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Résumé

Le virus de la diarrhée épidémique porcine (VDEP) est responsable de graves pertes
¢économiques. Les épidémies de VDEP ont détruit plus de 10% de la population porcine
américaine au cours des 3 dernieres années. Malheureusement, la compréhension insuffisante
des interactions hdte-virus empéche la mise au point d'un vaccin efficace contre le VDEP.
Les interactions hote-virus sont trés dynamiques et peuvent impliquer des complexes
multiprotéiques. De plus en plus de preuves indiquent que les microvésicules extracellulaires
(MVE) et la composition des particules virales jouent un role important dans la pathogenése
virale et la modulation de la réponse immunitaire de I'hote a l'infection. De plus, on pourrait
s’attendre a ce que la composition des virions de la diarrhée épidémique porcine (DEP) soit
dépendante du type cellulaire, en raison de l'incorporation ou de l'association de protéines de
cellules hotes dans ou avec des virions. Par conséquent, la caractérisation des profils
protéomiques des MVEs produits par les cellules infectées par le VDEP, et l'identification
des protéines hotes spécifiquement encapsidées dans les virions sont importantes pour notre
compréhension plus approfondie des interactions virus-hdte. Pour atteindre cet objectif, nous
avons produit et purifié¢ des virions et des MVE de VDEP et analysé leur composition en
protéines en utilisant une approche protéomique. Afin d'étudier la régulation spatio-
temporelle de l'infection virale, une certaine optimisation de l'infection par le VDEP était
nécessaire. Pour cela, nous avons synchronisé et augmenté l'entrée de virus dans les cellules
et étudié les schémas protéomiques des cellules infectées par le VDEP selon un mode de
résolution temporelle.

Nous avons constaté que l'infection par le VDEP affectait 1'abondance de diverses
protéines de 1'hdte associées aux microvésicules produites par les cellules infectées. Plus
précisément, nos données protéomiques ont révélé que les protéines impliquées dans la
liaison aux acides nucléiques, les processus métaboliques et les voies de la réponse
immunitaire étaient parmi les plus touchées par l'infection. Fait intéressant, les protéines de
'hote impliquées dans la régulation du cycle cellulaire et du systeme cytosquelettique ont
¢galement été touchées en abondance, ce qui n'est pas étonnant, car plusieurs chercheurs ont
rapporté que les protéines cytosquelettiques participent activement au déplacement des
composants viraux vers le site d'assemblage et que de nombreux virus manipulent la

réparation de I'ADN, ainsi que le cycle cellulaire. La présente étude a démontré
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I’incorporation de nombreuses protéines cellulaires dans les virions de la DEP. De plus, nous
avons démontré que les polycations (molécules a charge positive) eu augmente 9-fois
l'efficacité de l'entrée et de l'infection du VDEP. Ainsi, les polycations peuvent étre utilisés
pour optimiser 1’infection par le VDEP, et améliorer la production de vaccins.

A notre connaissance, il s'agit de la premiére étude de la composition des virions et

des microvésicules de DEP produits par une infection par le VDEP.

Mots-clés : Le virus de la diarrhée épidémique porcine, protéomiques, polycation,

polybréne, DEAE-dextran, composition du virion, microvésicules.

1Y%



Abstract

Porcine epidemic diarrhea virus (PEDV) is responsible for severe economic losses.
The PEDV epidemics have destroyed more than 10% of the US swine population in the past
3 years. Unfortunately, the insufficient understanding of virus-host interactions impedes the
development of an effective vaccine against PEDV. Virus-host interactions are highly
dynamic and may involve multiprotein complexes. Growing evidence indicates that
extracellular microvesicles (EMV) and composition of the viral particles play an important
role in viral pathogenesis and modulation of host immune responses to infection.
Additionally, it could be expected that the composition of porcine epidemic diarrhea (PED)
virions is cell type dependent, due to the differential incorporation or association of host cell
proteins into or with virions. Consequently, the characterization of the proteomic profiles of
the EMV, produced by the PEDV-infected cells, and identification of the host proteins that
are specifically encapsidated into the virions are important for our further understanding of
virus-host interactions. To accomplish this objective, we produced and purified PEDV
virions and EMV and analyzed their protein composition using a proteomic approach. In
order to investigate the spatial-temporal regulation of viral infection and due to the low
overall infectivity of the virus, a certain optimization of the PEDV infection was needed. To
this end, we synchronized and increased virus entry into the cells. This allowed us to study
the proteomic patterns of the PEDV-infected cells in a time-resolved mode.

