZo (ug/ml) - 95% clP CCo(ug/ml) s
HRoV408 255 (15.6-41.6) 1179 46
DS-1 14.3 (6.7-30.2) 1179 83

?ECso half maximal effective concentration
PC.. confidence interval

“CCsp half maximal cytotoxic concentration
91 selectivity index
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Table 4 Antiviral activity of R. lanata methanolic extract against
HRhV 1A and RSV A2

Virus EC2, (g/ml) — 95% C.1° CCo(ug/ml) g
HRhV 1A na. 804.3 na.
RSV A2 45.28 (30.20-67.88) 1839 41

®EC50 half maximal effective concentration
bC.I. confidence interval

“CC50 half maximal cytotoxic concentration
93] selectivity index

n.a. not assessable

extract), p-coumaric acid (173.59 pg/g extract), and
hyperoside (118.00 pg/g extract). In accordance with
these results, R. lanata belongs to the Boraginaceae fam-
ily, characterized by the presence of rosmarinic acid and
related components [26]

To assess the spectrum of anti-HRoV activity, the
extract was tested against two additional HRoV strains,
namely HRoV 408 and DS-1. The results reported in
Table 3 clearly show that the extract was effective in inhi-
biting the infectivity of both strains tested, although to a
different extent, with ECs, values of 25.5 pg/ml and
14.3 pg/ml respectively. The specificity of the anti-HRoV
activity was assessed by performing antiviral assays against
two unrelated viruses, namely the rhinovirus (HRhV) and
the respiratory syncytial virus (RSV). These were selected
for being both RNA viruses as HRoV and representative of
naked (HRhV) or enveloped (RSV) viruses. The methano-
lic extract of R. lanata did not show any antiviral activity
against HRhV (Table 4) while it was possible to calculate
an ECsg against RSV (45.3 pg/ml). However, the selectivity
index was very low (4), suggesting that the anti-RSV activ-
ity was mainly an expression of a cytotoxic effect (Table 4).
Taken together, the results presented so far demonstrate
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*kk
50000 ’_‘r_‘
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uT 1.2 3.6 1 33 100 300

R. lanata extract concentration (ng/ml)

Fig. 1 Effect of methanol extract of R. lanata on multiple cycles of
HRoV-Wa replication. Cells were treated after virus infection at the
given concentrations. The titer of HRoV in the treated samples is
expressed as focus-forming units per ml (FFU/ml). Error bars represent
the SD of the mean of 3 independent experiments. One-way analysis
of variance (ANOVA), followed by the Bonferroni test, was used to
assess the statistical significance of differences in virus titers.

Significance was set at the 95% level. *p < 0.05; ***p < 0.001
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Fig. 2 Time-of-addition experiments were performed by treating
cells with R. lanata methanolic extract for 2 h before infection (B),
for 1 h during infection (C) or immediately after infection (D).
Control experiments were performed by treating cells both
before and during viral inoculum (A). The infectivity titers of virus
in the treated samples are expressed as a percentage of the titer
obtained in theuntreated control. Error bars represent the SD of
the mean of 3 independent experiments

that the R lanata methanolic extract exerts a specific
anti-HRoV effect which is not strain restricted.

To investigate further the extract antiviral efficacy, a
virus yield reduction assay was performed by treating
cells after viral inoculum, and titrating viral progeny.
We chose this experimental setting because represents
a stringent kind of test, allowing multiple cycles of
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replication to occur before measuring antiviral activity.
Figure 1 shows that the extract significantly (0.001 <
panova < 0.05) reduced the titer of HRoV progeny in a
dose-dependent manner. This result confirms that R.
lanata methanolic extract affects HRoV replication,
likely by targeting a specific step of viral replication.

R. lanata methanolic extract inhibits viral infectivity by
targeting the early steps of viral infection

To investigate the step of viral replication inhibited by the
extract, we performed time of addition assays by treating
cells with serial dilutions of extract 2 h before infection or
during infection or post-infection. The results, depicted in
Fig. 2, show that the first two treatment protocols were ac-
tive while the latter was not, suggesting a probable activity
of the extract on the early steps of HRoV infection. To ex-
plore this hypothesis, more stringent tests were performed
to assess the putative target of the extract (i.e. the viral
particle or the virus-cell interactions). Firstly, we assessed
the extract ability to directly inactivate the virus particle
by incubating HRoV with a high concentration (100 pg/
ml) of methanolic extract and then measuring the viral
titer at dilutions corresponding at concentrations that are
not antiviral when added on cells. Results depicted in
Fig. 3a demonstrate that the methanolic extract did not
inactivate the virus particles. Having excluded the virus
particle as a target of the antiviral activity of the extract,
we explored the possibility that the interaction between
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Fig. 3 Investigation of the mechanism of anti-HRoV action of R. lanata methanol extract. Panel a shows the evaluation of the virucidal effect of R.
lanata methanol extract on infectious HRoV particles. On the y axis, the HRoV Wa infectious titers are expressed as focus-forming units per ml
(FFU/m). Panel b displays the effect of R. lanata methanol extract on Wa binding to the MA104 cell surface; on the y axis, the infectious titer of
Wa bound to cells is expressed as a % of the titer bound to control MA104 cells in the absence of treatment. Panel ¢ shows the effect of R. lanata
methanol extract on HRoV-Wa entry into MA104 cells; the viral titer measured in the treated samples is expressed as a % of the titer obtained in
the untreated control. On the three graphs, error bars represent the SD of the mean of 3 independent experiments.* p < 0.05
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the viral particles and the cell surface could be affected
by the extract. To this aim HRoV-cell binding assays
were performed. The results (Fig. 3b) demonstrate that
the treatment did not reduce significantly (p > 0.05) the
titer of virus particles bound to the surface of treated cells,
thus suggesting that inhibition occurs at a post-binding
stage. To verify this hypothesis, entry assays were per-
formed by treating cells during virus penetration. Figure 3c
shows that the R. lanata methanolic extract significantly
reduced HRoV infectivity in a dose-dependent manner
when added immediately after the virus-cell attachment
step (i.e. during cell penetration).

Discussion

Several recent studies demonstrate that plant extracts
are deeply explored for their antiviral potential against
HRoV [9-14, 27-29].

In this study we show that the methanolic extract of R
lanata is endowed with anti-HRoV activity. Although
several molecules inside this crude extract can contrib-
ute to its effect, each one acting through a specific
mechanism, some preliminary conclusions can be drawn
on the main mechanism of antiviral action. The treat-
ment with the methanolic extract of R lanata does not
alter the ability of HRoV to attach on the host cell sur-
face, as shown by the results of the binding experiments;
moreover, the results of the virus inactivation assays rule
out a direct antiviral effect of any component of R
lanata methanolic extract. By contrast, the results sug-
gest that inhibition takes place at a post-attachment
stage, since no antiviral effect is shown when the metha-
nolic extract is added on cells 1 h after the viral inocu-
lum (Fig. 2) - i.e. when the entry process already started
and the 30% of the inoculated HRoV particles already
entered inside cells [30]. Nevertheless, since the inhib-
ition of entry is not complete it is likely that other, yet
unidentified mechanisms, contribute to the overall anti-
viral activity of the extract. Of note, cells pre-treatment
with the extract affects their susceptibility to the HRoV
infection (Fig. 2) suggesting that the extract may target
cellular functions required for virus replication. Among
the major phenolic compounds present in the methanol
extract of R. lanata hesperidin is known to a have anti-
HRoV activity [31] and might be responsible, at least in
part, to the anti-HRoV effect of the extract.

Conclusion

In conclusion, the favorable selectivity index and the
anti-HRoV activity against multiple viral strains make
the Rlanata extract a promising starting material for a
bioguided-fractionation aimed at identifying anti-HRoV
compounds. Further work remains to be done in order
to isolate the active principle, elucidate its mechanism of
action and assess its clinical potential.
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4. INNOVATIVE ANTIVIRAL AIR FILTERS IN THE FIGHTING AGAINST
RESPIRATORY VIRUSES

4.1 Respiratory viruses of interest

Acute upper and lower respiratory infections are a major public health problem and a leading
cause of morbidity and mortality worldwide. At greatest risk are young children, the elderly, the
chronically ill, and the immunosuppressed subjects. A range of different viruses can cause respiratory
tract infections and the most important are influenza viruses (FluV), respiratory syncytial virus
(RSV), parainfluenza virus (HPIV), metapneumovirus (HMPV), rhinoviruses (HRhV), adenovirus
and the emerging coronavirus SARS-CoV 2. (79)
These viruses, which have a nanometer size, can be transmitted through three different transmission
routes: contact (direct or indirect), droplet and aerosol transmission. Contact transmission refers to
direct virus transfer from an infected person to a susceptible individual (i.e., via contaminated hands)
or indirect virus transfer via intermediate objects. Transmission of virus through the air can occur via
droplets or aerosols that are generated during coughing, sneezing or talking. Droplets (> 5 pm in
diameter) remain only shortly in air and they can be dispersed over short distances (<1 m)
contaminating surfaces and objects. Aerosols (droplet nuclei <5 pum in diameter) have a slow settling
velocity, thus they remain suspended in the air longer and they can be dispersed over long distances.
Transmission via each of these three routes is complex and depends on many variables such as
environmental factors (e.g., humidity and temperature), crowding of people, but also on host factors
such as receptor distribution throughout the respiratory tract. Differences in virus shedding between
individuals also contribute to the transmissibility rate, especially in the case of superspreaders (80).
Viruses are now recognized as common causal pathogens in severe disease. Recent systematic
reviews and meta-analyses, performed before the current COVID19 pandemic, revealed that in adults,
25% of patients with community-acquired pneumonia was viral. This percentage is higher in children
under 5, due to the large proportion of cases caused by RSV. In adults, the contributions of identified
viral etiologies were 8% for influenza viruses, 6% for rhinoviruses, 3% for coronaviruses, and 2%
for RSV. In children under 5 with low respiratory tract infections, strong causal associations for RSV,
influenza viruses, parainfluenza viruses and HMPV were found in comparison with healthy controls,
and less so for adenoviruses, bocaviruses, and coronaviruses (81,82).

During my PhD course, | focused my attention on three respiratory viruses, the RSV, the Fluv
and the HRhV. They were selected as representative members of the respiratory virus category. In
the last months of the fourth year, I also started to investigate new antiviral approaches against human

coronaviruses. The main characteristics of the three viruses are described below.
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The Human Respiratory Syncytial Virus (RSV) belongs to the Paramyxiviridae family and to
the genus Pneumovirus. It is an enveloped, negative sense, single stranded RNA virus. The structure
of RSV consists of a bilipid-layer-envelope surrounding a ribonucleoprotein core, with several
membrane proteins, one of which functions in attachment to host cells (G protein), and one of which
functions in fusion to host cells (F protein). There is only one serotype of RSV, but it is classified
into two strains, "A" and "B," with differences consisting of variation in the structure of several
structural membrane proteins, most especially the attachment protein. The virion structure and the
steps of viral replicative cycle necessary for the understanding of our publications are schematically

presented in Figure 10.
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Figure 10: The RSV virion (100-350 nm in diameter) consists of a nucleocapsid packaged in a lipid envelope derived
from the host cell plasma membrane. The RSV envelope contains three viral transmembrane surface glycoproteins: the
large glycoprotein G, the fusion protein F, and the small hydrophobic SH protein. The nonglycosylated matrix M protein
is present on the inner face of the envelope. There are four nucleocapsid/polymerase proteins: the nucleoprotein N, the
phosphoprotein P, the transcription processivity factor M2-1, and the large polymerase subunit L (83); Candidate
receptors of RSV (A) such as TLR4, CX3CR1, and HSPG (B) bind to the RSV-G glycoprotein and act to tether the virus
particle to the cell surface. Cell surface nucleolin is also involved in the entry process (C) by triggering fusion of the virus
and host cell membranes by binding to the RSV-F fusion glycoprotein (D). The virion fuses with the cell membrane and
enters the cell (E). Host cell macropinocytosis of RSV is also a route of entry for RSV (F). It is unclear which receptors
are involved in this process (G). Internalization of the virion (H) is dependent on actin rearrangement, phosphatidylinositol
3-kinase activity, and host cell (1) early endosomal Rab5+ vesicles where proteolytic cleavage of the RSV-F protein
triggers delivery of the capsid contents into the host cells by fusion of the virus and endosomal membranes (J). The
replication occurs entirely in the cytoplasm, a positive sense RNA is generated by viral polymerase and it is used as a

template for negative sense RNA to be encapsidated in new virions and for protein synthesis (84).
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After inoculation into the nasopharyngeal or conjunctival mucosa, the virus spreads into the
respiratory tract, where it infects the apical ciliated epithelial cells. Host inflammatory immune
response is triggered, including both humoral and cytotoxic T-cell activation, and a combination of
viral cytotoxicity and the host's cytotoxic response cause necrosis of respiratory epithelial cells,
leading to small airway obstruction and plugging by mucus, cellular debris, and DNA. More severe
cases may also include alveolar obstruction. Other effects include ciliary dysfunction with impaired
mucus clearance, airway edema, and decreased lung compliance (85). Through these pathogenetic
mechanisms, RSV is the leading cause of lower respiratory tract infections, such as bronchiolitis and
pneumonia, in infants and young children worldwide. The risk factors for severe RSV disease include
premature birth, low birth weight, bronchopulmonary dysplasia, congenital heart disease,
immunodeficiency, and the timing of birth in relation to the winter season (86). RSV causes also
severe morbidity and mortality in the elderly, particularly in those with chronic obstructive pulmonary
disease (87). Worldwide, RSV is responsible for approximately 33 million lower respiratory tract
ilinesses, three million hospitalizations, and up to 199,000 childhood deaths. The hospitalization of
RSV patients in the United States produces an annual economic burden of approximately $500
million, and considerable further costs can be added to this figure as a result of outpatient care (85,88).

The management of RSV infection is primarily a matter of treating symptoms, and antiviral
treatment is limited to the use of ribavirin, a drug which has controversial activity and is associated
with significant side effects. Palivizumab, a humanized monoclonal antibody with activity against the
RSV membrane fusion protein, has been approved for the immune prophylaxis of RSV infection in
high-risk prematurely born infants. However, a major problem with palivizumab is its high cost,
which may lead to the progressive restriction of its use. Vaccines and therapeutic interventions for
RSV infection remain a target of intense scientific interest (89).

Influenza viruses (FluVs) are members of the Orthomyxoviridae family and belong to the four
genera Alphainfluenzavirus (Influenza A virus, FIuVA), Betainfluenzavirus (Influenza B virus,
FluVB), Gammainfluenzavirus (FIuVC) and Deltainfluenzavirus (FluvVD) The four genera differ in
host range and pathogenicity. FIuUVA and FIuVB cause seasonal epidemics of disease known as the
flu season. Only FIuVA pose a significant risk of zoonotic infection, host switch and the generation
of pandemics, i.e., global epidemics of flu disease. A pandemic can occur when a new and very
different FIuVA emerges that both infects people and has the ability to spread efficiently between
them. FluVC infections generally cause mild illness and are not thought to cause human flu
epidemics. Influenza D viruses primarily affect cattle and are not known to infect or cause illness in
people. (90,91) .
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All FluVs possess a uniquely segmented, single-stranded, negative-sense RNA genome.
Depending on the influenza type, there are seven (FIuVC) or eight (FIuUVA and FluVB) segments;
each segment contains one or two genes that code for various proteins. The viral genome is enclosed
in a nucleocapsid that is surrounded by a lipid envelope. FluV A contains 11 genes on eight segments
encoding for 11 proteins, including the surface glycoproteins hemagglutinin (HA) and neuraminidase
(NA), a nucleoprotein (NP), the matrix proteins M1 and M2, the nonstructural proteins NS1 and NS2,
and the core proteins PA, PB1 (polymerase basic 1), PB1-F2, and PB2. The HA glycoprotein mediates
binding to sialic acid residues on the host cell surface and membrane fusion and virus entry, while
NA functions to cleave sialic acid and release new virus particles from the surface of infected cells
(79).

Influenza A viruses are divided into subtypes based on the surface protein HA and NA. There
are 18 different hemagglutinin subtypes and 11 different neuraminidase subtypes. While there are
potentially 198 different influenza A subtype combinations, only 131 subtypes have been detected in
nature. Current subtypes of FIuVA that routinely circulate in people include: A(HIN1) and A(H3N2).
FIVA subtypes can be further broken down into different genetic “clades” and “sub-clades” (90).

FluVs structure and replicative cycle are summarized in Figure 11.
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Figure 11: This infographic briefly summarizes FIuVA structure and replication cycle (91).
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FluV can replicate in the epithelial cells of both the upper and lower respiratory tract. It causes an
acute respiratory disease characterized by fever, coryza, cough, headache, prostration, malaise, and
inflammation of the upper respiratory tree and trachea. In most cases, pneumonic involvement is not
clinically prominent. People of all ages are afflicted, but the prevalence is greatest in school-age
children; disease severity is greatest in infants, the aged, pregnant women and those with underlying
ilnesses. People with chronic pulmonary or cardiac disease, or diabetes mellitus, are at high risk of
developing severe complications from FluVA, which may include hemorrhagic bronchitis,
pneumonia (primary viral or secondary bacterial), and death (92).

Worldwide, these annual epidemics result in about 3 to 5 million cases of severe illness, and about
290 000 to 650 000 respiratory deaths. In industrialized countries most deaths associated with
influenza occur among people age 65 or older. The effects of seasonal influenza epidemics in
developing countries are not fully known, but research estimates that 99% of deaths in children under
5 years of age with influenza related lower respiratory tract infections are found in developing
countries (93).

Two classes of anti-influenza drugs, adamantane derivatives (amantadine and rimantadine)
and neuraminidase inhibitors (zanamivir, oseltamivir and peramivir), are available. The recently
circulating FIUVA and FluVB are susceptible to neuraminidase inhibitors, but amantadine and
rimantadine are not recommended because of resistance to these drugs and also because they are not
effective against influenza B viruses. Oseltamivir and zanamivir are recommended for all individuals
with suspected or confirmed influenza requiring hospitalization and patients in high-risk groups.
Vaccination is the best approach to prevent influenza infections annually. However, due to frequent
mutations in the surface glycoprotein HA, FIuUVA acquire enough mutations each year to escape the
protection of the annually formulated vaccines, and some of them show a high level of resistance
against antiviral drugs. A universal influenza vaccine that can neutralize all types of FluV is still not

available (94). In this context, FluV continue to pose a significant threat to both life and economy.

Human rhinoviruses (HRVs) are single-stranded, positive-sense, RNA (ssSRNA) nude viruses,
belonging to Picornaviridae family and Enterovirus genus. The viral genome consists of a single
gene whose translated protein is cleaved by virally encoded proteases to produce 11 proteins. Four
proteins, VP1, VP2, VP3, and VP4, make up the viral capsid that encases the RNA genome, while
non-structural proteins are involved in viral genome replication and assembly. The VP1, VP2, and
VP3 proteins account for the virus antigenic diversity, while VP4 anchors the RNA core to the capsid.
There are 60 copies each of the four capsid proteins, giving the virion an icosahedral structure, with

a canyon in VP1 that serves as the site of attachment to cell surface receptors (Figure 12). More than

33



90% of known HRV serotypes, the “major group,” utilize the cell surface receptor intercellular
adhesion molecule 1 (ICAM-1), while the “minor group” attaches to and enters cells via the low-
density lipoprotein receptor (LDLR). Some of the major-group HRVs also use heparan sulfate as an

additional receptor (95). The replicative cycle is schematically reported in Figure 12.
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Figure 12: Schematic representation of HRV capsid structure and viral replication in airway epithelial cells. Depending

on the receptor type, virus uptake occurs via clathrin-dependent or -independent endocytosis or via macropinocytosis. A
drop in the pH leads to viral uncoating. RNA is replicated as well as translated into structural (capsid) and nonstructural

proteins. The virion is then assembled and packaged prior to cellular export via cell lysis. (95)

Sequencing studies of the HRV genome revealed the existence of more than 160 strains, which were
divided into three major species, namely HRV-A (containing 80 serotypes), HRV-B (containing 32
serotypes) and HRV-C species (65 serotypes). (95).

HRV is the main etiological agent of common cold, a mild seasonal disease affecting the upper
respiratory tract. It causes one-half to two-thirds of this self-limiting condition worldwide, with nearly
62 million cases only in the United States. Each year children can be infected from 8- to 12-times,
while adults can be infected 2- to 3-times, especially in spring and winter periods. While other
respiratory viruses, such as FluV and RSV, destroy airway epithelial cells, HRV is seldom associated
with cytopathology of the upper respiratory tract. However, HRV alters epithelial cell barrier function
thereby facilitating the transmigration of pathogens and complication of respiratory diseases (95).
While mild and self-limiting in immunocompetent hosts, HRV infection is associated with
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bronchiolitis in infants, pneumonia in the immunosuppressed and exacerbations of pre-existing
pulmonary conditions such as asthma or chronic obstructive pulmonary disease and cystic fibrosis.
In the context of these pathologies, HRV can exert not only a direct damage on the respiratory
epithelium as a result of the lytic cycle of the virus replication, but it also stimulates innate and
adaptive host immune responses, triggering the inflammatory pathways of the patient and thereby
worsening the clinical outcome (96).

No antivirals or vaccines are currently available against HRV (86). Therefore, HRV infections
and HRV induced exacerbations of respiratory pathologies still represent a significant economic cost

upon healthcare infrastructure and an important public health problem.

4.2 The co-sputtering technology to confer direct virucidal activity to various substrates

As previously described, the spread of endemic or emerging viral respiratory pathogens is difficult
to control. This is particularly true in our modern world characterized by growth in the human
population, urbanization, close interactions between human and animal populations, climate change,
and increases in international travel and trade. VVaccination is the most powerful weapon that humans
have to prevent viral diseases, but despite big efforts from the scientific community, this approach is
not always possible. Indeed, considering the respiratory viruses described in point 4.1 and matter of
this thesis, only FluV can be prevented by an effective annual vaccine. Besides, as the current
COVID19 pandemic teaches us, new viral respiratory pathogens are emerging with increasing
frequency and have potentially devastating impacts on the population worldwide. In the absence of
an effective vaccine or antiviral drug, the best opportunities to prevent the global spread of a new
pathogen or to control new outbreaks from well-known respiratory viruses are rapid and early
identification systems and individual and government control measures (97). In this context, we
conducted a project in close collaboration with the Polytechnic of Turin, in particular with the group
of Prof. Monica Ferraris from the Dept. of Applied Science and Technology. This group recently
patented a method, named co-sputtering technic, for the application of an antibacterial and antiviral
coating to different substrates (98). This invention allows to obtain a coating having, at the same time,
both antimicrobial properties and a high resistance to thermal and mechanical wear for an extended
period of time. Briefly, the process consists in the deposition through a cathodic pulverization of silica
and silver nanoclusters on a plurality of substrates that must not be contaminated by microorganisms,
such as surfaces of medical and surgical instruments, surfaces of filters for air conditioning plants
and all objects and fomites that could be a vehicle of transmission of human pathogens. The final
thickness of the coating ranges between 15 nm and 500 nm and not only silver, but also other metallic

material such as copper and zinc, can be deposited via co-sputtering. Nevertheless, our collaborators
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chosen silver as preferred material to confer antiviral activity, due its previously and extensively
demonstrated antiviral properties (99-105).

The main goal of our joined project was the development of efficient air control technology able
to capture contaminated aerosols and directly inactivate microorganisms for maintaining a safe indoor
air environment and protecting people. In particular, current Heating, Ventilating, and Air
Conditioning (HVAC) systems can handle and mitigate the air-transmission of disease, capturing and
retaining both particulates and microorganisms in the air filter. Nevertheless, they are predisposed to
microbial colonization, stimulated also by dirt accumulation in the long term, inadequate filter
maintenance, and the presence of cooling coil condensate or other moisture sources. All these
elements can reduce the HVCA system efficiency making people at risk. The application of an
antibacterial and antiviral coating to air filters can therefore improve the efficiency of these HVCA
systems and consequently contributing to ensure efficient control measures. To this end, we evaluated
the antiviral activity against respiratory viruses of the silver nanoclusters/silica composite coating
deposited on glass-fiber and metallic air filters.

Finally, we also evaluated the antiviral properties of this coating when deposited on cotton textiles

used to produce working clothes and individual protective equipment.

4.2.1 Publications

Balagna C, Francese R, Perero S, Lembo D, Ferraris M. Nanostructured composite coating endowed

with antiviral activity against human respiratory viruses deposited on fibre-based air filters. Surface

and Coating Technology -  Available online 17 January 2021, 126873.
https://doi.org/10.1016/j.surfcoat.2021.126873

With this work we aimed to respond to the necessity of an efficient HVAC system, able to
capture and inactivate viruses- and bacteria-rich aerosols, thus preserving a safe indoor air
environment and protecting people. We evaluated the virucidal activity of the silver
nanoclusters/silica composite coating deposited via co-sputtering technique on glass, on metallic
fiber-based air filters as well as on cotton textiles. We selected three human respiratory viruses, RSV,
FIUVA, and HRV as representative members of the respiratory virus category. Performing in vitro
experiments, we demonstrated that the coated air filters and cotton textile are endowed with strong
virucidal activity against RSV and FIuVA, but not against HRV. Our results indicated that the silver

nanocluster/silica coating deposited on the air filters (and cotton textiles) can lead to an important
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contribution to the viral biological risk restraint. This technology can improve the current prevention
and safety procedures in the health sector, but also in crowded places such as public transport, schools,
offices, gyms, and sports facilities.
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ARTICLE INFO ABSTRACT

Keywords: The widespread of viral airborne diseases is becoming a critical problem for human health and safety, not only
Air filter for the common cold and flu, but also considering more serious infection as the current pandemic COVID-19.
Antiviral

Even if the current heating, ventilating and air conditioning (HVAC) systems limit the disease transmission by
air, the air filters are susceptible to microbial colonization. In addition, viruses spread via droplets (aerosol)
produced by direct or indirect contact with infected people. In this context, the necessity of an efficient HVAC
system, able to capture and inactivate viruses- and bacteria-rich aerosols, thus preserving a safe indoor air
environment and protecting people, is of enormous importance. The aim of this work is the assessment of the
antiviral properties of a silver nanoclusters/silica composite coating deposited via co-sputtering technique on
glass, on metallic fibre-based air filters as well as on cotton textiles. The selected human respiratory viruses are:
respiratory syncytial virus (RSV), the human rhinovirus (HRV) and the influenza virus type A (FluVA). The coated
air filters show that the nanostructured coating develops a strong virucidal activity against RSV and FluVA, but

Sputtered coatings
Nano-silver
Respiratory viruses

not against the HRV.

1. Introduction

Air-transmitted pathogens as bacteria, fungi or viruses are the cause
of several airborne diseases, from common colds or influenza to even
more acute respiratory illnesses, like the Severe Acute Respiratory
Syndrome (SARS) and the current pandemic of COVID-19, caused by the
coronavirus SARS-CoV-2. The widespread of airborne diseases becomes
a crucial problem, especially, for indoor and crowded places such as
public transport, kindergartens, offices, gyms and sports facilities, or in
hospital where the risk of infectious disease transmission for patients,
workers, and visitors is further increased. An exposure to airborne mi-
croorganisms for a long time together with a poor air quality reduces
people comfort and productivity [1,2] and increases the risk of adverse
health effects development [3,4]. For this, a clean indoor air environ-
ment has to be preserved considering that in the world, people spend
most of their time indoor, on average about 90% [5,6].

Current Heating, Ventilating and Air Conditioning (HVAC) systems
are able to handle and mitigate the air-transmission of disease. HVAC
system reduces the circulation of microorganisms in the air, as they
capture and retain both particulates and microorganisms in the air filters
[7]. However, air filter is predisposed to microbial colonization,
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E-mail address: cristina.balagna@polito.it (C. Balagna).
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stimulating also by dirt accumulation in the long term, inadequate filter
maintenance and the presence of cooling coil condensate or other
moisture sources [7,8]. The respiratory viruses spread efficiently among
humans through the air, via droplets (aerosol) or via direct or indirect
contact with contaminated people, or via contaminated hands and ob-
jects, causing outbreaks that are difficult to control [9].

Besides its well-known antibacterial and antifungal broad-spectrum
effect [10-12], silver recently demonstrated also antiviral properties
[13]. Studies, performed in vitro, proved that silver nanoparticles are
able to directly inactivate and prevent the infection of adenovirus type 3
[14] and have efficient inhibitory activity on HIN1 influenza A virus
[15]. Few studies are more specific to antiviral air filters. In particular,
silica particles decorated with silver nanoparticles, deposited on air
filter media, demonstrated effective antiviral behaviour, towards aero-
solized bacteriophage MS2 in a continuous airflow condition, without
altering filtration performance [16]. Only silver nanoparticles, depos-
ited on air filter, demonstrated similar results even if the dust particles
loaded on the filtration media reduced the antimicrobial effect of the
metallic agent [17].

The aim of this work is the evaluation of the antiviral effect of a silver
nanocluster/silica composite coating deposited on fibre-based air filters
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via co-sputtering through a patented procedure [31]. Over the past ten
years, authors developed this nanostructured composite coating
[19-21] for several applications, from biomedical implants [22,23], to
mobile phones [24], natural and technical textiles [25,26], aerospace
structures [27,28], and also glass-fibre air filters [29], but evaluating
only antibacterial and antifungal effect. In a recent short communica-
tion, authors’ preliminary demonstrated the virucidal effect of the silver
nanoclusters/silica composite coating deposited on disposable facemask
towards SARS-CoV-2 [30].

In this study, the nanostructured coating was tested against repre-
sentative members of the respiratory virus category of human origin,
instead of bacteriophage as in the previously mentioned study [16].
Specifically, the respiratory syncytial virus (RSV) is the most frequent
cause of paediatric bronchiolitis and pneumonia [31]; the human
rhinovirus (HRV) is the major etiologic agent of the common cold [32];
influenza virus type A (FluVA) is the cause of the well-known respiratory
disease that annually results in about 3 to 5 million cases of severe illness
[33].

2. Materials and methods
2.1. Coating deposition and characterization

A nanostructured composite coating was deposited on several air
filters by means of radio frequency (RF) co-sputtering technique. The
nanostructured coating was a composite thin layer (thickness of 300 nm)
of silica matrix which homogeneously embedded silver nanoclusters
[20,21]. The selected substrates were glass-fibre and stainless-steel
fibre-based air filters, supplied by Sagicofim Spa and GV Filtri Spa,
respectively. A cotton fabric, supplied by Tessitura Fratelli Ballesio Srl,
was used as fibre-based substrate for other kinds of application as the
personnel protective clothes. The deposition process was patented by
authors [18,19]. The coatings were deposited using the sputtering
equipment (Microcoat™ MS450) with two cathodes, one of silver target
(Sigma-Aldrich™ 99.99% purity) and one of silica target (Franco Cor-
radi S.r.1.TM 99.9% purity). The deposition was performed in pure argon
atmosphere for 80 min, operating in RF mode for silica (power 200 W)
and in DC mode for silver (power 1 W) under a pressure of 5.5 dPa
(corresponding to 5.5 x 107> mbar). The water-cooled targets have
different diameters, 6 in. for silica and 1 for silver. The distance between
targets and substrates was 14 cm. The co-sputtering process parameters
were optimized as reported in the previous studies for cotton substrate
[25], other textile materials [26,28] and glass-fibre air filter [29].

Morphology of the coated and uncoated filters was observed by
means of scanning electron microscopy (Field Emission Scanning Elec-
tron Microscope FESEM, QUANTA INSPECT 200, Zeiss SUPRATM 40™)
equipped with Energy Dispersive Spectroscopy (EDS, EDAX PV 9900™),
used for detecting the composition of all the samples. EDS analysis was
performed on three different areas at low magnification (100x) for a
statistical analysis.

Silver release tests quantified silver ions released into water from the
coated filters up to 14 days. For this test, coated filters with dimension of
about 1cm? of area were dipped into 25 ml of MilliQ water. Silver ion
content was analysed after 3 h, 24 h, and 3, 7 and 14 days of immersion
using silver photometer (Hanna Instruments™). Each measurement was
done in triplicate.

2.2. Cells and viruses

Madin-Darby Canine Kidney cells (MDCK) (ATCC® CCL-34), human
epithelial cells (Hep-2) (ATCC® CCL-23) and human epithelial adeno-
carcinoma cells (HeLa) (ATCC® CCL-2) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma, St. Louis, MO), supplemented
with heat-inactivated 10% (v/v) fetal bovine serum (FBS) (Sigma). All
media were supplemented with 1% (v/v) penicillin/streptomycin solu-
tion (Euroclone, Milan, Italy) and cells were grown at 37 °C in an
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atmosphere of 5% of COy. The A/H3N2 strain A/Christchurch/28/03
(FluVA) (Italian National Institute of Health) was propagated in MDCK
cells by using MEM containing 1 pg/ml of IX type porcine pancreatic
trypsin (Sigma, St. Louis, Mo) [34] and titrated by means of the plaque
assay. The A2 (ATCC VR-1540) respiratory syncytial virus (RSV) strain
was propagated in Hep-2 and titrated by means of the indirect immu-
noperoxidase staining procedure. Human rhinovirus (HRV) 1A
(ATCC®VR-1559™) was produced in HeLa cells, at 33 °C, in a humid-
ified 5% CO4 incubator and titrated by means of plaque assay.

2.3. Virus titration by plaque assay

To evaluate the HRYV titre, HeLa cells were seeded in 96-well plates,
reaching 60%-70% confluence at the time of infection. The HRV sus-
pension was serially diluted in DMEM supplemented with 2% FBS and
inoculated on cells at 33 °C for 1 h. After this time, cells were washed
with medium and overlaid with a 1:1 combination of 1.6% SeaPlaque
Agarose (BioWhittaker Molecular Applications) and 2 x DMEM. After an
incubation at 33 °C for 3 days, the plates were fixed and stained with
0.1% of crystal violet solution for 30 min to allow the plaque count. To
evaluate the FluVA titre, subconfluent MDCK cells in 96 well plates were
inoculated with increasing dilutions of virus prepared in cold DMEM
with 2% of FBS. After 2 h of adsorption at 37 °C, the virus inoculum was
removed, cells overlaid with 1.6% SeaPlaque Agarose solution supple-
mented with 2 pg/ml of trypsin and incubated at 37 °C for 72 h. Cells
were then fixed and coloured with 0.1% of crystal violet solution. The
RSV titration was performed on Hep-2 cells in 96 well plates. Cells,
seeded at a density of 9 x 10 cells/well, were inoculated with serial
dilutions of RSV suspension for 3 h at 37 °C. Subsequently, the inoculum
was removed and cells were overlaid with 1.2% methylcellulose and
incubated at 37 °C. After 72 h, cells were fixed with acetone-methanol
(50:50). The number of syncytia were determined by indirect immu-
nostaining by using an RSV monoclonal antibody (Ab35958; Abcam,
Cambridge, the United Kingdom) and a secondary antibody peroxidase-
conjugated AffiniPure F(ab’)2 Fragment Goat Anti-Mouse IgG (H + L)
(Jackson ImmunoResearch Laboratories Inc., 872 W. Baltimore Pike,
West Grove, PA 19390) [35].

Virus titration was performed in duplicate for each dilution and the
virus titre was estimated as plaque forming units per ml (PFU/ml) by
counting the number of plaques at an appropriate dilution.

2.4. Antiviral tests

Approximately 1.5 x 10° viral particles (RSV, FluVA, HRV) were
suspended in a final volume of 500 pl of DMEM supplemented with 2%
of FBS. The mixture was incubated with coated or uncoated filters (cut
into pieces of 1 cm? and sterilized at 170 °C for 1 h) with a gentle
oscillation for 1 h 30 min RT. As control (referred to untreated in the
text), 1.5 x 10° viral particles were incubated under the same conditions
of time and temperature, but without any filter. After this incubation,
the mixture was collected and the residual viral infectivity was calcu-
lated by means of plaque assay and compared with the untreated con-
trol. The results are presented as the mean values from three
independent experiments (mean + SEM). One-way ANOVA, followed by
Bonferroni test, was used to assess the statistical significance of the
differences between treated and untreated samples, where appropriate
(significance was set at P < 0.05). Fig. 1 reports the schematic repre-
sentation of the procedure.

3. Results and discussion
3.1. Coating deposition and characterization
The glass and metallic fibre-based substrates were selected as ma-

terials used for air filters whereas cotton is used for other type of ap-
plications as an example the realization of personnel protective devices.
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Fig. 1. Schematic representation of the antiviral test procedure. Viral particles were incubated with coated or uncoated cotton or filters (metallic or glass-fibre filter)
or left untreated. After 1 h 30 min at room temperature the residual viral infectivity was calculated and compared with the untreated control.
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Fig. 2. Photographs of substrates and the relative FESEM images for observing morphology at low magnification: (a), (b) glass-fibre filter; (c), (d) metallic filter; (e),
() cotton.



C. Balagna et al.

Fig. 2 reports the photographs and the relative surface morphology
observed at FESEM of the uncoated substrates. Glass-fibre air filter
(Fig. 2a, b) was white coloured (Fig. 2a) and characterized by randomly
oriented glass-fibres as observed in FESEM images (Fig. 2b). Higher
magnified-micrograph relative to the fibres orientation was reported in
the Fig. 2b of previous work [29]. Metallic air filter (Fig. 2c, d) is
composed of a regular metal grid over randomly arranged metallic fi-
bres. Lastly, woven cotton fabric (Fig. 2e, f) is green dyed with warp and
weft fibres.

Fig. 3 reports the comparison of the fibres surface morphology before
and after coating deposition. The silver nanocluster/silica composite
coating, deposited by means of co-sputtering technique, visibly changed
the surface morphology of the fibres of all the used substrates. The
smooth uncoated glass fibres (Fig. 3a) became rougher with a globular
morphology after the coating deposition (Fig. 3b). This surface micro-
structure was already observed for the substrates treated in the previous
papers [25,29]. The same modification occurred in the case of metallic
air filter and cotton. In the first, the circular bands visible on the un-
coated fibre (Fig. 3c) completely disappeared with the presence of silver
nanocluster/silica composite coating (Fig. 3d). In the second, the uni-
form composite coating (Fig. 3f) uniformly covered the uncoated cotton
(Fig. 3e) and the stripes were not visible anymore. Silver nanoclusters
appear as bright particles (dimensions less than 50 nm) dispersed into
the silica matrix. They were well noticeable (red-circled in Fig. 3b,d,f)
on the surfaces of both coated metallic air filter and cotton and less
visible on the glass fibre filter as they were surrounded by silica matrix.
As already observed for the glass fibre filter and cotton in the previous
works [25,29], the silver nanocluster/composite coating covered the
fibre of all the here studied substrates without altering filtration
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performance, and the filters porosity remained unchanged (no closed or
obstructed pores).

Fig. 4 shows the compositional analysis, comparing the EDS graphs
between uncoated and coated substrates. The analysis confirmed the
presence of silver nanocluster/silica composite coating through the
detection of the two main elements of the deposited layer, Si and Ag as
reported in the previous works relative to the substrate of cotton and
glass-fibre filter [25,29]. The original composition of uncoated glass-
fibre filter is mainly based on Si, Na, Ca, Al and Ba (Fig. 4a). After
coating deposition, the amount of Si slightly increased of about 1 at.%
due to the silica matrix and Ag peaks appears (Fig. 4b). Ag amount is
about 2.3 at.%. The metallic air filter is composed of stainless steel and
the main detected elements are Fe, Cr, Mn, Ni with trace of S and Si
(Fig. 4c). Si peak intensity and, so, the relative atomic percentage
increased from 0.7 to 5.4 at.% and Ag peaks (amount about 1.7 at.%)
were identified on the surface of the coated sample (Fig. 4d). In the case
of cotton, naturally composed of C and O with an external contamina-
tion of Ca (Fig. 3e), Si and Ag peaks appeared in the coated textile
(Fig. 4f), with an amount of about 3.4 and 2.3 at.%, respectively.