We found that PEDV infection affected the abundance of various host proteins
associated with microvesicles produced by the infected cells. More precisely, our proteomic
data revealed that proteins involved in nucleic acids binding, metabolic processes and
immune response pathways were among the most affected by the PEDV infection.
Interestingly, host proteins involved in cell cycle regulation and cytoskeletal system also
were affected in abundance, which is not surprising since several investigators have reported
that cytoskeletal proteins are actively participating in moving the viral components to the
assembly site, and that many viruses manipulate DNA repair and cell cycle. The present study
has demonstrated the incorporation of numerous cellular proteins into the PED virions.
Additionally, we demonstrated that treatment of PEDV virions with polycations (positively

charged molecules) induced a nine-fold increase in the efficiency of viral entry and infection.



Thus, polycations can be used for the optimization of PEDV infection and improved vaccine
production.
To the best of our knowledge, this is the first study of the composition of PED virions

and microvesicles produced by PEDV infection.

Keywords: Porcine epidemic diarrhea virus, proteomics, polycation, polybrene,

DEAE-dextran, virion composition, microvesicles.
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I. Introduction



Porcine epidemic diarrhea virus (PEDV) is considered as an emerging pathogen of
swine. It is the causative agent of an enteric disease characterized by severe diarrhea,
vomiting, dehydration, anorexia, and death on newborn piglets (1). It was first reported in
England in 1971, then virus has spread to different European and Asian countries. Nowadays,
PEDV circulates on the Asian, American and European continents and causes outbreaks in
Asia and North America, resulting in a tremendous impact on the swine industry (1). PEDV-
caused diarrhea is clinically indistinguishable from other diarrhoeal diseases such as the
transmissible gastritis-enteritis virus infection. Therefore, to diagnose PEDV, several
sensitive and specific laboratory-based techniques have been developed (2). Despite
significant efforts to develop safe vaccines for controlling the epidemics of PEDV, the
development of an effective vaccine remains elusive. Thus, a better understanding of the
molecular interactions between PEDV and host cells and the evidence-based improvements
of vaccine technological platform are indispensable for a cost-effective anti-PEDV vaccine.
PEDYV is a member of the order Nidovirales, Coronaviridae family, genus Alphacoronavirus,
and belongs to the group 1V, according to the Baltimore classification. It is an enveloped
virus with a positive sense sSRNA of 28 kb. PEDV genome consists of 7 open reading frames
(ORFs) encoding 3 non-structural proteins: replicases la and 1b, and ORF 3; and four
structural ones: spike protein (S), the envelope protein (E), membrane protein (M), and the
nucleocapsid protein (N) (1, 3). Recent studies have shown close similarities between PEDV
and bat coronavirus (BtCo), suggesting that PEDV might have originated from coronavirus
present in bats, a natural reservoir for coronaviruses (4).

Despite that just one serotype of PEDV has been reported, studies of the S protein
(also known as the Spike protein) gene have proposed that, PEDV could be classified in two
groups G1 (classical strains) and G2 (epidemic or pandemic strains). Among Gl, strains
containing insertions or deletions in the sequence of the S gene have been described, which
could have implications on the levels of PEDV virulence (2). The M (membrane) protein is
the most abundant protein on the PEDV virions membrane. It not only serves as a structural
protein for the virions, but it was reported that M protein can induce the production of
antibodies (5). Another component of the viral membrane is the E (envelope) protein, which
also can induce immune response (6). The N (nucleocapsid) protein is known to form a

complex with the genomic RNA and provides a helical shape to the viral capsid (7). Finally,



the ORF 3, an accessory protein, is believed to function as an ion channel. It was shown that
OREF 3 gene is dispensable for the PEDV replications in cell cultures, but it is tightly related
to cell adaptation and virulence (1).

PEDV infection disrupts the absorption capacity of the villus of the small intestine,
by damaging the integrity of the cells (8). Both PEDV M and E proteins can arrest the host
cell in the S phase of its growing cycle through the cyclin A pathway. This probably provides
a more favorable intracellular environment for viral replication, and virus takes advantage of
the replication machinery of the cell, available at this cellular step. Furthermore, it was
reported that N protein suppresses the IFN (interferon) type I and III response (9), while S
protein is known for promoting cell apoptosis by interacting with PARP9 (10). Thus,
evidence from numerous studies suggests that, similar to other viruses, PEDV infection is
mediated by multiple protein—protein interactions (PPIs), which globally can be represented
as molecular networks (protein interaction networks, PIN). Understanding the complex
dynamics of the virus-host cell interaction will provide the necessary knowledge for the
design of effective strategies against this enteric swine coronavirus. This is fundamental to
our understanding of the PEDV epidemiology and pathogenesis. Proteomic-based
approaches are used at increasing rates to characterize the dynamic virus—host molecular
interplay. However, only a very few studies used proteomics tools to characterize the PEDV-
host molecular interactions (11-16). Furthermore, for some viruses, it has been reported the
incorporation or association of host cell proteins into or with virions, which could have an
implications in viral life cycle and pathogenicity (17). Importantly, incorporation or
association of viral proteins into or with exosomes/microvesicles has been largely studied,
and it was shown that they have an important impact on viral assemble, antigenicity, viral
spread, cell signaling, etc. (18).