Fig. 5 reports the curve of the silver ion release from all the coated
substrates in distilled water at RT. The acquisition of the data relative to
the amount of silver ions was done up to 14 days. The trend of the silver
ions release is progressive and very similar for both the air filter samples,
reaching the maximum quantity at about 0.25 and 0.3 ppm for metallic
filter and glass-fibre filter, respectively. The curve relative to cotton used
as model substrate is characterized by an abrupt release of ions after 3 h,
a decrement after 1 day and a further increment after 3 days, achieving
higher value (about 0.55 ppm) then the data reported for the two air
filters. This is probably due to the water absorption by cotton, differently

Fig. 3. FESEM images relative to the substrates fibres before and after the deposition of silver nanoclusters/silica composite coating: (a) uncoated and (b) coated
glass-fibre filter; (c) uncoated and (d) coated metallic filter; (e) uncoated and (f) coated cotton. Silver nanoclusters in red circles.
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Fig. 4. EDS analysis relative to the substrates fibres before and after the deposition of silver nanoclusters/silica composite coating: (a) uncoated and (b) coated glass-
fibre filter; (c¢) uncoated and (d) coated metallic filter; (e) uncoated and (f) coated cotton.
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Fig. 5. Silver ion release up to 14 days in water at RT of the coated substrates:
glass-fibre air filter (glass); metallic air filter (steel) and cotton textile (cotton).

from glass-fibre and metallic filter. For all substrates, the maximum
quantity of ions detected into water after 14 days remained in the range
of antimicrobial behaviour without reaching the toxic limit for human
cells (10 ppm) [36,37]. Even if the curves did not reach a plateau after
14 days, it can be supposed that the amount of ion release is not going to
exceed the toxicity threshold (10 ppm). Moreover, it must be underlined
that HVAC system and in general air filters did not work immersed in
water or any other aqueous solution, but in a moisture environment, so
the silver release test into water up to 14 days could be considered a very
harsh analysis.

3.2. Antiviral tests

The antiviral assays were performed in order to investigate the
virucidal activity of the silver nanoclusters/silica composite coating by
simulating the passage of viral particles through the filters. Possible dust
contamination of the air filters was not considered in this test as dirt
accumulation usually occurs after long period of exposition. The results
obtained from the experiments with RSV, HRV and FluVA are reported
in Table 1 and schematically presented in Fig. 6(a, b and c respectively),
comparing all the substrates. The first set of experiments was carried out
with the cotton as model substrate, to setup the procedure and to verify
the antiviral action of the nanostructured composite coating against only
two of the respiratory viruses, the respiratory syncytial virus (RSV) and
the rhinovirus (HRV) (Fig. 6a, b). As reported in Fig. 6(a), the coated
cotton significantly reduces the number of infectious RSV particles if
compared with the uncoated cotton and the untreated (which refers to
the viral particles incubated under the same conditions of temperature
and time but without testing any samples). The reduction of RSV titre
visible between both the cotton samples and the control is probably due
to an aspecific absorption of the medium containing viral particles to the
cotton substrate (Untreated: 7954 + 511 PFU/ml; Uncoated cotton:
2482 + 377 PFU/ml; Coated cotton: 62 + 10 PFU/ml). On the contrary,

Table 1

Data relative to the plaque forming unit per ml (PFU/ml) for the untreated, the
cotton textile, the glass-fibre filter and the metallic filter (coated and uncoated),
against RSV, HRV and FluVA.

Samples Plaque forming unit per ml (PFU/ml)
RSV HRV Fluva
Untreated / 7954 £ 511 4731 + 939 7819 + 754
Cotton textile Uncoated 2482 + 377 4680 + 256 /
Coated 62+ 10 6640 + 989 /
Glass fibre filter Uncoated 9013 + 988 2800 + 560 8241 + 1513
Coated 18+3 3680 + 160 140 + 26
Metallic filter Uncoated 8400 + 1200 3467 + 525 6054 + 1430
Coated 323 £41 2773 + 282 220 £ 116
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any virucidal activity against HRV was observed. In fact, as shown in
Fig. 6(b), the coated cotton does not reduce the HRYV titre if compared to
the uncoated cotton treated sample (Untreated: 4731 + 939 PFU/ml;
Uncoated cotton: 4680 + 256 PFU/ml; Coated cotton: 6640 + 989 PFU/
ml). This result could be attributed to the different structural confor-
mation of these two viruses. In general, the protein capsid of naked vi-
ruses (as HRV) is less susceptible to environmental conditions
(desiccation, detergents, pH, temperature...) than the lipid bilayer
wrapping enveloped viruses (as RSV).

Having verified the feasibility of the antiviral procedure and the
antiviral action of the nanostructured silver nanocluster/silica com-
posite coating, the antiviral tests were performed with the metallic and
the glass-fibre filters, adding also the FluVA virus, in order to conduct a
significant screening against respiratory viruses. As reported in Fig. 6(a)
and as expected, the nanostructured silver nanocluster/silica composite
coating exerts a virucidal effect against RSV regardless of the type of
filter (metallic or glass-fibre filter) on which it is deposed. There was
indeed a significant reduction of RSV titre between both the coated
samples and the uncoated one but no significant difference was observed
comparing the antiviral effect of the coated samples. As shown in Fig. 6
(b) and in accordance with the results obtained with the cotton sub-
strate, any significant inhibition of HRV titre was observed. On the
contrary, the antiviral tests performed with the FluVA (Fig. 6¢) showed
that the silver nanocluster/silica composite coating significantly inhibits
influenza virus infectivity. Also, in this case, the nature of the substrate
did not influence the antiviral effect of the coating. These results are in
line with previous papers demonstrating the antiviral activity of silver
nanoparticles (Ag NPs) against these two human pathogens [38-41].
Despite the antiviral mechanism of AgNPs is still unclear, some hy-
potheses have been put forward. AgNPs have been proposed to interfere
with viral replication by binding viral surface glycoproteins and there-
fore preventing the attachment and entry of the virus into the host cell or
by crossing the cell membrane and actively blocking cellular factors
necessary for viral replication. The experimental settings, here pre-
sented, allowed excluding the second mechanism of action, because cells
and Ag nanoclusters did not come in contact. In this case, it is possible to
assume that the virus is structurally altered or inactivated in such way
that cell infection is no more possible, after interacting with the Ag
nanoclusters embedded into the composite coating. Considering that the
test was performed with samples immersed into a liquid solution, a
second hypothesis could be ascribable also to the antiviral effect of silver
ions, released from the nanoclusters. In fact, according to the data re-
ported in Fig. 5, it was demonstrated that the ion release in water began
in the first 3 h with a trend of progressive increment. In addition, skin
test, performed in [25], demonstrated that silica matrix completely
trapped silver nanoclusters, avoiding in this way the release of them into
the surrounding environment. In addition, the porous morphology of
silica allowed Ag ion release also from the nanoclusters disposed into the
innermost matrix areas. In this way, the homogenous distribution of the
nanoclusters inside the matrix increased ions amount. Here, no antiviral
action of the silver nanoclusters/silica composite coating against HRV
was reported. This phenomenon could be attributed to the different
structural conformation of this virus with respect to the other two vi-
ruses. In general, the protein capsid of naked viruses (as HRV) is less
susceptible to environmental conditions (desiccation, detergents, pH,
temperature...) than the lipid bilayer wrapping enveloped viruses (as
RSV and FluVA). To the best of our knowledge, no reports are available
against the antiviral effect of silver nanoparticles against the human
rhinovirus. Thanks to the premise about the promising results on viru-
cidal effect of the silver nanoclusters/silica composite coating towards
SARS-CoV-2 on disposable facemask [30], the coated filtering sub-
strates, described in this paper, will be shortly investigated in details
their antiviral activity against viruses belonging to Coronaviridae family.
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4. Conclusions and safety procedures, also in crowded places or in the public transport,

In conclusion, the nanostructured silver nanoclusters/silica com-
posite coating effectively coated glass-fibre and metallic air filters and
the cotton textile. The filtration performance was not reduced as the
coating was conformal deposited only on the fibres, maintaining unal-
tered the filter porosity. Even if the air filter will find the final appli-
cation in a moisture surrounding environment, the release test in water
demonstrate that the silver ions were released without reaching the
toxicity threshold after 14 days. The results obtained from the antiviral
tests, simulating a close contact between infectious viral aerosol and air
filters, demonstrated that the silver nanoclusters/silica composite
coating is characterized by a strong virucidal activity against RSV and
FluVA. The reduction of RSV titre resulted of almost three orders of
magnitude between coated and uncoated glass-fibre filters and more
than one order of magnitude between coated and uncoated metallic
filters. Instead, the nanostructured coating is able to reduce FluVA titre
of about two orders of magnitude, independently of the filters used as
substrate, compared to the uncoated filters or the control. Here, no
antiviral action of the silver nanoclusters/silica composite coating
against HRV was reported.

In this study, the antiviral action of the nanostructured coating was
tested, performing the experiments in a liquid environment with an
incubation time of hour and half. In future tests, it will be interesting to
assess the ability of silver nanocluster/silica composite coating to
inactivate viral aerosols in a shorter time and to inactivate infectious
viruses after their aerosolization. On the other hand, tests could be
performed in order to evaluate the possible effect of dust accumulation
on the air filter on the antiviral efficacy. The silver nanocluster/silica
coating deposited on the air filters (and masks), can lead to an important
contribution to the antiviral biological risk restraint, especially but not
only in the health sector. In fact, it can improve the current prevention

kindergartens, offices, gyms and sports facilities. In addition, staff and
workers operating in critical conditions such as hospitals, conflict areas
or regions affected by natural disasters or pandemics, could benefit of
the antiviral air filters. Furthermore, the antiviral coating can confer an
add value to the protective clothing such as gowns, masks or gloves.

CRediT authorship contribution statement

C. Balagna: Funding acquisition, Project administration, Investiga-
tion, Conceptualization, Writing — original draft, Writing — review &
editing. R. Francese: Investigation, Methodology, Writing — original
draft, Writing — review & editing. S. Perero: Methodology, Writing-
review & editing. D. Lembo: Supervision, Writing- review & editing. M.
Ferraris: Supervision, Funding acquisition, Project administration,
Writing- review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

This work was supported by means of Proof of Concept project
funded by Politecnico di Torino and Compagnia di San Paolo and by
means of “BIO-KILLER — Anti-BIOpollutant coatIng for reusabLe fiLtER”
Manunet III Transnational Call (2018), MNET18/0THR3507.



C. Balagna et al.

References

[1]

[2]

[3]

[4]

(5]

[6

[}

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

K.W. Tham, Indoor air quality and its effects on humans - a review of challenges
and developments in the last 30 years, Energy Build. 130 (2016) 637-650, https://
doi.org/10.1016/j.enbuild.2016.08.071.

G. Liu, M. Xiao, X. Zhang, C. Gal, X. Chen, L. Liu, S. Pan, J. Wu, L. Tang,

D. Clements-Croome, A review of air filtration technologies for sustainable and
healthy building ventilation, Sustain. Cities Soc. 32 (2017) 375-396, https://doi.
org/10.1016/j.scs.2017.04.011.

K. Kim, E. Kabir, S.A. Jahan, Airborne bioaerosols and their impact on human
health, J. Environ. Sci. 67 (2018) 23-35, https://doi.org/10.1016/j.
jes.2017.08.027.

J. Douwes, P. Thorne, N. Pearce, D. Heederiki, Bioaerosol health effects and
exposure assessment: progress and prospects, Ann. Occup. Hyg. 47 (2003)
187-200, https://doi.org/10.1093/annhyg/meg032.

N.E. Kepleis, W.C. Nelson, W.R. Ott, J.P. Robinson, A.M. Tsang, P. Switzer, J.

V. Behar, S.C. Hern, W.H. Engelmann, The national human activity pattern survey
(NHAPS): a resource for assessing exposure to environmental pollutants, J. Expo.
Anal. Environ. Epidemiol. 11 (2001) 231-252, https://doi.org/10.1038/sj.
jea.7500165.

European Commission Press Release Database, Indoor air pollution: new EU
research reveals higher risks than previously thought, IP/03/1278. https://europa.
eu/rapid/press-release_IP-03-1278 _en.htm, 2003 (accessed 22 September 2003).
M. Moritz, H. Peters, B. Nipko, H. Riiden, Capability of air filters to retain airborne
bacteria and molds in heating, ventilating and air-conditioning (HVAC) systems,
Int. J. Hyg. Environ. Health 203 (2001) 401-409, https://doi.org/10.1078/1438-
4639-00054.

H.C. Flemming, Biofilms and environmental protection, Wat Sci. Tech. 27 (1993)
1-10, https://doi.org/10.2166/wst.1993.0528.

J.S. Kutter, M.I. Spronken, P.L. Fraaij, R.A.M. Fouchier, S. Herfst, Transmission
routes of respiratory viruses among humans, Curr. Opin. Virol. 28 (2018) 142-151,
https://doi.org/10.1016/j.coviro.2018.01.001.

S.P. Deshmukh, S.M. Patil, S.B. Mullani, S.D. Delekar, Silver nanoparticles as an
effective disinfectant: a review, Mater. Sci. Eng. C 97 (2019) 954-965, https://doi.
org/10.1016/j.msec.2018.12.102.

M. Rai, A. Yadav, A. Gade, Silver nanoparticles as a new generation
ofantimicrobials, Biotechnol. Adv. 27 (2009) 76-83, https://doi.org/10.1016/j.
biotechadv.2008.09.002.

T.C. Dakal, A. Kumar, R.S. Majumdar, V. Yadav, Mechanistic basis of antimicrobial
actions of silver nanoparticles, Front. Microbiol. 7 (2016) 1831, https://doi.org/
10.3389/fmicb.2016.01831.

R. Ciriminna, Y. Albo, M. Pagliaro, New antivirals and antibacterials based on
silver nanoparticles, Chem. Med. Chem. 15 (2020) 1619-1623, https://doi.org/
10.1002/cmdc.202000390.

N. Chen, Y. Zheng, J. Yin, X. Li, C. Zheng, Inhibitory effects of silver nanoparticles
against adenovirus type 3 in vitro, J. Virol. Methods 193 (2013) 470-477, https://
doi.org/10.1016/j.jviromet.2013.07.020.

D. Xiang, Q. Chen, L. Pang, C. Zheng, Inhibitory effects of silver nanoparticles on
H1N1 influenza A virus in vitro, J.Virol. Methods 178 (2011) 137-142, https://doi.
org/10.1016/j.jviromet.2011.09.003.

Y.H. Joe, K. Woo, J. Hwang, Fabrication of an anti-viral air filter with SiO2-Ag
nanoparticles and performance evaluation in a continuous airflow condition,

J. Hazard. Mater. 280 (2014) 356-363, https://doi.org/10.1016/j.
jhazmat.2014.08.013.

Y.H. Joe, D.H. Park, J. Hwang, Evaluation of Ag nanoparticle coated air filter
against aerosolizedvirus: anti-viral efficiency with dust loading, J. Hazard. Mater.
301 (2016) 547-553, https://doi.org/10.1016/j.jhazmat.2015.09.017.

M. Ferraris, C. Balagna, S. Perero, Method for the Application of an Antiviral
Coating to a Substrate and Relative Coating, 2019 (W02019/082001).

M. Ferraris, D. Chiaretta, M. Fokine, M. Miola, E. Verné, Pellicole antibatteriche
ottenute da sputtering e procedimento per conferire proprieta antibatteriche ad un
substrato TO2008A000098, 2008.

M. Ferraris, S. Perero, M. Miola, S. Ferraris, E. Verné, J. Morgiel, Silver
nanocluster- silica composite coatings with antibacterial properties, Mater. Chem.
Phys. 120 (2010) 123-126, https://doi.org/10.1016/j.matchemphys.2009.10.034.
M. Ferraris, S. Perero, M. Miola, S. Ferraris, G. Gautier, G. Maina, G. Fucale,

E. Verne, Chemical, mechanical, and antibacterial properties of silver nanocluster—
silica composite coatings obtained by sputtering, Adv. Eng. Mater. 12 (2010)
B276-B282, https://doi.org/10.1002/adem.200980076.

G. Muzio, S. Perero, M. Miola, M. Oraldi, S. Ferraris, E. Verne, F. Festa, R.

A. Canuto, V. Festa, M. Ferraris, Biocompatibility versus peritoneal mesothelial

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Surface & Coatings Technology 409 (2021) 126873

cells of polypropylene prostheses for hernia repair, coated with a thin silica/silver
layer, J Biomed Mater Res B Appl Biomater 105 (2016) 1586-1593, https://doi.
org/10.1002/jbm.b.33697.

F. Baino, S. Ferraris, M. Miola, S. Perero, E. Verné, A. Coggiola, D. Dolcino,

M. Ferraris, Novel antibacterial ocular prostheses: proof of concept and physico-
chemical characterization, Mater. Sci. Eng. 60 (2016) 467-474, https://doi.org/
10.1016/j.msec.2015.11.075.

M. Miola, S. Perero, S. Ferraris, A. Battiato, C. Manfredotti, E. Vittone, D. Del
Vento, S. Vada, G. Fucale, M. Ferraris, Silver nanocluster-silica composite
antibacterial coatings for materials to be used in mobile telephones, Appl. Surf. Sci.
313 (2014) 107-115, https://doi.org/10.1016/j.apsusc.2014.05.151.

M. Irfan, S. Perero, M. Miola, G. Maina, A. Ferri, M. Ferraris, C. Balagna,
Antimicrobial functionalization of cotton fabric with silver nanoclusters/silica
composite coating via RF co-sputtering technique, Cellulose 24 (2017) 2331-2345,
https://doi.org/10.1007/5s10570-017-1232-y.

C. Balagna, M. Irfan, S. Perero, M. Miola, G. Maina, D. Santella, A. Simone,
Characterization of antibacterial silver nanocluster/silica composite coating on
high performance Kevlar® textile, Surf. Coat. Technol. 321 (2017) 438-447,
https://doi.org/10.1016/j.surfcoat.2017.05.009.

C. Balagna, S. Perero, S. Ferraris, M. Miola, G. Fucale, C. Manfredotti, A. Battiato,
D. Santella, E. Verné, E. Vittone, M. Ferraris, Antibacterial coating on polymer for
space application, Mater. Chem. Phys. 135 (2012) 714-722, https://doi.org/
10.1016/j.matchemphys.2012.05.049.

C. Balagna, M. Irfan, S. Perero, M. Miola, G. Maina, M. Crosera, D. Santella,

A. Simone, M. Ferraris, Antibacterial nanostructured composite coating on high
performance Vectran™ fabric for aerospace structures, Surf. Coat. Technol. 373
(2019) 47-55, https://doi.org/10.1016/j.surfcoat.2019.05.076.

C. Balagna, S. Perero, F. Bosco, C. Mollea, M. Irfan, M. Ferraris, Antipathogen
nanostructured coating for air filters, Appl. Surf. Science 508 (2020), 145283,
https://doi.org/10.1016/j.apsusc.2020.145283.

C. Balagna, S. Perero, E. Percivalle, E. Vecchio Nepita, M. Ferraris, Virucidal effect
against coronavirus SARS-CoV-2 of a silver nanocluster/silica composite sputtered
coating, Open Ceramics 1 (2020) 100006, https://doi.org/10.1016/j.
oceram.2020.100006.

G. Piedimonte, M.K. Perez, Respiratory syncytial virus infection and bronchiolitis,
Pediatr. Rev. 35 (2014) 519-530, https://doi.org/10.1542/pir.35-12-519.

R. Turner, W. Lee, Rhinovirus, in: D. Richman, R. Whitley, F. Hayden (Eds.),
Clinical Virology, ASM Press, Washington DC, 2009, pp. 1063-1082.

World Health Organization, Influenza (Seasonal). https://www.who.
int/news-room/fact-sheets/detail/influenza-(seasonal), 2018 (accessed 06
November 2018).

K.J. Szretter, A.L. Balish, J.M. Katz, Influenza: propagation, quantification, and
storage, Curr. Protoc. Microbiol. 15 (2006) 15G.1, https://doi.org/10.1002/
0471729256.mc15g01s3.

M. Donalisio, M. Ritta, R. Francese, A. Civra, P. Tonetto, A. Coscia, High
temperature—short time pasteurization has a lower impact on the antiviral
properties of human milk than holder pasteurization, Front. Pediatr. 6 (2018) 304,
https://doi.org/10.3389/fped.2018.00304.

W. Chen, Y. Liu, H.S. Courtney, M. Bettenga, C.M. Agrawal, J.D. Bumgardner, J.
L. Ong, In vitro anti-bacterial and biological properties of magnetron co-sputtered
silver-containing hydroxyapatite coating, Biomaterials 27 (2006) 5512-5517,
https://doi.org/10.1016/j.biomaterials.2006.07.003.

K. Jamuna-Thevi, S.A. Bakar, S. Ibrahim, N. Shahab, M.R.M. Toff, Quantification of
silver ion release, in vitro cytotoxicity and antibacterial properties of
nanostuctured Ag doped TiO2 coatings on stainless steel deposited by RF
magnetron sputtering, Vacuum 86 (2011) 235-241, https://doi.org/10.1016/j.
vacuum.2011.06.011.

S. Nakamura, M. Sato, Y. Sato, N. Ando, T. Takayama, M. Fujita, M. Ishihara,
Synthesis and application of silver nanoparticles (Ag NPs) for the prevention of
infection in healthcare workers, Int. J. Mol. Sci. 20 (2019) 3620, https://doi.org/
10.3390/ijms20153620.

H.H. Lara, E.N. Garza-Trevino, L. Ixtepan-Turrent, D.K. Singh, Silver nanoparticles
are broad-spectrum bactericidal and virucidal compounds, J. Nanobiotechnol. 3
(2011) 9-30, https://doi.org/10.1186,/1477-3155-9-30.

X.X. Yang, C.M. Li, C.Z. Huang, Curcumin modified silver nanoparticles for highly
efficient inhibition of respiratory syncytial virus infection, Nanoscale 8 (2016)
3040, https://doi.org/10.1039/c5nr07918g.

D. Morris, M. Ansar, J. Speshock, T. Ivanciuc, Y. Qu, A. Casola, R. Garofalo,
Antiviral and immunomodulatory activity of silver nanoparticles in experimental
RSV infection, Viruses 11 (2019) 732, https://doi.org/10.3390/v11080732.


https://doi.org/10.1016/j.enbuild.2016.08.071
https://doi.org/10.1016/j.enbuild.2016.08.071
https://doi.org/10.1016/j.scs.2017.04.011
https://doi.org/10.1016/j.scs.2017.04.011
https://doi.org/10.1016/j.jes.2017.08.027
https://doi.org/10.1016/j.jes.2017.08.027
https://doi.org/10.1093/annhyg/meg032
https://doi.org/10.1038/sj.jea.7500165
https://doi.org/10.1038/sj.jea.7500165
https://europa.eu/rapid/press-release_IP-03-1278_en.htm
https://europa.eu/rapid/press-release_IP-03-1278_en.htm
https://doi.org/10.1078/1438-4639-00054
https://doi.org/10.1078/1438-4639-00054
https://doi.org/10.2166/wst.1993.0528
https://doi.org/10.1016/j.coviro.2018.01.001
https://doi.org/10.1016/j.msec.2018.12.102
https://doi.org/10.1016/j.msec.2018.12.102
https://doi.org/10.1016/j.biotechadv.2008.09.002
https://doi.org/10.1016/j.biotechadv.2008.09.002
https://doi.org/10.3389/fmicb.2016.01831
https://doi.org/10.3389/fmicb.2016.01831
https://doi.org/10.1002/cmdc.202000390
https://doi.org/10.1002/cmdc.202000390
https://doi.org/10.1016/j.jviromet.2013.07.020
https://doi.org/10.1016/j.jviromet.2013.07.020
https://doi.org/10.1016/j.jviromet.2011.09.003
https://doi.org/10.1016/j.jviromet.2011.09.003
https://doi.org/10.1016/j.jhazmat.2014.08.013
https://doi.org/10.1016/j.jhazmat.2014.08.013
https://doi.org/10.1016/j.jhazmat.2015.09.017
http://refhub.elsevier.com/S0257-8972(21)00046-3/rf0090
http://refhub.elsevier.com/S0257-8972(21)00046-3/rf0090
http://refhub.elsevier.com/S0257-8972(21)00046-3/rf0095
http://refhub.elsevier.com/S0257-8972(21)00046-3/rf0095
http://refhub.elsevier.com/S0257-8972(21)00046-3/rf0095
https://doi.org/10.1016/j.matchemphys.2009.10.034
https://doi.org/10.1002/adem.200980076
https://doi.org/10.1002/jbm.b.33697
https://doi.org/10.1002/jbm.b.33697
https://doi.org/10.1016/j.msec.2015.11.075
https://doi.org/10.1016/j.msec.2015.11.075
https://doi.org/10.1016/j.apsusc.2014.05.151
https://doi.org/10.1007/s10570-017-1232-y
https://doi.org/10.1016/j.surfcoat.2017.05.009
https://doi.org/10.1016/j.matchemphys.2012.05.049
https://doi.org/10.1016/j.matchemphys.2012.05.049
https://doi.org/10.1016/j.surfcoat.2019.05.076
https://doi.org/10.1016/j.apsusc.2020.145283
https://doi.org/10.1016/j.oceram.2020.100006
https://doi.org/10.1016/j.oceram.2020.100006
https://doi.org/10.1542/pir.35-12-519
http://refhub.elsevier.com/S0257-8972(21)00046-3/rf0160
http://refhub.elsevier.com/S0257-8972(21)00046-3/rf0160
https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)
https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)
https://doi.org/10.1002/0471729256.mc15g01s3
https://doi.org/10.1002/0471729256.mc15g01s3
https://doi.org/10.3389/fped.2018.00304
https://doi.org/10.1016/j.biomaterials.2006.07.003
https://doi.org/10.1016/j.vacuum.2011.06.011
https://doi.org/10.1016/j.vacuum.2011.06.011
https://doi.org/10.3390/ijms20153620
https://doi.org/10.3390/ijms20153620
https://doi.org/10.1186/1477-3155-9-30
https://doi.org/10.1039/c5nr07918g
https://doi.org/10.3390/v11080732

5. THE WONDER OF HUMAN MILK

5.1 Human milk composition and biological properties

Human milk is an extremely complex and highly variable biofluid that has evolved over millennia
to nourish infants, support their growth and to protect them from numerous diseases. A large body of
literature has demonstrated the benefits of human milk in diminishing infant morbidity and mortality
and in protecting against specific infections during the breastfeeding period (106,107). This is
particularly relevant for premature infants (i.e. born before the 37th week of pregnancy) because, they
often develop complications, namely chronic lung disease, retinopathy and necrotizing enterocolitis
(NEC) (108). The World Health Organization (WHO), indeed, recommends exclusive breastfeeding
for the first 6 months of life, with continued breastfeeding for up to 2 years or beyond (109).

Breast milk composition changes in response to many factors including time of lactation, length
of gestation, maternal diseases, genotype and diet and is widely believed to be specifically tailored
by each mother to precisely reflect the requirements of her infant. It contains many complex proteins,
lipids and carbohydrates as source of nutrition for infants, but it also contains a myriad of biologically
active components. These molecules possess diverse roles, both guiding the development of the infant
immune system and intestinal microbiota (110).

More specifically, the mean macronutrient composition of mature term milk is estimated to be
approximately 0.9 to 1.2 g/dL for protein, 3.2 to 3.6 g/dL for fat, and 6.7 to 7.8 g/dL for lactose. The
most abundant proteins are casein, o-lactaloumin, lactoferrin, secretory immunoglobulin IgA,
lysozyme, and serum albumin, while the fat content is characterized by high levels of palmitic and
oleic acids. Many micronutrients vary in human milk depending on maternal diet and body stores,
including vitamins A, B1, B2, B6, B12, D, and iodine (111).

On the other hand, human milk contains a variety of factors with medicinal qualities that have a
profound role in infant survival and health. Bioactive components, are defined as elements that “affect
biological processes or substrates and hence have an impact on body function or condition and
ultimately health”. Many of these factors act synergistically, such that consumption of human milk is
superior to supplementation with individual factors or their combinations (112). More precisely,
human milk contains numerous growth factors, such as epidermal growth factor (EGF), neuronal
growth factors, vascular endothelial growth factor (VEGF), insulin-like growth factors (IGF),
adiponectin and other hormones, that have wide-ranging effects on the intestinal tract, vasculature,
nervous system, and endocrine system and are likely to play a role in determining infant growth (112).
Other molecules protect infants against infection and inflammation and contribute in developing the

infant immune system and intestinal microbiota. The specific protective components of human milk
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are so numerous and multi-functional, that science is just beginning to understand their functions.
Part of my PhD project was indeed focused on the discovery of new bioactive components of human
milk able to confer protection against viral infections. Immunological factors detected in human milk
include, firstly, immunoglobulins such as secretory IgA (SIgA), the most predominant form, followed
by SIgG. These provide immunological protection to the infant, whilst its own immune system
matures. Their levels reflect the infant needs, therefore their concentration decreases withing lactation
(110). A set of innate, multi-functional molecules also provide significant protection against infection.
Factors such as the Toll-like receptors (TLR-2 and TLR-4) provide efficient microbial recognition,
working in synergy with the co-receptor CD14 and soluble CD14. Other compound such as
lactoferrin, lactadherin, human milk oligosaccharides (HMO) and mucins have been demonstrated to
confer both anti-viral and anti-bacterial properties to human milk. Cytokines and chemokines and a
variety of cells, including macrophages, T cells, stem cells, and lymphocytes can be also included in
the list of immunologic factors detected in human milk (112).

A complete description of the numerous human milk bioactive factors, along with the full
description of their roles, are beyond the scope of this thesis. The following Table I, produced by

Ballard & Morrow (112), schematically summarize the major bioactive components and their

functions.
Table 1. Major bioactive factors in human milk
Component Function
Cells
Macrophages Protection against infections
Stem cells Regeneration and repair
Immunoglobulines

IgA/sIgA Pathogen binding inhibition

IgG Anti-microbial, activation of phagocytosis
(IgG1, 1gG2, 19gG3); anti-inflammatory,
response to allergens (1gG4)

IgM Agglutination, complement activation

Cytokines
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IL-6 Stimulation of the acute phase response, B cell
activation, pro-inflammatory

IL-7 Increased thymic size and output

IL-8 Recruitment of neutrophilis, pro-inflammatory

IL-10 Repressing Th1-type inflammation,
induction of antibody production,
facilitation of tolerance

IFN-¥ Pro-inflammatory, stimulates Thl response

TGFpB Anti-inflammatory, stimulation of T cell
phenotype switch

TNFa Stimulates inflammatory immune activation

Chemokines

G-CSF Trophic factor in intestines

MIF Macrophage Migratory Inhibitory Factor:
Prevents macrophage movement, increases
anti-pathogen activity of macrophages

Cytokine Inhibitors
TNFRI and Il Inhibition of TNFa, anti-inflammatory
Growth Factors

EGF Stimulation of cell proliferation and
maturation

HB-EGF Protective against damage from hypoxia
and ischemia

VEGF Promotion of angiogenesis and tissue repair

NGF Promotion of neuron growth and maturation

IGF Stimulation of growth and development,

increased RBCs and hemoglobin

Erythropoietin

Erythropoiesis, intestinal development

Hormones

Calcitonin

Development of enteric neurons

Somatostatin

Regulation of gastric epithelial growth
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Anti-microbial

Lactoferrin Acute phase protein, chelates iron, antibacterial,
anti-oxidant

Lactadherin/ Anti-viral, prevents inflammation by

MFG E8 enhancing phagocytosis of apoptotic cells

Metabolic hormones

Adiponectin Reduction of infant BMI and weight, anti-

inflammatory

Leptin Regulation of energy conversion and infant
BMI, appetite regulation

Ghrelin Regulation of energy conversion and infant
BMI

Oligosaccharides & glycans

HMOs Prebiotic, stimulating beneficial
colonization and reducing colonization with

pathogens; reduced inflammation

Gangliosides Brain development; anti-infectious
Glycosaminoglycans Anti-infectious

Mucins
MUC1 Block infection by viruses and bacteria
MUC4 Block infection by viruses and bacteria

Table 1. Major bioactive components of human milk. Adapted from “Human Milk Composition: Nutrients and
Bioactive Factors” (112)

During my PhD course, | investigated human milk always referring to its different stages of
maturation. Milk is commonly classified into colostrum, transitional milk and mature milk; however,
these are not distinct classes of milk, but refer to the gradual alteration in the content of milk
throughout lactation. In particular, colostrum is produced in low quantities in the first few days after
partum and is rich in immunologic components such as secretory IgA, lactoferrin, leukocytes, as well

as developmental factors such as epidermal growth factor. Colostrum also contains relatively low
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concentrations of both lactose and fat, indicating that its primary functions are immunologic and
trophic rather than nutritional. Levels of sodium, chloride and magnesium are higher and levels of
potassium and calcium are lower in colostrum than later milk. As tight junction closure occurs in the
mammary epithelium, the sodium to potassium ratio declines and lactose concentration increases,
indicating secretory activation and the production of transitional milk. Transitional milk shares some
of the characteristics of colostrum but represents a period that support the nutritional and
developmental needs of the rapidly growing infant, and typically occurs from 5 days to two weeks
postpartum, after which milk is considered mature. In contrast to the dramatic shift in composition
observed in the first month of life, human milk remains relatively similar in composition over the

course of lactation (110).

5.2 Viruses and human milk: transmission or protection? A brief overview on the topic

Several viruses, listed in Table I, have been detected in breast milk, but rarely the detection
of a virus into this biofluid corresponds to an infected or diseased infant. In fact, exclusive breast-
feeding is not normally associated with any risk, even in the case of maternal infection. The main
hazards of breast-feeding are exposure to the maternal viral pathogens HIV, human T-cell
lymphotropic virus-1 (HTLV-1), and HCMV (113). However, even for these viruses the actual
transmission risk is not fully understood. Paradoxically, despite daily exposure to HCMV, most
preterm infants breastfed by HCMYV seropositive mothers do not become infected and do not develop
clinical signs or severe diseases (114,115). A similar observation has been made for infants breastfed
by HIV positive mothers and it has been demonstrated that exclusive breastfeeding, regardless of the
HIV status of the mother, led to a significant decrease in mother-to-child transmission compared with
non-exclusive breastfeeding (116). This intriguing paradox could be explained by the intrinsic
antiviral properties of human milk, that is therefore able to neutralize the virus infectivity or reduce
the viral titer, thereby lowering the risk of acquiring a symptomatic infection. A multitude of antiviral
components, that is still partially undiscovered, synergically mediates this protective activity. Table
Il summarizes the major antiviral compounds detected in breast milk so far.

In this context, part of my PhD research was addressed to study the intrinsic antiviral
properties of human milk against known and emerging viruses, with the aim to contribute to clarifying
the described paradox. Furthermore, | also investigated the mechanism underlying milk antiviral
properties, particularly focusing on the discovery of new antiviral compounds. All publications in the
field of human milk were carried out in close collaboration with the Neonatal Care Unit of the
University of Turin directed by Prof. Enrico Bertino and were supported by the Italian Association
of Donor Milk Banks (AIBLUD).
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Table Il. Viruses detected in human milk

Known viruses

HIV: Human HCMV: Human HTLV-HTL V- HPV: Human
: - : : Human T-lymphotropic : :
immunodeficiency virus cytomegalovirus virus papilloma virus
VZV. Var_lcella-zoster EBV: Epsteln-Barr HBV: Hepatitis B virus HCV: I—!epatltls C
virus virus virus

HAV: Hepatitis A virus HEV: Hepatitis E HSV-1/HSV-2: Herpes HHV-6: Human

virus simplex virus type 1/2 herpes virus 6
CVBa3:
HHV-7: Human herpes HHV-8: Human HMTV: Human Coxsackievirus B3
virus 7 herpes virus 8 mammary tumor virus

RuV: Rubella virus

Emerging viruses

EBOV: Ebola virus . CHIKV: . DENV: Dengue virus WNV. West Nile
Chikungunya virus virus
] SARS-CoV-2: Severe ]
virus . virus
Syndrome coronavirus 2
What’s next?

Table 11: Viruses detected in human milk. This table results from the electronic search in Pubmed with the following

keywords and MeSH terms: ("Milk, Human"[Majr] OR breast-milk*[title]] OR human-milk*[title]) AND

("virology"[subheading] OR "Viruses"[Mesh] OR viru*[tiab] OR viral*[tiab])
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Table I11. Human milk antiviral compounds
Antibodies (IgA/1gG) Oligosaccharides Lactoferrin Lactadherine
Mucins Oxysterols Tenascin-C Lipid compounds
Glycosaminoglycans Cytokines Extracellular vesicles Glycolipids
Secretory leukocyte Others yet
protease inhibitor STLR2 Lewis X undiscovered
(SLPI)

Table I11: Viruses detected in human milk. This table results from the electronic search in Pubmed of the following
keywords and MeSH terms: ("Milk, Human*[Mesh] OR breast-milk*[tiab] OR human-milk*[tiab]) AND (antiviral[tiab]
OR anti-viral[tiab] OR "Antiviral Agents”"[Mesh] OR "Antiviral Agents"[Pharmacological Action])

6. DISCOVERY OF NEW ANTIVIRAL COMPONENTS OF HUMAN MILK

6.1 Viruses of pediatric clinical relevance
The section number 6 of this thesis is mainly focused on three viruses of pediatric clinical
relevance: RSV, HRoV and HCMV. HRoV and RSV and their involvement in the pediatric area have

been extensively described in sections 3.1 and 4.1 respectively.

HCMV is an enveloped dsDNA virus, belonging to Herpesviridae family and to the
Betaherpesvirinae subfamily. Compared to the other human herpes viruses, HCMV is the largest,
with a diameter around 200-300 nanometres and a genome of~235 kb encoding over 220 open reading
frames (ORFs) and 165 genes. It establishes a lifelong latent infection following primary infection
that can periodically reactivate with shedding of infectious viruses. Transmission usually occurs by
direct and prolonged contact with bodily fluids, including saliva, urine, and breast milk. HCMV can
also be transmitted from a seropositive mother to her child during pregnancy and represents the major
infectious cause of congenital abnormalities. Healthy individuals are usually asymptomatic, while
HCMYV is of great concern in immunocompromised patients and in preterm infants who are more

prone to develop symptomatic disease (117).
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HCMV virion has the typical herpesvirus structure: the dsDNA is contained in an icosahedral
nucleocapsid enveloped by a proteinaceous tegument and an outer bilayer lipid envelope (Figure 13).
The capsid has a protein component, comprising at least five proteins contributing to the formation
of 12 pentons, 150 hexons and 320 triplexes. The major capsid protein is pUL86, which is the most
abundant protein component of the capsid (960 copies) and forms the penton and hexons. The
intermediate compartment is the tegument, which comprise more than half of the total proteins found
within infectious virions (118). The protein component of the tegument plays a double role: some
proteins are fundamental from the assembly of the virion and the disassembling of the viral particle
during the entry phase into cells, others are able to modulate the host cell response during the
infection. The envelope, characterized by a lipid bilayer derived from the host cell, contains around
20 virus encoded glycoproteins, fundamental for cell attachment and penetration. These include
glycoprotein B (gB), gH, gL, gM, gN and gO (117). As in all other herpesviruses the expression of
gH/gL and gB is essential for virus entry into cells (119). HCMV gH/gL is able to assemble either
with a third glycoprotein (gO) forming a trimer on virus envelope or with UL128-131 (formed by a
binding of three proteins), mediating the entry of HCMV in different cell types (respectively in
fibroblast and epithelial/endothelial). On the other hand, gB and gM/gN mediate the initial adsorption
of HCMV onto heparan sulphate glycosaminoglycans (GAG), a process that increases HCMV surface
concentration, promotes other interactions and triggers entry fusion. Moreover, gB has been indicated
as a primary receptor binding protein, and it could also be able to engage EGFR (Epidermal Growth
Factor Receptor) in certain cell types (119).

nucleocapsid
tegument
genome
membrane

glycoprotein complex I

glycoprotein complex III

Copyright 1994 - '97 Marko Reschke

Figure 13: HCMV structure
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The herpesvirus replicative cycle is divided into three major phases: initiation of infection, lytic
replication and latency. After the infection occurs, the virus can either follow the lytic or the latent
pathway, and it acquires the ability to reactivate to a lytic state after a long period of latency. A wide
variety of human cell types can be infected by HCMV in vivo, and these include epithelial,
endothelial, neuronal (astrocyte, oligodendrocyte and neuron), myeloid, macrophages, dendritic and
fibroblast cells. Latent infection is granted by a myeloid cell population (precursor of monocytes,
macrophages and dendritic cells) which remains in the bone marrow (120).

HCMV pathogenesis involves productive replication. The entire HCMV replicative cycle is

schematically presented in Figure 14.

Infectious particle

Early Late

———= Regulation of
— " host immune and
stress responses

Jen' S F
Il axatl
| L i ’) 'w‘ N \4
1 /9 \09o o
{ | P ., -
— —_:_‘_— -‘./ \\_:@' \O\G
- = = 0> -
/A m |\ ®\ \@ ==
\ O \ &L
S @\ 1\
[ ® \ t
[ Genome ViralGef\e O [C] yl \l l|
Regulation O0n0 .0 & </’ = |
S /
Viral Genome O .~ @ )
: R‘eplkallon ®) CJ ® @ @ P /«'_// /
S—___Nucleus —
TT
Legend
-I:::E Infectious particle O = Empty capsid -,'.: = Tegument proteins * = Dense bodies DE = Delayed early proteins

= Genome-loaded capsid () :"b = dsDNA viral genome ' Viral glycopeoteins  |E = Immediate early proteins L = Late proteins

Figure 14. Overview of the HCMV life cycle (A) Infectious particles enter the cell through interaction with cellular
receptors. Capsid and tegument proteins are delivered to the cytosol. (B) The capsid travels to the nucleus, where the
genome is delivered and circularized. Tegument proteins regulate host cell responses and initiate the temporal cascade of
the expression of viral | immediate early (IE) genes, followed by delayed early (DE) genes, which initiate viral genome
replication, and late (L) genes. (C) Late gene expression initiates capsid assembly in the nucleus, followed by nuclear
egress to the cytosol. Capsids associate with tegument proteins in the cytosol and are trafficked to the viral assembly
complex (AC) that contains components of the endoplasmic reticulum (ER), Golgi apparatus and endosomal machinery.
The capsids further acquire tegument and viral envelope by budding into intracellular vesicles at the AC. (D) Enveloped
infectious particles are released along with non-infectious dense bodies (120).
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HCMV is a common pathogen of global clinical relevance, with worldwide seroprevalence
ranging from 56% to 94%. The viral spread in the global population is enormous, mainly due to the
asymptomatic mode of infection, followed by a constant shedding of the virus through body fluids
(e.g., milk, saliva, cervical secretions, and tears), which can last for months or even years (121).
While HCMV infection is generally asymptomatic, it is particularly dangerous for
immunocompromised individuals and congenitally infected newborns, who can be infected in utero,
postnatally, or via breastfeeding. Indeed, HCMV is notoriously famous for its ability to cause
congenital anomalies and long-term neurological sequelae in newborns. About one out of every 200
babies is born with congenital HCMV infection and even though most infants are asymptomatic, they
may develop health problems at birth or later. In the most severe cases, congenital HCMV can cause
the death of the unborn baby. In all other cases, the most clinically relevant signs at birth may include
microcephaly, hepatosplenomegaly, retinitis, intrauterine growth restriction, seizures, rash, and
jaundice. Some children with congenital HCMV infection may also suffer from long-term health
problems, such as hearing loss, which can be present at birth or may develop later even in
asymptomatic infants, developmental and motor delay, vision loss, and seizures (121,122). Premature
infants, especially those with a birth weight below 1500 g or those of less than 32 weeks of gestational
age, are at greatest risk of developing congenital disease through breastfeeding. Different studies
showed that they may develop neutropenia, lymphocytosis, hepatosplenomegaly, and aggravation on
respiratory status. A sepsis-like syndrome was also observed in some cases. Compared with term
infants, preterm newborns have lower level of HCMV-specific IgG and often rapidly lose maternal
IgG due to repeated blood sampling and transfusions (123). Furthermore, HCMV can also trigger the
development of serious pathologies in solid organ or stem cell transplant recipients that are not always
resolved by currently available antivirals, thereby leading in some cases to death (121,122). During
solid organ transplantation, seropositive donors frequently (around 78%) transmit HCMV to
seronegative recipients. On the other hand, approximately 40% of seropositive recipients reactivate
latent HCMV or can be infected with new strains when treated with immunosuppressive drugs.

Despite increasing efforts, an effective vaccine against HCMV is currently missing, de facto
leaving high-risk populations, chiefly immunocompromised patients and immunocompetent
seronegative pregnant mothers, exposed to primary infection. Four compounds are currently
approved for systemic treatment or prophylaxis of HCMV infections, ganciclovir (GCV) and its oral
prodrug valganciclovir (VGCV), cidofovir (CDV), foscarnet (FOS), and, more recently, letermovir
(LTV), but they are quite unsatisfactory due to the frequent occurrence of drug resistance and
toxicity(124).
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6.2 The human milk-derived extracellular vesicles (HM-EVS)

Despite the widely recognized health benefits of human milk, some intriguing mysteries still

have to be solved, in particular about how specific components confer intrinsic protection against
infections and how they contribute to the development of both infant’s innate and adaptive immune
functions. In the search of new antiviral components contained in human milk, we examined the
antiviral potential of human milk-derived extracellular vesicles (HM-EVSs).
Extracellular vesicles (EVs) are a heterogeneous group of secreted nanoparticles, often referred to as
distinct subsets, such as “exosomes”, “apoptosomes”, “oncosomes”, “microvesicles,” and “platelet
dust”. They consist of lipid bilayer enclosed vesicles displaying a heterogeneous size ranging from
50 to 300 nm and they are released by most tissues and they have been identified in various biological
fluids, such as urine, blood, cerebrospinal fluid, and breast milk. EVs can be taken up by other cells
in which they release their molecular cargo (e.g. miRNA, mRNA, RNAs, enzymes, signalling
proteins) playing a role in intercellular signalling, immune response, stem cell differentiation,
neuronal function, tissue regeneration and viral replication (125).

Despite numerous studies that have investigated HM-EVs, their exact functions and their
physiological concentrations are still largely unknown (126). HM-EVs function has been investigated
both in vitro and in vivo suggesting that EVs play a role in immunomodulation and in protection from
necrotizing enterocolitis (NEC) (126-128). RNA content of HM-EVs was examined by Karlsson et
al. who identified a range of long noncoding RNAs implicated in the immune system [e.g., growth
arrest-specific 5 (GAS5), ZNFX1 antisense RNA 1 (ZFAS1), steroid receptor RNA activator 1
(SRAL), and differentiation antagonizing non-protein coding RNA (DANCR)] and metabolism [e.g.,
GAS5, SRAL, colorectal neoplasia differentially expressed (CRNDE)] (129). It has also been reported
the presence of immune-related miRNA (miR-181a and miR-17) in the EVs produced during the first
6 mounts of lactation, indicating EVs as delivery vehicles (130). HM EVs and HM-associated
miRNAs may also play a role in the regulation of metabolism. Although this possibility is poorly
understood in humans, some evidence has been obtained in other mammals. For instance, porcine
EVs contain miRNAs associated with regulation of key metabolic pathways including the citrate
cycle and glycerophospholipid metabolism (131). Both rat and mouse models showed differences in
muscle physiology in those that received an oral gavage of EVs that were RNA sufficient versus those
treated with RNA-depleted EVs (132). Some mechanistic evidence was also found to support a role
of EV-associated miRNAs in the regulation of the mTORC1 pathway, a key regulator of both growth
and development (133).

Proteins transported as EV cargo and surface EV-proteins have been identified as one of the

mediators of EV functions. Using proteomics analysis of HM-EVs, van Herwijnen et al. revealed
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>600 proteins not previously detected in human milk and indicated that these proteins were associated
with signal transduction, controlling inflammatory signaling pathway with a possible role in
supporting the newborn's gut and immune system (134).
Interestingly, HM-EVs along with their microRNA and protein cargo have been shown to survive to
in vitro pancreatic and gastric digestion, supporting the hypothesis that intact EV cargos are delivered
to intestinal cells where they may elicit their functions (135,136). Furthermore, researchers recently
demonstrated that exosomes from animal milk are long-lasting in vivo and accumulate in the intestinal
mucosa, spleen, liver, heart or brain when administered orally or intravenously to mice and pigs
(137,138).
Finally, the possible antiviral role of HM-EVs is still largely unexplored. The only available study
reported that milk exosomes, a specific subclass of EVs, bind monocyte-derived dendritic cells
(MDDCs) via DC-SIGN inhibiting HIV-1 infection of MDDCs and subsequent viral transfer to CD4
T cells.

Prompted by the abovementioned studies and with the aim to contribute to clarifying HM-
EVs functions, we investigated the protective role of HM-EVs against HCMV, HRoV and RSV, three
pathogens clinically relevant for infants and trigger of severe complications in preterm babies. The
studies in the field of HM-EVs will shed light on their role in infant development and protection and
will contribute to clarifying the milk exact composition. An additional rationale for examining HM
EVs is for the possible therapeutic use of exogenously delivered EVs. This is already a fertile ground
for research with multiple neonatal conditions targeted using mesenchymal stem cell (MSC)-derived
EVs as “cell free” regenerative medicine (126). HM-EVs could become a therapeutic option for
neonates whose mothers are unable to breastfeed and where receiving donor-expressed breast milk is
difficult.
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6.2.1 Publications

Donalisio M, Cirrincione S, Ritta M, Lamberti C, Civra A, Francese R, Tonetto P, Sottemano S,
Manfredi M, Lorenzato A, Moro GE, Giribaldi M, Cavallarin L, Giuffrida MG, Bertino E, Coscia A,

Lembo D. Extracellular Vesicles in Human Preterm Colostrum Inhibit Infection by Human

Cytomegalovirus In Vitro. Microorganisms. 2020 Jul 21;8(7):1087. doi:
10.3390/microorganisms8071087. PMID: 32708203; PMCID: PMC7409124.

In the present study, we have addressed the question of whether breast milk-derived EVs could
inhibit HCMV infection, and we have explored how EVs can affect the viral replicative cycle steps.
Colostra were collected from mothers of preterm infants and EVs were derived and characterized.
Performing specific antiviral assays in vitro, we confirmed the antiviral action of colostrum against
HCMV and we demonstrated, for the first time, a remarkable antiviral activity of colostrum-derived
EVs. The investigation of the mechanism of action has indicated that the anti-HCMYV activity of EVs
is not mediated by a direct inactivation of the viral particle, but rather by the inhibition of the viral
attachment to the cell surface. Furthermore, we conducted “membrane shaving” experiments and a
proteomic analysis of the shaved peptides with the aim of characterizing the potential molecular
players of the antiviral activity. The significant reduction in the antiviral activity of EVs, after shaving
experiments, suggests a crucial role of EV surface proteins in inhibiting viral infection. The proteomic
analysis of the EV surfaceome revealed the contribution of immune components including antibodies
(mainly IgA) and complement component proteins (C9 and C3) to antiviral activity. We found both
milk proteins (caseins, whey proteins and milk fat membrane associated proteins) and proteins shared
by different tissue cells and biological fluids. The common feature of the identified proteins is that
their glycomoieties seem to play a crucial role in the interference mechanism between a virus and the
host cells, acting as a point of cell-specific recognition for the virus particle and inhibiting its
attachment on the cell surface. Overall, our results provide novel insights into the protective role of
human colostrum against HCMV and indicate extracellular vesicles as new additional bioactive

components of human milk.
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The second study on the topic was carried out in parallel with the first one, but focusing on
RSV and HRoV. Although the protective role of breastfeeding on respiratory and gastrointestinal
infections caused by RSV and HRoV was well established, the intrinsic anti-RSV and anti-HRoV
activity of human milk was poorly investigated until then. Therefore, we addressed this issue, in the
context of preterm infants, by assessing the antiviral activity of human colostrum and by exploring
whether the EVs contribute to its antiviral properties. To the best of our knowledge, we reported the
intrinsic antiviral activity of human colostrum against RSV and HRoV for the first time. Furthermore,
we found that EVs were endowed with anti-RSV and anti-HRoV activity, although to a different
extent between mothers and, differently from the first study, we indicated that EVs inhibit HRoV and
RSV by interfering with their entry into the host cells.
Taken together, our results confirmed that EVs can be added to the list of antiviral effectors contained
in human milk and contributed to unraveling novel mechanisms underlying the functional role of

human milk as a protective and therapeutic agent in preterm infants.
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Abstract: Breast milk is a complex biofluid that nourishes infants, supports their growth and
protects them from diseases. However, at the same time, breastfeeding is a transmission route for
human cytomegalovirus (HCMV), with preterm infants being at a great risk of congenital disease.
The discrepancy between high HCMV transmission rates and the few reported cases of infants with
severe clinical illness is likely due to the protective effect of breast milk. The aim of this study
was to investigate the anti-HCMYV activity of human preterm colostrum and clarify the role of
colostrum-derived extracellular vesicles (EVs). Preterm colostrum samples were collected and the
EVs were purified and characterized. The in vitro anti-HCMYV activity of both colostrum and EVs
was tested against HCMYV, and the viral replication step inhibited by colostrum-purified EVs was
examined. We investigated the putative role EV surface proteins play in impairing HCMYV infection
using shaving experiments and proteomic analysis. The obtained results confirmed the antiviral action
of colostrum against HCMV and demonstrated a remarkable antiviral activity of colostrum-derived
EVs. Furthermore, we demonstrated that EVs impair the attachment of HCMYV to cells, with EV
surface proteins playing a role in mediating this action. These findings contribute to clarifying the
mechanisms that underlie the protective role of human colostrum against HCMV infection.

Keywords: HCMYV; breastfeeding; preterm; colostrum; extracellular vesicles; antiviral
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1. Introduction

Human milk (HM) is considered the most important biofluid for the nutrition of infants and for
the development of a child’s immune system by the World Health Organization [1]. HM provides
protection against necrotizing enterocolitis, sepsis, enteric and respiratory infections and severe
retinopathy and decreases the risk of death. For these reasons, the American Academy of Pediatrics
recommends exclusive breastfeeding for the first 6 months of life, and colostrum is considered especially
important for preterm newborns (up to one week postpartum) [2—4]. In spite of the well-known health
benefits of HM, breastfeeding is also a common route for the mother-to-child transmission of human
cytomegalovirus (HCMV), particularly in populations with a high HCMV seroprevalence. During
lactation, the virus is shed into HM by almost every seropositive woman; maternal HCMYV reactivation
can already be detected in the colostrum and normally ends about three months after birth, as evidenced
by PCR and viral culture analyses [5,6]. The postnatally acquired symptomatic HCMV infection rate is
low in term infants, whereas preterm infants, especially those with a birth weight below 1500 g or those
of less than 32 weeks of gestational age, are at the greatest risk of developing congenital disease through
breastfeeding [5]. Systematic reviews have shown that breast milk-acquired HCMYV infection with
symptomatic disease is relatively rare [7,8]. The discrepancy of high HCMV transmission rates and the
low number of reported infants with severe clinical illness are probably due to the protective effect of
the components of breast milk against viral infection. We have recently demonstrated, in the context of
preterm infants, that HM is endowed with intrinsic anti-HCMYV properties, and their potency may
vary according to the stage of lactation and the serological status of the mother [9]. Passive immunity
is provided to newborns through a large number of soluble and cellular immune HM components,
such as secretory immunoglobulins and leukocytes, as well as antimicrobial factors [10]. In this context,
immunomodulatory and specific bioactive factors, such as lactoferrin, vitamin A and monolaurin,
have been demonstrated to endow specific anti-HCMYV properties. [11-13].

Extracellular vesicles (EVs) from human milk have recently become a subject of increasing interest
for their protective role for infants [14]. EVs are complex structures, ranging from 50 to 300 nm in
diameter, with an endosome-derived limiting membrane, secreted by a diverse range of cell types
and found in all body fluids [15]. Milk EVs may originate from breast epithelial cells and from the
macrophages and lymphocytes present in breast milk [16]. EVs have been found to be involved in
cell-cell communication through the transfer of their cargos, which consist of microRNAs, noncoding
RNAs, lipids and proteins from donor cells to recipient cells. Several current publications suggest an
immune-regulatory role of milk EVs, especially exosomes, in both immune stimulation and toleration,
and several studies have suggested their potential in immunotherapy [17,18]. Recent publications on
the antiviral properties of EVs support the hypothesis that milk EVs are involved in the instruction of
the protective role of the neonatal immune system [19]. In the present study, we have addressed the
question of whether breast milk-derived EVs could inhibit HCMYV infection, and we have explored how
EVs can affect the viral replicative cycle steps. Furthermore, after conducting “membrane shaving”
experiments, the antiviral activity of EVs was explored and a proteomic analysis of the shaved peptides
was performed with the aim of characterizing the potential molecular players of antiviral activity.

2. Materials and Methods

2.1. Human Colostrum Collection

Colostrum samples (1-5 days postpartum, 15 mL each) were obtained from 13 healthy mothers
admitted to the Sant’Anna Hospital (Citta della Salute e della Scienza di Torino, Turin, Italy) for
preterm delivery between February 2017 and January 2020. An ethical review process was not required
for this study since it was not a clinical trial. Each milk donor involved in this research signed a
written consent form in which the data protection of the mother and infant was assured. Moreover,
the donors were informed that only milk samples stored in excess would be used for research purposes,
and the study design was explained. The donors cleaned their hands and breasts according to the
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Italian Human Milk Bank (HMB) guidelines [20]. Samples were collected, by means of an electric
breast pump, in disposable sterile polypropylene Bisphenol-free bottles, to minimize the possibility of
contamination. The main clinical characteristics of the study population are reported in Table 1.

Table 1. Main clinical characteristics of the study group.

Sampleno. Parity* Breastfeeding afterPrevious Delivery(ies) Type of Delivery

1 2002 Yes CS
2 0000 - CS
3 0000 - CSs
4 1001 Yes CS
5 0000 - S

6 1021 Yes S

7 0000 - CS
8 0000 - CS
9 1001 Yes CS
10 1001 Yes CS
11 1001 - S

12 0000 Yes CS
13 1001 - CS

* The numbers indicate full-term births, premature births, abortions and living children. CS: caesarean section;
S: spontaneous delivery.

2.2. Colostrum Clarification and Extracellular Vesicle (EV) Isolation

Ten-milliliter colostrum samples were centrifuged at 2000x ¢ for 10 min, and the defatted
colostrum was transferred to a new tube and centrifuged at 12,000x g for 30 min. The aqueous
supernatant fractions were filtered (0.45 um pore size filter), and two volumes of filtered supernatants
were incubated overnight with one volume of Exoquick Exosome Precipitation Solution (SBI, System
Biosciences, Palo Alto, CA, USA) at 4 °C. The following day, the mixture was centrifuged at 1500 g
for 30 min at 4 °C, and the precipitated EVs were resuspended in PBS. The protein concentration was
determined by means of a Protein Assay (Bio-Rad, Hercules, CA, USA).

2.3. EV Characterization by Immunoblotting

The protein profile of the EVs was determined by immunoblotting, using human foreskin fibroblasts
(HFF-1) as a control. The EV preparations and HFF-1 cells were lysed in an RIPA buffer (25 mM
Tris-HC1 pH 7.6, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS) with a protease inhibitor cocktail. The supernatants were analyzed for protein concentrations by
means of the Bio-Rad Protein Assay (Bio-Rad). The extracted proteins were denatured in a Laemmli
buffer (4% SDS, 20% glycerol, 10% (3-mercaptoethanol, 0.004% bromophenol blue, 0.125 M tris-HCl
pH 6.8) at 95 °C for 5 min. The lysates were fractionated onto 8.5% SDS-PAGE and transferred to a
polyvinilidene difluoride membrane (Millipore, USA). The following primary antibodies were used:
CD9, CD63, CD81 (1:1000; SBI System Biosciences) and calnexin (1:1000, Transduction Laboratories,
San Jose, CA, USA).

2.4. Nanoparticle Tracking Analysis (NTA)

A nanoparticle tracking analysis system (NanoSight NS300, Malvern Instruments Ltd, Malvern,
UK) was used to determine the particle size and particle concentration. EV preparations were diluted
in PBS (1:8000) prior to analysis and quantified in triplicate. Data were reported as the number of
particles/mL (n/mL).

2.5. Cell lines and Viruses

Low-passage-number (<30) HFF-1 (ATCC SCRC-1041) were grown as monolayers in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma-Aldrich, Sain Louis, USA), supplemented with
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15% heat inactivated fetal bovine serum (FBS) (Sigma-Aldrich) and a 1% antibiotic solution
(penicillin-streptomycin, Sigma-Aldrich). A bacterial artificial chromosome-derived HCMV Towne
strain, incorporating the green fluorescent protein (GFP) sequence, was propagated on HFF-1 [21].
HCMYV Towne titers were determined on the HFF-1 cells by means of a fluorescence focus assay;,
as previously reported [9]. The HCMV AD169 laboratory strain (ATCC VR-538) was propagated on
HEFF-1 cells by infecting freshly prepared confluent monolayers in DMEM 2% FBS. When the whole
monolayer displayed a clear cytopathic effect, the infected cell suspension was collected, and the viral
supernatant was clarified by means of centrifugation. Viral stocks were aliquoted and stored at —80 °C.
HCMV-AD169 titers were determined on the HFF-1 cells using the median tissue culture infective
dose (TCIDs5g) method.

2.6. Cell Viability Assay

Colostrum samples and extracellular vesicles were investigated for their impact on cell viability by
means of a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay, as described in Cagno et al. (2015) [22]. HFF-1 cells, pre-seeded at a 5 x 10%/well density
in 96-well plates in DMEM 10% FBS, were challenged with serial dilutions of the aqueous fraction
of colostra and extracellular vesicles. After 5 days of incubation at 37 °C, the cell monolayers were
washed three times with DMEM, and cell viability was assessed with a Cell Titer 96 Proliferation Assay
Kit (Promega, Madison, WI, USA). An aliquot of 20 microliters of MTS reagent was added to 100 pL
DMEM per well; the cells were incubated at 37 °C for 4 h. Absorbance was measured at 491 nm using
a Multiskan FC Microplate Photometer (Thermo Scientific, Waltham, MA, USA). The percentage of
absorbances of the treated cells to the cells incubated with only a culture medium was calculated, and
the 50% cytotoxic concentrations (CCsg) and 95% confidence intervals (95% CI) were determined for the
preterm colostra and colostrum-derived EVs using Prism software (Graph-Pad Software, San Diego,
CA, USA).

2.7. HCMV Inhibition Assay

Pre-seeded HFF-1 cells (density 5 x 10% per well in 96-multiwell plates) were pre-incubated
with serial dilutions of colostra (1:1 to 1:1024) and EVs (from 423 pg/mL to 0.41 ng/mL) for 1 h at
37 °C. Corresponding serial dilutions of colostra and EVs containing a constant amount of HCMV
Towne at a multiplicity of infection (MOI) of 0.02 foci forming units (FFU)/cell or HCMV AD169
at a MOI of 0.03 plaque forming units (PFU)/cell were incubated for 1 h at 37 °C and were then
added to pre-treated HFF-1 cells. Viral adsorption was performed for 2 h at 37 °C. The inocula were
removed; then, the cells were washed and were then overlaid with a 1.2% methylcellulose DMEM
medium 2% FBS. After 5 days of incubation at 37 °C, the HCMV Towne-infected cells and foci were
visualized as green fibroblasts by means of fluorescence microscopy and counted. The results were
reported as the percentage of fluorescent cells compared to the control. The HCMV AD169-infected
cell monolayers, after 5 days of incubation at 37 °C, were fixed with cold methanol-acetone (1:1) for
1 min, permeabilized in PBS 0.1 % Triton X-100, treated with PBS-methanol (1:1) 0.6% H>O, and
subjected to HCMV-specific immunostaining with a specific anti-HCMV IEA monoclonal antibody
(1:1500 dilution; 11-003, Argene, Verniolle, France). An UltraTech HRP Streptavidin-Biotin detection
system was used (Beckman Coulter, Marseille, France). The immunostained cells and plaques were
counted, and the percentage of the inhibition of virus infectivity was determined. The concentrations
of colostra and EVs that produced a reduction of 50% and of 90% in the formation of HCMV Towne
foci (effective concentration-50 (ECsp) and effective concentration-90 (ECyj)) and of HCMV AD169
infectivity, in comparison with the controls, were calculated by means of Prism 5 software.

2.8. HCMYV Inactivation Assay

Constant amounts of HCMV Towne (10° FFUs) were challenged with EVs at ECq( concentrations
(as determined in the inhibition assay) in a final volume of 110 pL. The virus-EV mixtures were
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incubated for 2 h at 37 °C. Both EV-treated and untreated HCMV mixtures were titrated to non-inhibitory
concentrations on HFF-1 cells (density 5 x 103/well) by means of a foci assay. Viral infectivity was
determined after 5 days of incubation at 37 °C by means of fluorescence microscopy. The titers of the
EV-treated and untreated viral mixtures were analyzed by means of the Student’s ¢-test. Significance
was reported for p < 0.05.

2.9. Pre-Treatment Assay

HFF-1 cells (5 x 10%/well density) were challenged with serial dilutions of EV preparations at
37 °C for 2 h. After washing, the cells were infected with HCMV Towne at a MOI of 0.02 FFU per cell
for 2 h, washed and incubated with a 1.2% methylcellulose DMEM medium with 2% FBS. After 5 days
of incubation at 37 °C, the infected cells and foci were visualized by means of fluorescence microscopy
and counted. The ECsy values of the EV preparations were calculated using Prism 5 software.

2.10. Attachment Assay

Pre-chilled HFF-1 cells (5 x 10%/well density) were infected with HCMV Towne at a MOI of
0.2 (FFU per cell) at 4 °C in the presence of serial dilutions of EV preparations. After one wash, to
remove the unbound virus, the cells were shifted to 37 °C for 2 h. The outer virions were inactivated
with acidic glycine (0.1 M glycine, 0.14 M NaCl, pH 3) for 2 min at RT. The cells were then washed
three times, overlaid with a 1.2% methylcellulose DMEM medium 2% FBS and incubated at 37 °C for
5 days. The infected cells and foci were visualized by means of fluorescence microscopy and counted.
The ECsg values of the EV preparations were calculated using Prism 5 software. All the experiments
were performed in triplicate.

2.11. Entry Assay

HCMYV Towne, at a MOI of 0.2 FFU/cell, was adsorbed for 2 h at 4 °C on pre-chilled HFF-1 cells
(5 x 10%/well density). After one wash to remove any unbound viral particles, the cells were treated
with serial dilutions of EV preparations for 2 h at 37 °C. The outer virions were inactivated with acidic
glycine for 2 min at RT. The cells were then washed three times, overlaid with a 1.2% methylcellulose
DMEM medium 2% FBS and incubated at 37 °C for 5 days. The infected cells and foci were visualized
by means of fluorescence microscopy and counted. The ECsy values of the EV preparations were
calculated using Prism 5 software. All the experiments were performed in triplicate.

2.12. Post-Entry Assay

HCMYV Towne, at a MOI of 0.2 FFU/cell, was adsorbed for 2 h at 4 °C on pre-chilled HFF-1 cells
(5 x 103/well density). After one wash, the cells were shifted to 37 °C for 2 h. The outer virions were
inactivated with acidic glycine for 2 min at RT. The cells were then washed three times, challenged with
serial dilutions of EV preparations in a 1.2% methylcellulose DMEM medium 2% FBS and incubated
at 37 °C for 5 days. The infected cells and foci were visualized by means of fluorescence microscopy
and counted. The EC5( values of the EV preparations were calculated using Prism 5 software. All the
experiments were performed in triplicate.

2.13. Data Analysis

The EC5p and ECyg concentrations were calculated by means of regression analysis and compared
using the F-test by Prism 5 Software. The Student’s t-test was used for the virus inactivation assay to
compare the viral titers in the EV-treated and untreated samples, as well as for the attachment assay
to compare the number of HCMYV foci. A one-way ANOVA was used to compare HCMYV infectivity
in the attachment assays with the pooled peptides. Significance was reported for p< 0.05. All the
experiments are presented and discussed as the means of the results of three independent experiments
performed in duplicate.
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2.14. Shaving of Extracellular Vesicles

An aliquot of 100 puL of EVs, resuspended in PBS, was mixed with an equal volume of 25 mM
NH4HCO3. An aliquot of 3 uL of trypsin (1 pg/uL) (Promega, Madison, WI, USA) was added and the
sample was incubated at 37 °C for 4 h under mild agitation in order to allow surface protein digestion.
The shaved EVs were washed with sterile PBS using a 300 kDa Nanosep Centrifugal Device (Pall
Corporation, New York, US) previously passivated for 1 h with 5% Tween80 and washed once with
70% ethanol, once with sterile ddH,O and twice with 25 mM NH;HCO3. In order to obtain the tryptic
peptide fraction, the solution that passed through the membrane was collected and further filtrated
with 10kDa Nanosep. The peptides were then dried under vacuum (Concentrator 5301, Eppendorf
AG, Hamburg, Germany) before LC-MS/MS analysis. As a control, the EV preparation was processed,
as already described, without the trypsin digestion step.

2.15. ESI-Q-TOF Analysis of Peptides

LC-MS/MS analyses were performed using a micro-LC Eksigent Technologies (Dublin, USA)
system with a stationary phase of a Halo Fused C18 column (0.5 x 100 mm, 2.7 um; Eksigent
Technologies, Dublin, USA). The injection volume was 4.0 uL and the oven temperature was set at
40 °C. The mobile phase was a mixture of 0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic
acid in acetonitrile (B), which was eluted at a flow-rate of 15.0 pL/min at increasing concentrations
of B; that is, from 2% to 40% in 30 min. Peptides were suspended in 10 uL of A. The LC system was
interfaced with a 5600+ TripleTOF system (AB Sciex, Concord, Canada), equipped with a DuoSpray
Ion Source and CDS (Calibrant Delivery System). Peptide identification was performed using the
traditional data-dependent acquisition (DDA) method. The MS data were acquired with Analyst TF
1.7 (SCIEX, Concord, Canada).

2.16. Peptide Data Search

The MS files were searched using Mascot v. 2.4 software (Matrix Science Inc., Boston, MA, USA)
with trypsin as the enzyme, a peptide mass tolerance of 50 ppm, an MS/MS tolerance of 0.1 Da, peptide
charges set to 2 *, 3 * and 4 * and under consideration of the monoisotopic mass. The UniProtKB
review database containing human proteins (Human Uniprot, version v.2018.02.01, 42,271 sequences)
was used. Only the peptides with a higher peptide score than the peptide identity were considered for
the protein identification. Moreover, only the proteins identified in at least two samples out of three
were selected as shared proteins and subjected to further in silico analyses. In the case of common
proteins identified with a single peptide, they were only included if they were identified with at least
two peptides in another sample containing the same protein.

2.17. In Silico Analysis of Proteins

The 45 proteins selected as previously described were analyzed using three open-source tools.
Cell Plock 2.0 (package Euk-mPLoc 2.0) (http://www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/) was used
to find the protein sub-localization, Protter version 1.0 (http://wlab.ethz.ch/protter/start/) was used
to visualize the protein arrangement between the internal and external environment of the cell,
and InterPro (https://www.ebi.ac.uk/interpro/) was used to classify the proteins according to the
biological process in which they are involved.

3. Results and Discussion

3.1. Milk Sample Collection and Antiviral Activity of Colostrum-Derived Extracellular Vesicles (EVs)
against HCMV

The first set of experiments was performed on 13 fresh colostrum samples (1-5 days postpartum)
collected from healthy donor mothers admitted to the Sant’Anna Hospital of Turin (Citta della Salute
e della Scienza di Torino). This study group included mothers of preterm infants with gestational
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ages ranging from 23 + 3 to 32 + 0 (weeks + day). The milk was collected in the hospital and kept at
room temperature until it was delivered to the laboratory, where it was processed within two hours.
The aqueous fraction derived from clarified colostrum is considered the most appropriate biological
matrix for in vitro assays because of its lower impact on cell viability than whole milk [9]; it was
therefore used as the starting material for the isolation of EVs with an ExoQuick preparation [23,24].
The EV pellet was dissolved in a small volume of PBS, and its protein concentration was determined.
Vesicles purified from preterm colostra were characterized using nanoparticle tracking analysis to
determine the size and particle concentration. The Nanosight instrument showed that most EVs were
between 100-400 nm in diameter (mean size, 219.9 + 28.7 nm, mode 184.4 nm; a representative analysis is
reported in Figure 1A). The particle concentration of the milk EVs was roughly 1.00 x 10'3 particles/mL.
Minimal differences in size and concentration were observed for the different EV preparations. Protein
lysates were prepared and Western blot analysis was performed to confirm the presence of exosomes in
the EVs. The immunoblotting revealed that the colostrum-derived vesicles were positive for the CD63,
CD9 and CD81 exosome-associated proteins, but negative for calnexin, which was only detected in the
HFF-1 cell lysate. The negative calnexin signal indicated that the EVs did not contain an endoplasmic
reticulum marker (Figure 1B) [25,26].

After the isolation and characterization of the EVs, colostrum samples and the corresponding
isolated EVs were tested in vitro on HFF-1 cells against HCMV Towne strain expressing the GFP
protein; the GFP marker facilitated the identification of infected cells. As reported in Table 2,
we confirmed the net antiviral activity of colostrum against HCMV, with the presence of only moderate
differences among samples; all the tested samples generated dose-response curves with a half
maximal effective concentration (ECsj value) ranging from 38.71 pg protein/mL to 213.9 pg protein/mL.
The observed variability in the anti-HCMYV activity of human colostrum was likely related to the
well-known interpersonal variability of HM composition and to the HCMYV serostatus of the milk
donors. Furthermore, we demonstrated a remarkable antiviral activity in all the EV preparations, with
ECss ranging from 3.98 to 75.93 ug protein/mL.

Table 2. Anti-human cytomegalovirus (HCMV) activity of the colostra and colostrum-derived EVs.

ECs0? (ng/mlL)

ECg° (ug/mL)

Sample no. (95% CI ) (95% CI)
Colostra 1 67.33 (54.24-83.57) 190 (118.5-304.5)
2 62.58 (50.45-77.63) 215 (133.9-345.3)
3d 153.5 (129.5-182.1) 527.6 (359.1-775.1)
4 152 (83.46-276.8) 581.8 (160.1-2115)
5 115.7 (109.3-122.6) 306 (269.7-347.2)
6 104.3 (84.02-129.5) 652.9 (404.6-1053)
7 51.35 (28.24-93.38) 647.4 (170.6-2457)
8 111.8 (90.67-137.9) 323.2 (204.3-511.6)
9 149.7 (116.9-191.6) 920.1 (545.3-1552)
10 38.71 (29.82-50.24) 738.3 (405.4-1345)
11 125.3 (105.9-148.2) 356.8 (245.1-519.4)
12 140.6 (107.9-198.4) 637.5 (431.6-941.5)
13 213.9 (186.2-245.7) 413.9 (290.4-590)
Colostrum-derived EV 1 35.29 (23.91-52.08) 200.9 (85.08-474.4)
2 8.84 (5.66-13.81) 120.4 (42.95-337.4)
3d 41.56 (27.44-62.95) 222.2 (87.30-565.7)
4 42.16 (27.33-65.02) 435.9 (168.3-1129)
5 55.55 (49.31-62.58) 97.31 (69.92-135.4)
6 19.68 (14.09-27.49) 479.6 (219.7-1047)
7 3.98 (1.36-11.63) 844.1 (74.99-9501)
8 21.96 (13.20-36.53) 277.2 (85.72-896.4)
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a
Sample no. ECso? (ug/mL)

ECqo¢ (ug/mL)

(95% CI ) (95% CI)
9 75.93 (47.92-120.3) 625.1 (201.5-1940)
10 33.92 (14.31-80.38) 1324 (65.48-26763)
1 74.21 (62.6-113.3) 493.8 (246.8-988)
12 41.4 (32.7-64.59) 277.6 (159.7-482.4)
13 30.92 (22.27-42.94) 371 (187.3-735.1)

a ECsp: half maximal effective concentration; ® CI: confidence interval; ¢ ECqg: 90%-effective concentration; 4 HCMV

multiplicity of infection (MOI) 0.3 FFU/cell.
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Figure 1. Characterization of the breast milk extracellular vesicles (EVs). (A): Representative analysis
of an EV sample obtained from nanoparticle tracking analysis (NTA) using NanoSight. Size (nm) on
the X-axis and concentration (number of particles/mL) on the Y-axis. The NTA showed that most EVs
were between 100400 nm in diameter (mean size, 219.9 + 28.7 nm, mode 184.4 nm). (B): Profile of the
colostrum-derived EVs obtained from immunoblotting. The CD9, CD63 and CD81 EV markers and the
endoplasmic reticulum-related protein calnexin were analyzed. Human foreskin fibroblast (HFF-1)
cell lysate was used as a control. The immunoblotting revealed that the colostrum-derived EVs were

positive for CD63, CD9 and CD81 and negative for calnexin.
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Figure 2 shows that a high number of GFP-expressing cells were visible in the untreated infected
monolayers. On the other hand, the viral infectivity was completely abolished for the highest tested
dose (423 pg/mL), and a reduced number of green cells was reported for lower EV doses. Interestingly,
a high level of antiviral activity of the colostrum-derived EVs (an ECsy value of 41.56 pg protein/mL)
was observed, even when a 10-fold greater viral inoculum was used (sample 3). Moreover, we excluded
the possibility that the antiviral activity of the EVs was due to cytotoxicity, since the EVs did not affect
the cellular viability when the cells were treated under the same conditions as the antiviral assays and
processed by means of an MTS assay (CCs values > 1000 pg/mL for all the EV preparations). Figure S1
reports cell viability data from assays performed on three representative EV preparations (EV samples

1,2 and 3).
UT

423 pg/mL
211.5 pg/mL 105.8 pg/mL

Figure 2. Anti-HCMYV assay with colostrum-derived EVs. Representative HCMYV foci (green fluorescent
protein (GFP)-expressing, green) in the HFF-1 cell monolayers are reported for 423,211.5 and 105.8 pug/mL
EV protein concentrations, as obtained from the HCMV Towne inhibition assay; HCMV at MOI
0.3 FFU/cell. UT, untreated.

To the best of our knowledge, this is the first study to have reported the intrinsic antiviral activity
of human colostrum-derived EVs against HCMV infection. Néaslund et al. (2014) demonstrated a
similar antiviral activity of breast milk exosomes and showed that milk exosomes, but not plasma
exosomes, significantly reduced the productive HIV-1 infection of monocyte-derived dendritic cells by
approximately 50%, compared with untreated cells, and blocked HIV-1 transfer from monocyte-derived
dendritic cells to CD4+ T cells [19]. Only a few studies have reported a direct inhibition of viral infections
by the extracellular vesicles of biological fluids. Extracellular vesicles isolated from semen, but not
from the blood of HIV-1-infected individuals, inhibited HIV-1 replication in vitro [27]. Furthermore,
exosome-like vesicles released from human tracheobronchial ciliated epithelium neutralized the
infectivity of the influenza virus by up to 85-99% [28].

3.2. Colostrum-Derived Extracellular Vesicles Inhibit the Attachment of HCMV on Cells

In order to identify the major mechanism of action, three EV preparations (3, 6 and 10) were
selected and subjected to further studies. First, a virus inactivation assay was performed in which
the virus was incubated with an effective high concentration of EVs (ECyp) for 2 h at 37 °C and then
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added to cells at dilutions at which the vesicles were no longer active. Figure 3A shows no significant
differences in the viral titers between the treated and untreated samples, indicating that the vesicles did
not impair infectivity by directly targeting viral particles. Having excluded virus inactivation activity,
we then investigated whether the active EVs targeted the cell surface before the infection, thereby
inhibiting infectivity. A pre-treatment assay was performed in which Vero cells were pre-treated with
scalar protein concentrations of EVs for two hours prior to viral infection. Figure 3B shows that none
of the tested EV preparations exerted inhibitory activity under these experimental conditions.
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Figure 3. (A). Evaluation of the inactivation of HCMV by EVs. Three samples of EVs were investigated
to evaluate the inactivation of the HCMYV particles at 37 °C for 2 h. No significant differences in the viral
titers were observed between the treated and untreated samples. The infectious titers are expressed on
the Y-axis as FFU/mL. Black bar, HCMV; white bar, HCMV plus EV sample. Error bars represent the
standard error of the means of three independent experiments. (B). Pre-treatment anti-HCMYV assay.
Three samples of EVs were challenged with HFE-1 cells for 2 h at 37 °C prior to HCMYV infection. None of
the EV preparations exerted inhibitory activity under these experimental conditions. Data are reported
as the mean percentages of infection, in comparison with the control of three independent experiments.