At cellular level, PEDV viral growth kinetics have shown a peak of viral production
at 15 hours post infection (h.p.i.), reaching a titer of 10°>° virus/mL (19, 20). Routinely, PEDV
production in simian cells yields up to 10> to 10%° virus/mL, which could be considered low
and not ideal for variety of downstream applications.

Based on the aforementioned findings, we hypothesized that: a) PEDV can change
the intracellular levels of host proteins in order to modify the intracellular environment, to

escape host defenses and facilitate their own replication and spread, and b) that host-virus



interactions are highly dynamic and may involve viral-host-protein complexes. Thus, it could

be expected that the compositions of PED virions are cell-type dependent.

Accordingly, the main objectives of this work are to investigate the changes in the
intracellular levels of host proteins during PEDV infection, and to identify the host cell
proteins associated with or encapsidated into PEDV and microvesicles/exosomes of infected

cells.
To this end, the next specific aims were proposed:
1. To optimize PEDV infection, using polycations;

2. To produce and purify PEDV progeny virions using simian cell lines that are

routinely used for PEDV production and studies;

3. To analyze the composition of virions and microvesicles/exosomes through

proteomics approach.



II. Review of the literature



1. Introducing porcine epidemic diarrhea virus (PEDV)

Porcine epidemic diarrhea virus is a member of the Alphacoronavirus genus in the
Coronaviridae family of the Nidovirales order (categorize in the group I). It is an enveloped
virus, with a positive sense non-segmented ssSRNA of 28 kb. Its genome contains 7 open
reading frames (ORFs) that codify 16 non-structural and 4 structural proteins. The structural
proteins are the spike protein (S), the envelope protein (E), the membrane protein (M), and

the nucleocapsid protein (N) (Figure 1) (1, 3).
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Figure 1. Schematic representation of the structure of porcine epidemic diarrhea viral
particle. Structural proteins forming the virion are indicated, with their respective

molecular weights (MW) (2).

1.1.Porcine epidemic diarrhea

PEDV is the etiological agent of porcine epidemic diarrhea (PED), a re-emergent
virus, of enormous impact on the porcine industry. This virus was reported for the first time
in England, and it was mistaken with transmissible gastroenteritis virus (TGEV) due to the
similar symptoms produced by both viruses (21).

The primary sign of infection with PEDV is a watery diarrhea. It can affect pigs of all
ages. Following the major symptom, the vomiting accompanied by anorexia and depression
are common. Depending on the pigs' age, severity and morbidity could vary and reach 100%
in piglets, but for sows it can have a lower impact (2). The incubation period is from 1 to 8

days, and viral particles can be detected during the first 48h of infection in a fecal sample.



Symptoms can last between 3 and 4 weeks. In adult animals, the disease is self-limiting, and
recovery is within 7-10 days. Nevertheless, PED can have a significant impact on the growth
of weanling piglets and on the reproductive performance of gilts and sows (reproductive
failure) (22).

At the intestine level, PEDV completes its cycle in the cytoplasm of the villous
epithelial cells, disrupts the lamina propria, and affects the intake of nutrients and
electrolytes, which results in the characteristic diarrhea and deadly dehydration. Severe
consequences on piglets could be due to the low rate of regeneration of the intestinal

epithelial cells (23).

1.2. Biology of PEDV

1.2.1. Genome organization

PEDV has a positive sense non-segmented ssSRNA genome of about 28 kb. Viral
genome contains 7 ORFs that are organized in the following way: 5> ORF 1a/1b-(S)-ORF3-
(E) -(M) -(N) 3°. The extreme 5’ is capped, and the 3’ tail is polyadenylated. 70% of the
PEDV genome is occupied by the ORF 1a/1b, which codifies the non-structural polyproteins
ppla and pplab. These polyproteins are translationally processed into the 16 non-structural
proteins (nsp) that play a key role in viral RNA replication, sub-genomic (sg) mRNA
transcription and translation, besides, having an important function in the mechanisms of
viral evasion of the host immune response. On the other hand, the genes encoding the
structural proteins are a nested set of subgenomic RNAs (sgRNA) that perform a

discontinuous transcription (Figure 2) (2).
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Figure 2. Schematic representation of porcine epidemic diarrhea viral genome.PEDV
genome contains 7 ORFs. ORF1lab codifies for 16 nsp. ORF S codifies for the spike
proteins; ORF3 results in an accessory protein. ORF E, M, N results in the expression of

envelope, membrane and nucleocapsid proteins, respectively (6).