We then evaluated the ability of EVs to impair the first steps of the HCMYV replicative cycle, such as
their attachment and entry into cells, by means of specific assays. First, we carried out an attachment
assay, using an experimental condition in which the virus was allowed to bind to the surface of the host
cells, in the presence or absence of EVs, but did not undergo cell entry. Figure 4A shows that all the
EV preparations inhibited HCMYV infectivity and generated dose-response curves with ECsy values
ranging from 14.50 to 38.90 ug protein/mL. It should be highlighted that no statistically significant
differences were observed for any of the investigated EV preparations (p > 0.05, Student’s t-test) in
the comparison between the number of HCMYV foci in the untreated wells and those in the treated
wells, with no active EV dilutions in the attachment assays, thus suggesting that the viral titers did not
change. On the other hand, when EVs were added immediately after virus attachment to assess their
ability to prevent entry (entry assay), no inhibition was observed for two EV preparations, and a weak
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inhibition was observed at high doses for the sample 3-derived EVs (Figure 4B). Furthermore, in order
to exclude the ability of EVs to impair the late intracellular steps of viral replication, vesicles were
added immediately after the viral penetration of the host cells. The post entry assay, which is reported
in Figure 4C, showed no inhibition of HCMYV infectivity at the post-entry stage for any of the tested
EV preparations.
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Figure 4. Effect of the colostrum-derived EV on the HCMYV replicative cycle. (A) of the above figure
shows the attachment assay; in this experimental condition, the virus was allowed to bind to the surface
of the HFF-1 cells in the presence of EV but not to undergo cell entry. All the EV preparations inhibited
HCMYV Towne infectivity and generated dose-response curves. (B) shows the entry assay; in this
experimental condition, the EVs were added to the HFF-1 cells immediately after virus attachment.
No inhibition was observed for EV preparations 6 and 10, and a weak inhibition was observed for
high doses for EV sample 3. (C) shows the post-treatment assay; the EVs were added to HFF-1 cells
immediately after the viral penetration of the cells. No inhibition of HCMYV infectivity was observed
at the post-entry stage of infection for any of the EV preparations. Data are reported as the mean
percentages of infection, compared with the control, for three independent experiments and for three
EV preparations.



Microorganisms 2020, 8, 1087 12 of 22

Overall, these findings demonstrate that human colostrum-derived EVs exert their antiviral activity
by impairing the attachment of HCMYV to the cell surface. This effect may be attributed to several EV
components acting together, or to a single species/component, likely including proteins, glycoproteins
and lipids which are present on the EV surface. These antiviral effectors might act through two
distinct approaches: first, by binding to specific viral components while mimicking cellular receptors,
or through a direct interaction with the cell, and masking cellular receptors, thereby competitively
inhibiting virus attachment. Like viruses, EVs can also bind to the plasma membranes of other cells,
enter them through either fusion or endocytosis and trigger specific reactions. These processes are
mediated by specific EV proteins, and tetraspanins in particular [29].

3.3. Shaving of Extracellular Vesicles Significantly Reduced Their Anti-HCMV Activity

Shaving experiments were performed on three EV preparations (11, 12 and 13) to evaluate the
ability of EVs to affect the interaction between the viral particles and the cell surface proteins. To this
end, the EVs were subjected to trypsin digestion in order to shave the proteins that were present on the
surface of the EVs. As a control, an aliquot of each EV preparation was subjected to the same shaving
protocol but without digestion with trypsin. The shaved EVs were characterized using NanoSight
to evaluate their size, which showed a reduction in diameter (mean size 188.2 nm, mode 138.9 nm)
compared with intact EVs (mean size 219.9 nm, mode 184.4 nm) (Figure 5), while no diameter variations
were reported for the control EVs.
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Figure 5. Characterization of shaved EVs. Representative analysis of a shaved EV sample (A), and intact
EV (B) by means of nanoparticle tracking analysis (NTA) using NanoSight. The shaved EVs showed
a reduction in diameter compared with the intact EVs. Size (nm) on the X-axis and concentration
(number of particles/mL) on the Y-axis.

After shaving, the expected decrease in the number of EVs was observed, and the inhibition test
data were therefore normalized to the decreased number of vesicles. Antiviral assays against the HCMV
Towne strain were then performed by treating cells with intact, shaved and control EVs. As reported
in Figure 6, the shaved EVs of the three preparations exerted a significantly reduced antiviral activity,
compared with both the intact EV and control preparations. The ECsj values of the intact EVs were
around 3.65 x 1010 particles/mL, while the EC5( values of the shaved EVs were in a range from 1.47 x 101
to 4.61 x 10'! particles/mL. In order to validate these data, antiviral experiments were also performed
against HCMYV strain AD169—another laboratory reference strain. Again, the clarified colostrum
exhibited a net anti-HCMV-AD169 activity (EC5¢ 163 ng/mL), and the intact colostrum-derived EVs
exerted a high antiviral activity (ECsg 24.2 ng/mL), which was significantly reduced after the shaving
experiments (shaved EVs, ECsg 201 pg/mL). Our results indicate that the proteins on the surface of EVs
play a role in the antiviral mechanism of action of EVs.
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Figure 6. Anti-HCMYV assays with EVs and shaved EVs. The antiviral activities of three EV preparations,

shaved EVs and controls are reported as EC5y values obtained from an HCMYV inhibition assay.

The shaved EVs from three preparations (11, 12 and 13) exerted a significantly reduced antiviral

activity compared with both the intact EV and the control preparations. The inhibition test data were

normalized to the number of vesicles and expressed as the number of particles/mL (n/mL). Error bars

represent the standard error of the means of three independent experiments.

3.4. Proteomic Analysis of EV Surfaceome

The shaved peptide mixture derived from the EV membrane surface proteins (surfaceome) was
analyzed by means of LC-MS/MS in order to investigate the proteins that could be responsible for the
EV antiviral properties (Table 3; more details are shown in Table S1).

Table 3. List of the 45 proteins shared between at least two samples out of three (samples 11, 12 and 13)
identified by means of LC-MS/MS. The UNIPROT ID, the molecular weight (MW), the isoelectric point

(pI) and the biological function are reported for each identified protein.

Uniprot Id Description MW pI Biological Function
Tumor necrosis factor receptor . .

000300 superfamily member 11% 45,996 8.66 Signaling pathway
000391 Sulfhydryl oxidase 1 66,818 9.13 Oxidation-reduction process
015232 Matrilin-3 52,816 6.25 Calcium ion binding
P00709 Alpha-lactalbumin 16,214 4.83 Lactose biosynthetic process
P01011 Alpha-1-antichymotrypsin 47,621 5.33 Proteolysis
P01024 Complement C3 187,030 6.02 Immune response
P01833 Polymeric immunoglobulin receptor 83,232 5.58 Immune response
P01834 Immunoglobulin kappa constant 11,758 6.11 Immune response
P01876 Immunoglobulin heavy constant alpha 1 37,631 5.99 Immune response
P02647 Apolipoprotein A-I 30,759 5.56 Lipid transport
P02649 Apolipoprotein E 36,132 5.65 Lipid transport
P02652 Apolipoprotein A-II 11,168 6.26 Lipid transport
P02748 Complement component C9 63,133 543 Immune response
P02788 Lactotransferrin 78,182 8.50 Immune response
P04114 Apolipoprotein B-100 515,283 6.58 Lipid transport
P04406 Glyceraldehyde-3-phosphate dehydrogenase 36,030 8.57 Glucose metabolic process
P05814 Beta-casein 25,366 5.52 Casein micelle formation
P06396 Gelsolin 85,698 5.90 Cell motility and contraction
P06858 Lipoprotein lipase 53,129 8.37 Lipid metabolic process
P07498 Kappa-casein 20,293 8.97 Casein micelle formation
P07602 Prosaposin 58,112 5.06 Lipid metabolic process
P07996 Thrombospondin-1 129,300 4.71 Adhesion
P08571 Monocyte differentiation antigen CD14 40,051 5.84 Immune response
P10451 Osteopontin 35,422 4.37 Adhesion
P10909 Clusterin 52,494 5.88 Protein folding/transport
P15291 Beta-1,4-galactosyltransferase 1 43,920 8.88 Carbohydrate metabolic process
P19835 Bile salt-activated lipase 79,272 5.13 Lipid metabolic process
P22897 Macrophage mannose receptor 1 165,905 6.11 Endocytosis
P23280 Carbonic anhydrase 6 35,366 6.51 Carbon metabolic process
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Table 3. Cont.

Uniprot Id Description MW pl Biological Function
P23284 Peptidyl-prolyl cis-trans isomerase B 23,728 9.42 Protein folding/transport
P24821 Tenascin 240,853 4.79 Adhesion
P47710 Alpha-S1-casein 21,671 5.32 Calcium ion binding
P47989 Xanthine dehydrogenase/oxidase 146,330 7.86 Oxidation-reduction process
P49327 Fatty acid synthase 273,254 6.01 Oxidation-reduction process
P58499 Protein FAM3B 25,981 8.97 Insulin secretion
P60709 Actin, cytoplasmic 1 41,710 5.29 Cell motility and contraction
Q02809 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 83,550 6.46 Oxidation-reduction process
Q08431 Lactadherin 43,105 8.47 Adhesion
Q13410 Butyrophilin subfamily 1 member A1l 58,923 5.38 Milk-fat droplet release / immune response
Q14697 Neutral alpha-glucosidase AB 106,873 5.74 Carbohydrate metabolic process

Q6WN34 Chordin-like protein 2 49,643 6.75 Signaling pathway
Q96DA0 Zymogen granule protein 16 homolog B 22,725 6.74 Protein folding/transport
Q96586 Hyaluronan and proteoglycan link protein 3 40,868 6.07 Adhesion
Q99102 Isoform 10 of Mucin-4 225,293 5.85 Adhesion
Q9H173 Nucleotide exchange factor SIL1 52,052 5.27 Protein folding/transport

The total number of identified proteins in the three analyzed samples was 258. Of these proteins,
45 were found to be shared between at least two samples out of three, and 16 were found in all the
analyzed samples (Figure 7A). Sample 11 and sample 12 shared a higher number of proteins than
sample 13, which seemed to be less rich in shaved peptides. Considering that only the proteins with an
extracellular domain containing cutting sites for trypsin were identified, we believe that the number of
identified proteins is adequate. As far as sub-localization is concerned, the extracellular proteins were
most abundant, followed by the cell membrane proteins (Figure 7B). The analyses of the membrane
protein coverage by the identified peptides showed that 98% of the peptides were located in the
extracellular regions, thus demonstrating the effectiveness of the shaving protocol. The most frequently
represented biological function categories were those related to the immune response and adhesion
(Figure 7C), thus indicating that these are the key mechanisms involved in antiviral response.

The surfaceome proteomic analysis showed that 91% of the identified proteins had already
been found in the HM EVs [17,30]. Some of them are already known for their antiviral properties,
especially against HIV infection, whereas there are scarce data regarding their inhibitory effect
on HCMV. Interaction with both the virus and the host cell receptors has been proposed as a
mechanism of action for most of these proteins (e.g., clusterin, bile salt-activated lipase, tenascin,
thrombospondin and osteopontin). Among the identified proteins, the most promising in terms of
antiviral properties are components of the immune system (polymeric-Ig receptor precursor, Ig k-chain
C region, Ig heavy constant alpha 1 and complement C9 and C3), caseins («-S1-casein, [3-casein and
k-casein), whey proteins (lactoferrin and « lactalbumin), milk fat globule-associated proteins (MFGP)
(mucin MUC4, lactadherin, clusterin, bile salt-activated lipase, apolipoproteins and lipoprotein lipase),
macrophage mannose receptor, tenascin, thrombospondin, gelsolin and osteopontin.

The components of the immunoglobulin superfamily—and IgAs in particular—are already known
to be prominent in human breast colostrum and to provide newborns with passive immune protection.
Among the complement proteins, complement component C9—which has here been identified for
the first time in the HM EV fraction—is the major actor of the membrane attack complex (MAC),
a multi-protein complex that forms pores in the plasma membrane of target pathogens or virally infected
cells [31]. C9 polymerization is the product of a single gene that is sufficient to encode a pore-forming
molecule targeted at an early stage by C3b (also identified in this study). C9 is a multi-domain protein
that contains an N-terminal type-1 thrombospondin (TSP) domain, an LDL-receptor class A repeat,
a number of potential transmembrane regions and a C-terminal EGF-like domain. The N-terminal
TSP1 domain seems to be crucial in the molecular mechanism of the MAC assembly. The formation of
a MAC on the viral surface and complement-mediated lysis seem to be essential for the reduction of
viral titers in Zika virus infection [32].



Microorganisms 2020, 8, 1087 15 0of 22

N=258

B PROTEIN SUB-LOCALIZATION

Extracellular
Cellmembrane S
Endoplasic reticulum [N
Cytoplasm [l
Peroxisome [N
Golgi apparatus [l
Lysosome [l

Cytoscheleton Il

Nucleus
0 5 10 15 20 25 30
Number of proteins
PROTEIN FUNCTION
C

Immune response

Adhesion

Protein folding/transport
Oxidation-reduction process
Lipid transport

Lipid metabolic process
Calcium ion binding
Signaling pathway

Casein micelle formation
Carbohydrate metabolic process
Cell motility and contraction
Proteolysis

Lactose biosynthetic process
Insulin secretion
Glucose metabolic process

Endocytosis

Carbon metabolic process

o
[,
N
w
N
w
a
~
o

Number of proteins

Figure 7. Venn diagrams showing the distribution of the identified proteins over samples 11 (a), 12 (b)
and 13 (c). A total of 258 proteins were identified in all the samples (A). Histograms grouping the
45 shared proteins (identified in at least two out of the three analyzed samples) according to the
sub-localization (B) and to the function (C).
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Most of the proteins identified in our study are phosphorylated and/or glycosylated and thus
function as soluble receptors that inhibit pathogen binding to the mucosal cell surface. Caseins,
for instance, can exert their antiviral activity with both phospho-groups and glycans. K-casein has
been reported to have anti-human rotavirus activity via the direct binding of glycans to the virus [33].
Among the whey proteins, lactoferrin (LF) has a well-known antiviral activity against HCMV as well
as against the hepatitis C virus, poliovirus, enterovirus 71, BK polyomavirus, HIV-1 and the human
papilloma virus [34]. The cationic N-terminal amino acid sequence of both human and bovine LF,
which are rich in arginine and tryptophan, contributes to anti-HCMYV activity [35]. Lactoferricin, mainly
in the cyclic structure, which is derived from the LF N-terminal part by proteolytic cleavage with
pepsin, primarily exhibits its antiviral effect on the cell surface, where it interferes between the virus
and host cell receptors and thus blocks HCMV adsorption and entry [36]. Alpha-lactalbumin has also
demonstrated antiviral activity against reovirus strain type 3 Dearing, for which a hemagglutination
mechanism has been suggested [37].

Regarding milk fat membrane associated proteins, the involvement of human milk mucins in
protection against virus infection has already been established. Purified mucin components (MUC1
and MUC4) are able to inhibit HIV-1 in vitro and prevent the transmission of HIV-1 from dendritic
cells to CD4+ T cells [38,39]. Moreover, core 2 glycans of mucins bind to the rotavirus virion, thereby
preventing the virus from recognizing the cellular receptors [40]. Furthermore, the presence of epithelial
mucins, associated with a-2,6-linked sialic acid, on exosome-like vesicles from human tracheobronchial
ciliated epithelium has been shown to contribute to their antiviral effect against the human influenza
A virus, which is known to bind sialic acid. The antiviral activity was ablated by pre-treating EVs
with neuraminidase, thus suggesting that the interaction between exosomes and the influenza A
virus was sialic acid-dependent [28]. Milk exosomes instead act as a protective factor against the
vertical transmission of HIV-1 by competing with the virus to bind to the cellular receptor dendritic
cell-specific ICAM-3-grabbing non-integrin (DC-SIGN). This action was found to be due to the presence
of the soluble MUC 1 on the exosome surface—a known DC-SIGN ligand [19]. Among the MFGPs,
lactadherin (LA) is a glycoprotein that is able to attenuate the infectivity of rotavirus by interacting
directly between the virus and its oligosaccharides, thus preventing the virus from attaching to the
intestinal mucosa [41]. As already demonstrated for MUC], the N-linked carbohydrate sequence
containing sialic acids is an essential feature due to its antiviral activity, and the removal of sialic acid in
fact results in a loss of its inhibitory activity [42]. Another MFGP is clusterin; although it is ubiquitously
expressed, it is engaged in a variety of physiologic and pathologic processes, including inflammation,
atherosclerosis and cancer. It may display different biological functions according to its glycosylation
pattern [43]. Sabatte et al. (2011) demonstrated that semen clusterin is a high-affinity ligand of the
C-type lectin receptor DC-SIGN and is responsible for the complete inhibition of HIV-1 recognition [44].
DC-SIGN is expressed by immature monocyte-derived dendritic cells (MDDC) and macrophage subsets
and binds specific carbohydrate structures expressed on the pathogen surface, thereby mediating
the internalization of different pathogens, including HCMV [45]. Moreover, Tripathi et al. (2013)
demonstrated an interaction between the influenza A virus nucleoprotein and the host antiapoptotic
factor clusterin, which is involved in host cell death induction [46]. A few other viruses, including the
dengue virus and hepatitis D, also target clusterin to modulate host responses [47,48]. Bile salt-activated
lipase (BSSL), like clusterin, is able to bind DC-SIGN and cause the inhibition of the HIV-1 transfer to
CD4+ T cells [49]. Moreover, BSSL is effective against the Norwalk virus, probably because its tandem
repeat O-glycosylated motifs attract the virus by acting as decoy receptors [50].

The macrophage mannose receptor (MRC1)—a single-pass transmembrane glycoprotein belonging
to the C-type lectin family—has been investigated in great detail. It is found on the surface of most
tissues—macrophages, dendritic cells and some lymphatic or liver endothelial cells—where it plays the
role of capturing pathogens and removing them from circulation in the bloodstream [51]. As already
demonstrated by Taylor et al. (2005), MRC1 is able to recognize specific sugar motifs (i.e., mannose
modification) on pathogen membrane proteins and to mediate pathogen uptake [52]. Itis able to interact
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with different viruses (HIV-1, dengue, hepatitis B and influenza A). As recently reported by Sukegawa
at al. (2018) with reference to HIV-1, MRC1 inhibits virus release and mediates HIV retention on the
surface of virus-producing cells, thus causing a reduction in the progression of infection [53]. To the
best of our knowledge, the possible involvement of MRC1 in the HCMYV replication cycle has never
been investigated. However, considering that MRC1 is expressed on the main target HCMV-infected
cells, including macrophages and endothelial cells, its ability to bind viral glycoproteins and prevent
cell surface attachment can be hypothesized. Further studies are required to confirm this mechanism
of action.

Thrombospondin (TSP1) is an extracellular matrix glycoprotein with functional domains that is
able to bind calcium, heparin, collagens, other matrix components and cell surface receptors, including
CD36, heparan sulfate proteoglycans (HSPG) and integrins. It has been demonstrated that HCMV
infection suppresses the expression of TSP1 and 2 in human fibroblasts, in human retinal glial cells and in
primary fetal astrocytes, and this action is mainly mediated by HCMV immediate—early proteins [54,55].
Considering the early steps of the HCMYV replicative cycle, viral attachment involves envelope
glycoproteins, such as glycoprotein M and B (gM and gB), both of which bind to HSPGs on the cell
surface. The virus then moves quickly to a more stable cell type-specific docking interaction, with one
or more cellular surface receptors, including specific integrins, epidermal growth factor receptor
(EGFR) and platelet-derived growth factor receptor (PDGFR)-, which mediate HCMV attachment
and entry [56]. Therefore, given the ability of TSP to bind several cellular receptors, including HSPG,
it is possible to hypothesize that it might be able to competitively inhibit virus attachment.

Tenascin is a large, hexameric extracellular matrix glycoprotein that is heavily sialylated:
each monomer contains an assembly domain, a region of epidermal growth factor-like repeats,
a region of fibronectin type Ill-like domains and a fibrinogen-like globe [57]. Fouda et al. (2013)
isolated tenascin from the HIV-neutralizing fraction of antibody-depleted breast milk [58]. It is able to
mediate HIV-1 capture, to block virus-epithelial cell binding and to neutralize HIV-1 by binding to the
HIV Envelope variable 3 loop in a charge-dependent manner, depending on the presence of sialic acid
in its glycomoieties. Furthermore, Mangan et al. (2019) demonstrated that the interaction between
the negatively charged fn domain of tenascin and the positively charged regions of the chemokine
coreceptor binding site of HIV-Env is a likely mechanism of tenascin-mediated virus neutralization [59].
According to these data, it would be interesting to evaluate whether tenascin represents an innate
mucosal antiviral factor that is present as an endogenous HCMV neutralizing protein in breast milk
and to investigate its mechanism of action.

Another protein involved in the anti-HIV-1 mechanism of action is gelsolin, which belongs to
the actin binding protein superfamily and is known to promote actin cytoskeleton remodeling.
Garcia-Expdsito et al. (2013) demonstrated that gelsolin can compromise HIV-induced actin
reorganization and the viral receptor capping events required for HIV-1 Env-mediated fusion,
entry and infection. Therefore, gelsolin can constitute a barrier that restricts the HIV-1 infection
of CD4+ lymphocytes in a pre-fusion step [60].

Finally, osteopontin is a multifunctional protein that is involved in both innate and adaptive
immunity. Zhao et al. (2016) demonstrated that osteopontin is an essential positive regulator that
protects the host from virus infection through the stabilization of the tumor necrosis factor receptor
(TNFR)-associated factor 3, induction of interferon regulatory factor 3 activation and interferon beta
(IFN-B) production [61].

3.5. Surface Peptide Mixtures Inhibit HCMV Attachment

The peptide mixtures derived from the EV shaving of preparations 12 and 13 were investigated
for their anti-HCMYV Towne potency. Pooled peptides were dissolved in 420 pL. DMEM medium,
and two different volumes of the samples were assessed in triplicate by means of an attachment assay.
As reported in Figure 8, a significant dose-dependent HCMYV inhibition of the viral attachment was
observed, with slight variability between the two peptide pools. The 90 uL volumes from EVs 12
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and 13 reduced HCMYV attachment by 82.04% and 90.46% in comparison with the untreated control,
respectively. The 50 uL EV preparations inhibited the viral attachment in the 49.5-66.16% range in
comparison with the untreated control. These data suggest the direct involvement of EV surface
peptides in the inhibition of viral attachment to cells. The incomplete inhibition of viral attachment
from peptide mixtures may be attributed to changes in the structural folding of surface proteins due to
enzymatic digestion. Considering these data, the identification of peptides by means of LC-MS/MS
and the in silico characterization of the peptides will be performed with the aim of characterizing
the peptides that are potentially responsible for the observed antiviral activity. The most promising
peptides will then be synthetized for further antiviral in vitro experiments.
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Figure 8. Effect of the peptides from shaved colostrum-derived EVs on the HCMYV replicative cycle,
as determined by means of the attachment assay. In this experimental condition, the virus was allowed
to bind to the surface of HFF-1 cells in presence of EV but did not undergo cell entry. Peptides from
both shaved EV preparations (12 and 13) were dissolved in 420 uL. DMEM, and two different volumes
were challenged. Both of the preparations inhibited the viral attachment in a dose-response manner in
comparison with the untreated control. Data are reported as percentages of infection, in comparison
with untreated controls for two shaved EV preparations, and compared by means of a one-way ANOVA
(*,p <0.05; **, p < 0.01; ***, p < 0.001). UT, untreated.

4. Conclusions

Overall, our results provide novel insights into the protective role of human colostrum against
HCMYV infection in reducing the risk of viral transmission from mother to child through breastfeeding.
We have confirmed the anti-HCMYV activity of human colostrum in vitro, and we have identified
extracellular vesicles as additional antiviral effectors, together with well-known non-specific bioactive
and immune components of human colostrum. The investigation of the mechanism of action has
indicated that the anti-HCMYV activity of EVs is not mediated by a direct inactivation of the viral
particle, but rather by the inhibition of the viral attachment to the cell surface. The significant reduction
in the antiviral activity of EVs, after shaving experiments, suggests a crucial role of EV surface proteins
in inhibiting viral infection. The proteomic analysis of the EV surfaceome revealed the contribution of
immune components including antibodies (mainly IgA) and complement component proteins (C9
and C3) to antiviral activity. Moreover, we identified several proteins which have proven antiviral
properties against HIV infection but which have scarcely been characterized so far for their activity
against HCMV. We found both milk proteins (caseins, whey proteins and milk fat membrane associated
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proteins) and proteins shared by different tissue cells and biological fluids. The common feature of the
identified proteins is that their glycomoieties seem to play a crucial role in the interference mechanism
between a virus and the host cells, acting as a point of cell-specific recognition for the virus particle and
inhibiting its attachment on the cell surface. Further studies are necessary to explore the involvement of
the identified proteins and their glycan chain composition in the protective role of EVs against HCMV.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/7/1087/s1.
Table S1. List of the proteins identified by means of LC-MS/MS in at least two samples out of three. The protein
score and the sequence of the detected peptides are reported for each protein. Figure S1. Cell viability assay.
Evaluation of the effect of three EV preparations (EV1, EV2 and EV3) on HFF-1 viability at 5 days. The HFF-1 cells
were treated under the same conditions as the antiviral assays and processed by means of an MTS assay. Data are
reported as the percentages of viable cells in comparison with the controls, as determined by means of the MTS
assay for 1000, 500, 250 and 125 ug/mL concentrations. Three independent experiments were performed.
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Abstract

Background: It is known that breastfeeding protects the infant from enteric and respiratory infections; however, the antiviral prop-
erties of human milk against enteric and respiratory viruses are largely unexplored.

Research aims: To explore the antiviral activity of human preterm colostrum against rotavirus and respiratory syncytial virus and
to assess wWhether the derived extracellular vesicle contribute to this activity.

Methods: We used a cross-sectional, prospective two-group non-experimental design. Colostra were collected from mothers of
preterm newborns (N = 10) and extracellular vesicles were purified and characterized. The antiviral activity of colostra and derived
extracellular vesicles were tested in vitro against rotavirus and respiratory syncytial virus and the step of viral replication inhibited by
extracellular vesicles was investigated.

Results: Each sample of colostrum and colostrum-derived extracellular vesicles had significant antiviral activity with a wide interper-
sonal variability. Mechanism of action studies demonstrated that extracellular vesicles acted by interfering with the early steps of the
viral replicative cycle.

Conclusion: We demonstrated the intrinsic antiviral activity of human colostrum against rotavirus and respiratory syncytial virus
and we showed that extracellular vesicles substantially contribute to the overall protective effect. Our results contribute to unravel-
ling novel mechanisms underlying the functional role of human milk as a protective and therapeutic agent in preterm infants.

Keywords
breastfeeding, colostrum, infectious disease, milk composition, prematurity

Background

Human milk (HM) is a complex biofluid containing nutrients
and bioactive factors to support infant growth and development,
along with its immune system. It also contains antimicrobial gly-
coproteins, which act like specific or non-specific pathogen rec-
ognition molecules (Ballard & Morrow, 2013). A large body of
literature has demonstrated the benefits of HM in diminishing
infant morbidity and mortality and in protecting against specific
infections during the breastfeeding period (Bahl et al., 2005;
Duijts et al., 2010). This is particularly relevant for preterm
infants (i.c., born before the 37th week of pregnancy) because
they often develop complications, namely chronic lung disease,
retinopathy, and necrotizing enterocolitis (NEC; Collins et al.,
2018). Interestingly, preterm colostrum (i.e., the milk produced

during the first days after delivery), compared with the colostrum
of term mothers, contains larger amounts of nutrients and
immune factors (Gidrewicz & Fenton, 2014). Moreover, it stim-
ulates the immature neonatal immune system by means of a pre-
biotic mechanism that provides bacteriostatic, bactericidal,
antiviral, anti-inflammatory, and immunomodulatory protection
against infections (Rodriguez et al., 2009), thus contributing to
compensating against the immunological deficiency of preterm
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infants. Despite these widely recognized health benefits of HM,
some intriguing mysteries have yet to be solved, in particular
about how specific components contribute to the development of
an infant’s innate and adaptive immune functions. Extracellular
vesicles (EVs) are one of these components consisting of a het-
erogeneous population of vesicles that include exosomes and
microvesicles. They consist of lipid bilayer enclosed vesicles dis-
playing a heterogeneous size ranging from 50-200 nm, and they
are released by most tissues, including HM (Admyre et al.,
2007). EVs can be taken up by other cells in which they release
their molecular cargo (e.g., miRNA, mRNA, RNAs, enzymes,
signaling proteins) playing a role in intercellular signaling,
immune response, stem cell differentiation, neuronal function,
tissue regeneration, and viral replication (Baier et al., 2014;
Benmoussa et al., 2016; Izumi et al., 2012; van der Pol et al.,
2012). A potential role for milk-derived EVs in immune modula-
tion has been suggested based on their protein and miRNA con-
tents (Admyre et al., 2007; van Herwijnen et al., 2016; Zempleni
et al., 2017; Zhou et al., 2012). Moreover, human milk-derived
EVs (HM-EVs) have been found to have immunomodulatory
properties on T cells. (Admyre et al., 2007). This has led to the
hypothesis that EVs in HM could be involved in the instruction
of the neonatal immune system. Besides this solid body of litera-
ture and the evidence that HM is a rich source of EV's (Torregrosa
Paredes et al., 2014), the antiviral potential of HM-EV's has been
largely unexplored. The only available studies reported that EVs
and exosomes (a specific subclass of cell-derived EVs) were
endowed with antiviral activity against human cytomegalovirus
(CMV) and human immunodeficiency virus Type 1 (HIV-1),
respectively (Donalisio et al., 2020; Naslund et al., 2014), sug-
gesting that EV's may play a role in controlling viral infections in
breastfed infants. This is particularly appealing since viruses are
a relevant risk factor for the worsening of prognosis in preterm
infants. Human rotavirus (HRoV) and respiratory syncytial virus
(RSV) are well-known triggers of complications in preterm neo-
nates, representing the most frequent causes of neonatal viral
outbreaks in neonatal intensive care units (NICUs; Civardi et al.,
2013). HRoV is the most common cause of pediatric diarrhea
(Kotloft, 2017) and preterm infants are at a higher risk of compli-
cations and hospitalization than children born full term (Goveia
et al., 2007). RSV infection often causes severe, and sometimes
life-threatening respiratory disease in preterm infants (Figueras-
Aloy et al., 2016). Therefore, the aims of this study were to
explore the antiviral activity of human preterm colostrum against
HRoV and RSV and to assess whether the derived EVs contrib-
ute to this activity.

Key Messages

® The intrinsic anti-rotavirus and anti-respiratory
syncytial virus activity of human milk has been
poorly investigated.

® Colostrum from preterm mothers is endowed with
a significant antiviral activity against rotavirus and
respiratory syncytial virus.

® Colostrum derived extracellular vesicles contribute
to the colostrum antiviral activity interfering with
the early steps of viral replication.

®  We demonstrated novel mechanisms underlying
the protective effect of human milk against viral
infections.

Methods

Design

This was a cross-sectional, prospective two-group non-
experimental design. This design enabled us to explore the
anti-HRoV and anti-RSV activity of human colostrum and
to evaluate the contribution of colostrum derived-EVs to
the overall antiviral activity of this biofluid. The study was
approved by the Ethical Committee of the Italian
Association of Human Milk Banks (AIBLUD) in December
2016.

Setting and Relevant Context

This study was conducted using colostrum samples
donated by mothers whose preterm infants had been
admitted to the Neonatal Care Unit of the University, City
of Health and Science Hospital of Turin. All participants
resided in the Piedmont region, Italy.

Sample

Fresh colostrum samples (collected 1-5 days postpartum) were
obtained from 10 healthy preterm mothers. We chose this num-
ber of replicates in order to avoid any variability of the results
ascribable to the heterogeneity of the colostrum samples.
Inclusion criteria were mothers giving birth to preterm infants
with gestational ages ranging from 23 + 3 to 32 + 0 (weeks +
day). The only exclusion criteria was term mothers.
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Measurement

Cell Lines and Viruses. ~African green monkey kidney epithelial
cells (MA104; ATCC® CRL-2378.1), Hep-2 human epithelial
cells (ATCC® CCL-23) and human foreskin fibroblasts (HFF-1;
ATCC® SCRC-1041) were cultured as described above (Cagno
et al., 2014, 2015; Civra et al., 2018). HRoV strain Wa (ATCC®
VR-2018) and A2 RSV strain (ATCC VR-1540) were propa-
gated as previously reported (Civra et al., 2018; Donalisio, Ritta,
Francese, et al., 2018).

EV Characterization by Means of Western Blotting. The EV pro-
tein profile was analyzed by means of Western blotting. HFF
cells were chosen as the control since they are a reliable and
highly standardized human cell line and HFF cell lysate was used
to verify the reactivity of the anti-calnexin primary antibody.
Proteins were extracted in reducing conditions. Briefly, RIPA
buffer was added to the EV pellet, or to HFF cells, for 10 min at
RT. Soluble proteins were collected and quantified using a pro-
tein assay kit. Extracted proteins were separated by gel electro-
phoresis (SDS-8.5% PAGE). In each well, 20 ug of protein was
loaded for the extracellular vesicles, and 3 pg of protein for the
cellular extracts. The Western blot was performed as previously
described (Civra et al., 2018). Primary antibodies: anti-CD63,
anti-CD9, anti-CD81 (EXOAB-KIT-1, System Biosciences),
and anti-calnexin (G65120-050, Transduction laboratories)
were diluted 1:1000; secondary antibodies: goat anti-rabbit HRP
(EXOAB-KIT-1, System Biosciences) and goat anti-mouse IgG
(H+L; 115-036-003 Jackson Immuno Research) were diluted
1:10000. The blots were exposed for 10 min.

EV Characterization by Means of TEM.  Seven pl of the purified
EVs was allowed to adsorb into Formvar/Carbon-coated grids
(Electron Microscopy Sciences). After washing, the grids were
negatively stained with 0.5% uranyl acetate. The gold formvar/
carbon-coated grids were then washed with 0.05 M Tris-buffered
saline (TBS, pH 7.6), treated with normal goat serum, diluted
1:30 in TBS + 0.2% BSA for 15 min, and then incubated for 2
hr in the primary antibody anti-CD63 in the same buffer. After
washing in TBS, the grids were incubated for 1 hr with a 5 nm
colloidal gold conjugated goat anti-mouse IgG(Fc) antibody
(AuroProbe) in TBS + BSA. After washing with TBS and water,
the grids were subjected to the negative staining procedure.
Images were captured with CM 10 electron microscope (Philips,
the Netherlands).

Nanoparticle Tracking Analysis (NTA).  EVs samples were diluted
in PBS (1:8000) to a final volume of 1 ml. A nanoparticle track-
ing analysis system (NanoSight NS300, Malvern Instruments
Ltd., UK) was used to determine particle size and concentration/
ml at the ideal particle per frame (50 particle/frame). NTA 3.2
Dev Build 3.2.16 software was used to perform the particles
tracking analysis. Camera type: SCMOS; laser type: Blue488;
camera level: 14; slider shutter: 1259; slider gain: 366; FPS 25.0;

number of frames: 749; temperature: 25 °C; syringe pump speed:
30; detect threshold: 6; maximum jump distance: 9.6-10.5 pix.

Viability Cell Assay. Cell viability was assessed using the MTS
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium] assay as previously described
(Cagno et al., 2014). Confluent MA104 and Hep2 cells in 96-
well plates were treated with serial dilutions of colostrum or EVs
under the same experimental conditions described for the virus
inhibition assays. The 50% cytotoxic concentrations (CCs)) were
determined using Prism software (GraphPad).

Virus Inhibition Assay. Confluent MA104 and the Hep2 cells in
96-well plates, were pre-treated with serial dilutions of colostrum
(1:1-1:4096 parts) or EVs (423-0.19 pg protein/ml) for 1 hr at
37 °C. Simultaneously, mixtures of serial dilutions of colostrum,
or EVs, and the same amount of virus were incubated for 1 hr
at 37 °C at MOIs of 0.02 for HRoV and 0.01 for RSV. These
mixtures were then added to cells and left for 1 hr, in the case
of HRoV, or for 3 hr in the case of RSV. After two washes, the
infected MA104 cells were incubated with a fresh medium for
16 hr at 37 °C, while the infected Hep?2 cells were overlaid with a
1.2% methylcellulose medium for 72 hr at 37 °C. After 24 hr for
HRoV and 72 hr for RSV, the cells were fixed with cold acetone-
methanol (50:50). The HRoV-infected cells and RSV syncytia
were detected by means of indirect immunostaining as reported
beforehand (Civra et al., 2018; Donalisio, Ritta, Francese, et al.,
2018).

Virus Inactivation Assay. Approximately 10° FFU of HRoV or
RSV were incubated with a concentration of EVs, correspond-
ing to EC,, in the virus inhibition assay. The HRoV-EV mix-
ture was incubated for 1 hr at 37 °C, while the RSV-EV mixture
was incubated for 3 hr at 37 °C. Both the treated and untreated
viruses were then titrated to the non-inhibitory concentration of
EVs and the residual viral infectivity was determined by means
of indirect immunostaining. Statistical analysis was performed
using Student’s #-test.

Cell Pre-Treatment Assay. Confluent MA104 or Hep2 cells were
pre-treated in 96 well plates with different concentrations of EV's
(from 423 t0 0.19 pg protein/ml) for 2 hr at 37 °C. After washing,
the MA 104 cells were infected with HRoV (MOI = 0.02) and left
for 1 hr at 37 °C, while the Hep2 cells were infected with RSV
(MOI = 0.01) and left for 3 hr at 37 °C. After two washes, the
infected MA104 cells were incubated with a fresh medium and
left for 16 hr at 37 °C and the infected Hep2 cells were overlaid
with 1.2% methylcellulose medium and left for 72 hr at 37 °C.
Subsequently, the cells were fixed and indirect immunostainings
were performed.

Binding Assay. Pre-cooled viruses (HRoV or RSV, MOI = 3
FFU/ml) were allowed to attach to confluent MA104 or Hep2
(in 24 well-plates) in the presence of EVs (EC,,). After an incu-
bation of 2 hr on ice, the cells were washed with a cold medium
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Table I. Main Clinical Characteristics of the Sample (N = 10).

Participant BF after previous

ID Parity parturition(s) Type of delivery
I 2002 Yes CS
2 0000 - CS
3 0000 - CS
5 1001 - CS
7 0000 -

8 1021 Yes

9 0000 - CS
10 0000 - (&
I 1001 Yes Cs
12 1001 Yes CS

Note. BF = breastfeeding; parity refers to the number of previous
pregnancies (the first number indicates infants born at term; the second
number indicates infants born preterm; the third number indicates
miscarriages; and the fourth number indicates living children); type of
delivery: S = spontaneous delivery; CS = cesarean section. Missing values
for BF after previous parturition = 5.

to remove any unbound virus. The cells were then subjected to
three rounds of freeze-thawing to release any bound virus, and
the lysate was clarified by means of low speed centrifugation for
10 min. The cell-bound virus titers were determined by means of
indirect immunostaining. The presence of any significant differ-
ences was assessed by means of Student’s #-test.

Entry Assay and Post-Entry Assay. HRoV and RSV, pre-cooled to
4 °C, were allowed to attach to cells on ice for 2 hr at 4 °C, at a
MOI of 0.04 FFU/ml. The cells were then washed twice with a
cold medium to remove the unbound virus and then incubated
with serial dilutions of EVs (1269— 0.19 pg protein/ml) for 1 hr
(HRoV-infected cells) or 3 hr (RSV-infected cells). During this
incubation, the temperature was shifted to 37 °C to allow viral
particles entry inside the cells. The entry of HRoV was stopped
with a quick wash with 3 mM EGTA in PBS (PBS-EGTA; 23)
and the unpenetrated RSV particles were inactivated with acidic
glycine (Cagno et al., 2015) for 1 min at room temperature. After
2 washes, the MA104 cells were incubated with DMEM for
16 hr at 37 °C and the Hep2 cells were overlaid with a 1.2%
methylcellulose medium for 72 h rat 37 °C. Alternatively, in the
post-entry assays, increasing concentrations of EVs (from 1269
to 0.19 pg protein/ml) were added to the cultures in DMEM
(HRoV-infected cells) or in a 1.2% methylcellulose medium
(RSV-infected cells) after washing with PBS-EGTA and acidic
glycine, respectively. The viral entry blockade was determined
by indirect immunostaining.

Data Collection

Samples were collected between January 2017 and December
2018 by members the Neonatal Intensive Care Unit of Sant’ Anna
Hospital of Turin, under the supervision of the director, Professor
Enrico Bertino. All experimental analyses were completed
before December 2019. Each milk donor involved in this research

signed a written consent form, where the participant’s data pro-
tection was assured. Participants were informed that only milk
samples stored in excess would be used for research purposes.
The donors were informed about the study design. Every partici-
pant signed a privacy informative. Every milk sample was coded
with an identity number, and personal and sensitive data were
kept in a database accessible only by clinicians who were mem-
bers of the research team.

Milk samples were collected within 5 days of delivery. The
donors cleaned their hands and breasts according to the Italian
HMB guidelines (Arslanoglu et al., 2010) and the colostrum
specimens were collected in sterile, bisphenol-free polypropyl-
ene bottles using a breast pump. The colostrum samples were
transported to a laboratory, within 1 hr, for EVs isolation. The
aqueous fraction of colostrum samples were obtained by means
of two sequent centrifugations at 2000 x g for 10 min and at
12000 % g for 30 min. The supernatant was filtered (0.45 um) and
subsequently incubated with 2:1 v/v ratio of colostrum: ExoQuick
solution (System Biosciences, CA) overnight at 4 °C. The EVs
were then purified, according to the manufacturer’s instructions.
The EV pellet (in 1 x PBS) was quantified with a protein assay kit
(Bio-Rad Laboratories, Munich), aliquoted and stored at —80°C
until use. We have submitted all relevant data of our experiments
to the EV-TRACK knowledgebase (EV-TRACK ID: EV200100;
EV-TRACK consortium et al., 2017).

Data Analysis

All the results were presented as the mean values of two indepen-
dent experiments (i.e., each sample of colostrum or EVs was
tested twice for each experimental setting, then we calculated the
average values from the data of these two independent experi-
ments). The EC,, values of the inhibition curves were calculated
from a regression analysis using GraphPad Prism software,
Version 5.0 (GraphPad) by fitting a variable slope-sigmoidal
dose-response curve. Statistical analysis was performed using
Student’s #-test, Bartlett test (g, < -0001) followed by
ANOVA Analysis of variance, or the F-test.

Results

Characteristics of the Sample

All the participant donors gave birth to preterm infants with ges-
tational ages ranging from 23 + 3 to 32 + 0 (weeks + day). The
main demographic characteristics of the study population are
reported in Table 1.

Preterm Colostrum Collection and Colostrum-Derived
EV Isolation and Characterization

The samples were clarified to obtain the aqueous fraction, which
was subsequently divided into two parts; one part was used for
the antiviral assays and the other was processed, with the
ExoQuick kit (Wang, 2017), to isolate EV-like vesicles. The



Civra et al.

EVs HFF

calnexin

90kDa

CD63
53kDa

cD9
28kDa
cD81
26kDa
E 35
92
3.0 —
€
; 25
<@
9
S 20
L
c
2 15
o
g
e 1.0 o
S
(@]
05 —
0 T T T T
0 100 200 300 400

500 600
Size (nm)

700

Figure |. EVs Characterization. (IA) The protein profile of the EVs was analyzed by means of Western blotting, using Abs against the
endoplasmatic reticulum-related protein calnexin and the EV marker proteins CD63, CD9, and CD8I. HFF cell lysate was used as the
positive control. (IB-1C-1D) Electron microscope images of the EVs. (IC-D) Abs against CD63 were detected with gold conjungated
secondary antibodies (black arrows). (1E) Nanoparticle tracking analysis (NTA) NanoSight.

aqueous fraction was chosen as the preferred biological matrix
because of its previously shown lower impact on cell viability
(Donalisio, Ritta, Tonetto, et al., 2018). In order to confirm the
extracellular nature of the extracted vesicles, we first examined
the EV surface makers by means of Western blotting. As shown
in Figure 1A, the EV lysate was positive for the three tetraspan-
ines CD63, CD9, and CD81, which are known to be enriched in
EVs from multiple tissue sources (Simons & Raposo, 2009;
Théry et al., 2018), while it was negative for the contaminating
endoplasmatic reticulum-related protein calnexin. Furthermore,
as reported in Figure 1B—D and we confirmed the vesicular struc-
ture of the purified and CD63-immunolabeled EVs by means of
transmission electron microscope (TEM) observation and we
subsequently analyzed their size using NanoSight NTA
(Figure 1E).

Extracted EVs presented a size distribution with a mean size
of 258.8 nm (Mode: 196.1 £ 7.4 nm), and a concentration of

4.96e+012 + 3.21e+010 particles/ml. Therefore, we demon-
strated the presence of heterogeneous-sized vesicle structures in
milk EV isolates.

Preterm Colostrum and Derived EVs Inhibit HRoV
and RSV Infection in Vitro

The first set of antiviral assays was performed to determine the
antiviral activity of colostrum, collected from mothers of preterm
infants, against HRoV and RSV. We showed that all samples
exhibited antiviral activity against both HRoV and RSV, although
to a different extent. Indeed, each single colostrum sample had
different antiviral potency, with ECy;s ranging from 5.0 to 933.6
pg protein/ml for HRoV and from 65.5 to 1564 ug protein/ml for
RSV (complete results are reported in Table 2). Next, we investi-
gated whether EVs contribute to the anti-HRoV and the anti-
RSV activity of human colostrum. We performed antiviral assays
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Table 2. Antiviral Activity of Human Colostrum (N = 10).

ECyp (ug/ml)

ECyq (ug/ml)

Virus Participant ID (95% Cl) (95% Cl)
HRoV | 84.8 (68.1-105.7) 408.3 (252.5-660.2)
2 290.7 (238.6-354.1) 756.6 (518.3-1104.0)
3 108.8 (65.8-179.9) 233.1 (92.7-586.0)
5 933.6 (493.0-1768.0) 4069 (991.1-16705.0)
7 116.0 (97.1-138.6) 437.8 (297.4-644.5)
8 260.5 (223.3-304.0) 550.9 (381.5-795.6)
9 5.0 (2.4-10.8) 106.0 (24.1-466.4)
10 563.5 (347.8-913.0) 3129.0 (1069.0-9162.0)
I 194.4 (158.7-238.0) 920.9 (592.7-1431.)
12 495.3 (397.1-618.0) 1414 (848.3-2358.0)
RSV I 65.5 (54.3-79) 104.4 (67.7-161.2)
2 138.7 (108.0-178.3) 373.9 (215.0-650.2)
3 423.9 (345.1-520.6) 984.8 (685.6—1415.0)
5 116.2 (87.2-154.8) 235.6 (147.2-377.0)
7 143.6 (113.2-182.2) 463.8 (293.3-733.6)
8 130.9 (85.6-200.0) 1095.0 (431.8-2776.0)
9 179.0 (141.2-227.0) 678.7 (403.8—-1141.0)
10 1564.0 (901.5-2713.0) 15003.0 (4134.0-54444.0)
I 1444.0 (629.0-3315.0) 30603.0 (3610.0-259425.0)
12 591.2 (283.3-1234.0) 13194.0 (2355.0-73931.0)

Note. HRoV = human rotavirus; RSV = respiratory syncytial virus; ECy, = half-maximal effective concentration, ECy, = 90% effective concentration.

in which we treated cells and viruses with EVs before and during
infection and we demonstrated that EVs were endowed with a
significant antiviral activity against both viruses (Table 3).
Notably, the EC, values, expressed as micrograms of EV pro-
teins per ml, ranged from 17.6 pg protein/ml to 434.2 pg protein/
ml for HRoV and from 29.5 pg protein/ml to 297.6 pg protein/ml
for RSV, thus indicating a wide interpersonal variability. For
example, the efficacy of EVs from colostrum ID #5 against
HRoV was low, while it was not possible to calculate any anti-
RSV activity of colostrum ID #11. Similar to the colostrum sam-
ples (data not shown), the antiviral activity of the EVs was not
due to their cytotoxicity. In fact, there was no evidence of cyto-
toxicity in the cell viability assays (Figure 2), even for the highest
tested concentration of EV proteins (1269.0 pg protein/ml).

EVs Alter the Early Steps of the HRoV and RSV
Replicative Cycles

In order to identify the putative step of viral replication
inhibited by EVs, we performed specific antiviral assays
with three randomly selected EV populations. First, we
investigated the ability of these vesicles to impair infectivity
by directly targeting viral particles. To this aim, HRoV or
RSV were incubated with EVs at high effective concentra-
tions (ECy,) and the viral titer was then determined at dilu-
tions at which the EVs were no longer active when added to

cells. As reported in Figure 3A, the EVs were not able to
inactivate HRoV particles. On the other hand, EVs exhibited
a moderate to null RSV inactivation activity (Figure 3B),
which was not sufficient to justify the overall anti-RSV
activity observed in the previously described infectivity
assays. Therefore, having assessed that viral particles were
not the major target of EVs, we focused on the early stages
of viral replication. In order to explore whether the interac-
tion between the viral particles and the cell surface could be
affected by EVs, we carried out binding assays. We demon-
strated (Figure 4A) that the EVs did not affect HRoV binding
to the host cells. On the contrary, only one sample of EVs
slightly, but significantly (p <.05), inhibited RSV-cell attach-
ment (Figure 4B). Considering these results, we hypothe-
sized that EV antiviral activity was mainly focused on a
post-binding inhibition step of both viruses. To verify this,
we performed entry inhibition assays by treating cells with
EVs immediately after virus attachment, that is, during cell
penetration. As depicted in Figure 4C, D and we demon-
strated that EV's were able to inhibit the capacity of the pre-
bound virus to infect cells, with EC, ranging from 124.5 pg
protein/ml to 901.7 pg protein/ml for HRoV and from 42.3
pg protein/ml to 127.3 pg protein/ml for RSV. Finally, in
order to rule out any influence of EVs on a post-entry stage,
we analyzed the final steps of HRoV and RSV replication by
treating cells with EVs immediately after viral penetration
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Table 3. Antiviral Activity of Colostrum Derived Extracellular Vesicles (N = 10).

Virus Participant ID ECy, (ug/ml) (95% CI) ECy, (ug/ml) (95% CI)
HRoV I 59.3 (45.5-77.4) 345.2 (189.5-629.1)
2 81.4 (54.2-122.3) 269.8 (114.8-634.3)
3 344 (21.8-54.4) 77.8 (34.3-176.2)
5 434.2 (145.1-1300.0) 1554.0 (42.5-56834.0)
7 99.6 (88.9—-111.5) 198.7 (151.7-260.2)
8 140.3 (123.2-159.8) 255.9 (110.4-592.8)
9 17.6 (8.4-37.1) 217.5 (41.3-1145.0)
10 256.1 (152.7-429.7) 734.0 (246.3-2187.0)
I 91.4 (73.9-112.9) 313.1 (200.0-490.1)
12 135.8 (95.46-193.2) 498.2 (221.2-1122.0)
RSV I 29.5 (23.9-36.4) 138.4 (86.6—220.7)
2 58.1 (44.5-76.3) 165.5 (87.4-313.4)
3 153.6 (119.4-197.7) 354.5 (167.4-750.8)
5 52.9 (40.0-70.0) 97.79 (28.2-339.0)
7 46.5 (28.0-77.0) 331 (119.6-915.6)
8 74.0 (57.7-94.9) 310.8 (180.1-536.3)
9 80.2 (50.4-127.6) 324.6 (118.2-891.1)
10 297.6 (171.2-517.4) 3798 (655.6—22003.0)
I >423.0 na.
12 138.5 (52.3-366.7) 1519.0 (113.8-20282.0)

Note. HRoV = human rotavirus; RSV = respiratory syncytial virus; ECy, = half-maximal effective concentration; ECy, = 90% effective concentration; n. a.

= not assessable.
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Figure 2. Evaluation of the Effect of the EVs on Cell Viability. Cells
were treated with three doses of EVs under the same conditions
as the antiviral assays. Cell viability was assessed with an MTS
assay. The viability of the treated cells is expressed as a percentage,
which was obtained by comparing the absorbances of the treated
cells with those of the cells incubated with culture medium alone.
Here, we report data of two representative viability assays. All the
samples showed the same results. Error bars indicate the SEM of
the mean of the independent duplicates. The t-test was used to
analyze the results.

inside the host cells. We reported (Figure 4E and F) that no
effect on the post-entry stages of either virus was exerted by
EVs. Taking together these results, we showed that EVs can
hamper the entry of HRoV and RSV inside the host cells.
Interestingly, when the EVs were removed from the cells
after a treatment of 2 hr before virus inoculum, neither HRoV
nor RSV infectivity was inhibited (Figure 5A and B), thus
suggesting that the simultaneous presence of EVs and viruses
was necessary to disturb viral entry into host cells.

Discussion

Although the protective role of breastfeeding on respiratory
and gastrointestinal infections by RSV and HRoV is well
established (Figueras-Aloy et al., 2016; Lanari et al., 2013;
Plenge-Bonig et al., 2010), the intrinsic anti-RSV and anti-
HRoV activity of HM has been poorly investigated. We
addressed this issue, in the context of preterm infants, by
assessing the antiviral activity of human colostrum from
preterm mothers and by exploring whether the EVs contrib-
ute to its antiviral properties.

The first notable finding was that all the colostrum sam-
ples were endowed with anti-RSV and anti-HRoV activity,
although to differing extents from mother to mother. A similar
variability had been reported (Donalisio, Ritta, Tonetto, et al.,
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2018) and was in line with the well-known variability of HM
composition between individuals (Gidrewicz & Fenton,
2014) and with differences in the mother’s serostatus. To the
best of our knowledge, we have reported the intrinsic antivi-
ral activity of human colostrum against RSV and HRoV for
the first time. However, previous researchers have attributed
the protective role of breastfeeding against RSV and HRoV
infections either to non-specific bioactive components or to
specific antibodies (Asensi et al., 2006; Grover et al., 1997;
Laegreid et al., 1986; Newburg et al., 1998; Superti et al.,
1997; Yolken et al., 1992). In this study, our aim has been to
explore whether additional antiviral components of human
colostrum are at play. EVs are known to exert multiple bio-
logical activities (Admyre et al., 2007; Hata et al., 2010;
Reinhardt et al., 2012; Zhou et al., 2012), but their role as
antiviral effectors in HM has largely been unexplored. We
found that EVs were endowed with anti-RSV and anti-HRoV
activity, although to different extents between different moth-
ers. An interesting scientific question was whether the mater-
nal immunoglobulin levels against HRoV and RSV correlate
with the efficacy of EVs: this could represent a hint for future
studies. Performing the antiviral assays, we suggested that
EVs inhibit HRoV and RSV by interfering with the early
virus-cell interactions. The lack of antiviral activity in the
pre-treatment assays rules out an antiviral mechanism involv-
ing the release of a molecular cargo able to induce a stable
modification of the cell membrane or the intracellular envi-
ronment in a way that makes cells resistant to virus replica-
tion. Interestingly, Néslund et al. (2014) showed that milk
exosomes compete with HIV-1 for binding to DC-SIGN
receptors on monocyte-derived dendritic cells, and in our pre-
vious article (Donalisio et al., 2020) we demonstrated that the

anti-HCMV activity of milk EVs was mediated by the inhibi-
tion of the viral attachment to the host cell. In our current
model, the EVs did not prevent the binding of RSV and
HRoV to the cell surface but did affect their entry into the
cells. Consistent with these findings, it was previously
demonstrated that cells can take up EVs through a variety of
endocytic pathways, including clathrin-dependent endocyto-
sis and clathrin-independent pathways (e.g., macropinocyto-
sis and phagocytosis; Feng et al., 2010; Yang et al., 2017).
These events may perturb the virus penetration process by
inducing a modification of the lipidic composition of the cel-
lular membrane, if they occur concomitantly with a virus
infection. In addition, it has been demonstrated that EVs
exploit viral entry routes to deliver their cargo inside the tar-
get cells (Tian et al., 2014); it is thus likely that EVs compete
with HRoV and RSV for the same penetration mechanisms.

Taken together, our results demonstrated that EVs con-
tribute to the overall anti-RSV and anti-HRoV activity
played by human colostrum in vitro and that they should be
added to the list of antiviral effectors contained in this com-
plex biofluid. Additional studies are required to assess
whether the EVs could reach the intestinal lumen intact and
be absorbed, in order to exert their antiviral action locally,
against HRoV, or at distal body sites, against RSV. In this
regard, researchers recently have demonstrated that milk
exosomes are long-lasting in vivo (Luketic et al., 2007) and
accumulate in the intestinal mucosa, spleen, liver, heart, or
brain when administered orally or intravenously to mice and
pigs (Manca et al., 2018). Finally, further studies are neces-
sary to assess the spectrum of the antiviral activity of colos-
trum and milk-derived EVs against other viruses that are
relevant pathogens for newborns.
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Figure 3. Evaluation of the Virucidal Effect of EVs on Infectious HRoV (3A) and RSV (3B). HRoV and RSV viral particles were pre-
incubated with EVs at a concentration corresponding to EC90 in the virus inhibition assay, for Ihr (HRoV) or 3 hr (RSV) at 37 °C. The
residual viral infectivity was then determined by means of indirect immunostaining and compared with the infectivity of the untreated
control. Viral titers are expressed as FFU/ml and error bars represent the SD of the mean of the independent duplicates. The results of
assays with three different EVs are reported. **.001 < p (t-test) < .0l; ¥ p (t-test) < .001; ns: not significant p (t-test) > .05.
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Figure 4. Investigation of the Putative Step of the Viral Replicative Cycle Inhibited by EVs. The results of assays with three different
EV populations are reported. In the binding assay, HRoV (4A) and RSV (4B) were allowed to attach to cells in the presence of a high
concentration of EVs for 2 hr on ice. Cells were then washed to remove the unbound virus and subsequently subjected to three rounds
of freeze-thawing to release bound virus. The lysate was clarified and the cell-bound virus titer was assessed by means of indirect
immunostaining and compared with the untreated control. Here, the viral titers are expressed as FFU/ml and are shown as mean + SEM of
the independent duplicates (* .0l <p (etesy) < :05; ns: not significant p . ..y > .05). In the entry assay, cells were infected with HRoV (4C) or
RSV (4D) at 4 °C to allow virus attachment. Next, serial dilutions of EVs were added to the cells and the temperature was shifted to 37 °C
to allow virus entry into the cells. After Ihr (HRoV) or 3 hr (RSV), any unpenetrated virus was removed by washing with specific buffers.
In the post-entry assay, cells were treated with serial dilutions of EVs immediately after HRoV (4E) or RSV (4F) infection. For the entry
and the post-entry assay, the number of infected cells was detected by means of indirect immunostaining and expressed as a percentage
of the untreated control. Error bars indicate the SD of the mean of the independent duplicates.
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Figure 5. Pre-Treatment Assay. Cells were pre-treated with serial dilutions of EVs for 2 hr and then infected with HRoV (5A) or RSV
(5B). The number of infected cells measured in the treated samples is expressed as a percentage of the number obtained in the untreated
control. Error bars represent the SD of the mean of independent duplicates. Data of assays with three different EV populations are

reported.

Limitations

According to the MISEV2018 guidelines (Théry et al.,
2018), ExoQuick purification is considered a “high recovery
and low specificity” method . While we chose this technique
in order to optimize the chances of detecting any antiviral
activity associated to EVs, we cannot exclude the presence
of proteic contaminants or anti-viral molecules giving a par-
tial contribution to the in vitro efficacy of our EVs prepara-
tions. More in depth experiments will be performed in order
to identify the specific subpopulation of the EVs responsible
for the major observed antiviral activity. Second, the anti-
HRoV and anti-RSV activity of EVs was demonstrated in
vitro and on a relatively small sample size. Therefore, further
in vivo experiments are necessary to validate the actual anti-
viral protection conferred by EVs when ingested by a breast-
fed infant.

Conclusion

We demonstrated the intrinsic anti-HRoV and anti-RSV
activity of human colostrum and we showed that EVs con-
tribute substantially to the overall protective effects. These
results contribute to unravelling novel mechanisms underly-
ing the functional role of human milk as a protective and
therapeutic agent in preterm infants.
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7. STUDY OF THE ANTIVIRAL ACTIVITY OF HUMAN MILK AGAINST
EMERGING FLAVIVIRUSES

7.1 Emerging flaviviruses of interest

The section number 7 is mainly focused on two emerging flaviviruses, namely ZIKV and
Usutu virus (USUV). ZIKV has been extensively described in section 2.1.

The less-known USUV has recently attracted the attention of the scientific community due its
potential for emergence and its extensive spread in Europe. As ZIKV, USUV is an arbovirus of the
Flaviviridae family and of the Flavivirus genus. It is a member of the Japanese encephalitis
serocomplex and is phylogenetically close to Japanese encephalitis virus (JEV) and West Nile virus
(WNV). Its name derives from the Usutu River in Swaziland, in Southern Africa, where it was first
identified in 1959 in mosquitos. USUV has been isolated from numerous mosquito species, but Culex
pipiens mosquitos are considered the most common vectors (139).

Briefly, USUV is an enveloped virus of approximately 40-60 nm in diameter, with a single-
stranded RNA of positive polarity (Figure 15). The genome of USUV comprises a single open reading
frame coding for a polyprotein of 3434 amino acids that, after cleavage, generates to three structural
proteins (capsid C, premembrane prM and envelope E) and eight non-structural proteins (NS1/NS1°,
NS2a, NS2b, NS3, NS4a, 2K, NS4b and NS5). The capsid protein (C) forms the central body of the
virion and is associated with the viral RNA. The prM protein is required for virion assembly and
maturation of virions through the folding of the envelope glycoprotein (E) that participates in various
aspects of the viral cycle such as attachment and fusion to the cell membrane. The non-structural
proteins (NS) of USUV are associated with the endoplasmic reticulum to form replication complexes
in which NS5 ensures viral RNA replication by its RNA-dependent RNA polymerase activity.
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Figure 15. USUV model, its gene structure, and the proteins encoded by its genome. The polyprotein precursor is
cleaved by cellular and viral proteases to yield three structural proteins (C, prM, and E) and eight non-structural proteins
(NS1, NS2A, NS2B, NS3, NS4A, 2K, NS4B, and NS5) (139).

The early steps of USUV replicative cycle are not yet fully defined, but it has been demonstrated that
different molecules play a role in flaviviruses attachment to cells. The most common attachment
factors are negatively charged glycosaminoglycans (GAGs), which can be utilized by several
flaviviruses, including DENV, WNV, JEV and tick-borne encephalitis virus (TBEV), as low-affinity
attachment factors to concentrate the virus on cell surface. In addition, phosphatidylserine (PS)
receptors’ families, such as T-cell immunoglobulin (TIM) and TYRO3, AXL and MERTK (TAM),
as well as integrins and C-type lectin receptors (CLRs), have been described as key factors during the
initial steps of flavivirus cell invasion (140). As other flaviviruses, viral replication takes place in the
cytoplasm of infected cells. The NS5 protein, which is highly conserved among USUV strains, has a
methyltransferase domain required for the addition of the cap element at the 5’ end of the viral
genomic RNA. Phylogenetic studies based on the nucleic acid sequence of the NS5 gene have shown
that USUV strains isolated in different regions of the world can be divided into eight lineages: three
African and five European, and that the level of genetic relatedness depends on their geographical
origin and on the host from which they have been isolated (141). The strain of USUV employed in

the study presented in section 7.3 belongs to one of the three African lineages.
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The main USUV natural hosts are birds, with infection being reported to date in 93 different
species. USUV is particularly pathogenic in a few species such as blackbirds (Turdus merula), gray
owls (Strix nebulosa), and house sparrows (Passer domesticus). In these birds, the virus was detected
in many organs such as the liver, heart, brain, and spleen and necrotic lesions were noted in these
organs. Beyond infection of birds and humans, USUV has been detected in many mammalian species
considered to be dead-end hosts. As is the case with WNV, horses are considered to be a sensitive
host for USUV and it was also detected in bats, squirrels and rodents, in which the virus did not seem
to cause the same severe pathogenicity as it does in birds. The expanding range of wild animals
susceptible to USUV highlights its potential as an important emerging pathogen (142).

In humans, USUV infection (like WNV) is usually asymptomatic. Around 80 cases of
subclinical infections have been described in blood donors or healthy patients in Italy, Serbia, the
Netherlands, and Germany during the surveillance of WNV circulation. Nevertheless, seroprevalence
studies suggested that USUV infections in humans may have been largely underestimated. Indeed,
antibodies against USUV were detected in the blood of 0.01% to 1% of healthy blood donors in
Germany and ltaly, respectively. Higher seroprevalence was detected in serum samples collected
from healthy individuals in Serbia (7.5%) and from forestry workers in Italy (18%). A large
retrospective study, conducted on over 900 patients found a prevalence of 6.5% (142). Clinical
disease with moderate flu-like (rash, fever, and headache) manifestations may also occur. The
neurotropism of USUV represents a growing concern for human health. In more than 32 cases to date,
indeed, severe neurological disorders, including facial paralysis, encephalitis, meningitis, and
meningoencephalitis, in both immunocompromised and immunocompetent patients have been
observed. However, the full clinical presentation of USUV infection needs to be better defined (142—
144).

The increasing number of severe acute human cases, along with the avian mass mortality
induced by this virus in Europe and numerous similarities with WNV biology and clinical
manifestations, have prompted the improvement of surveillance programs and the development of
experimental models to clarify the mechanisms underlying USUV pathogenesis and transmission
(143,144).

No antivirals or vaccines are currently available against USUV virus. The only way to prevent

this infection is to avoid mosquito bites.

7.2 Zika virus and Usutu virus in the context of breastfeeding
We studied ZIKV and USUV in the context of breastfeeding. As reported in Table Il (section
5.2), previous reports have shown that some flaviviruses, such as DENV, WNV, YFV and ZIKV, can
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occasionally be present in breast milk. Nevertheless, the transmission of flaviviruses through
breastfeeding is still controversial. Human breastfeeding transmission was confirmed for only YFV
and there was evidence of milk-related transmission of DENV, Powassan virus, WNV and ZIKV in
animal studies (145-147). Probably due to the actual small number of human cases, the presence of
USUV in breast milk is currently unknown, but its strong correlation with WNV suggests it could be
possible.

With regard to ZIKV and more in details, ZIKV genome has been reported in breast milk from
3 to 33 days after maternal onset of fever and ZIKV infectious particles were also detected in this
biofluid. The most recent systematic review on the topic, performed at the end of 2019 (148),
concluded that human milk may be considered as a potentially infectious fluid. Nevertheless, the
authors found no documented studies of the long-term complications in infants up to 32 months of
age, with suspected, probable or confirmed ZIKV infection through human lactation, or evidence
with respect to the human pathophysiology of the infection acquired through human lactation. The
WHO recommends that mothers with possible or confirmed ZIKV infection continue to breastfeed,
since the short and long-term health advantages of breastfeeding for both neonates and lactating
mothers outweigh any potential risk of transmission.

Considering the reported evidence, we investigated the role of human milk in limiting ZIKV

and USUV transmission from the mother to the child.

7.2.1 Publications

Francese R, Civra A, Donalisio M, Volpi N, Capitani F, Sottemano S, Tonetto P, Coscia A, Maiocco
G, Moro GE, Bertino E, Lembo D. Anti-Zika virus and anti-Usutu virus activity of human milk and
its components. PLoS Negl Trop Dis. 2020 Oct 7;14(10):e0008713. doi:
10.1371/journal.pntd.0008713. PMID: 33027261.

The present study was performed in close collaboration with the Neonatal Care Unit of Sant’Anna
Hospital of Turin, directed by Prof. Enrico Bertino, that provided milk samples and with Prof.Volpi
group of the University of Modena and Reggio Emilia, that isolated and characterized HM-
glycosaminoglycans (GAGs). HM-EVs were, on the contrary, isolated and characterized directly in
our Lab. The aim of this study was to explore the intrinsic protective role of human milk against the
emerging ZIKV and USUV and to identify specific components contributing to this activity. We
reported that human milk is endowed with anti-ZIKV and anti-USUV activity at all maturation stages

and that it acts by altering virus attachment to the host cell. Furthermore, we indicated that this activity
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is mediated, at least in part, by non-specific bioactive factors, including HM-EVs and HM-GAGs.
Since the potential infectivity of human milk during ZIKV and USUV infection is still unclear, our
data support the WHO recommendations about breastfeeding during ZIKV infection and could

contribute to producing new guidelines for a possible USUV epidemic.
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Abstract

The benefits of human milk are mediated by multiple nutritional, trophic, and immunological
components, able to promote infant’s growth, maturation of its immature gut, and to confer
protection against infections. Despite these widely recognized properties, breast-feeding
represents an important mother-to-child transmission route of some viral infections. Differ-
ent studies show that some flaviviruses can occasionally be detected in breast milk, but their
transmission to the newborn is still controversial. The aim of this study is to investigate the
antiviral activity of human milk (HM) in its different stages of maturation against two emerg-
ing flaviviruses, namely Zika virus (ZIKV) and Usutu virus (USUV) and to verify whether HM-
derived extracellular vesicles (EVs) and glycosaminoglycans (GAGs) contribute to the milk
protective effect.

Colostrum, transitional and mature milk samples were collected from 39 healthy donors.
The aqueous fractions were tested in vitro with specific antiviral assays and EVs and GAGs
were derived and characterized. HM showed antiviral activity against ZIKV and USUV at all
the stages of lactation with no significant differences in the activity of colostrum, transitional
or mature milk. Mechanism of action studies demonstrated that colostrum does not inacti-
vate viral particles, but it hampers the binding of both flaviviruses to cells. We also demon-
strated that HM-EVs and HM-GAGs contribute, at least in part, to the anti-ZIKV and anti-
USUV action of HM.

This study discloses the intrinsic antiviral activity of HM against ZIKV and USUV and
demonstrates the contribution of two bioactive components in mediating its protective effect.
Since the potential infectivity of HM during ZIKV and USUV infection is still unclear, these
data support the World Health Organization recommendations about breast-feeding during
ZIKV infection and could contribute to producing new guidelines for a possible USUV
epidemic.
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Author summary

ZIKV and USUV are emerging flaviviruses that cause conditions ranging from mild
febrile diseases to more sever outcomes. ZIKV is associated with microcephaly in new-
borns and USUV neurotropism represents a growing concern for human health. We stud-
ied these viruses in the context of breast-feeding. Breast-milk is a complex biofluid to
nourish infants, support their growth and to protect them from numerous diseases, but it
also represents a transmission route of several infections. It has been reported that flavivi-
ruses can occasionally be detected in breast-milk, with limited information existing about
their possible transmission through breast-feeding. We therefore explored the intrinsic
protective role of human milk against ZIKV and USUV infections in vitro and we also
assessed the contribution of specific components in mediating this activity. We demon-
strated that human milk is endowed with anti-ZIKV and anti-USUV activity at all matura-
tion stages and that it acts by altering virus attachment to the host cell. This activity is
mostly due to non-specific bioactive factors, including extracellular vesicles and glycos-
aminoglycans. Our findings support the use of fresh milk (or from donor banks) as the
food of choice for nutrition and protection of newborns in a possible context of ZIKV or
USUV epidemics.

Introduction

Zika virus (ZIKV) and Usutu virus (USUV) are two emerging flaviviruses mostly transmitted
by mosquitos. Aedes aegypti and Culex pipiens mosquitos are their major vectors respectively
[1-3]. Most ZIKV and USUV infections are asymptomatic, but in symptomatic cases, they
may cause conditions ranging from a mild febrile disease to more severe outcomes with neuro-
logical involvement.

ZIKV infection has been associated with the Guillain-Barré syndrome in adults and with a
variety of neurological impairments, including microcephaly, in infants born to infected moth-
ers [4,5]. It has caused a series of epidemics in the Americas, Asia and the Pacific in the past
decade and it is now considered an important public health concern [6]. To date, 84 countries
and territories have reported autochthonous transmission of ZIKV [7].

The less-known USUYV has recently attracted the attention of the scientific community due
its potential for emergence and its extensive spread in Europe [8,9]. It is phylogenetically
closely related to West Nile virus (WNV) and it is maintained through an enzootic cycle
between migratory birds and ornithophilic mosquitos, with humans representing incidental
hosts [9]. Seroprevalence studies suggested that USUV infections in humans may have been
largely underestimated, and many of them may be asymptomatic. The full clinical presentation
of human severe USUV infection is still partially unknown, but cases of meningoencephalitis
and facial paralysis have been reported and its neurotropism represents a growing concern for
human health [10-12].

No antivirals or vaccines are currently available against either virus and the only way to pre-
vent these infections is to avoid mosquito bites.

We studied ZIKV and USUV in the context of breastfeeding. Previous reports have shown
that some flaviviruses, such as Dengue virus (DENV), WNV and Yellow fever virus (YFV), can
occasionally be present in breast milk [13]. In particular, ZIKV RNA has been reported in
breast milk from 3 to 33 days after maternal onset of fever and ZIKV infectious particles were
also detected in this biofluid [14-18]. Nevertheless, this mode of transmission to the newborn
is still controversial [19-25]. Probably due to the small number of human cases, the presence
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of USUV in breast milk is currently unknown, but its strong correlation with WNV suggests it
could be possible. Notwithstanding these evidences, the short and long-term health advantages
of breastfeeding for both neonate and lactating mother outweigh any potential risk of trans-
mission [26]. The World Health Organization (WHO) recommends indeed that mothers with
possible or confirmed ZIKV infection continue to breastfeed [27].

Breast milk composition is extremely complex, individual-specific and variable according
to the stage of lactation. It includes macro- and micronutrients and a wide variety of non-
nutritional bioactive components [28]. Amongst the latter, secretory IgA (sIgA), toll-like
receptors (TLRs), lactoferrin, lactadherin, oligosaccharides (HMOs) support the development
of the immature immune system of the neonate and confer intrinsic protection against infec-
tions [29]. Therefore, HM is a possible source of viral infections, but these substances could
directly affect viral infectivity. In the case of flaviviruses, DENV and Japanese encephalitis
virus (JEV) are neutralized by the lipid fraction of breast milk and ZIKV and hepatitis C virus
(HCV) are destroyed by free-fatty acids released upon storage by milk lipases in a time-depen-
dent manner [30-33]. Herein, we aimed to explore the intrinsic anti-ZIKV and anti-USUV
activity of human milk, according to its maturation stage and regardless of the storage
affected-lipid fraction.

We also investigated the antiviral contribution of human milk-derived extracellular vesicles
(HM-EVs) and human-milk glycosaminoglycans (HM-GAGs). Briefly, EVs are lipid enclosed
vesicles, ranging from 30 to 1000 nm in diameter, that are released by most tissues including
breast epithelial cells, macrophages and lymphocytes present in breast milk [34-36]. These ves-
icles can selectively be taken up by other cells, in which they release their molecular cargo (e.g.
DNA, RNAs, enzymes, signalling proteins), playing a role in intercellular signalling, immune
response, stem cell differentiation, tissue regeneration and viral replication [37,38]. GAGs are
other abundant constituents of human milk defined as linear heteropolysaccharides composed
of repeating disaccharidic units [39-41]. Detailed analyses performed on HM-GAGs demon-
strated the presence of a complex mixture made up of chondroitin sulfate (CS)/dermatan sul-
fate (DS), heparan sulfate (HS)/heparin (Hep) and a minor percentage of hyaluronic acid
(HA), with the CS/DS fraction being the most represented (~ 55%) followed by HS/Hep (~
40%) [39].

HM-GAGs and HM-EVs have recently become the subject of increasing interest for their
implication for infants [42,43]. HM-EVs have been demonstrated to be active in vitro against
human immunodeficiency virus (HIV) [44] and HM-GAGs have also shown anti-bacterial
and anti-viral activity due to their ability to act as soluble receptors inhibiting the attachment
of different pathogens to the intestinal mucosa [45-47]. Both human milk constituents, have
been poorly investigated for their antiviral action so far, therefore their role needs to be
clarified.

Here we report that human milk is endowed with anti-ZIKV and anti-USUV activity at all
maturation stages and that it acts by altering virus attachment to the host cell. This activity is
mostly due to non-specific bioactive factors, including HM-EVs and HM-GAGs.

Methods
Ethic statement

An ethical review process was not required for this study since it was not a clinical trial. Each
milk donor involved in this research signed a written consent form, where the mother’s and
infant’s data protection was assured. Moreover, the donors were informed about the study
design.
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Human milk sample collection and clarification

Thirty-nine healthy mothers were enrolled in the study: 18 mothers donated as many colos-
trum samples (days 1-5 postpartum), 11 mothers donated colostrum, transitional (days 6-14
postpartum) and mature milk samples (beyond day 15 postpartum), and 10 mothers each
donated 15 ml of mature milk that were added in a unique pool. All mothers were admitted to
Sant’Anna Hospital (Citta della Salute e della Scienza of Turin, Italy). The donors cleaned their
hands and breasts according to the Italian HMB guidelines [48], and the milk samples were
collected in sterile bisphenol-free polypropylene bottles using a breast pump and immediately
stored at -20°C unless otherwise stated. After thawing, the milk samples were centrifuged at a
low speed (2000 x g) for 10 minutes at room temperature to remove the fat globule layer. The
defatted milk was then transferred to a new tube and centrifuged at 12000 x g for 30 minutes to
obtain the aqueous fraction. The supernatant was filtered through a syringe, equipped with a
0.45 pm pore size sterile filter (Sarstedt, Verona, Italy), to further eliminate any cells and cellu-
lar debris.

Cell lines

African green monkey fibroblastoid kidney cells (Vero) (ATCC CCL-81) were cultured in
Eagle’s minimal essential medium (MEM; Sigma, St. Louis, MO) supplemented with heat-
inactivated, 10% (v/v) fetal bovine serum (FBS) (Sigma). The embryonic human kidney cells
(293T) (ATCC CRL-3216) were grown as monolayer in Dulbecco’s modified Eagle’s medium
(DMEM,; Sigma) supplemented with 10% FBS and 1% Glutamax-I (Invitrogen, Carlsbad, CA)
and low-passage-number (<30) human foreskin fibroblasts (HFF-1) (ATCC SCRC-1041)
were grown as monolayers in DMEM supplemented with 15% FBS. The media were supple-
mented with 1% (v/v) antibiotic-antimycotic solution (Zell Shield, Minerva Biolabs, Berlin,
Germany) and cells were grown at 37°C in an atmosphere of 5% of CO2.

The antiviral assays against ZIKV and USUV were performed on Vero cells using MEM
supplemented with 2% of FBS, unless otherwise stated.

Viruses

Two strains of infectious Zika viruses (1947 Uganda MR766 and 2013 French Polynesia
HPF2013) were generated by transfection of 293T cells with two plasmids (pCDNAG6.2 Zika
MR766 Intron3115 HDVr MEG 070916 5 and pCDNA6.2 Zika HPF2013 3864,9388Intron
HDVr MEG091316 2) as previously described [49]. The viruses were then propagated in Vero
cells and titrated by plaque assay. All the antiviral assays were performed with ZIKV HPF2013
strain, unless otherwise stated.

Usutu virus (Strain: 3345 Isolate: Arb276) was isolated and produced by APHA (Animal &
Plant Health Agency-GOV. UK) and kindly provided by the European Viral Archive Global
(EVAg). It was propagated in Vero cells and titrated by means of the indirect immunoperoxi-
dase staining procedure, by using a mouse monoclonal antibody direct to flavivirus protein E
(D1-4G2-4-15 (4G2), Novus Biological) and a secondary antibody peroxidase-conjugated Affi-
niPure F(ab’)2 Fragment Goat Anti-Mouse IgG (H+L) (Jackson ImmunoResearch Laborato-
ries Inc., 872 W. Baltimore Pike, West Grove, PA 19390).

Extracellular vesicles (EVs) isolation and characterization

Extracellular vesicles were extracted from the aqueous fraction of three colostrum samples
before their freezing. The aqueous fraction was obtained as described above and subsequently
incubated with 2:1 v/v ratio of colostrum:ExoQuick solution (System Biosciences, CA)
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overnight at 4°C. The extracellular vesicles were then purified, according to the manufacturer’s
instructions. The EV pellet was resuspended in 1 x PBS, quantified to establish the protein con-
centration using a protein assay kit (Bio-Rad Laboratories, Munich), aliquoted and stored at
-80°C until use.

The EV protein profile was analyzed by means of western blotting. HFF cell lysate was used
to verify the reactivity of the anti-calnexin primary antibody. These cells were chosen as con-
trol since they are a reliable and highly standardized human cell line. A RIPA buffer, contain-
ing protease inhibitors, was added to the EV pellet, or to the HFF cells, for 10 minutes at RT to
allow complete lysis. Soluble proteins were collected, by means of centrifugation at 15,000 x g,
and were then quantified using a protein assay kit. The western blot was performed as previ-
ously described [50]. Primary antibodies: anti-CD63, anti-CD?9, anti-CD81, anti-calnexin,
anti-Hsp70 and anti-caveolinl; secondary antibodies: anti-rabbit and anti-mouse (System
Biosciences).

A nanoparticle tracking analysis system (NTA) (NanoSight NS300, Malvern Instruments
Ltd., UK) was used to determine particle size and particle concentration per milliliter at the
ideal particle per frame value (63-65 particles/ frame).