1.2.2. Non-structural proteins

The polyproteins ppla and pplab encoded by the ORF1ab and the accessory protein
encoded by ORF3 are the non-structural proteins found in the PED virions (2). Ppla and
pplab are cleaved internally by proteases into the 16 other proteins: poliovirus 3C-like
proteinase (3C1), papain-like proteinase (Plp), one growth factor-like motif (Gfl), X domain
(X), metal ion binding domain (Mb), an RNA-dependent RNA polymerase domain (RdRp)
and a helicase motif (Hel), among others, which are highly conserved among coronaviruses
(2). Interestingly, the accessory protein ORF3 has a high level of genetic diversity. Even
though this protein is not essential for the PEDV replication, it has been associated with cell

culture adaptation and strain pathogenicity (24).

1.2.3. Structural proteins

Similar to coronaviruses, PED virion is composed of the structural spike (S),
membrane (M), envelope (E), and nucleocapsid (N) proteins. They are essential for viral life
cycle and stimulation of antiviral host response. These genes and the corresponding proteins

are important antiviral targets for viral diagnostics and for the vaccine’s development.



1.2.3.1. Spike protein (S)

The spike protein plays an essential role in PEDV life cycle (2). The S protein is a
key factor in the host receptor-virus interaction and virus-cell fusion. It is a class I fusion
glycoprotein and has an apparent molecular mass of about 180 to 200 kDa. In order to activate
the fusogenic properties of the S protein, it should be cleaved by trypsin-like proteases, after
virus attachment (3). The cleavage results in two subunits S1 and S2. The S1, also called the
N-terminal, binds to the cellular receptor. The S2, also called the C-terminus, contains the
fusion peptide, allowing the virus to enter into the cell by membrane fusion. Successful entry
of PEDV depends on this step (3). Additionally, the cell-surface associated S proteins,
cleaved by exogenous proteases, can mediate cell-cell fusion and produce multinuclear cells
(syncytium), inducing an obvious cytopathic effect (CPE) (25).

Aside from the attachment and fusion, the spike protein of the PEDV is implicated in
other steps of viral replication. Wicht et al., in 2014 (26) showed that S protein of PEDV is
an essential factor for viral progeny release. Authors infected Vero cells with PEDV classical
strain CV777 (wild type WT) and mutant strain (cell cultured adapted and trypsin
independent strain), in presence of trypsin or not. After 16 h.p.i they collected the supernatant
and measured the amount of virion released. They found that WT strains’ progeny was
released in higher quantities, due to its dependency to trypsin (26).

The S protein is also a key factor of the cell adaptation and PEDV virulence. Sato et
al., in 2011 (27) described that PEDV adapts to the Vero cell line by acquisition of several
mutations in the S protein encoding gene. On the contrary, other structural proteins of the
virus remained conserved over time. Interestingly, strains with mutations in the S protein
showed attenuated phenotype during in vivo experiments. Thus, authors concluded that S
protein is important for PEDV pathogenesis and virulence. The less was the amount of
mutations in the S gene the more virulent the strain was. However, after long passage history
PEDV S-mutants may revert in virulence and show a milder virulence (27). Insertion and
deletion of nucleotides in the S gene are implicated in the PEDV pathogenic variability and
facilitate the PEDV vaccine evasion. These strains were designated as S-Indel. As it was

discussed earlier, deletions and insertions in S gene can attenuate the stain or enhance its



virulence and cause high mortality in suckling piglets. Thus, these strains are becoming a
serious problem for the swine industry. Similar to what was observed for classical strains,
severity of clinical signs of S-Indel strains also depends on the age of the animals (28).

The PEDV tropism is defined by the viral S protein. The N-terminal of S protein
confers PEDV tropism to respiratory and intestinal tracts of the pigs. Virus with the deletions
in this domain is able to replicate only in the enterocytes or in the respiratory tract, but not in
both tissues. Similar phenotype has been observed for porcine respiratory coronavirus

(PRCoV) and for the natural deletion variant of the TGEV (respiratory tract tropism) (15).