Human milk glycosaminoglycans (HM-GAGs) isolation and
characterization

50 mL of mature milk were defatted with acetone. After centrifugation at 10,000 g for 15 min
and drying at 60°C for 24 h, the pellet was solubilized in 200 mL of distilled water and treated
with 100 mg of pancreatin (Sigma-Aldrich, code 1071301000, 350 FIP-U/g Protease, 6000
FIP-U/g Lipase, 7500 FIP-U/g Amylase) at 60°C for 24 h in a stirrer. After boiling for 10 min
and centrifugation at 5,000 g for 20 min, three volumes of ethanol were added to the superna-
tant and the mixture stored at 4°C for 24 h. After centrifugation at 10,000 g for 15 min and
dried at 60°C for 6 h, the dried powder was dissolved in 100 ml of 50 mM NaCl and centri-
fuged at 10,000 g for 10 min. The supernatant was applied to a column (5 x 10 cm) packed
with QAE Sephadex A-25 anion-exchange resin equilibrated with the same NaCl solution.
GAGs were eluted with a linear gradient of NaCl from 50 mM to 2.0 M from 0 to 200 min
using low-pressure liquid chromatography (Biologic LP chromatography system from BioRad)
at a flow of 1 ml/min. Fractions positive to uronic acid assay were collected [51]. Three vol-
umes of ethanol were added to the pooled fractions and stored at 4°C for 24 h. The precipitate
was centrifuged and dried at 60°C. The dried purified HM-GAGs were dissolved in distilled
water and lyophilized for the virus inhibition assay or further analysis.

For the antiviral assays, GAGs were dissolved in PBS and stocked at 4°C until use.

HM-GAGs composition was evaluated by electrophoresis on acetate of cellulose [52]. The
purity of the milk extract was evaluated by measuring the protein content by the Folin-Ciocal-
teu test (Sigma-Aldrich, code MAK365-1KT) and the GAGs content by the uronic acid assay
[51].

Structural characterization of the CS/DS and HS/Hep components of HM-GAGs was per-
formed by determining the corresponding constituent disaccharides. Briefly, HM-GAGs were
treated with chondroitinase ABC or chondroitinase AC for 10 h at 37°C in 50 mM Tris-Cl pH
8.0 to produce the CS/DS constituent disaccharides. HM-GAGs were also incubated with a
cocktail of heparinases (heparinases I, I and III) in 0.1 M sodium acetate/calcium acetate pH
7.0 at 38°C overnight to release the HS/Hep disaccharides. The unsaturated disaccharides pro-
duced were derivatized with 2-Aminoacridinone (AMAC) as previously described [39] and
the fluorotagged disaccharides separated and analysed by capillary electrophoresis equipped
with a Laser-Induced Fluorescence (LIF) detector [53]. By this analytical approach we also
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determined the HA content besides the structural composition and charge density of the
sulphated heteropolysaccharides CS/DS and HS/Hep.

Virus inhibition assay

The anti-ZIKV and anti-USUYV activity of human milk (colostrum, transitional or mature
milk) was determined by means of plaque reduction assay or focus reduction assay
respectively.

Vero cells were seeded at a density of 6,5x10* cells /well in 24 well plate for ZIKV antiviral
assays or at a density of 1,3x10*/well in 96 well plate for USUV antiviral assays. The following
day, cells were pre-treated with serial dilutions of human milk aqueous fraction (from 1:3 to
1:6561 parts) for 1h at 37°C. The virus was pre-treated under the same experimental condi-
tions simultaneously: mixtures of serial dilutions of human milk and the same amount of virus
were incubated for 1 h at 37°C at multiplicities of infection (MOIs) of 0.0005 PFU/cell for
ZIKV and 0.02 FFU/cell for USUV. After a gentle wash, these mixtures were added to cells for
2h at 37°C. Subsequently, the ZIKV infected cells were washed twice with warm medium and
overlaid with a 1.2% methylcellulose medium for 72 h at 37°C. In the case of USUV, infected
cells were washed twice and overlaid with fresh medium for 24h at 37°C.

The number of ZIKV plaques were counted after cell fixation and staining with a solution
of 0.1% crystal violet in 20% ethanol. The USUV-infected cells were detected by means of indi-
rect immunostaining as described above. The inhibitive dilution that produced a 50% reduc-
tion of ZIKV or USUYV infection (ID5,) was determined by comparing the treated with the
untreated wells. GraphPAD Prism 8.0 software (San Diego, CA) was used to fit a variable
slope-sigmoidal dose-response curve and calculate the IDs, values.

Viability assay

Cell viability was measured using the MTS [3-(4,5-dimethylthia-zol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetra-zolium] assay. Confluent Vero cells were treated with
serial dilutions of colostrum or HM-EVs or HM-GAGs under the same experimental condi-
tions of the virus inhibition assay. Cell viability was determined using the Cell Titer 96 Prolifera-
tion Assay Kit (Promega, Madison, WI, USA) according to the manufacturer’s instructions.
Absorbances were measured using a Microplate Reader (Model680, BIORAD) at 490 nm. The
effect on cell viability at different dilutions of colostrum was expressed as a percentage, by com-
paring absorbances of treated cells with those of cells incubated with culture medium alone.
The 50% cytotoxic concentrations (CCs,) was determined using Prism software.

Immunofluorescence as say

Subconfluent Vero cells plated on coverslips in 24-well plates were treated with colostrum
(IDgy) following the virus inhibition assay protocol. The infection was performed with MOI of
3 for both viruses. After 30 h or 24 h for ZIKV or USUYV infected cells respectively, cells were
washed twice with PBS and then fixed in 4% PAF for 15 min RT. Cells were permeabilized in
PBS with Triton 0,1% for 20 minutes on ice and then blocked with 5% BSA for 30 minutes.
Next the incubation with the primary antibody (Anti-dsRNA mAb, SCICONS J5 or anti-flavi-
virus protein E mAb D1-4G2-4-15 (4G2), Novus Biological) diluted in blocking buffer was
performed for 1 h RT. After three washes in PBS with 0.05% Tween 20, the secondary antibody
(Goat Anti-Mouse IgG Rhodamine conjugated, Santa Cruz Biotechnology) diluted in blocking
buffer was added to cells for 1 h RT. Subsequently, three washes with PBS were performed and
coverslips were mounted and analyzed on a confocal fluorescence microscope (LSM510, Carl
Zeiss, Jena, Germany).
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Virus inactivation assay

Approximately 10° FFU of ZIKV or USUV were incubated with 100 pl of colostrum for 2h at
37°C. As control, the same number of viral particles was incubated with fresh medium. After
the incubation, both treated and untreated viruses were titrated to the non-inhibitory dilution
of colostrum. The residual viral infectivity was determined by plaque assay (ZIKV) or by indi-
rect immunostaining (USUV). Statistical analysis was performed using Student’s t-test. Signifi-
cance was reported for p-values <0.05.

Pre-treatment assay

Confluent Vero cell monolayers in 24 well plate (for ZIKV test) or in 96 well plate (for USUV
test) were pre-treated with serial dilutions of colostrum (from 1:3 to 1:6561) for 2 h at 37°C.
After washing, cells were infected with ZIKV (MOI = 0.0005) or USUV (MOI = 0.02) for 2h
37°C. The viral inoculum was then removed and two gentle washes were performed. The
ZIKV infected cells were overlaid with 1.2% methylcellulose medium for 72 h at 37°C and the
USUYV infected cells were incubated with fresh medium for 24 h at 37°C. At the end of the
incubation cells were fixed and stained with 0.1% crystal violet in 20% ethanol to count the
number of ZIKV plaques or fixed and stained with indirect immunostaining to evaluate the
number of USUV infected cells.

Where possible, the IDs, values were calculated by means of a regression analysis, using
dose-response curves generated by GraphPad Prism version 8.0.

Binding assay

Vero cells were seeded in 24 well plate at a density of 1.1x10° cells/well. The following day,
cells and viruses (ZIKV or USUV, MOI = 3) were cooled to 4°C for 10 minutes. The viruses
were then allowed to attach to the cells in the presence of colostrum (IDg). After an incubation
of 2 h on ice, the cells were washed with a cold medium to remove any unbound virus. The
cells were then subjected to three rounds of freeze-thawing to release any bound virus, and the
lysate was clarified by means of low speed centrifugation for 10 minutes. The cell-bound virus
titers were determined by means of plaque assay (ZIKV) or indirect immunostaining (USUV),
as outlined above. The presence of any significant differences was assessed by means of Stu-
dent’s t-test, using PRISM 8.0 GraphPad Software.

Entry assay

The Vero cells were cultured to confluence in 24-well or 96-well trays. ZIKV (MOI = 0.005) and
USUV (MOI = 0.2), which had been cooled to 4°C, were allowed to attach to pre-chilled cells
on ice for 2 h at 4°C. Unbound viruses were then washed, serial dilutions of colostrum (from
1:3 to 1: 6561) were added to cells and the plates were incubated at 37 °C to allow virus entry.
After the viral entry, the treatment was aspirated and viral particles still present on the cell sur-
face were inactivated by a wash with citrate buffer (citric acid 40 mM, potassium chloride 10
mM, sodium chloride 135 mM, pH 3) for 1 minute at room temperature, as previously
described [49]. Cells were then washed with warm medium 3 times and overlaid with 1.2%
methycellulose medium (ZIKV entry assay) for 72h or with fresh medium (USUV entry assay)
for 24h. Cells were fixed and stained with 0.1% crystal violet in 20% ethanol to count the num-
ber of ZIKV plaques or fixed and stained with the indirect immunostaining procedure to evalu-
ate the number of USUV infected cells. The viral entry blockade was determined and expressed
as the mean percentage of the untreated control + SEM. Where possible, the ID5, values were
calculated by means of regression analysis using dose-response curves (GraphPad Prism 8.0)
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Post-entry assay

Vero cells were seeded in 96-well plates at a density of 1.3x10* cells/well. The following day,
the viral inoculum (ZIKV at MOI = 0.005 or USUV at MOI = 0.2) was added to cells for 2 h at
37°C. The unpenetrated viruses were inactivated with citrate buffer for 1 minute at room tem-
perature and cells were then washed with warm medium 3 times and incubated with serial
dilutions of colostrum (from 1:3 to 1:6561) for 3 h at 37°C. Finally, after 2 gentle washes, Vero
cells were incubated with warm MEM for 30 h (ZIKV) or 24 h (USUV) at 37°C. The number
of infected cells was determined by indirect immunostaining and the viral inhibition expressed
as the mean percentage of the untreated control + SEM. Where possible, the ID5, values were
calculated by means of regression analysis using dose-response curves (GraphPad Prism 8.0)

Evaluation of HM-EVs and HM-GAGs antiviral activity: virus inhibition
assay

The antiviral activity of colostrum-derived EVs and of HM-GAGs was evaluated by means of
the same experimental protocol described under the “virus inhibition assay” subheading. The
anti-ZIKV and anti-USUV activity of HM-EVs and HM-GAGs was determined by means of
plaque reduction assay (ZIKV) or focus reduction assay (USUV). Vero cells were seeded at a
density of 6,5x10" cells /well in 24 well plate for ZIKV antiviral assays or at a density of 1,3x10%/
well in 96 well plate for USUV antiviral assays. The following day, cells were pre-treated with
serial dilutions of HM-EVs (from 423 pg/ml to 0.19 pug/ml) or with dilutions of HM-GAGs
(from 10 mg/ml to 0.1 mg/ml) for 1 h at 37°C. The viruses were pre-treated under the same
experimental conditions simultaneously: mixtures of serial dilutions HM-EVs or HM-GAGs
and the same amount of virus (MOI of 0.0005 PFU/cell for ZIKV and 0.02 FFU/cell for USUV)
were incubated for 1 h at 37°C. After a gentle wash, these mixtures were added to cells for 2h at
37°C. Subsequently, the ZIKV infected cells were washed twice with warm medium and over-
laid with a 1.2% methylcellulose medium for 72 h at 37°C. In the case of USUV, infected cells
were washed twice and overlaid with fresh medium for 24h at 37°C. The number of ZIKV pla-
ques were counted after cell fixation and staining with a solution of 0.1% crystal violet in 20%
ethanol. The USUV-infected cells were detected by means of indirect immunostaining. The
effective concentration that produced a 50% reduction of ZIKV or USUYV infection (ECs) was
determined by comparing the treated with the untreated wells. GraphPAD Prism 8.0 software
was used to fit a variable slope-sigmoidal dose-response curve and calculate the ECs, values.

Data analysis

All the results are presented as the mean values of two independent experiments. The IDs, val-
ues of the inhibition curves were calculated from a regression analysis using GraphPad Prism
software, version 8.0 (GraphPad Software, San Diego, California, the U.S.A.) by fitting a vari-
able slope-sigmoidal dose-response curve. Statistical analysis was performed using Student’s t-
test, ANOVA Analysis of variance or the F-test, as reported in the Figure legends.

Results

Human milk is endowed with an intrinsic anti-ZIKV and anti-USUV
activity

The first set of experiments was performed in order to investigate the intrinsic antiviral activity
of human colostrum against ZIKV and USUV. Colostrum samples were collected from healthy

donor mothers admitted to Sant’Anna Hospital of Turin for term or preterm delivery
(Table 1).
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Table 1. Main clinical characteristics of the first study group.

Sample n° Gestational Age Mother’s Age Parity Type of delivery
1 35+0 39 2002 CS
2 32+1 33 0000 CS
3 29+1 32 0000 CS
4 39+4 33 1001 CS
5 29+5 38 0000 S
6 38+5 40 0000 CS
7 33+2 35 0000 CS
8 27+3 43 1001 CS
9 30+0 30 1001 CS
10 37+4 35 0000 CS
11 38+4 39 1021 S
12 38+2 39 1001 S
13 38+4 37 0000 S
14 34+1 30 1001 S
15 37+4 23 0000 S
16 38+2 42 0000 CS
F1 40+1 32 0000 S
F2 33+3 39 1001 S

S: spontaneous delivery; CS: cesarean section; F1, F2: Fresh colostrum samples.

https://doi.org/10.1371/journal.pntd.0008713.t001

The aqueous fraction of these samples was selected as preferred biological matrix, due to its
previously described lower impact on cell viability [54], and tested in vitro against ZIKV
(HPF2013) and USUV. Briefly, cells and viruses were treated with serial dilutions of human
colostrum before and during the infection. As reported in Fig 1A and S1 Table, all colostrum
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Fig 1. Anti-ZIKV and anti-USUYV activities of defatted colostrum samples. Cells and viruses were treated before and
during the infection with serial dilutions of human colostrum aqueous fraction (from 1:3 to 1:6561 parts). (A) Anti-ZIKV
and anti-USUYV inhibitory dilution-50 values obtained from three independent experiments are reported. Results are
expressed as mean + SEM of inhibitory dilution-50 values (Student’s t test; ** p<0.01). Results obtained with fresh colostra
are indicated with white triangles. (B) Panel B shows the anti-ZIKV activity of three colostrum samples against the African
MR766 strain. The dose-response curves are reported. Data are presented as % of control. Values are means + SEM of three
independent experiments performed in duplicate.

https://doi.org/10.1371/journal.pntd.0008713.9001
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samples exhibited antiviral activity against both viruses although to a different extent from
mother to mother. The ID5,s were ranging from 0.0003 to 0.0026 for ZIKV and from 0.0022 to
0.0355 for USUV indicating that human colostrum is significantly more active against ZIKV.
The ID5q, obtained with fresh colostra, i.e. with colostra that were clarified and tested in vitro
within 1 hour after collection, are comparable to those obtained from frozen samples (S1 Fig).
Since an incomplete gestational period can affect the maturity of the mammary gland and its
ability to secrete milk with the proper composition for the newborn’s condition, we stratified
the results comparing the antiviral activity of human colostrum from term and preterm moth-
ers, but no significant difference was observed for both viruses (S2 Fig). Furthermore, the anti-
viral activity of human colostrum against different ZIKV strains was verified by testing 3
colostrum samples against ZIKV MR766 belonging to the African lineage. As shown in Fig 1B,
the human colostrum inhibits the MR766 infectivity too, with ID5,s comparable to those
obtained with the microcephalic HPF2013 strain (IDsg colostrum1 = 0-0012; IDsq colostrum2 =
0.0009; TD sy cofostrums = 0.0023).

To further confirm the antiviral action of human colostrum against ZIKV and USUYV,
immunofluorescence experiments detecting the dsRNA (an intermediate in flavivirus replica-
tion) and the flavivirus protein E were performed. As shown in Fig 2A and 2B, the synthesis of
the dsRNA and the production of the protein E are significantly inhibited by colostrum for
both viruses. The same results were obtained with the MR766 ZIKV strain (S3 Fig).

Moreover, in order to exclude the possibility that the observed antiviral action was due to a
cytotoxic effect, viability assays were performed by treating cells with human colostrum under
the same experimental conditions of the virus inhibition assay described above. As expected,
results indicated that colostrum aqueous fraction is not toxic for cells even at the lowest tested
dilution (0.33). Results obtained with 3 randomly selected colostrum samples are reported in
Fig 3.

Altogether, these results demonstrated that the aqueous fraction of human colostrum is
intrinsically endowed with antiviral activity against two emerging flaviviruses without being
toxic for cells in vitro.

Subsequently, we investigated the variations in the anti-ZIKV and anti-USUV activity of
HM according to the different stages of lactation. To this aim, eleven mothers (Table 2)
donated samples of colostrum, transitional and mature milk each.

First, the absence of cytotoxicity was verified for transitional and mature milk too (54 Fig).
The virus inhibition assays revealed that all samples exhibit net anti-ZIKV (Fig 4A) and anti-
USUV activity (Fig 4B). Within each stage of lactation, milk samples exhibited a wide range of
IDsgs against both viruses, with mature milk showing the greatest variation. In the anti-ZIKV
assays, the IDs, values ranged from 0.0004 to 0.004 in colostrum, from 0.0006 to 0.005 in tran-
sitional milk and from 0.0003 to 0.007 in mature milk (S2 Table). In the case of USUV, the
D5, values ranged from 0.002 to 0.01 in colostrum, from 0.001 to 0.007 in transitional milk
and from 0.002 to 0.02 in mature milk (S3 Table). The mean antiviral activity of milk samples
appeared to differ according to the stages of lactation with colostrum and transitional milk
showing lower mean IDs, values than mature milk, but the difference did not reach statistical
significance. These results also indicated that human milk is overall more active against ZIKV,
confirming what previously demonstrated with colostrum samples and described above. In
S5A and S5B Fig, the results obtained from every single mother are separately reported.

Human colostrum alters the binding of ZIKV and USUV to cells

The second goal of this study is to investigate which step of ZIKV and USUYV replicative cycle
is inhibited by HM. Colostrum was selected for the execution of these tests due to the overall
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Fig 2. Evaluation of the anti-ZIKV (A) and anti-USUV (B) activity of human colostrum with the immunofluorescence
assay detecting the dsRNA intermediate of replication and the flavivirus protein E. Cells and viruses (MOI = 3) were
treated before and during the infection with the dilution of colostrum corresponding the IDgq in the virus inhibition assay.
After 30 h of infection, cells were fixed and subjected to immunofluorescence.

https://doi.org/10.1371/journal.pntd.0008713.9002

lower mean IDs, values compared to transitional and mature milk. Three samples of colos-
trum were randomly selected from the initial screening group for both viruses. First, we inves-
tigated whether the aqueous fraction of colostrum is endowed with an intrinsic virucidal
activity, i.e. whether colostrum acts by directly inactivating the viral particle. As reported in
Fig 5, we did not observe any significant virucidal activity for both viruses.

The pre-treatment of cells with serial dilutions of colostrum for 2 h before infection did not
alter ZIKV and USUYV infectivity, thus indicating that colostrum does not act directly on cells
preventing viral infection (Fig 6).

Subsequently, the early steps of viral replication, i.e. the binding and the entry steps, were
evaluated: the treatment with the aqueous fraction of colostrum was performed during the
attachment of the virus to cells or during the cell-penetration processes. Results demonstrated
that human colostrum does not alter the entry of viruses into cells (Fig 7C and 7D), but it acts
by preventing the binding of both viruses to cells. In fact, as reported in Fig 7A and 7B, the
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Fig 3. Evaluation of cell viability after colostrum treatment. Cells were treated under the same conditions of the ZIKV (A)
and USUV (B) inhibition assay. Results obtained from 3 randomly selected colostrum samples are reported and indicated as
% of untreated control. Values are means + SEM of three independent experiments performed in duplicate.
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titer of bound ZIKV and USUV to cells is significantly reduced in presence of colostrum. The
reduction of ZIKV and USUYV titer resulted in more than one order of magnitude between the
treated and the untreated samples and was confirmed for all the tested colostrum samples
(numerical results are reported in S4 Table).

Lastly, we verified the absence of any additional activity on the later steps of viral replica-
tion. When cells were treated with colostrum dilutions after ZIKV or USUV infection for three
hours, no reduction in the number of infected cells was observed (Fig 8).

Anti-ZIKV and anti-USUV components of HM: the HM-EVs and the
HM-GAGs

Prompted by the above findings, we sought to identify new antiviral components of human
milk that could contribute to the antiviral potency of this biofluid. To this aim EVs and GAGs
were isolated and characterized.

Colostrum was selected as preferred lactation stage for EVs isolation, due to the previously
reported higher concentration of EV in colostrum than transitional and mature milk [34].

Table 2. Main clinical characteristics of the second study group.

Sample n* Gestational Age Mother’s Age Parity Type of delivery
17 41+2 28 0000 CS
18 39+4 26 0000 S
19 39+6 33 1011 CS
20 39+4 30 0010 S
21 40+3 40 1001+1 VTP S
22 37+1 33 1001 S
23 39+4 34 0000 S
24 38+5 40 1001 S
25 38+2 43 1001 CS
26 40+0 33 2002 S
27 40+4 41 0000 CS

S: spontaneous delivery; CS: cesarean section; VTP: voluntary termination of pregnancy

https://doi.org/10.1371/journal.pntd.0008713.t002
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maturation. Cells and viruses were treated before and during the infection with serial dilutions of human milk
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mature milk from a cohort of eleven mothers are reported. Results are expressed as mean + SEM and analyzed by

ANOVA followed by Bonferroni post hoc test.
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The colostrum-derived EVs were characterized according to the “Minimal Information for
Studies of Extracellular Vesicles guidelines” (MISEV2018) proposed by the International Soci-
ety for Extracellular Vesicles (ISEV) [55]. As reported in Fig 9A, the EV-lysate was positive for
the three tetraspanines CD63, CD9 and CD81, which are known to be enriched in EVs from
multiple tissue sources, and it was positive for two cytosolic proteins (caveolin-1 and HSP70)
usually recovered in EVs. Furthermore, the colostrum-derived EV lysate was negative for the
contaminating endoplasmatic reticulum-related protein calnexin. We analyzed EV size and
concentration by means of the nanoparticle tracking analysis. The NanoSight instrument
showed that most EVs were between 100-400 nm in diameter: EVs had a mean diameter of
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Fig 5. Evaluation of ZIKV (A) and USUV (B) inactivation by human colostrum aqueous fraction. Viruses were
incubated with colostrum for 2h at 37°C and subsequently the residual viral infectivity was evaluated. On the y-axis, the
infectious titers are expressed as plaque-forming units per ml (PFU/ml) (A) or focus-forming unit per ml (FFU/mL) (B).
Error bars represent standard error of the mean of three independent experiments (Student’s t test; ns: not significant).

https://doi.org/10.1371/journal.pntd.0008713.g005
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Fig 6. Pre-treatment assay. Cells were pre-treated with serial dilutions of colostrum for two hours before infection. After
washing, cells were infected with ZIKV (A) or USUV (B) and the number of ZIKV plaques or USUV foci was evaluated after
72 or 24 hours respectively. The dose-response curves are reported. Data are presented as % of control. Values are

means + SEM of three independent experiments performed in duplicate.

https://doi.org/10.1371/journal.pntd.0008713.g006

250.0 +/- 8.0 nm (EVs 6), 191.7 +/- 1.5 nm (EVs 7) and 200.3 +/- 2.9 nm (EVs 8) (Mode:

199.4 +/- 16.0 nm, 130.5 +/- 7.9 nm, 137.5 +/- 14.6 nm for sample 6, 7 and 8 respectively). Par-
ticle concentration was 7.55 x10'* (EVs 6), 7.02 x10'* (EVs 7) and 9.33 x 10'? (EV's 8) particles/
ml. A representative analysis is reported in Fig 9B (S6 Fig reports the NTA analysis of EVs 6
and EVs 8).

After the characterization, EVs were tested in vitro against ZIKV and USUV. The results
(Fig 9C and 9D) demonstrated that colostrum-derived EVs are endowed with a strong antivi-
ral activity against both viruses. Notably, the ECs, values of the 3 EV populations were 11.47,
7.04 and 16.22 pg protein/ml for ZIKV and 11.61, 12.33 and 32.57 pg protein/ml for USUV.

Next, the antiviral potency of GAGs isolated from a pool of mature milk samples was evalu-
ated in vitro. Mature milk was selected as preferred biological matrix because is more com-
monly available than colostrum. According to previous studies [39,40,56], the HM-GAGs
fraction tested in this study was mainly composed of CS/DS and HS/Hep as evident from the
electrophoresis (Fig 10A). Moreover, from the structural characterization analysis (confirmed
by the electrophoresis), we obtained a percentage of ~55% CS and 1-2% DS, ~40% HS/low-
sulfated Hep (known as fast-moving Hep) and ~2% high-sulfated Hep (known as slow-moving
Hep), and trace amount (1-2%) of HA. Additionally, the HM-CS was confirmed to have a
very typical low charge density (~0.35) compared to the other known CS [57]. Finally, the puri-
fied HM-GAGs were tested to have a purity greater than 98%.

Results from the antiviral assays revealed that HM-GAGs are active against ZIKV and
USUV in the range of physiological concentrations detected in term and preterm human
colostrum [42] (Fig 10B). The ECs, values were 5.8 mg/ml for ZIKV and 3.3 mg/ml for USUV
with the higher concentration tested (10 mg/ml) able to completely inhibit USUV infection
and to inhibit the 70% of ZIKV infection.

Both EVs samples and HM-GAGs did not show any cytotoxicity (S7 Fig).

Altogether these results demonstrated that colostrum derived EVs and HM-GAGs contrib-
ute, at least in part, to the anti-ZIKV and anti-USUYV intrinsic action of human milk.

Discussion and conclusion

While the antiviral activity of HM and its components against numerous viral pathogens have
been described in literature, its role in protecting against emerging arboviruses has been poorly

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008713  October 7, 2020 14/24


https://doi.org/10.1371/journal.pntd.0008713.g006
https://doi.org/10.1371/journal.pntd.0008713

PLOS NEGLECTED TROPICAL DISEASES Human milk and emerging flaviviruses

A B
7] 0
E 1074 Hkk g 106+
o *kkk o
) o — o
> —— >3 ex
o 1064 o E 5
== bl 10°4 Kok
-g g 'g o *kk
= =) o T
o o .
o 2>
S 105 33 104
N 32
I 5
g . ; : o) 103- T . :
RS A A A 0o e Q Q0
N Ny NS N\ 0
& v @@ % %\"6\ 00 S \50 @& 06\) S
o° 6‘06 o° o'”(\ \Oé\ o$
xo x() on 00\ 00 06
~N A\ x x x
N N N Q Q 3
v D P N 0@0 N
D N N}
C 1504 150~
& 100+ & 100+
3 g
£ €
G ks
£ 504 £ 501
O T T T 1 0 T T T 1
0.0001 0.001 0.01 0.1 1 0.0001 0.001 0.01 0.1 1
Colostrum dilutions Colostrum dilutions
-o- Colostrum4 -m Colostrum7 -2 Colostrum 9 -o- Colostrum 14 -# Colostrum 15 -2 Colostrum 16

Fig 7. Binding assay (A, B) and entry assay (C, D). ZIKV (A) or USUV (B) (MOI = 3) were allowed to attach to the cells in
presence of colostrum (IDg,) for 2h on ice. The cell-bound virus titers were determined by means of plaque assay (ZIKV) or
indirect immunostaining (USUV). On the y-axis, the infectious titers are expressed as plaque-forming units per ml (PFU/ml)
(A) or focus-forming unit per ml (FFU/mL) (B). Error bars represent standard error of the mean of three independent
experiments (Student’s t test; * p < 0.05; *** p < 0.001; ****p < 0.0001); For the entry assay, ZIKV (C) or USUV (D) were
absorbed for 2 h at 4°C on pre-chilled Vero cells. After the removal of the unbound virus, the temperature was shifted to
37°C to allow the entry of pre-bound virus in presence of serial dilutions of colostrum for 2h. Unpenetrated virus was
inactivated with citrate buffer and the number of ZIKV plaques or the number of USUV foci was evaluated after 72 h or 24 h
respectively. The dose-response curves are reported. Data are presented as % of control. Values are means + SEM of three
independent experiments performed in duplicate.

https://doi.org/10.1371/journal.pntd.0008713.g007

investigated so far [25,58,59]. In this study we addressed this issue focusing on two emerging
flaviviruses: we assessed the anti-ZIKV and the anti-USUV activity of human milk in its differ-
ent stages of maturation and we explored the antiviral contribution of specific components,
namely the HM-EVs and the HM-GAGs.

The first notable finding is that HM is endowed with antiviral activity against ZIKV and
USUYV in all the stages of lactation (colostrum, transitional and mature milk) with no signifi-
cant differences between them. We previously reported a different pattern in the anti-CMV
activity of human milk [54]: we demonstrated that colostrum from CMV-IgG+ mothers was
significantly more potent than transitional and mature milk and this was due to the higher
content of specific immune factors, especially sIgA, in the early stages of lactation. On the con-
trary, the presence of specific immunoglobulins in the milk samples of the present study is
very unlikely, considering the absence of a past travel history in ZIKV endemic areas of the
donor mothers and the low seroprevalence of USUV in Europe [11]. The anti-ZIKV and anti-
USUYV action is attributable to non-specific bioactive factors that act independently from the
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Fig 8. Post-entry assay. Cells were infected with ZIKV (A) or USUV (B) for 2 h at 37°C. After washing with citrate buffer,
cells were treated with serial dilutions of colostrum for 3 h. The number of ZIKV plaques or USUV foci was evaluated after
72 or 24 hours respectively. The dose-response curves are reported. Data are presented as % of control. Values are

means + SEM of three independent experiments performed in duplicate.
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Fig 9. Characterization of colostrum derived-EVs (A, B) and study of their anti-ZIKV (C) and anti-USUV (D) activity. The protein profile of the colostrum-
derived EVs was analysed by means of Western blotting using Abs against the endoplasmatic reticulum-related protein calnexin and against the EVs marker
proteins CD63, CD9, CD81, Hsp70 and Caveolin-1. HFF cell lysate was used as control (A). In panel B, the Nanoparticle tracking analysis (NTA) is reported. In
panels C and D the results obtained from the antiviral assays are reported. Cells and viruses were treated before and during the infection with serial dilutions of
EVs. The dose response curves are reported. Data are presented as % of control. Values are means + SEM of three independent experiments performed in
duplicate.

https://doi.org/10.1371/journal.pntd.0008713.g009
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Fig 10. Electrophoresis separation of HM-GAGs (A) and evaluation of their anti-ZIKV and anti-USUV action (B). (A)
Purified HM-GAGs were separated by means of acetate of cellulose electrophoresis. CS: chondroitin sulfate; DS: dermatan
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experiments performed in duplicate.

https://doi.org/10.1371/journal.pntd.0008713.g010

mother serostatus. Which is the antiviral potency of colostrum from ZIKV or USUV infected
mothers remains an interesting open question.

We also demonstrated that human colostrum exerts an antiviral action against two different
ZIKV strains, the HPF2013 and the MR766, belonging to the Asian and African lineage respec-
tively. These results indicate that breast milk could play a protective role against either the
microcephalic Asian strains, that have caused the latest epidemics, and the African strains, that
have shown to be more infectious in vitro and in vivo, but have not caused any recently
reported human case [60]. To the best of our knowledge, this is the first study reporting the
intrinsic anti-USUV activity of human milk. On the contrary, Pang et al. recently indicated a
potential anti-ZIKV action of HM in an artificial feeding model mouse [25] and other two
reports demonstrated that breast milk is able to inactivate ZIKV in a time-dependent manner.
These latter studies attributed the antiviral potential to the fat containing cream fraction of
human milk, in which the free fatty acids, released upon storage by milk lipases in a time-
dependent manner, incorporate into the viral envelope thereby destroying the viral particle
[30,61]. In our experiments, we eliminated the storage affected lipid components from the
milk samples and we analyzed the aqueous fractions after having verified that our storage
method did not alter the antiviral properties. Our results therefore indicate the presence of an
intrinsic anti-ZIKV activity in the aqueous fraction of HM too.

We explored the anti-ZIKV and anti-USUYV activity of human milk analyzing the putative
step of viral replication inhibited by this biofluid. We focused on the first stage of lactation,
because colostrum samples collectively showed the lowest IDs, values in the virus inhibition
assays. We demonstrated that the aqueous fraction of colostrum acts by altering the binding of
ZIKV and USUV to cells, thus preventing cellular infection. Despite the early steps of USUV
and ZIKV replicative cycles are not yet fully defined, it has been demonstrated that different
molecules play a role in flaviviruses attachment to cells. The most common attachment factors
are negatively charged glycosaminoglycans (GAGs), which can be utilized by several flavivi-
ruses, including DENV, WNV, JEV and tick-borne encephalitis virus (TBEV), as low-affinity
attachment factors to concentrate the virus on cell surface [62]. Contradictory results have
emerged instead from studies about the dependence of ZIKV on cellular GAGs [63-66]. In
addition, phosphatidylserine (PS) receptors’ families, such as T-cell immunoglobulin (TIM)
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and TYRO3, AXL and MERTK (TAM), as well as integrins and C-type lectin receptors
(CLRs), have been described as key factors during the initial steps of flavivirus cell invasion
[62,67]. Given the extremely complex composition of human milk and the results obtained
from the study of its mechanism of action, we could hypothesize the presence of one or more
factors in HM able to limit USUV and ZIKV interaction with the above-mentioned cellular
receptors. We can exclude a possible action of residual free fatty acids, since the mechanism of
action indicated by Conzelmann et al. and attributed to the lipid components consisted of a
virucidal activity.

To support our results, we investigated the antiviral activity of two HM components
derived from the aqueous fraction of human milk. HM-EVs showed a strong inhibition of
ZIKV and USUYV infection in vitro, suggesting that they could contribute, at least in part, to
the overall antiviral action of human milk. Consistently with these findings, previous studies
demonstrated the antiviral potency of HM-EVs and indicated that they compete with viruses
for the binding to cellular receptors [44,68]. In particular, Ndslund and colleagues showed that
HM-exosomes compete with HIV-1 for binding to DC-SIGN receptor on monocyte-derived
dendritic cells. Even though our results are preliminary and the mechanism of action has not
been investigated yet, we speculate that a similar mechanism could be possible against ZIKV
and USUYV too.

GAGs are other HM components that could contribute in inhibiting the binding of both
flaviviruses to cells. Since numerous viruses, including some flaviviruses, attach to cell exploit-
ing cellular GAGs, these complex carbohydrates from different origins have been largely inves-
tigated for their ability to act as soluble receptors [69-74]. Notably, the first data available on
the antiviral role of GAGs isolated from HM are those reported by Newburg et al. demonstrat-
ing that HM-CS was able to inhibit the binding of the HIV envelop glycoprotein gp120 to the
cellular CD4 receptor [46]. In this study, HM-GAGs were tested against ZIKV and USUV at
concentrations that would be relevant to breastfed infants [40]. In particular, highest GAGs
values are present at 4™ day after partum (~ 9.3 mg/ml and ~ 3.8 mg/ml in preterm and term
milk, respectively), followed by a progressive decrease up to day 30™ (~ 4.3 mg/ml and ~ 0.4
mg/ml). Given the possibility that cellular GAGs are low-affinity attachment factors for ZIKV
and USUYV, the antiviral action of HM-GAGs (potentially acting as decoy receptors) is not as
strong as expected, but the ECs, values fall within the range of GAG concentrations in preterm
and term colostrum. Furthermore, the GAGs concentration detected in preterm mature milk
is still partially active against USUV. These results indicate that HM-GAGs could only partially
contribute to the overall antiviral action of human milk, mostly acting during the first days
after birth. This also highlights that the dependence of ZIKV and USUV on cellular GAGs for
their attachment to cells warrant further investigations.

In conclusion, the intrinsic anti-ZIKV activity of human milk here reported, along with the
higher viscosity detected in colostrum from ZIKV-infected mothers and the storage-depen-
dent virucidal activity of HM lipid components, are three different factors that hinder the
spread of ZIKV through breastfeeding [30,75]. Furthermore, we can now add USUV to the list
of viral pathogens inhibited by human milk. Altogether, our data support the WHO recom-
mendations about breast-feeding during ZIKV infection and could contribute to producing
new guidelines for a possible USUV epidemic.

Supporting information

S1 Table. Anti-ZIKV and anti-USUYV activities of defatted colostrum (numerical results of
Fig 1A).
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S2 Table. IDs, values of defatted human milk samples at different stages of maturation
against ZIKV (numerical results of Fig 5A).
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$3 Table. IDs, values of defatted human milk samples at different stages of maturation
against USUV (numerical results of Fig 5B).
(DOCX)

$4 Table. Numerical results of the binding assays reported in Fig 8A and 8B (the mean val-
ues are reported).
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S1 Fig. Anti-ZIKV (A) and anti-USUV (B) activities of two fresh colostrum samples. Cells
and viruses were treated before and during the infection with serial dilutions of colostrum
aqueous fraction (from 1:3 to 1:6561 parts). The dose-response curves are reported. Data are
presented as % of control. Values are means = SEM of three independent experiments per-
formed in duplicate. The IDs, values obtained from the ZIKV antiviral assays values were
0.0037 (colostrum F1) and 0.00097 (colostrum F2). In the case of USUV, the ID5, values were
0.018 (colostrum F1) and 0.02 (colostrum F2).

(PDF)

S2 Fig. Comparison between the antiviral activity of colostrum from term and preterm
mothers. Cells and viruses were treated before and during the infection with serial dilutions of
human colostrum aqueous fraction (from 1:3 to 1:6561 parts). Anti-ZIKV and anti-USUV
inhibitory dilution-50 values obtained from three independent experiments are reported and
stratified to compare term and preterm mothers. Panel A reports the results obtained by test-
ing colostra against ZIKV, while panel B shows the results for USUV. Results are expressed as
mean + SEM of inhibitory dilution-50 values (Student’s t test; ns: not significant).

(PDF)

S3 Fig. Evaluation of the anti-ZIKV activity of human colostrum against the MR766 strain
with immunofluorescence assays detecting the dsRNA and the flavivirus protein E. Cells
and viruses (MOI = 3) were treated before and during the infection with the dilution of colos-
trum corresponding the IDy, in the virus inhibition assay. After 30 h of infection, cells were
fixed and subjected to immunofluorescence.

(PDEF)

S4 Fig. Evaluation of cell viability after the treatment with transitional (A, C) or mature
milk (B, D). Cells were treated under the same conditions of the ZIKV (A, B) and USUV (C,
D) inhibition assays. Results from 3 randomly selected samples are reported in each graph.
Data are indicated as % of untreated control. Values are means + SEM of three independent
experiments performed in duplicate.

(PDF)

S5 Fig. Anti-ZIKV (A) and anti-USUYV (B) activity of defatted human milk samples at dif-
ferent stages of maturation. The inhibitory dilution-50 values of colostrum, transitional and
mature milk obtained from every single mother are separately reported indicating the sample
number.