1.2.3.2. Membrane protein (M)

The membrane protein (M) is a type III glycoprotein with a molecular mass of 27-36
kDa. The M protein is the major component of the PED virions. Hence, the M protein is
highly conserved among all strains, it is an excellent antiviral target. This feature of the M
has important implications in the diagnostics (5). Antibodies produced against M protein of
PEDV have been reported to be specific to the PEDV, when they were compared to other
coronaviruses M protein (5). This protein plays an important role in PEDV viral life cycle,

particularly, in viral assembly through its interaction with the viral E protein of virus (24).

1.2.3.3. Nucleocapsid protein (N)

The nucleocapsid protein (N) is a 58 kDa phosphoprotein. N protein plays a
fundamental role in viral genome management (24). For instance, together with the viral
RNA it forms the nucleocapsid of PEDV and provides a stable helical shape to the genome.
This complex binds to the M protein, in this way protecting the viral genome (29). The N
protein is produced in abundance during the early stages of infection and along the viral life
cycle. It can be readily detected at the early time of infection (i.e. 6 h.p.i) (30). It has been
shown that N protein mainly localizes in the endoplasmic reticulum, interacts with the several
molecules involved in the cell cycle, and arrest host cells in S phase (29). Additionally, it has

been reported that PEDV inhibits the host immune response by blocking the interferon (IFN)
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signal signaling through its nucleocapsid protein. These strategies will be further explained
in the section describing the PEDV-host interactions (13).

Recently (in 2019), a group of researchers from the National Science and Technology
Development Agency (NSTDA) of Thailand, demonstrated that PEDV N protein can
accelerate the growth ratio of a slow-growing PEDV strain. Additionally, authors observed
a slight enhancement of infection of porcine reproductive and respiratory syndrome virus
(PRRSYV), on stable protein PEDV N protein-expressing Vero cells. On the contrary, they

didn’t observed any positive effect of PEDV N protein on Influenza virus replication (31).

1.2.3.4. Envelope protein (E)

The envelope protein (E; 7 kDa), a small transmembrane protein of PEDV, is a key
component of the viral membrane. It has ion-channel properties and plays an important role
in virion morphogenesis and maturation (24). In the infected cells, the E protein is located in
the nucleolus or endoplasmic reticulum (ER). The ER localization of E protein induces ER
stress, which can lead to unfolded protein response (UPR) and stimulation of inflammatory

antiviral responses (14).

1.2.4. Viral life cycle
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Figure 3. Overview of porcine epidemic diarrhea viral life cycle. PEDV binds its host

N /)

cell using he spike protein. Translation of replicases ppla and pplab starts immediately.
Then, polyproteins are proteolytically cleaved into 16 non-structural proteins (nsp),
which are part of the replicase-transcriptase complex (RTC). Transcription and
replication of the genome takes place. Next, the envelope proteins are inserted in the
endoplasmic reticulum (ER) and fixed in the Golgi apparatus. Finally, the progeny virus
is assembled at the ER-Golgi intermediate compartment (ERGIC) and virions are

released by the exocytosis-like fusion (2).

1.2.4.1. Cellular receptors

Until 2016, the N aminopeptidase (pAPN), a receptor abundantly expressed on the
epithelial cells (particularly, in the small-intestinal microvillar membrane), was believed to
be a principal host receptor for PEDV. Several studies showed that the presence of N

aminopeptidase on the surface of permissive cell lines is essential for the PEDV biding and
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cell entry. Moreover, in 2010, Nam and Lee reported that overexpression of pAPN in the
non-expressing and non-permissive cell lines conferred them a susceptibility to PEDV
infection (33). Earlier, Li and Li in 2007, demonstrated the blockage of PEDV infectivity
when pAPN was masked by antibodies (34). Additionally, biochemical interactions between
the S1 domain of the S protein with the pAPN has been also reported (35). But contrary to
what was described for other permissive cell lines, Vero cells, which are widely used for the
PEDV propagation, don’t express pAPN. Nonetheless, Vero cells are permissive to PEDV
(cell-adapted strains) infection, a fact that suggests the existence of different receptor for the
PEDV. For example, PEDV was reported to bind to the sialic acid (15). Shirato et al. in 2017
(36) showed that pAPN was not a cellular receptor for the PEDV, but it could act as a
promotor of the infectivity. In order to prove this, authors created a HeLa cell line stably
expressing pAPN and infected them with PEDV or TEGV, known to use pAPN as main
cellular receptor. Their experiments revealed that recombinant cell line was resistant to the
PEDV infectivity but was susceptible to the TEGV. On the contrary, cell transfected with
PEDV genome were able to produce infectious PEDV particles. Interestingly, overexpression
of pAPN in porcine cells had a positive effect on PEDV infectivity, but it was attributed to
the enzymatic activity of the receptor (36).

In 2016, Li et al. (37) showed that overexpression of porcine APN in non-susceptible
cells didn’t change their susceptibility towards the PEDV infectivity. They also didn’t find
any interaction between PEDV S1 and pAPN using fluorescence-activated cell sorter
(FACS)-based assays. All their experiments were performed with multiple PEDV strains to
exclude strain-specific artifacts (37), thus, there are no robust evidences that PEDV infects
pAPN-expressing cells.

The ability to bind to specific cellular receptors is an important factor in determining
the host range and tropism of viruses. It is well-documented that PEDV has tropism for small
and large intestinal epithelial cells. However, additional studies are critical for better
understanding the cellular tropism and evolution of PEDV. Nevertheless, in the process to
discover the main cellular receptor for PEDV, co-receptor molecules or entry enhancement
proteins have been found; such as occludin protein, member of the tight junctions of the small

intestine (38).
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1.2.4.2. Viral entry

After viral attachment via S protein to the cellular receptors, the spike protein
undergoes conformational changes, which expose its trypsin cleavage site. Next, the trypsin
cleaves the S protein at two sites: first, at the borderline between the subunits S1 and S2, and,
second, at the S2, activating the exposure of the fusion peptide and positioning it in a close
proximity to the host cell membrane. Then, cellular and viral membrane merge and PEDV
genome is delivered into the host cells (Figure 3). This step might result in formation of
syncytia, which is a characteristic CPE of the PEDV (25).

Occludin is a protein present in the tight junctions of the epithelial barrier, located in
the intestinal epithelium cells (39). Luo et al., in 2017 (38), suggested that overexpression of
the occludin in target cells enhanced susceptibility to the PEDV infection. Additionally,
authors showed that reduction of occluding expression in target cells through RNAi assay,
decreased significantly their susceptibility to PEDV infection. It has been observed that
macropinocytosis inhibitors impeded occludin internalization and virus entry, indicating that
virus entry and occludin internalization are tightly linked. Yet, the macropinocytosis
inhibitors didn’t impede virus replication, once the virus was inside the cells. This finding
suggested that occludin internalization by macropinocytosis or a macropinocytosis-like
activity is implicated in PEDV entry, but occludin is not involved in the initial attachment of

virus to the cell (38).

1.2.4.3. Genome replication

Immediately after membrane fusion, the viral genome is released into the cytoplasm.
It is translated into the first 2 replicases ppla and pplab, which are proteolytically cleaved
into the 16 non-structural proteins (nsps) that are part of the replication and transcription
complex (RTC). Then, the RTC synthetizes the negative-strand RNA using genomic RNA
and produces full-length genomic RNA and subgenomic mRNAs. Each subgenomic mRNA

is translated into a structural protein (Figure 3) (2).

1.2.4.4. Assembly and viral spread

14



During viral replication, the viral envelope proteins, S, E, and M are inserted into the
endoplasmic reticulum and attached to the Golgi apparatus. The N protein interacts with the
genomic RNA to form helical ribonucleic protein complexes (RNP). The progeny virus is
assembled after maturation of the RNP in the endoplasmic reticulum Golgi intermediate
compartment (ERGIC), and then freed by the exocytosis-like fusion of smooth-walled

vesicles with the host cell plasma membrane (Figure 3) (2).

1.2.4.5. Microvesicles and exosomes

Extracellular vesicles (EV) are vesicles release by the cells into the media. They are
classified in three mayor groups according their size; exosomes, microvesicles and
multivesicular bodies (MVBs) (40). Microvesicles are cell-derived membrane vesicles that
mediate the cellular signaling and transport of various molecules. Their main objective is to
communicate by delivering molecules to the cells. Exosomes are the most studied and well-
characterized EVs. They are derived from the MVB and they play an important role in
intercellular communication via RNAs and proteins between neighbor cells (41). Different
cellular and extracellular processes and signals can trigger production of the exosomes, such
as cell differentiation, activation, stress, cell death, and viral infection have been reported
(40). The function of each type of EVs varies among them, besides cells communication,
exosomes contain RNases, trypsin, or any degradative substance, due the composition of its
bilipid membrane (42). Microvesicles on the other hand, are strictly related to the cell
communication processes (40).

Coronaviruses replicate their genomes in the cytoplasm, in the specific replicative
structures associated with cellular membranes. Viral infection induces formation of the cell-
derived organelle-like membranous structures, where the viral replication-transcription
complexes (RTCs) localize. Initially, the intracellular rearrange results in two types of
organelle-like replicative structures: the double membrane vesicles (DMV) and convoluted
membranes (CMs). Later, highly organized cubic membrane structures, the large virion-
containing vesicles (LVCVs) and condensed tubular bodies are formed (43). These

microvesicles have been recently described for PEDV infection. More specifically, PEDV
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non-structural proteins trigger the synthesis of these microvesicles, appearing after 24 h.p.i,
with a peak after 60h post infection. It was suggested that the endoplasmic reticulum, which
plays a key role in late viral assembly, is the mostly likely source of DM Vs (44).