(PDF)

S6 Fig. Nanoparticle tracking analysis (NTA) of EVs 6 (A) and EVs 8 (B).
(PDF)
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S7 Fig. Evaluation of cell viability after EVs (A) or GAGs treatment (B). Cells were treated
under the same experimental conditions of the ZIKV and USUV inhibition assay, but without
infection. Cell viability was evaluated after 24 h or 72 h, respecting the same experimental tim-
ing of USUV or ZIKV antiviral assay respectively. Results obtained with one representative EV
population and with the GAGs preparation are reported and indicated as % of untreated con-
trol. Values are means + SEM of three independent experiments performed in duplicate.
(PDF)
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8. ANALYSIS OF THE EFFECT OF HOLDER PASTEURIZATION AND HIGHT
TEMPERATURE-SHORT TIME PASTEURIZATION ON MILK’S ANTIVIRAL
PROPERTIES

As previously described, recent findings have confirmed the therapeutic properties of human milk
components and have left no doubt that it constitutes an indispensable part of newborns’ nutritional
treatment, especially premature babies with very low (VLBW) and extremely low (ELBW) birth
weight. Initiating lactation in preterms’ mothers and maintaining mother’s milk supply for NICU
infants remains challenging. Donor milk has become the standard way of feeding newborns who
cannot receive the milk of their biological mothers (149,150). Donor milk administration to
prematurely born children needing longer hospital stays requires necessary collecting procedures,
freezing, storage and pasteurization. Low temperature long time (LTLT) pasteurization, also known
as the holder method (HoP), is considered to be the standard for human milk pasteurization. Milk is
incubated for 30 min at 62.5 °C in a water bath or other device that ensures effective heating. Modern
milk pasteurizers guarantee precise measurement of the temperature inside the bottle, automatic
control of the process and the possibility of efficient and safe milk cooling to low temperature (usually
4 °C) (149). Holder pasteurization destroys vegetative forms of bacteria and most viruses including
HIV and CMV. This method is thought to lead to a good compromise between the microbiological
safety and nutritional/biological quality of donor milk. Nonetheless, it is also well known that HoP
affects some of the nutritional and biological properties of human milk. In particular, water soluble
vitamins, and vitamin C are generally reported as significantly decreased and proteins are the
components more significantly affected by HoP. Specific proteins with significant immunologic and
anti-infective action (such as immunoglobulins and lactoferrin) are reduced by this method and a
substantial reduction in the enzymatic activity has also been observed (151). Therefore, Human Milk
Banks (HMBSs) and researchers are committed to developing novel or enhanced methods to process
donor milk that can ensure microbial inactivation, while improving the preservation of its nutritional,
immunological, and functional constituents (152). High Temperature Short Time pasteurization
(HTST), that consists of heating thin-layered milk in continuous flow systems at 72°C for 15 seconds,
was the first non-HoP technique tested to improve the nutritional and immunological quality of milk,
because it has been established in the dairy industry since the 1930s (149). In this context, we
investigated and compared the effect of both HoP and HTST on milk’s antiviral properties, with the
aim to identify the best method to preserve this fundamental quality of human milk.
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8.1 Publications

Donalisio M, Ritta M, Francese R, Civra A, Tonetto P, Coscia A, Giribaldi M, Cavallarin L, Moro
GE, Bertino E, Lembo D. High Temperature-Short Time Pasteurization Has a Lower Impact on the
Antiviral Properties of Human Milk Than Holder Pasteurization. Front Pediatr. 2018 Oct 16;6:304.
doi: 10.3389/fped.2018.00304. PMID: 30460212; PMCID: PMC6232822.

In the present study we investigated whether and to which extent HoP and HTST pasteurization
have an effect on the antiviral properties of raw human milk against a panel of viral pathogens causing
diseases in newborns and children, as Herpes simplex virus type | and Il (HSV-1, HSV-2), HCMV,
RSV, HRhV, and HRoV. The results indicated that the Holder pasteurization, significantly decrease
the milk antiviral activity against HSV-1, HSV-2, HCMV, RSV, and HRhV, but not against HRoV.
By contrast, HTST preserved antiviral properties of raw human milk against four out of six viruses
analyzed. Our study provided the first evidence that HTST pasteurization preserves milk antiviral
activity better than HoP, thus indicating that this method could improve the quality of the final

product.
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High Temperature—Short Time
Pasteurization Has a Lower Impact
on the Antiviral Properties of Human
Milk Than Holder Pasteurization
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Alessandra Coscia?, Marzia Giribaldi®*, Laura Cavallarin®, Guido E. Moro?,
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Holder pasteurization (62. 5°C for 30 min) is recommended by all international human
milk bank guidelines to prevent infections potentially transmitted by donor human milk.
A drawback is that it affects some human milk bioactive and nutritive components.
Recently, High Temperature-Short Time (HTST) pasteurization has been reported to be
a valuable alternative technology to increase the retention of some biological features
of human milk. Nevertheless, to date, few data are available about the impact of
pasteurization methods other than Holder on the antiviral activity of human milk. The
present study was aimed at evaluating the antiviral activity of human milk against
a panel of viral pathogens common in newborns and children (i.e., herpes simplex
virus 1 and 2, cytomegalovirus, respiratory syncytial virus, rotavirus, and rhinovirus),
and at assessing the effect of Holder and HTST pasteurization on milk’s antiviral
properties. The results indicate that human milk is endowed with antiviral activity against
all viruses tested, although to a different extent. Unlike the Holder pasteurization,
HTST preserved the inhibitory activity against cytomegalovirus, respiratory syncytial
virus, rotavirus and herpes simplex virus type 2. By contrast, both methods reduced
significantly the antiviral activities against rhinovirus and herpes simplex virus type 1.
Unexpectedly, Holder pasteurization improved milk’s anti-rotavirus activity. In conclusion,
this study contributes to the definition of the pasteurization method that allows the best
compromise between microbiological safety and biological quality of the donor human
milk: HTST pasteurization preserved milk antiviral activity better than Holder.

Keywords: human milk, HTST, Holder, antiviral activity, virus, pasteurization

INTRODUCTION

A mother’s own milk is the first choice for improving the short- and long-term outcomes for
all newborns, including preterm infants (1, 2). When a mother’s own milk is unavailable or
in short supply, a common occurrence in Neonatal Intensive Care Units, the World Health
Organization and the American Academy of Pediatrics recommend the use of donor milk (DM)

Frontiers in Pediatrics | www.frontiersin.org

1 October 2018 | Volume 6 | Article 304


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://doi.org/10.3389/fped.2018.00304
http://crossmark.crossref.org/dialog/?doi=10.3389/fped.2018.00304&domain=pdf&date_stamp=2018-10-16
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles
https://creativecommons.org/licenses/by/4.0/
mailto:david.lembo@unito.it
https://doi.org/10.3389/fped.2018.00304
https://www.frontiersin.org/articles/10.3389/fped.2018.00304/full
http://loop.frontiersin.org/people/603939/overview
http://loop.frontiersin.org/people/606223/overview
http://loop.frontiersin.org/people/604021/overview
http://loop.frontiersin.org/people/536853/overview
http://loop.frontiersin.org/people/492012/overview
http://loop.frontiersin.org/people/611016/overview
http://loop.frontiersin.org/people/541904/overview
http://loop.frontiersin.org/people/350533/overview

Donalisio et al.

Antiviral Activity of Pasteurized Milk

as the best alternative (2, 3). Human milk (HM) can
be considered a species-specific dynamic biological system,
known to encompass many kinds of biological functions,
including antimicrobial and antiviral properties (2). It is
generally agreed that breastfeeding reduces the rate of serious
gastroenteritis, especially caused by rotaviruses (HRoVs), and
infant respiratory infections, as well as otitis media. The main
viruses involved in infant respiratory and middle ear infections
are respiratory syncytial virus (RSV) and rhinoviruses (HRhV)
(4-7). Furthermore, most herpetic infections are acquired during
childhood and their infection is lifelong. The vast majority
of herpes simplex virus 1 (HSV-1) infections are oral-labial
herpes and they are mainly transmitted by oral-to-oral contact.
By contrast, neonatal herpes can occur when an infant is
exposed to herpes simplex virus 2 (HSV-2) in the genital tract
during delivery. The risk for neonatal herpes is greatest when
a mother acquires HSV infection for the first time in late
pregnancy (8). Human cytomegalovirus (HCMV) is another
herpesvirus, responsible for the most common congenital
infection worldwide, affecting 1 out of every 150 live-born infants
worldwide (9).

Several specific bioactive and immunomodulatory factors
play a role in the milk-mediated defense system against viral
infections, including milk proteins, as lactoferrin, lactadherin,
lactoperoxidase, lysozyme, and secretory immunoglobulins A
(sIgA), but also mucins, sulfated glycolipids, glycosaminoglycans
and vitamin A (6, 10-12). Despite the presence of protective
factors in HM, some viruses, as human immunodeficiency virus
type 1, human T-lymphotrophic virus, zikavirus, and HCMV, are
transmitted from mother to infant thus the heat treatment of
DM is mandatory in human milk banks (HMBs) to guarantee
microbiological safety (13). The ESPGHAN Committee on
Nutrition has recently advised that “future research should focus
on the improvement of milk processing in HMBs, particularly
of heat treatment” (14). Currently, a pasteurization process at
62.5°C for 30 min (the Holder pasteurization method, HoP) is
recommended in all international guidelines for the constitution
of HMBs (13, 15). However, literature indicates that HoP
affects several milk components to variable degrees, with a
marked effect on milk protein content and activity (16, 17).
Therefore, HMBs and researchers are committed to developing
novel or enhanced methods to process DM that can ensure
microbial inactivation, while improving the preservation of its
nutritional, immunological, and functional constituents (14).
High Temperature Short Time pasteurization (HTST) was the
first non-HoP technique tested to improve the nutritional and
immunological quality of milk, because it has been established
in the dairy industry since the 1930s. HTST in food industry is
usually performed by heating thin-layered milk in continuous
flow systems at 72°C for 15 seconds, although high variability on
the processing equipment and conditions was recently observed
for HTST when applied to HM pasteurization (18). On the basis
of the existing evidence, a new small-scale continuous-flow HTST
pasteurizer was recently designed and validated for treating HM
by our group (19).

The present research is aimed at assessing whether and to
which extent HoP and HTST have an effect on the antiviral

properties of raw HM against a panel of viral pathogens causing
diseases in newborns and children, as HSV-1, HSV-2, HCMYV,
RSV, HRhV, and HRoV.

MATERIALS AND METHODS

HM Samples Collection

HM samples were obtained from the HMB of the Citta della
Salute e della Scienza of Turin, Italy. An ethical review process
was not required for this study, because it was not a clinical
trial. Each milk donor involved in this research signed a written
consent form, where mother’s and infant’s data protection was
assured. Besides, donors where informed that only milk samples
stored in excess to the needs of their infants should have
been used for research purposes explaining the study design.
Two pools of milk were obtained on two different occasions.
Both pools (final volume 250 ml) included colostrum (days 1-
5 postpartum), transitional milk (days 6-14 postpartum), and
mature milk (beyond day 15 postpartum). Each pool contained
milk samples from three donors. The donors of the first pool
were different from those of the second pool. The donors
cleaned their hands and breasts according to the Italian HMB
guidelines (13). The milk specimens were collected in sterile
bisphenol-free polypropylene bottles using a breast pump and
stored by the HMB at —20°C until processed. The individual
specimens were thawed overnight in refrigerated conditions,
and then pooled rapidly in the morning in the HMB, and
shipped refrigerated within 1h. Upon arrival, pooled samples
were processed according to the appropriate technique, and
immediately separated in 10-ml aliquots, which were conveyed to
the analyzing laboratory within 1 h. Raw milk was also aliquoted
immediately after collection and stored as fresh and/or frozen
material, as required.

Milk Pasteurization

The milk samples were processed using either HoP or HTST
system. HoP was performed directly in sterile bisphenol-
free polypropylene bottles using a standard HM pasteurizer
(Metalarredinox, BG, Italy). HTST was performed using a
patented proprietary device (European Patent n° 2974603),
as previously described (19, 20). HTST-pasteurized milk was
collected in sterile bisphenol-free polypropylene bottles. Four mL
from each sample were skimmed by centrifugation at 2,000 g for
30 min at 4°C in sterile tubes (Eppendorf S.r.1, Milan, Italy), and
then shipped refrigerated within 1 h to the laboratory for antiviral
assays.

Cells

African green monkey kidney cells (Vero) (ATCC CCL-81)
and human epithelial cells Hep-2 (ATCC CCL-23) were grown
as monolayers in Eagles minimal essential medium (MEM)
(Gibco/BRL) supplemented with heat-inactivated 10% fetal
calf serum (FCS) (Gibco/BRL) and 1% antibiotic-antimycotic
solution (Zell Shield, Minerva Biolab) at 37°C in an atmosphere
of 5% of CO,;. Human Foreskin Fibroblasts (HFF-1) (ATCC
SCRC-1041) at low-passage-number (<30), African green
monkey kidney epithelial cells (MA104) and human epithelial
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adenocarcinoma HeLa cells (ATCC CCL-2) were propagated in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich)
supplemented with FCS and antibiotic-antimycotic solution.

Viruses

The neurovirulent strains LV (21) and MS (ATCC VR-540) of
HSV-1 and HSV-2, were propagated in Vero cells at 37°C (22).
HRhV 1A (ATCC VR-1559) was propagated in HeLa cells, at
33°C. HSV-1, HSV-2, and HRhV titers were determined by
the standard plaque method and expressed as plaque-forming
unit (PFU)/ml. A bacterial artificial chromosome (BAC)-derived
HCMYV strain Towne incorporating the green fluorescent protein
(GFP) sequence (23) was propagated on HFF-1 and viral titres
were determined by fluorescent focus assay. RSV strain A2
(ATCC VR-1540) was propagated in Hep-2 and titrated by the
indirect immunoperoxidase staining procedure using an RSV
monoclonal antibody (Ab35958, Abcam) (24). Human HRoV
strain Wa (ATCC VR-2018) was activated with 5pg/ml of
porcine pancreatic trypsin type IX (Sigma) for 30 min at 37°C
and propagated in MA104 cells by using MEM containing 0.5 g
of trypsin per ml. HCMV, RSV and HRoV titers were expressed
as focus-forming units (FFU)/ml. Virus stocks were maintained
frozen (-80°C).

Viral Inhibition Assay

Antiviral activity of milk samples was determined by plaque
reduction assays for HSV-1, HSV-2, and HRhV and by focus
reduction assays for HCMV, RSV, and HRoV. Antiviral assays
were performed by incubating serial dilutions of milk (from 1/1
to 1/1024 parts in medium) with virus for 1h at 37 °C and
then the mixtures were added to cells for 2h at 37°C. After
three washings with medium, monolayers were overlaid with
1.2%-methylcellulose medium with 2% FCS. The effect on HSV
and HRhV infections was evaluated on pre-seeded Vero or Hela
cells (10 x 10%) respectively, in 24-well plates infected with 200
PFU/well of HSV or 30 PFU/well of HRhV; after incubation for
24h (HSV-2 and HRhV) or 48h (HSV-1) cells were fixed and
stained with 0.1% crystal violet in 20% ethanol and viral plaques
were counted. The mean plaque count for each sample dilution
was expressed as a percentage of the mean plaque count of the
control (25). In HCMV inhibition assay, cells pre-seeded in 96-
well plates at a density of 5.0 x 10%/well, were infected with
140 PFU/well of GFP-coding HCMV. After 5-day-incubation at
37°C 5% CO; atmosphere, infected cells were visualized as green
fibroblasts using fluorescence microscopy and counted. In RSV
and HRoV inhibition assays, Hep-2 cells and MA104 were pre-
seeded at a density of 1 x 10%/well and 1.4 x 10%, respectively,
in 96-well plates. Cells were infected with 60 PFU/well of RSV or
200 PFU/well of HRoV and, after 16 h (HRoV) or 3 days post-
infection (RSV), infected cells were fixed with cold methanol and
acetone for 1 min and subjected to virus-specific immunostaining
as described previously (26, 27). Fluorescent and immunostained
viral foci were microscopically counted and results were reported
as percentages of foci in comparison to controls. The endpoints
of the assays were the effective milk dilution that reduced the viral
plaque/focus formation by 50% (inhibitory dilution-50, ID50)
in comparison to that in the untreated control. The ID50 of

milk was calculated by using the program PRISM 4 (GraphPad
Software) to fit a variable slope-sigmoidal dose-response curve.
All data were generated from duplicate wells in at least three
independent experiments on each HM pool.

Cell Viability Assay

Cell viability was measured by the MTS [3-(4,5-dimethylthiazol-
2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] assay. Confluent cell cultures seeded in 96-well
plates were incubated with different dilutions of milk in
triplicate under the same experimental conditions described
for the antiviral assays. Cell viability was determined by the
CellTiter 96 Proliferation Assay Kit (Promega) according to the
manufacturer’s instructions. Absorbances were measured using
a Microplate Reader (Model 680, BIORAD) at 490 nm. Their
effect on cell viability at different milk dilutions was expressed
as a percentage, by comparing the absorbances of treated cells
with that of the cells incubated with culture medium alone. The
50%-cytotoxic dilutions (CD50) and 95% confidence intervals
(CIs) were determined with Prism 4 software.

Statistical Analysis

Statistical analysis was performed using Extra sum-of-square F
test as reported in legends of figures, on GraphPad software.
Significance was reported for p < 0.05.

RESULTS AND DISCUSSION
Antiviral Activity of HM

This paper reports on the antiviral activity of raw milk and
investigates the impact of two pasteurization techniques on
such biological property. The first set of experiments was
dedicated to assess the antiviral activity of two HM raw
milk pools against a panel of viral pathogens causing diseases
in newborns and children, and representing different viral
structures and families: enveloped DNA viruses, as HSV-1, HSV-
2,and HCMV (Herpesviridae family); enveloped RNA viruses, as
RSV (Paramyxoviridae family); naked single strand RNA virus, as
HRhV (Picornaviridae family); naked double strand RNA virus,
as HRoV (Reoviridae family). Figure 1A reports the antiviral
activity of the two HM pools, expressed as ID50, i.e., the dilution
of milk sample inhibiting the 50% of infectivity. The results
revealed that both pools exhibited antiviral activity against all
viruses with ID50 ranging from 0.010 to 0.183. As for the viruses
belonging to the Herpesviridae family, both pools exhibited a
similar antiviral activity against HCMYV, whereas a statistically
significant difference in anti-HSV-1 and anti-HSV-2 activity was
observed (p < 0.05). These results confirm previous findings that
HM samples were endowed with anti-HCMYV activity, although
to a different extent from sample to sample and from mother to
mother (6, 28). Our data evidenced a high activity against HSV-
1 and HSV-2, in contrast with other studies that observed weak
or no antiviral effect (29-31) for raw HM, whereas, when HM
samples were aspirated from the stomachs of the infants within
few hours of feeding, they were reported to reduce HSV-1 titers
(31). The observed inhibitory activity of milk pools with ID50
around of 0.01 against RSV and 0.05 against HRhV supports
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FIGURE 1 | (A) Antiviral activities against HSV-1, HSV-2, HCMV, RSV, HRhV, and HRoV are reported as inhibitory dilution-50 (ID50) values for raw human milk pool #1
(white) and pool #2 (black bar). Data are reported as mean ID50 + 95% confidence intervals of 4 independent experiments. ID50 values were compared using the
sum-of-squares F-test. **P < 0.001; n.s., not significant. (B) Representative examples of plaque reduction assays and fluorescence foci assays of antiviral assays
treating infected cells with raw milk samples at a 1:2 dilution, an inhibitory dilution-100 (ID100) for all viruses. Untreated infected (upper row) and milk-treated infected
(lower row) fields are reported for HSV-1, HSV-2, HCMV, RSV, HRhV, and HRoV. HSV-1, HSV-2 and HRhV plaques were visualized after crystal violet staining; RSV
and HRoV foci were visualized by ICC (magnification 40X). HCMV fluorescent foci were visually counted as green cells at fluorescence microscopy (magnification
100X). HSV-1, HSV-2, and HRhV plaques are violet; HCMV infected cells are green; RSV and HRoV foci are brown.
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clinical observations that maternal milk protects infants against
respiratory infections, as bronchiolitis, during the first year of
life, and encourages breastfeeding as an effective/inexpensive
measure of prevention of lower respiratory tract infections in
infancy (32, 33). However, a variable antiviral activity of HM was
observed against different HRhV serotypes circulating worldwide
(6). Although the anti-HRoV activity of lactoferrin and of
milk fat globule membrane components that contains bioactive
glycoproteins and glycolipids has been widely reported in the
past, Pfaender et al. did not evidence a pronounced reduction
in viral titers of HRoV by HM (30, 34). By contrast, our study
reports a clear anti-HRoV effect for both milk pools, supporting
protection of breastfed children against gastrointestinal viral
infection. The differences in the serostatus of the donor mothers
for each virus along with the interpersonal variability in the
content of antiviral components of HM may explain the different

extents of antiviral potencies between the two HM pools, and
some inconsistencies with previous literature. Figure 1B shows
representative images of the total inhibitory effect of raw milk
at a 1:2 dilution against all tested viral infections. Of note, all
the antiviral activities were not a consequence of cytotoxicity of
HM samples, since the CD50 of milk was one or two logarithms
greater than the ID50 (data not shown).

Effect of Hop and HTST Methods on
Antiviral Activity of HM

The main aim of this work was to assess the impact of
two pasteurization methods, HoP and HTST, on the antiviral
properties of raw HM. Therefore, in a second set of experiments,
aliquots of the HM pools were pasteurized in parallel or left
untreated and their antiviral activity was evaluated. Figure 2
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FIGURE 2 | Raw milk (white), Holder pasteurized (HoP, black bar) and HTST pasteurized milk (horizontal striped bar) activities against HSV-1 (A), HSV-2 (B), HCMV
(C), RSV (D), HRhV (E), and HRoV (F) are reported as a mean ID50 + 95% confidence intervals of two milk pools. Each pool was tested in 4 independent
experiments. ID50 values were compared using the sum-of-squares F-test. **p < 0.01; **P < 0.001; n.s., not significant.
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reports the average of ID50 of the two pools, untreated or
pasteurized. The results evidenced a statistically significant
reduction of milk antiviral activity following HoP pasteurization
against HSV-1, HSV-2, HCMYV, RSV, and HRhV infections.
These findings may reflect the reduction of specific components
with significant immunologic and anti-infective action, such as
immunoglobulins and lactoferrin, caused by HoP (16, 17). By
contrast, HTST preserved the inhibitory activity of raw milk
against most of the tested viruses: no significant difference was
evidenced between the ID50 of raw and HTST treated HM
samples against HSV-2, HCMV, RSV, and HRoV (Figure 2).
These data are consistent with previous reports showing that
HTST is better than HoP at preserving some biological HM
properties, including the antioxidant potential, the lactoferrin
content and structure, B and C vitamins, and some cytokines
(18). In this experiment, the reliability of such higher biological
activity retention is increased by the use of a patented equipment
that has a technology readiness level (TRL) of 6, which was
directly compared to a commercial HoP device normally used
in HMBs. Figure 2 also showed that HoP and HTST similarly
reduced the antiviral activities against HSV-1 and HRhV
compared to untreated milk. Unexpectedly, HM anti-HRoV
activity was increased by HoP treatment with an ID50 value of
0.014 for pasteurized milk against an ID50 value of 0.04 of raw
HM. Although we do not have an explanation for this result, we
can speculate that thermal treatment at 62.5°C for 30 min may
alter the structure of some HM components thereby increasing
their protective activity, such as the release of specific peptides
active against HRoV following protein degradation.

CONCLUSION

This study demonstrated that raw HM is endowed with antiviral
activity in vitro against viral pathogens causing infections
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9. AN ALTERNATIVE PREVENTIVE APPROACH AGAINST HUMAN ROTAVIRUS
GASTROENTERITIS

In the last study presented in this thesis, we investigated a potential alternative approach,
involving bovine milk, to figh HRoV infections. The main characteristics of HRoV and its
pathogenesis have been described in section 3.1.

A growing body of literature has documented the protective effect of bovine colostrum against
several viral infections in humans (153-157). Furthermore, vaccination of cows against specific
human pathogens results in polyclonal pathogen-specific antibodies in bovine colostrum. The
antibodies purified from this hyperimmune bovine colostrum (HBC) have been exploited for the
treatment of a variety of gastrointestinal infections caused by pathogenic bacteria or viruses (35,157—
161), indicating that HBC could be an alternative source for low-cost virus-specific antibodies. This
evidence, together with the high content of antimicrobial peptides and proteins that can stimulate
innate antiviral pathways and adaptive immune responses, suggests that bovine colostrum could be
exploited as a functional food to protect against viral infections. Indeed, ingestion of HBC has been
proposed as an alternative prophylactic approach against HRoV gastroenteritis (162,163). To date,
HBC containing HRoV-specific, neutralizing 1gG has been produced by immunizing pregnant cows
with HRoV vaccine and harvesting colostrum after delivery. However, the additional costs and
regulatory and safety issues arising from the use of an HRoV vaccine make it impossible to generate
HBC on a large scale. Therefore, we investigated whether the conventional bovine rotavirus vaccine

is sufficient to enhance the antiviral properties of bovine colostrum against HRoV.

9.1 Publications

Civra A, Altomare A, Francese R, Donalisio M, Aldini G, Lembo D. Colostrum from cows immunized

with a veterinary vaccine against bovine rotavirus displays enhanced in vitro anti-human rotavirus
activity. J Dairy Sci. 2019 Jun;102(6):4857-4869. doi: 10.3168/jds.2018-16016. Epub 2019 Apr 10.
PMID: 30981494; PMCID: PMC7127701.

In this study, we demonstrated in vitro that the conventional bovine rotavirus vaccine is sufficient
to enhance the anti-human rotavirus protective efficacy of bovine colostrum, thus providing a
conservative approach to produce hyperimmune bovine colostrum, making it exploitable as a

functional food.
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ABSTRACT

Human rotaviruses represent a major cause of severe
diarrheal disease in infants and young children. The
limited impact of oral vaccines on global estimates of
rotavirus mortality and the suboptimal use of oral rehy-
dration justify the need for alternative prophylactic and
therapeutic strategies, especially for immunocompro-
mised hosts. The protective effects of colostrum—the
first milk produced during the initial 24 to 48 h after
parturition—are well documented in the literature. In
particular, the ingestion of hyperimmune bovine colos-
trum has been proposed as an alternative preventive
approach against human rotavirus gastroenteritis. Al-
though the immunization of pregnant cows with human
rotavirus boosts the release of specific immunoglobulin
G in bovine colostrum, it raises regulatory and safety
issues. In this study, we demonstrated that the conven-
tional bovine rotavirus vaccine is sufficient to enhance
the anti-human rotavirus protective efficacy of bovine
colostrum, thus providing a conservative approach to
produce hyperimmune bovine colostrum, making it
exploitable as a functional food.

Key words: rotavirus, colostrum, cows, hyperimmune,
immunoglobulins

INTRODUCTION

Viral gastroenteritis represents a significant economic
and public health burden, causing high morbidity and
mortality rates, mainly in the poorest countries (Das
et al., 2014). Human rotaviruses (HRoV) are a major
cause of severe diarrheal disease in infants and young
children are the second most common cause of death
in children less than 5 years old (Marcotte and Ham-
marstrom, 2016). Because no specific antiviral drug
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is available, conventional treatment for HRoV acute
gastroenteritis is largely symptomatic and involves
fluid and electrolyte replacement and maintenance of
nutrition. Despite the introduction of oral HRoV vac-
cines that have significantly reduced the incidence of
the disease in developed countries (Payne et al., 2013),
the impact of this active prophylaxis on global esti-
mates of HRoV mortality has been limited (Tate et
al., 2016). This is mainly due to inadequate immuni-
zation coverage in lower income countries, where the
burden of diarrheal disease is higher and vaccines are
mostly needed. In fact, oral vaccines are less immu-
nogenic when given to infants in low-income countries
compared with high-income countries for a number of
reasons, including transplacental maternally acquired
antibodies, breastfeeding, histo blood group antigens,
malnutrition, microbiota dysbiosis, and environmental
enteropathy. Moreover, the scarce availability of vac-
cines in these areas, along with their contraindica-
tions in immunodeficient patients (Babji and Kang,
2012; Binder et al., 2014; Gaspar et al., 2014; Glass
et al., 2014), leave between one-third and one-half of
children unprotected from severe HRoV disease (Babji
and Kang, 2012). These hindrances, together with the
suboptimal use of therapeutic oral rehydration solu-
tions, justify the development of effective alternative
prophylactic and therapeutic approaches to prevent
and control HRoV gastroenteritis disease, especially for
immunocompromised hosts.

Colostrum is the first milk produced by mammary
glands during the initial 24 to 48 h after parturition
(Tokuyama et al., 1990; Stelwagen et al., 2009), and it
represents a unique source of highly concentrated nu-
tritional components (Macy, 1949) and growth factors
(Pakkanen and Aalto, 1997) for the gastrointestinal
development of mammalian newborns.

More importantly, colostrum provides neonates with
essential passive immunity against infectious diseases
(Ogra and Ogra, 1978; Morris et al., 1980; Majumdar
and Ghose, 1982; Stephan et al., 1990; Tokuyama et
al., 1990; Ebina et al., 1992; Cohen, 2006; Stelwagen
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et al., 2009). In particular, bovine colostrum (BC) has
evolved into a highly effective host defense mechanism
(Rainard and Riollet, 2006). In ruminants, no trans-
placental exchange of immune factors occurs in utero;
therefore, colostrum and, to a lesser extent, mature
milk provide protection through a high immunoglobu-
lin content, without which the newborn would not
survive (Larson et al., 1980). The immunoglobulins
present in BC are IgG,, IgG,, IgA, and IgM (Ogra
and Ogra, 1978). The abundance of different immu-
noglobulin classes in colostrum and milk varies among
species, with IgA being predominant in human mam-
mary secretions. In contrast, in BC, IgG, is the most
represented (Barrington et al., 1997), whereas IgA and
IgM are present at much lower concentrations. The BC
immunoglobulins, in conjunction with the ability of the
ruminant neonatal gut to allow unrestricted passage of
the large immunoglobulin molecules, provide the young
animal with passive immunization (Bush and Staley,
1980; Moore et al., 2005).

Although the effect of colostrum is species-specific,
a growing body of literature has documented the pro-
tective effect of BC against several viral infections in
humans (Bojsen et al., 2007; Ng et al., 2010; Benson
et al., 2012; Inagaki et al., 2014; El-Fakharany et al.,
2017).

In particular, vaccination of cows against specific hu-
man pathogens results in polyclonal pathogen-specific
antibodies in BC. The antibodies purified from this
hyperimmune BC (HBC) have been exploited for the
treatment of a variety of gastrointestinal infections
caused by pathogenic bacteria (Playford et al., 2000;
Kelly, 2003; Hammarstrom and Weiner, 2008; Struff
and Sprotte, 2008) or viruses (Korhonen et al., 2000;
Mehra, 2006; Inagaki et al., 2010, 2013; Ng et al., 2010;
Byakwaga et al., 2011; Kramski et al., 2012a,b), in-
dicating that HBC could be an alternative source for
low-cost virus-specific antibodies. This evidence, to-
gether with the high content of antimicrobial peptides
and proteins (e.g., lactoferrin, lactoperoxidase, and
lysozyme) that can stimulate innate antiviral pathways
and adaptive immune responses (Thapa, 2005; Smolen-
ski et al., 2007; Stelwagen et al., 2009), suggests that
BC could be exploited as a functional food to protect
against viral infections.

Consistently, ingestion of HBC has been proposed
as an alternative prophylactic approach against HRoV
gastroenteritis (Ebina et al., 1992; Sarker et al., 1998).
To date, HBC containing HRoV-specific, neutralizing
IgG has been produced by immunizing pregnant cows
with HRoV and harvesting colostrum after delivery.
However, the additional costs and regulatory and
safety issues arising from the use of an HRoV vaccine
make it impossible to generate HBC on a large scale.
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The alternative use of BC from nonimmunized cows
(NHBC) may bypass these limits but, as expected,
the literature has shown that NHBC has significantly
lower anti-HRoV efficacy (Inagaki et al., 2010). In
this study, we present proof-of-concept data showing a
protective effect of HBC from cows vaccinated with a
conventional bovine rotavirus strain (BRoV) against
different HRoV genotypes.

MATERIALS AND METHODS
Chemicals

Laemmli buffer, molecular mass standards, and
electrophoresis apparatus for one-dimensional electro-
phoresis were supplied by BioRad Laboratories Inc.
(Hercules, CA). 3-Mercaptoethanol, dithiothreitol, ace-
tonitrile, SDS, iodoacetamide, formic acid, and all other
chemicals used in the experimental work were products
of pure analytical grade and purchased from Sigma-
Aldrich Corp. (St. Louis, MO). Water and acetonitrile
(Optima LC/MS grade) for liquid chromatography/MS
analyses were purchased from Fisher Scientific (Lough-
borough, UK).

Bovine Colostrum Collection

Fresh BC and HBC samples were supplied by Ad-
vances in Medicine (AIM, Bologna, Italy). According
to the supplier, colostrum was collected from both
unvaccinated and vaccinated pregnant dairy Holstein
cows. Three cows were immunized by subcutaneous in-
oculation of the inactivated trivalent vaccine Trivacton
6 (Merial Ttalia SpA, Milan, Italy) to maintain a maxi-
mum rate of antibodies in colostral secretions against
Escherichia coli, rotavirus, and coronavirus, which
are implied in the development of neonatal diarrhea.
Vaccination was performed with a 2-injection sched-
ule, administered 2 mo and 4 wk before parturition,
respectively. Colostrum from the 3 vaccinated cows was
collected until 5 h after birth, pooled, and immediately
frozen at —20°C. Concentrations of IgG in whole colos-
trum samples was 50 mg/mL (protein content: 12%),
as assessed by previously described methods (Sacerdote
et al., 2013).

After a suitable dilution with demineralized water (1
volume), the suspension was introduced into a sterile
beaker (controlled continuous stirring) and heated at
~38°C for about 1 h. The suspension was skimmed by
removing the fatty layer using a sterile spatula, and
caseins were removed by adjusting the pH to their iso-
electric point (pH 4.6 with 1 M HCI). After 1 h, the
product was centrifuged at 2,500 x ¢ for 45 min at
25°C to ensure removal of all caseins. Low-molecular-
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weight components, including salts and lactose, were
then removed by using hollow-fiber cross-flow filtration
cartridges (GE Healthcare Bio-Sciences Corp., West-
borough, MA.) with a nominal molecular weight cutoff
of 4000 coupled to a tangential flow filtration system
equipped with a peristaltic pump essential to keep the
flow recirculation continuous (Kross Flo-Tangential flow
Filtration System Research III, Spectrum Laboratories
Inc., Rancho Dominguez, CA). The pH of the retentate
was then adjusted to 7.0 + 0.2 with 1 M NaOH, the
neutralized sample was centrifuged at 12,000 x g for
40 min at 25°C, and the supernatant was retained. The
next steps consisted of clarification through 0.45- and
0.22-pm filters followed by lyophilization.

Bovine IgG Purification

Affinity Chromatography. Immunoglobulin G
was purified by affinity chromatography, using protein
G from streptococci as the stationary phase, immo-
bilized in a preparative chromatographic column. In
detail, the affinity column was prepared by packing
400 mL of Protein G Sepharose 4 Fast Flow resin
(GE Healthcare, Chicago, IL) in a HiScale 50 column
support (GE Healthcare), which was connected to a
fast protein liquid chromatography (FPLC) system
(AKTAprime plus, GE Healthcare). Chromatographic
purification started by eluting the column with 5 vol-
umes (5 X chromatographic bed volume) of buffer A
(binding buffer: 20 mM sodium phosphate, pH 7), and
then the sample was loaded at a flow rate of 20 mL/
min. The eluate was monitored by a UV detector at 280
nm, a conductivity meter (0.001-999.9 mS/cm), and a
pH meter; all fractions characterized by significant UV
absorption were automatically collected (IgG-depleted
fractions). The subsequent step consisted of recovering
the IgG fractions (IgG-enriched fractions) by eluting
the column with 100% elution buffer (1 M glycine hy-
drochloride pH 2.5). Column regeneration was carried
out by eluting 5 volumes (5 X chromatographic bed
volume) of 20% ethanol.

Tangential Flow Filtration. The IgG-enriched and
IgG-depleted fractions obtained above were mixed and
subjected to concentration and desalting using hollow-
fiber cross-flow filtration cartridges with a nominal
molecular weight cutoff of 3000 and a surface area of
650 cm® (GE Healthcare) coupled to a tangential flow
filtration system equipped with a peristaltic pump es-
sential to keep the flow recirculation continuous (Kross
Flo- Tangential flow Filtration System Research III).
The IgG-enriched and IgG-depleted fractions were con-
centrated 20 to 30 times, dialyzed with 5 volumes of
water, filtered through 0.22-pm membranes in sterile
conditions, and finally lyophilized.
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Separation of Proteins on Polyacrylamide Gel

One-dimensional (SDS-PAGE) protein separation
was performed under reducing conditions; 10-pL ali-
quots of samples containing 20 to 25 pg of protein were
mixed with 10 pL of Laemmli sample buffer containing
50 mM dithiothreitol and heated at 95°C for 5 min.
Samples and a standard protein mixture (Precision
Plus Protein Standards, BioRad Laboratories Inc.)
were loaded on precast gels (Any KD Mini Protean
TGX, BioRad Laboratories Inc.) and then placed in
the electrophoresis cell (Mini-Protean Tetra) and run
at 200 V (constant) for 30 to 40 min. Staining was
carried out using Coomassie blue stain (Biosafe G250
Stain, BioRad Laboratories Inc.) and the images ac-
quired by using the BioRad GS800 densitometer and
analyzed using the software Quantity One 1-D (BioRad
Laboratories Inc.).

IgG and IgM Analysis by Size Exclusion
Chromatography

The IgG contents of the IgG-enriched and IgG-
depleted fractions were then determined by size exclu-
sion chromatography (SEC) according to the method
reported by Altomare et al. (2016b); SEC was per-
formed on a Thermo Finnigan Surveyor HPLC system
(ThermoFinnigan Italia, Milan, Italy) equipped with
a variable wavelength detector and an auto-sampler,
controlled by Xcalibur software (version 2.0.7 Thermo
Fisher Scientific, Rodano, Italy). The SEC separation
was performed on a 4.6- x 300-mm Phenomenex Yarra
3u SEC-3000 column (Phenomenex Inc., Torrance,
CA), with a 4 x 3 mm GFC4000 pre-column (Phe-
nomenex Inc.), by running an isocratic flow of mobile
phase containing 0.1 M sodium phosphate bibasic,
0.025% sodium azide, pH 6.8, at a constant flow rate of
0.5 mL/min. The autosampler temperature was set at
8°C and UV detection was conducted at a wavelength
of 280 nm, typical wavelength for protein detection.
The dipeptide tyrosine-histidine (TH) was chosen as
internal standard, because it marks the racing front,
being the smallest analyte. All samples were previously
spiked with a small amount of TH (10 pL) in order to
obtain a final concentration of 0.3 mM.

Cell Lines and Viruses

African green monkey kidney epithelial cells (MA104)
and human epithelial adenocarcinoma HeLa cells
(ATCC CCL-2) were propagated in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco-BRL, Gaithersburg,
MD) supplemented with heat-inactivated 10% fetal bo-
vine serum (Gibco-BRL) and 1% antibiotic-antimycotic
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solution (Zell Shield, Minerva Biolabs GmbH, Berlin,
Germany), at 37°C in an atmosphere of 5% of COs,.
African green monkey kidney cells (Vero cells; ATCC
CCL-81) were grown as monolayers in Eagle’s minimal
essential medium (Gibco/BRL) supplemented with 10%
fetal bovine serum and 1% antibiotic-antimycotic solu-
tion. The HRoV strains Wa (ATCC VR-2018), HRV408
(ATCC VR-2273), and HRV248 (ATCC VR-2274) and
the BRoV strain NCDV (ATCC VR-1290) were acti-
vated with 5 pg/mL porcine pancreatic trypsin type IX
(Sigma-Aldrich Co.) for 30 min at 37°C and propagated
in MA104 cells using DMEM containing 0.5 pg of tryp-
sin per mL as described previously (Civra et al., 2015).
Viral titers are expressed as focus-forming units (FFU)
per milliliter. A serologic characterization of the ro-
taviruses exploited in this study is provided in Table
1. Human rhinovirus (HRhV) 1A (ATCC VR-1559)
was propagated in HeLa cells at 34°C in a humidified
5% CO, incubator. Clinical isolates of human herpes
simplex virus type 1 (HSV1) and type 2 (HSV2) were
provided by M. Pistello (University of Pisa, Italy). Hu-
man cytomegalovirus (HCMYV) strain Towne was pro-
vided by W. Brune (Heinrich Pette Institut, Hamburg,
Germany). Vesicular stomatitis virus (VSV; ATCC
VR-1238), HCMV, HSV1, and HSV2 were propagated
in Vero cells at 37°C in a humidified 5% CO, incubator.
When the full cytopathic effect developed, cells and su-
pernatants were harvested, pooled, frozen and thawed
3 times, clarified, and aliquoted. Viruses were stored at
—70°C. Viral titers were determined by the standard
plaque method as described previously (Civra et al.,
2014; Cagno et al., 2017), and expressed as plaque-
forming units per milliliter (PFU/mL).