Porcine reproductive and respiratory syndrome virus (PRRSV) is a nidovirus, part of
the Coronaviridae family. Recently in a study, exosomes purified form PRRSV-infected
cells were analyzed through proteomics, showing that these particles contained genomic viral
RNA and viral proteins. Interestingly, infection of PRRSV-susceptible and -non susceptible
cells with the purified exosomes, performed successful infection. Authors conclude that
exosomes can be a mechanism of PRRSV to evade host immune response (45). Importantly,
exosomes have been proven as a vaccine mechanism against PRRSV. Authors have report
that exosomes isolated form non-viremic animals (animals previously exposed with PRRSV
but free of virus at the moment of isolation) contained antigenic viral proteins. Moreover, the
serum of non-viremic pigs reacted against the purified exosomes. Authors conclude that
exosomes could be a new approach to control PRRSV infection (46).

Little is known about PEDV infection stimulating the use of microvesicles and
exosomes. Demonstrating the utility of these molecules for PEDV viral life cycle, could help
us to identify a new antiviral therapy strategy, as well as to fill the knowledge gap of PEDV-

host molecular interactions.

1.3. Global distribution

Diarrheal disease resulted from PEDV infection in pigs was first reported in England
in 1971. Initially, due to the typical symptoms shown by sick pigs, it was proposed that the
causative agent is the transmissible gastroenteritis coronavirus (TGEV), due to the typical
symptoms shown by sick pigs. Five years later, an outbreak of PEDV was reported in
Belgium, and subsequently, in the 1980’s and 1990’s, PEDV was identified throughout
Europe.

With the time, the outbreaks decreased on this continent and PEDV crossed borders
to Asia, where it became endemic. Since 2010, several Asian countries such as Korea,
Vietnam, China and Japan, large outbreaks causing major impact on the porcine industry

have been observed (47). Significant outbreaks of PEDV with 50 to 90% mortality and 80 to
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100% morbidity in suckling piglets emerged (48). In 2013, PEDV was reported for the first
time in United States, and within a year it extended all over the country and neighbors
(Mexico and Canada). It was shown that the strains isolated in the US are genetically related
to the strains from China, with a distinguished U insertion. One year later, the PEDV strains
isolated in the US showed different deletions and insertions in the S gene, suggesting a
possible recombination event between the Chinese and US strains (2). Thus, taking in the
consideration the phylogenetic studies of the S gene of PEDV, it was proposed that PEDV
strains can be classified into 2 genotypic groups: genogroup 1 (GI; the classical) and
genogroup 2 (G2; the field epidemic or pandemic). Each genogroup was additionally divided
into the subgroups 1a and 1b, and 2a and 2b, respectively. Gla includes the classical PEDV
strain CV777, vaccine strains, and viral strains adapted to the cell cultures. G1b contains new
variants identified initially in China and then in the US and South Korea. The G2 genogroup
contains global field isolates, which are grouped into 2a and 2b subgroups, responsible for

previous epidemic outbreaks in Asia and current pandemic outbreaks in North America (2).

1.4.Strategies for the control of PEDV

1.4.1. Diagnostics

Because of PEDV similarities to any pathogen causing diarrhea, vomiting and
anorexia; diagnostic of porcine epidemic diarrhea virus can’t be based on symptoms
presented by the animal. Diagnostic approaches such as direct and indirect
immunofluorescence, ELISA are routinely performed, however, the RT-qPCR is the standard
technique to diagnose PEDV-infected pigs. Immunohistochemical assay and direct electron
microscopy are other additional techniques, which help determining the presence of PEDV
in the samples. Depending on the type of samples, one or other type of technique could be
more suitable. ELISA is used generally to study the presence of IgG or IgA in the sera of
PEDV-infected piglets (49, 50). For the diagnostics purposes, an indirect ELISA, based on
the PEDV structural protein M, has been designed as well, showing no cross-reactivity with

the M proteins of other Coronaviruses (5).
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RT-qPCR is the most commonly used technique, because of its sensitivity, specificity,
and rapid time to results. Primers for the conserved regions of PEDV genome such as M
gene, N gene, and ORF 1 are utilized to analyze samples for the PEDV presence (49). Since
the S gene is the least conserved and undergoes through insertions and deletions processes,

it is not used for diagnostics purposes (28).