Focus Reduction Assay

Antiviral activity of NHBC, HBC, or IgG against
HRoV Wa, HRV408, HRV248, and NCDV was deter-
mined by focus reduction assay or plaque reduction
assay. Assays of inhibition of rotavirus infectivity were
carried out with confluent MA104 cell monolayers
plated in 96-well trays, as described elsewhere (Civra et
al., 2014). Cells were treated for 2 h at 37°C with serial
dilutions of colostrum, at protein concentrations rang-
ing from 0.02 to 3,340 pg of protein/mL in serum-free
medium before virus addition. Infection with HRoV
was performed at a multiplicity of infection (MOTI)
of 0.02 FFU/mL for 1 h at 37°C, in presence of the
colostrums. Infected cells were washed with serum-free
medium, fresh methanol extract was added, and cells
were incubated in this medium at 37°C in a humidified
incubator in 5% (vol/vol) CO, in 95% (vol/vol) air.
After 16 h of incubation, infected cells were fixed with
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Table 1. Rotavirus strains used in this study’

Strain Origin Serotype’

Wa Human G1[Pg]

HRV408 Human Natural reassortant G3[P?]
HRV248 Human Natural reassortant G4[P4]
NCDV Bovine G6[P1]

'The characteristics of the rotavirus strains are from Parrén et al.
(2018) and Rahman et al. (2012).

*[P?] = P genotype unknown.

cold acetone-methanol (50:50), and viral titers deter-
mined by indirect immunostaining by using a mouse
monoclonal antibody directed to human rotavirus VP6
(0036; Covalab, Villeurbanne, France), and the second-
ary antibody peroxidase-conjugated AffiniPure F(ab’),
Fragment Goat Anti-Mouse IgG (H'L) (Jackson Im-
munoResearch Laboratories Inc., West Grove, PA).

Lane 1 Lane 2 Lane 3 Lane 4 Lane 5
! 250
-——
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-——
37 ]
—— Caseins

20
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15
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Figure 1. Sodium dodecyl sulfate-PAGE profiling of colos-
trum proteins. Lane 1 = Precision Plus Protein Standard (BioRad
Laboratories, Hercules, CA); lane 2 = untreated bovine colostrum;
lane 3 = untreated hyperimmune bovine colostrum; lane 4 = bovine
colostrum defatted, casein-depleted, dialyzed, and filtered; lane 5 =
hyperimmune bovine colostrum defatted, casein-depleted, dialyzed,
and filtered.
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Plaque Reduction Assay

For the plaque reduction assay, HeLa or Vero cells
were first seeded (at 8 x 10" cells/well) in 24-well
plates. Twenty-four hours later, HBC, NHBC, or IgG
was serially diluted in medium (from 0.02 to 3,340 pg
of protein/mL) and added to cell monolayers. After
2 h of incubation (37°C, 5% CO,), medium was re-
moved and infection was performed with 200 pL/well
of HRhV 1A, VSV, HSV-1, HSV-2, or HCMV at an
MOI of 0.0002 PFU/mL in presence of colostrums.
The infected cells were incubated at 34°C for HRhV
infections or 37°C for the other viruses for 1 h, washed
with medium, and overlaid with a 1:1 combination of
1.6% SeaPlaque Agarose and 2x DMEM containing
the colostrums. Control wells (100% of infection) were
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2000

1500

1000

Absorbance (mAu)

500
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prepared by treating cells with equal volumes of culture
medium. The plates were incubated at 34°C or 37°C for
3 d. After incubation, the plates were fixed with 7.5%
formaldehyde (Fluka, Bucharest, Romania) and stained
with crystal violet (Sigma-Aldrich Co.). The number of
plaques formed was counted.

Rotavirus Neutralization Assay

Immunoglobulin G precipitated with ammonium
sulfate (AS) was added at a 90% effective concentra-
tion (ECyg) to 2 x 10° FFU/mL of trypsin-activated
RoV suspension and mixed in a total volume of 200 pL.
Untreated or negative controls were performed with an
equal volume of culture medium or AS supernatant.

Lane 2 Lane 3 Lane 4

b) Lane 1

Precision

IgG-

Plus Protein
Standards
(BIORAD)

Untreated -
Bovine
Colostrum

Eluted IgG
(peak 2)
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o
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o
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Figure 2. Purification of IgG by affinity chromatography. (a) Fast protein liquid chromatography-UV chromatogram of the untreated-bovine
colostrum (casein-depleted and defatted colostrum) obtained by using protein G as affinity stationary phase; peaks 1 and 2 represent, respec-
tively, the IgG-depleted and IgG-enriched fractions as demonstrated by the SDS-PAGE patterns. (b) Gel electrophoretic pattern of peaks 1 (lane
3) and 2 (lane 4) compared with the untreated bovine colostrum pattern, run under reducing conditions. The characteristic bands at 25 and 50
Da are evident in peak 2 and negligible in peak 1. BIORAD = BioRad Laboratories (Hercules, CA).
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The virus-compound mixtures were incubated for 1 h
at 37°C, serially diluted to the noninhibitory concentra-
tion of test IgG, and the residual viral infectivity was
determined as previously described (Civra et al., 2014).

Rotavirus-Cell Binding Assay

Rotavirus-cell binding assays were performed as de-
scribed previously (Civra et al., 2015). Trypsin-activat-
ed RoV strains Wa, HRV248, HRV408, and NCDV were
treated as described for the neutralization assays. After
1 h, cells were washed with fresh medium and cooled
on ice. The RoV were then cooled to 4°C and allowed
to attach to cells for 1 h (MOI = 3 FFU/cell) at 4°C.
After a wash with cold DMEM, cells were subjected to
2 rounds of freeze/thawing and then incubated at 37°C
for 30 min with 10 pg/mL porcine trypsin to release

a) IgG - Depleted

CIVRAETAL.

bound virus. The lysates were then clarified by low-
speed centrifugation for 10 min, and cell-bound virus
titers were determined by indirect immunostaining as
above.

Cell Viability Assay

Cells were seeded at a density of 5 x 10”/well in 96-
well plates and treated the next day with HBC, NHBC,
IgG, or AS supernatant at concentrations ranging from
0.02 to 7,140 pg/mL to generate dose—response curves.
Control samples (100% of viability) were prepared by
treating cells with culture medium. After 24 or 72 h
of incubation, cell viability was determined using a
CellTiter 96 Proliferation Assay Kit (Promega, Madi-
son, WI), following the manufacturer’s instructions.
Absorbances were measured using a Microplate Reader
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15000
10000
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IgM - 970 kDa \
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160 kDa
10000 \
5000
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Figure 3. Analysis of IgG by size exclusion chromatography (SEC)-UV; (a) shows the SEC-UV chromatogram of the IgG-depleted bovine
colostrum sample, using the dipeptide tyrosine-histidine (TH) as internal standard; (b) shows the SEC-UV chromatogram of IgG purified frac-

tion from bovine colostrum.
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(model 680, BioRad Laboratories) at 490 nm. Viability
of treated cells was expressed as a percentage relative
to cells incubated with culture medium.

Statistical Assessments

Blockades of viral infectivity were expressed as mean
percent + standard deviation (SD). Where possible,
antiviral effective concentration (ECsy) values were cal-
culated by regression analysis using the dose-response
curves generated from the experimental data, using
Prism 4 (GraphPad Software, San Diego, CA). The
50% cytotoxic concentration (CCsg) was determined
using logarithmic viability curves. Where possible, a
selectivity index (SI) was calculated by dividing CCj,
by ECy,. One-way ANOVA followed by Bonferroni test
was used to assess the statistical significance of the dif-
ferences between treated and untreated samples. The
EC;, values were compared using the sum-of-squares F'
test. Significance was set at the 95% level.

RESULTS

One-Dimensional Gel Electrophoresis

Figure 1 displays the SDS-PAGE profile of colos-
trum proteins (under reducing conditions) relative to
the following samples: colostrum from nonimmunized

Table 2. Antiviral activities' of bovine colostrums (BC)

4863

(lane 2) and immunized (lane 3) cows and the corre-
sponding defatted, casein-depleted, dialyzed, filtered
samples (lanes 4 and 5). As expected, all protein pro-
files showed 2 intense bands at approximately 50 and
25 kDa, representing the heavy and light IgG chains,
respectively. The other bands represent the classical
set of high-abundance species normally found in any
milk of animal origin (although in colostrum, IgG alone
represent ~80% of the total protein mass), including
a-lactalbumin (14.1 kDa), B-lactoglobulin (19.9 kDa),
serum transferrin (77.7 kDa), and «2-macroglobulin
(167.5 kDa). As expected, the protein patterns relative
to colostrum samples differed in respect to the corre-
sponding defatted, casein-depleted, dialyzed, filtered
samples by a significant reduction in the bands attrib-
utable to the caseins (lanes 2 and 3, Figure 1).

Bovine IgG Purification by Affinity Chromatography

Purification of IgG from colostrum collected from
nonimmunized and immunized cows was achieved by
using a preparative affinity chromatography system
based on protein G from streptococci, which is highly
selective against bovine IgG.

The affinity chromatogram trace, recorded at 280
nm, displayed 2 peaks: the first (not retained) corre-
sponded to the non-immunoglobulin protein fraction,
and the second to the IgG fraction (Figure 2a), the

BC and virus® ECj (ng/mL) ECy (ng/mL) CCs
(strain) (95% CI) (95% CI) (pg/mL) ST
Nonimmune BC
HSV-1 NA? NA >6,680
HSV-2 NA NA >6,680 —
HCMV NA NA >6,680
HRhV NA NA >6,680 —
HRoV (W 2.3 (1.6-3.5) 16.3 (6.8-39.1) >6,680 >2.855
HRoV (HRV408) 12.6 (8.6-18.7) 90 (38-215) >6,680 >529
HRoV (HRV248) 4.2 (2.4-7.3) 134 (39-454) >6,680 >1,591
BRoV (NCDV) 61 (44-86) 143 (97-211) >6,680 >109
VSV 64 (55-75) 343 (252-467) >6,680 >104
Hyperimmune BC
HSV-1 NA NA >7,140
HSV-2 6,018 (2,560-14,110) NA >7,140 >1.18
HCMV NA NA >7,140
HRhV NA NA >7,140 —
HRoV (W 0.3 (0.3-0.5) 4.5 (2.4-8.5) >7,140 >21,000
HRoV (HRV408) 2.1 (1.7-2.6) 6 (4.7-12.5) >7,140 >3,449
HRoV (HRV248) 1.6 (1.2-2.8) 8.1 (5.6-11.6) >7,140 >4,519
BRoV (NCDV) 5.5 (3.7-8.2) 51 (21-122) >7,140 >1,301
VSV 89 (60-132) 489 (200-1198) >7,140 >80

'EC;, = half-maximal effective concentration; ECyy = 90% effective concentration; CCy, = half-maximal cyto-

toxic concentration; SI = selectivity index (CCJ(,/ECJO)

ZHSV-1 = herpes simplex type 1; HSV-2 = herpes simplex type 2; HCMV = human cytomegalovirus; HRhV
= human rhinovirus; HRoV = human rotavirus; BRoV = bovine rotavirus; VSV = vesicular stomatitis virus.

*Not assessable.
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peak of which accounted for 80%. The electrophoretic
patterns obtained for the 2 collected fractions (Figure
2b) indicated good depletion of immunoglobulins,
whose characteristic bands at 160, 50, and 25 kDa were
very weak in the aliquot eluted within the first peak
and much more intense in the fraction of the second
peak, corresponding to the immunoglobulins.

SEC-UYV for IgG Analysis

A SEC-UV method was optimized to achieve re-
producible separation of the most abundant analytes
in bovine colostrum; the method was then applied to
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verify the purity of the fractions obtained: the non-
immunoglobulin protein fraction and the IgG eluted
fraction.

Figure 3 represents typical chromatograms recorded
by setting the UV detector at 280 nm and relative to
the IgG-depleted (Figure 3a) and IgG-enriched (Figure
3b) fractions, each spiked with the internal standard
TH (0.3 mM). The typical retention times for IgG and
the dipeptide TH were 9.15 and 11.57 min, respectively.
The peak relative to IgG was evident only in the IgG-
enriched fraction and absent in the IgG-depleted frac-
tion, which was characterized by other peaks such as
representing IgM and (3-lactoglobulin
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Figure 4. Antiviral activity of colostrum from immunized cows (hyperimmune bovine colostrum, HBC) and colostrum from nonimmunized
cows (NHBC) against human rotavirus (HRoV) strains Wa (a), HRV408 (b), and HRV248 (c) and bovine rotavirus (BRoV) strain NCDV (d)
on MA104 cells. Cells were treated for 2 h with increasing concentrations of colostrum and then infected in the presence of colostrum. Viral
infections were detected as described in the Material and Methods. The percentage infection was calculated by comparing treated and untreated

wells. The results are means and SEM for duplicates.
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Antiviral Activity Assessment

After their biochemical characterization, colostrums
and IgG samples were tested for antiviral activity. The
results summarized in Table 2 show that neither NHBC
nor HBC had antiviral activity against human patho-
gens, including HSV-1, HCMV, or HRhV. Although
HBC showed a weak antiviral activity against HSV-2,
nevertheless it was not able to inhibit viral infectiv-
ity to 100%. As expected, NHBC was effective against
bovine pathogens such as BRoV NCDV (ECs, = 61.5
pg of protein/mL) and VSV (EC;, = 64 pg of protein/
mL; Table 2). Of note, NHBC had non-strain-restricted
antiviral efficacy against the HRoV strains Wa (ECjy,
= 2.3 pg of protein/mL), HRV248 (EC;, = 4.2 pg of
protein/mL), and HRV408 (EC;5, = 12.6 pg of protein/
mL) with percentages of inhibition up to 100% (Figure
4). To test the hypothesis that colostrum from cows
immunized with a veterinary anti-BRoV vaccine may
exert a higher anti-HRoV activity than that from non-
immunized cows, we performed a second set of antiviral
assays. As expected, HBC exerted significantly (P <
0.0001; F test) higher antiviral activity against BRoV
NCDV (ECs5, = 5.5 pg of protein/mL), compared with
colostrum of nonimmunized cows (Table 2). This result
indicates that vaccination elicited an anti-BRoV im-
mune response. Notably, HBC was also significantly
(0.0001 < P < 0.0005; F test) more effective than
NHBC against Wa (EC5;, = 0.3 pg of protein/mL),
HRV248 (ECs, = 1.6 pg of protein/mL), and HRV408
(ECsy = 2.1 pg of protein/mL; Table 2), suggesting
a high titer of cross-reactive IgG in HBC. Therefore,
we performed a third set of experiments to test the
presence of anti-HRoV IgG in HBC-derived IgG. The
results shown in Table 3 and Figure 5 demonstrate that
these IgG inhibit the infectivity of BRoV strain NCDV
(ECsy = 6.2 pg of protein/mL) but, more interestingly,
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also have strong antiviral activity against HRoV strains
Wa (EC5y = 1.9 pg of protein/mL), HRV248 (EC;, =
0.7 pg of protein/mL), and HRV408 (EC;, = 1.8 pg
of protein/mL) with percentages of inhibition up to
100%. As a negative control for IgG antiviral assays,
we treated cells with equal volumes of IgG-depleted
AS supernatant; results shown in Table 3 and Figure
5 show that the IgG-depleted AS supernatant did not
have significant antiviral activity. Notably, treatment
of the different cell lines with NHBC, HBC, and IgG
did not affect cell viability, even at high concentrations,
showing that the antiviral activity we observed was not
caused by nonspecific cytotoxic effects.

Mechanism of action experiments show that these
IgG neutralize virus infectivity by significantly (0.0103
< P < 0.0155; ANOVA) inhibiting RoV-cell bind-
ing (Figure 6a,b,c). More importantly, the significant
(0.0005 < P < 0.0183; ANOVA) neutralization of viral
infectivity observed in virus inactivation assays (Figure
6d,e,f) was consistent with a neutralizing activity of
virus-specific antibodies targeting RoV surface anti-
gens, rather than cellular receptors.

DISCUSSION

The supportive properties of BC when consumed by
other mammalian species, including pigs and humans,
are well documented in the medical literature (Bridger
and Brown, 1981; Pakkanen and Aalto, 1997; Gopal and
Gill, 2000; He et al., 2001; Solomons, 2002; Uruakpa et
al., 2002; Boudry et al., 2007; Struff and Sprotte, 2007).
Emerging evidence indicates that BC is a promising
nutraceutical that could prevent or mitigate various
diseases in newborns and adults (Bagwe et al., 2015),
in particular gastrointestinal infections. Consistent
with these findings, in this study we confirmed the
protective activity of NHBC against HRoV, which is

Table 3. Antiviral activities' of IgG from hyperimmune bovine colostrum

) ECs (pg/mL) ECy (pg/mL) CCs
Sample and virus® (strain) (95% CI) (95% CI) (pg/mL) SI
IgG
HRoV (Wa) 1.9 (1.4-2.6) 19.7 (10.4-37.1) >5,910 >3,110
HRoV (HRV408) 1.8 (0.8-3.9) 12.6 (2.5-63.2) >5,910 >3,283
HRoV (HRV248) 0.7 (0.6-0.9) 8.2 (4.9-13.9) >5,910 >8,443
BRoV (NCDV) 6.2 (5.2-7.4) 30.2 (19.7-49.0) >5,910 >953
Ammonium sulfate supernatant ‘
HRoV (Wa) NA® NA >5,910 NA
HRoV (HRV408) NA NA >5,910 NA
HRoV (HRV248) NA NA >5,910 NA
BRoV (NCDV) NA NA >5,910 NA

'EC;, = half-maximal effective concentration; ECyy = 90% effective concentration; CCy, = half-maximal cyto-

toxic concentration; SI = selectivity index (CCs,/ECs).
’HRoV = human rotavirus; BRoV = bovine rotavirus.

*Not assessable.
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well documented in the literature (Inagaki et al., 2010,
2013). Of note, NHBC also showed antiviral activity
against several HRoV strains and, as expected, against
BRoV strain NCDV, at concentrations comparable to
those previously shown (Inagaki et al., 2013).

In our experimental setting, NHBC showed no sig-
nificant antiviral activity against 4 viral pathogens;
namely, HRhV, HCMV, HSV-1, and HSV-2. These
results show that BC is not a broad-spectrum antiviral
but rather it exerts specific antiviral activities. It is
likely that this antiviral specificity and potency reflects
the immunological status of the animal.

Boosting the natural concentrations of immune com-
ponents in colostrum and milk by vaccinating cows
offers great potential for their use as prophylactic or
therapeutic products in humans. Hyperimmune BC
from cows vaccinated with HRoV was an effective
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therapeutic approach to reduce the duration and sever-
ity of RoV-caused diarrhea in a double-blind controlled
clinical study with infants of 6 to 24 mo of age (Mitra
et al., 1995). In a second study, Davidson et al. (1989)
produced HBC by introducing a vaccine containing 4
HRoV into pregnant Friesian cows. They demonstrated
that this HBC administered orally mediated protection
by preventing HRoV infection. Efficacy of passive im-
munization with HBC-derived IgG is documented in
the literature. Hilpert et al. (1987) treated infants hos-
pitalized with acute diarrhea with anti-rotavirus immu-
noglobulin concentrate without observing a significant
decrease in duration of diarrhea or excretion of virus.
Turner and Kelsey (1993) demonstrated a reduction in
incidence and duration of diarrhea in treated infants.
Sarker et al. (1998) produced HBC by immunizing
pregnant cows with HRoV strains Wa, RV3, RV5, and
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Figure 5. Antiviral activity of hyperimmune bovine colostrum (HBC)-derived IgG or ammonium sulfate (AS) supernatant against human
rotavirus (HRoV) strains Wa (a), HRV248 (b), and HRV408 (c) and bovine rotavirus (BRoV) strain NCDV (d) on MA104 cells. Viral infections
were detected as described in Material and Methods. The percentage infection was calculated by comparing treated and untreated wells. The

results are means and SEM for duplicates.
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ST3 (representing serotypes 1 to 4, respectively). The
HBC-purified IgG were then administered in a double-
blind placebo-controlled trial to children with diagnosed
HRoV diarrhea. Children who received HBC-IgG had
significantly less daily and total stool output and fre-
quency and required less oral rehydration solution than
did children who received placebo. However, it is difficult
to generate large-scale amounts of HBC by immunizing
cows with an unconventional HRoV vaccine; indeed,
the yield is insufficient to cover the global requirement
because over 500,000 deaths occur worldwide every year
due to rotavirus-induced diarrhea (Bagwe et al., 2015).
To overcome these limitations, we proposed and tested
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the hypothesis that HBC from cows immunized with a
conventional veterinary vaccine against BRoV would
exert a higher anti-HRoV activity than NHBC due to a
high titer of cross-reactive anti-HRoV IgG. Indeed, our
results confirm this hypothesis and indicate an easier
and cheaper approach for the production of anti-HRoV
HBC or IgG in cows. We demonstrated an in vitro
HRoV inhibition efficacy (i.e., ECyy) of HBC compa-
rable to that of Inagaki and colleagues, who treated
MA104 cells with skimmed and concentrated bovine
late colostrum from HRoV-immunized cows (Inagaki
et al., 2010, 2013). We demonstrated that HBC and its
IgG can inhibit the infectivity of 4 RoV with 4 different
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Figure 6. Mechanism of action of hyperimmune bovine colostrum (HBC)-derived IgG, untreated colostrum, or ammonium sulfate (AS)
supernatant on rotavirus strains. Panels a, b, and ¢ show the effect of HBC-derived IgG on Wa, HRV248, and NCDV, respectively, binding
to the MA104 cell surface. Panels d, e, and f show the results of virus inactivation assays on infectious particles of Wa, HRV248, and NCDV,
respectively. On the y-axis, the infectious titers of HRoV are expressed as focus-forming units per milliliter (FFU/mL). Error bars represent the
SEM of independent experiments. *P < 0.05, **P < 0.001, ***P < 0.0001. HRoV = human rotavirus; BRoV = bovine rotavirus.
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GP genotypes (Table 1), suggesting that vaccination
with BRoV stimulates the production of cross-reactive
neutralizing antibodies.

With a view to exploiting HBC as a source of anti-
HRoV IgG, quality assessment procedures are neces-
sary to monitor the IgG content; nevertheless, these
techniques are already available and well documented in
the literature (Altomare et al., 2016a). Moreover, cows
produce BC in large excess respective to the amount
needed to feed their calves: cows produce about 33 L of
colostrum each day in the first days after parturition,
but just 4 to 6 L./d is administered to the calf during
the first 2 d (Devery-Pocius and Larson, 1983).

Overall, we demonstrated that the conventional
BRoV vaccine is sufficient to boost the anti-HRoV pro-
tective efficacy of BC. This represents a conservative,
feasible, and not yield-limiting approach to produce
HBC that could be exploited as a functional food to
prevent and treat HRoV infections.
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10. DISCUSSION AND CONCLUSION

Due to the epidemiological importance of viral diseases and the difficulties faced in controlling
them, the search for new antiviral therapeutic options is essential and urgent. Nevertheless, the
discovery of a new antiviral drug is quite challenging. Since viruses are obligatory intracellular
pathogens, they are essentially dependent on the machinery and metabolism of a host cell. Therefore,
selective toxicity and minimization of major side effects to the host are necessary during the
development of new antivirals. In addition to the possibility of resistance presented by certain viral
strains, limitations of in vitro laboratory techniques and availability of animal models that mimic
human infections in vivo also hinder the discovery of new candidate molecules for antivirals. For
these reasons, the current list of available antivirals is quite limited in terms of number and variety.
Moreover, many antiviral drugs on market often present problems that reduce their efficacy, such as
limited solubility, a short half-life, or slow, incomplete or highly variable absorption. In this context,
research on new antivirals has become extremely important.

During my PhD program, the first line of research was focused on the discovery of new antiviral
drugs against both known and emerging viruses. In particular, | focused my attention on the emerging
ZIKV and on the well-known HRoV, two viruses that are still without specific antivirals. Compounds
of different origins and different properties (chemically synthetized molecules, cholesterol derived
molecules, plant extracts and compounds from ethno-medicine) have been investigated.

Two different compounds have been identified as promising antiviral agents against ZIKV and
they could be considered a good starting point for the development of novel and efficient antiviral

pharmaceuticals. In Francese R et al. (Antiviral Res, 2019), we demonstrated that three POMs, TeWs,

TiW11Co and Ti2PW1o, never tested before as antiviral agents, exert a specific and not strain-restricted
anti-ZIKV effect. Furthermore, we deeply explored the antiviral mechanism of Ti2PW1o, the POM
that showed the most favorable selectivity index, and we demonstrated that it is able to hamper the
entry process of ZIKV into the host cells, thus reducing the viral progeny production. These results
are in line with the previously reported broad-spectrum antiviral activity and mechanism of action of
the POM s class (30,32,164-166). In this study, POMs were tested against ZIKV for the first time and
our results indicated that we can include ZIKV in the list of pathogens targeted by the wide spectrum
of action of these chemical entities. Further experiments are necessary to identify the cellular
localization of this polyanion and to clarify its molecular mechanism of action. Previous POMs
studied thus far in biomedical research have exhibited some disadvantages that limited their
application in clinical medicine, mainly due to their inorganic nature. At physiological pH, several

POM salts are poorly soluble in water or thermodynamically unstable and therefore can undergo

60



degradation or transformation in toxic metabolites (24,26,167). It’s important that POMs used in
biological studies are truly solution-stable at physiological pH and in other physico-chemical
conditions. POMs of our minilibrary exhibited features that seemed to overcome limitations in the
biomedical field. Notably, all three POMs have been found stable in aqueous solution up to 6 months,
they showed good biocompatibility in the hemolysis assay, and their tonicity and pH values were
suitable for in vitro biological studies. Furthermore, a recent study evaluated the toxicity of Ti.PWio
in orally-treated Wistar albino rats. The measurement of biochemical parameters of renal and liver
function, and a histopathological analysis of liver tissue showed that the polyanion didn’t affect renal
function and only induced a mild reversible hepatotoxicity (168). Further studies are required to
evaluate the antiviral potency and the biocompatibility in in vivo models.

An alternative and complementary strategy to the classical approaches in the antiviral research
field, is the study of medicinal plants as natural sources of phytochemicals, such as polyphenols and
alkaloids. It is estimated that approximately 25% of modern medicines are derived from natural
compounds and hundreds of plant extracts endowed with antiviral properties were recognized by
numerous scientific productions reporting both in vitro and in vivo studies (34). Therefore, in the
search for new antiviral candidates against ZIKV, we also explored the antiviral potential of Punica

granatum derivatives (Acquadro S et al.; Planta Med, 2020). We started from the evidence that its

extracts exerted inhibitory activity against other viruses, such as HSV-2, HIV-1, and FluV (43-45).
We discovered that pomegranate leaf extract and its fractions are active against the MR766 and the
HPF2013 ZIKYV strains. Moreover, we demonstrated that, between the 11 phenolic and triterpenic
compounds isolated from the crude extract, ellagic acid was the one possessing the anti-ZIKV activity
and that it acts by preventing ZIKV cell infection. In recent years, this compound has gained attention
due to its antioxidant, anticancer, anti-allergic, and anti-inflammatory activities. Its antioxidant
properties have been associated with hepatoprotective activity, the attenuation of liver injury during
hepatitis B infection, and with therapeutic effects on the survival of influenza-challenged mice, in
combination with an antiviral drug and an immunomodulator (169,170). Our data suggested that
ellagic acid may be also a promising candidate for the development of a novel anti-ZIKV compound,
but we underline that further structural studies and modifications might be needed to improve its
selectivity index. Moreover, a key advantage of this approach is that leaf collection is sustainable, as
it does not cause damage to the plant during spring pruning or in the fall.

Both Ti,PW1o and ellagic acid have been shown to prevent cell infection and reduce ZIKV progeny
production, thus indicating that they could be used for either preventive and therapeutic interventions
aimed at impairing the chain of ZIKV congenital transmission. The preventive activity is an important

feature in the current context in which an effective vaccine is not available.
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Promising compounds active against HRoV were also identified and their mechanism of
action was deeply explored. In Civra A et al. (Redox Biology, 2018) we found that 25HC and 27HC
exerted a remarkable anti-HRoV effect based at least on the impairment of the OSBP/VAP-A

interplay and on abnormal cholesterol accumulation within LEs, the last gate for the virus to enter the
cytosol. Indeed, since these side chain oxysterols have been shown to drive a number of biochemical
reactions within the cells (66), their direct action on LE structure and function cannot be excluded.
The substantial accumulation of cholesterol in the late endosomal compartment resulted in
sequestering viral particles inside these vesicles thereby preventing cytoplasmic virus replication. We
demonstrated, for the first time, that oxysterols can trigger this antiviral mechanism, and that this
restriction strategy can block the infectivity of a non-enveloped virus. Notably, the average ECsos of
25HC against HRoV strains, assessed on MA104 and Caco cells, were at supraphysiologic levels, but
still in the range of 25HC levels detectable in inflammation-driven processes (171-173). Furthermore,
a recent in vivo study revealed that the administration of exogenous 25HC at high concentration (50
mg/kg) was not toxic for mice (70). We calculated that the average ECsos of 27HC were, on the
contrary, in the physiologic range of concentrations of this oxysterol (173). These considerations
means that, theoretically, appropriate stimulation of their enzymatic production or exogenous
administration of 25HC and 27HC could be safe antiviral strategies to fight rotavirus gastroenteritis.
Finally, our study also provided the proof of concept that accumulation of cholesterol within LEs is
an effective anti-HRoV mechanism opening the way to the search for small anti-HRoV molecules
endowed with this molecular mechanism.

In line with the previously demonstrated broad-spectrum antiviral activity of oxysterols (57),

in Civra A. et al. (Free Radical Biology and Medicine, 2020), we demonstrated other two new

mechanisms of inhibition of virus entry and diffusion within infected cells mediated by 25HC and
27HC. These molecules were shown able to down-regulate the junction adhesion molecule-A and the
cation independent isoform of mannose-6-phosphate receptor, two crucial molecules for a number of
viruses to exert infection. This was the first report on cell proteome modulation by two side chain
oxysterols, i.e. 25HC and 27HC, certainly of primary interest in human pathophysiology.

As previously performed for ZIKV, we explored medicinal plants as alternative source of

antiviral compounds also against the HRoV (Civra A. et al., BMC Complementary and Alternative

Medicine, 2017). Indeed, several studies reported on anti-HRoV activity by plant extracts (174-178).

This second approach resulted in the detection of Rindera lanata (Boraginaceae), a plant from Turkey
flora, as possible source of anti-HRoV compounds. We demonstrated that the Rindera lanata extract
targets the early steps of HRoV infection, likely by hampering virus penetration into the cells. The

favourable selectivity index and the anti-HRoV activity against multiple viral strains make the
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Rindera lanata extract a promising starting material for a bioguided-fractionation aimed at identifying
anti-HRoV compounds. Among the major phenolic compounds present in the methanol extract of
Rindera lanata, hesperidin is known to a have anti-HRoV activity (179) and we could speculate that
it might be responsible, at least in part, to the anti-HRoV effect of the extract. Further work remains
to be done in order to isolate the active principle, elucidate its mechanism of action and assess its
clinical potential. Considering the current problems related to the low efficacy of rotavirus vaccines
in some Regions and the relative high mortality rate, a specific anti-HRoV drug is still a necessity.
Our works, here discussed, aimed at fulfil this unmet medical need.

Generally, in the absence of an effective vaccine or antiviral drug, the best opportunities to
prevent the global spread of a new pathogen or to control new outbreaks of well-known viruses are
rapid and early identification systems and individual and government control measures. In this
context, we tested the antiviral potential of a nanostructured composite coating deposited on fibre-

based air filters (Balagna C. et al., Surface Coating and Technology, 2021). We demonstrated that the

silver nanocluster/silica coating is endowed with strong virucidal activity against RSV and FIuVA,
two viruses chosen as representative of the air-transmitted virus category. Our results suggested that
this coating deposited on air filters (and cotton textiles) can lead to an important contribution to the
viral biological risk restraint, especially but not only, in the health sector. In fact, it can improve the
current prevention and safety procedures, also in crowded places or in public transport, kindergartens,
offices, gyms, and sports facilities. Furthermore, the antiviral coating can confer an added value to
protective clothing such as gowns, masks, or gloves. Recently, in a short communication, our
collaborators revealed the virucidal effect of the silver coating (deposited on disposable facemask)
also against SARS-CoV-2 (180), underling the importance of this technology in the air-borne
pathogen control.

In conclusion, the first line of research of my PhD course resulted in the identification of
different antiviral compounds against both known and emerging viruses. Taking into account their
good biocompatibility, their high selectivity index and their wide spectrum-antiviral action, Ti.PW1o
and the oxysterols, 25HC and 27HC, are the molecules that | consider the most promising for a
possible application as antiviral drugs in the near future. Furthermore, we also identified an effective
preventive technology against air-borne infections. Ongoing experiments are also testing the antiviral
potential of this technology against viruses of the Coronaviridae family and are deeply exploring its

mechanism of action.

The second line of research of this PhD thesis was aimed at studying the antiviral properties

of human milk, both against viruses of pediatric clinical relevance or against recently emerged human
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pathogens. Human milk at different stages of maturation and from mothers with term or preterm
delivery was employed in the study and we focused on the discovery of milk compounds conferring
protection against viral infections.

First, in Donalisio M. et al., Microorganism, 2020 and in Civra A. & Francese R., et al.,

Journal of Human Lactation, 2021, we contributed to clarify the mechanisms underlying the
protective role of human milk against HCMV, HRoV and RSV infections. We found that HM-EVs
are endowed with anti-HCMYV, anti-RSV and anti-HRoV activity, although to different extent
between different mothers. To the best of our knowledge, these are the first papers reporting the
antiviral action of HM-EVs. The results of the antiviral assays indicated that EVs inhibit HCMV,
HRoV and RSV by interfering with the early virus-cell interactions. In particular, HCMV attachment
to cells and HRoV and RSV entry inside the host cells were the inhibited steps. These results are in
line with the previously demonstrated mechanism of action of milk-exosomes (a specific subtype of
HM-EVs) against HIV: Néaslund and colleagues, indeed, showed that milk exosomes compete with
HIV-1 for binding to DC-SIGN receptors on monocyte-derived dendritic cells (181). Furthermore, it
was previously demonstrated that cells can take up EVs through a variety of endocytic pathways,
including clathrin-dependent endocytosis and clathrin-independent pathways such as
macropinocytosis and phagocytosis (182,183). These events may perturb the virus penetration
process by inducing a modification of the lipidic composition of cellular membrane, if they occur
concomitantly with a virus infection. In addition, it has been demonstrated that EVs exploit viral entry
routes to deliver their cargo inside the target cells (184); it is thus likely that EVs compete with HRoV
and RSV for the same penetration mechanisms. With the aim of characterizing the potential molecular
players of the antiviral activity of HM-EVs, in Donalisio M. et al., we also conducted membrane
“shaving” experiments and a proteomic analysis of the shaved peptides. The significant reduction in
the antiviral activity of EVs, after shaving experiments, suggested a crucial role of EV surface
proteins in inhibiting viral infection. The proteomic analysis of the EV surfaceome revealed the
contribution of immune components including antibodies (mainly IgA) and complement component
proteins (C9 and C3) to the antiviral activity. We found both milk proteins (caseins, whey proteins
and milk fat membrane associated proteins) and proteins shared by different tissue cells and biological
fluids. The common feature of the identified proteins is that their glycomoieties seem to play a crucial
role in the interference mechanism between a virus and the host cells, acting as a point of cell-specific
recognition for the virus particle and inhibiting its attachment on the cell surface.

Additional studies are required to assess whether the EVs could reach the intestinal lumen intact and
be absorbed, in order to exert their antiviral action locally, against HRoV, or at distal body sites,

against HCMV and RSV. In this regard, recent in vivo studies demonstrated that milk exosomes are
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long-lasting in vivo (185) and accumulate in the intestinal mucosa, spleen, liver, heart or brain when
administered orally or intravenously to mice and pigs (138).

Taken together, our results demonstrated that EVs contribute to the overall anti-HCMV, anti-
RSV and anti-HRoV activity played by human colostrum in vitro and that they should be added to
the list of antiviral effectors contained in this complex biofluid. HM-EVs could become a therapeutic
option for neonates whose mothers are unable to breastfeed and where receiving donor-expressed
breast milk is difficult. This is indeed already a fertile ground for research with multiple neonatal
conditions targeted using mesenchymal stem cell (MSC)—derived EVs as “cell free” regenerative
medicine (126).

In Francese R. et al., PLoS Negl Trop Dis, 2020, we also explored human milk antiviral

activity against emerging flaviviruses, namely ZIKV and USUV. We demonstrated that human milk
is endowed with antiviral activity against ZIKV and USUV in all the stages of lactation (colostrum,
transitional and mature milk) with no significant difference between them. The presence of specific
immunoglobulins in the milk samples of the present study was very unlikely, considering the absence
of a past travel history in ZIKV endemic areas of the donor mothers and the low seroprevalence of
USUV in Europe. The anti-ZIKV and anti-USUV action was therefore attributable to non-specific
bioactive factors, acting independently from the mother serostatus. Which is the antiviral potency of
colostrum from ZIKV or USUV infected mothers remains an interesting open question. Secondly, we
demonstrated that the aqueous fraction of colostrum acts by altering the binding of ZIKV and USUV
to cells, thus preventing cellular infection. Given the extremely complex composition of human milk,
we hypothesized the presence of one or more factors in human milk able to limit USUV and ZIKV
interaction with their cellular receptors. Our hypothesis was confirmed by the demonstration that HM-
EVs and HM-GAGs contributed, at least in part, to the anti-flavivirus activity of human milk. Both
human milk compounds were previously demonstrated to interfere with the early cell-virus
interactions (181,186,187) and, even though our results are preliminary and the mechanism of action
has not been investigated yet, we speculate that a similar mechanism of action could be possible
against ZIKV and USUV too. Altogether, our data support the WHO recommendations about breast-
feeding during ZIKV infection and could contribute to producing new guidelines for a possible USUV
epidemic.

Lastly, since human milk from donor milk banks is considered the best alternative when a

mother's own milk is not available, in Donalisio M. et al., Front Pediatr., 2018, we investigated the

effect of milk pasteurization (a routine procedure in HMBs) on milk’s antiviral properties. HoP
method, currently recommended in international guidelines for HMBs, proved to significantly
decrease the antiviral activity against HSV-1, HSV-2, HCMV, RSV, and HRhV but not against
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HRoV. By contrast, HTST preserved the antiviral properties of raw human milk against four out of
six viruses analyzed. These data, along with previous literature, supported the HTST as a valid
alternative to HoP. Despite the fact that HTST provides a thermal treatment at a higher temperature
than HoP (72 vs. 62.5°C, respectively), the far more rapid heating and cooling time of HTST (seconds
instead of minutes, respectively) could improve the quality of the final product. This may make HTST
suitable for providing the best compromise between microbiological safety and preservation of key
biological components and properties of human milk, including its antiviral activity.

In the last article presented in this thesis (Civra A. et al., J. Dairy Sci, 2019) we explored the

antiviral potential of bovine milk against human viruses. We proposed and tested the hypothesis that
hyperimmune bovine colostrum (HBC) from cows immunized with a conventional veterinary vaccine
against bovine rotavirus (BRoV) would exert a higher anti-HRoV activity than BC from
nonimmunized cows (NHBC), due to a high titer of cross-reactive anti-HRoV 1gG. Indeed, our results
confirmed this hypothesis and indicated an easier and cheaper approach for the production of anti-
HRoV HBC or IgG in cows. We demonstrated an in vitro HRoV inhibition efficacy (i.e., ECso) of
HBC comparable to that of Inagaki and colleagues (188,189), who treated MA104 cells with skimmed
and concentrated bovine late colostrum from HRoV-immunized cows. We demonstrated that HBC
and its IgG can inhibit the infectivity of 4 RoV with 4 different GP genotypes, suggesting that
vaccination with BRoV stimulates the production of cross-reactive neutralizing antibodies. Moreover,
cows produce BC in large excess respective to the amount needed to feed their calves: cows produce
about 33 L of colostrum each day in the first days after parturition, but just 4 to 6 L/d is administered
to the calf during the first 2 d (190). Overall, we demonstrated that the conventional BRoV vaccine
is sufficient to boost the anti-HRoV protective efficacy of BC. This represents a conservative,
feasible, and not yield-limiting approach to produce HBC that could be exploited as a functional food
to prevent and treat HRoV infections.

In conclusion, the second line of research of my PhD course resulted in the identification of
new antiviral compounds, i.e., HM-EVs and HM-GAGs, that are conferred by the mother to the child
through lactation. Our results contributed to clarifying the mechanisms underlying the protective
effect of human milk against viral infections. Furthermore, we discovered that the antiviral activity
of this biofluid can be extended to two emerging flaviviruses, namely ZIKV and USUV, thus
underling the importance of supporting breastfeeding even when these infections occur. We gave also
a contribution to the HMB field, indicating the pasteurization method that better preserve the antiviral
properties of human milk. Generally, our data contributed to gain knowledge in the intricate world of

human milk benefits and represented an additional reason to sustain breastfeeding worldwide.
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