1.4.2. Treatment

Four strategies have been described to treat PEDV outbreaks (Table I). Although,
most of these options could work, majority of them have important disadvantages, that can’t
be ignored. The best approach to overcome and avoid any PEDV outbreak seems to be safe
and effective vaccines.

On the conventional side, farmers treat suckling piglets with oral electrolyte solutions,
to overcome dehydration. For adult pigs, it is recommended drop the intake of dry food upon

12-24 h and then, water should freely available for the pigs (48).

Table I.  Strategies for PEDV-infection treatment

Strategy Advantages Disadvantages reference
Exposure of the sow Generation of artificial The viral load in the Song and
to the intestinal immunity. intestine content was Park., 2012
content of a PED unknown. (51)

dead pigs. Other pathogens could be

transmitted and generate

a larger outbreak, such as

PRRSV and PCV2.
Treatment of pigs Shown to increase It is a strategy of Song and
with anti-PEDV survival rate on treated prevention. Once the Park., 2012
immunoglobulin pigs. animal is infected with (51)
(IgY) produced in PEDV, this strategy
egg yolk or with the won’t be useful.
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colostrum of

immunized cow.

Expression of Demonstrated to Performed only in vitro.  Pyo et al.,
neutralizing anti- neutralize PEDV in In vivo approaches are 2009 (52)
PEDV antibodies in  vitro. necessary to validate the
E. coli to block or treatment. No indication
treat viral infection of effectiveness was
in vivo. concluded.
Inoculation to Stimulates epithelial Further toxicological Jung et al.,
PEDV-infected pigs crypt cells growth, analyses are needed to 2008 (53)
with epidermal largely destroyed determine safety level of
growth factor (EGF) during the viral the approach.

infection. Helping to It is expensive compared

recover the animal to the already mentioned

from the dehydration.  strategies.

1.4.3. Vaccination

Vaccine development against PEDV began earlier in Asia compared to Europe and
North America. PEDV is endemic in several Asian countries; therefore, it was a constant
demand for effective vaccines against the PEDV. In Europe, the frequency of PEDV
outbreaks decreased by 2007, however, mild symptoms in pigs of all ages have been reported
in positive farms. In North America, PEDV appeared in 2013 in the United States and has

been around since then (54).

Table II. Available vaccines for PEDV prevention in Asia and North America

Location Type of Administratio Specifications Efficacy Reference

vaccine n
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North iPED: Two Truncated in Viral shedding Fredrickso
America Inactivat intramuscular the S gene, reduced in young n et al,
e doses within produced in pigs. 2014 (55)
particle  three weeks, SirraVaxsM Mortality drop from
in young pigs. RNA Particle. 91% to 63% in sows
Three oral
inoculation to
SOWS
Porcine  Two oral Liquid from Increase titer of Schwartz
Epidemi doses within with an neutralizing etal., 2016
c three weeks adjuvant that antibody in sows (56)
Diarrhea for pregnant claims to compared to the
Vaccine  sows increase  the control group
(Zoetis): immune
Inactivat response
ed whole
virus
Vaccine Two Liquid from High levels of Makadiya
develop intramuscular with an neutralizing etal., 2016
ed by doses within adjuvant that antibodies were (57)
InterVac two weeks for claims to found in the milk
pregnant sows increase the and serum of piglets
Inactivat  (pre- immune born to vaccinated
ed virus  farrowing) response SOWS
Asia Trivalen One-time Based on the Resulted in partially Chen et
t vaccine intramuscular classical protected  piglets al., 2010
(PEDV, inoculation to CV777 (Gl-a) against PEDV (58)
TGEV  piglets strain,
and produced on
porcine Vero cells
rotavirus
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):

Attenuat
ed
vaccine
Bivalent One-time Contained the Still under Song et
(PEDV  intramuscular PEDV strain evaluation al., 2015
and inoculation 7J08 (G1-b) (1)
TGEV): or AJ1102
Attenuat strain (G2-b).
ed
Vaccine
P-5V Two-time PEDV strain The vaccinated Sato et al.,
vaccine: intramuscular 83P-5 (Gl-a) sows displayed 2018 (59)
live inoculation attenuated PEDV specific
Vaccine through antibody responses,
several containing
passages on neutralizing
Vero cells antibody in the
colostrum.
Reduction of
clinical signs and
mortality on piglets
fed with the
immunized sows-
colostrum was
observed.
South Two-time based on G2-b piglets born to Song et
Korean  intramuscular strain vaccinated sowshad al., 2015
G2-b inoculation of KOR/KNU- reduced morbidity, (1)
vaccine: Pregnant sows 141112/2014  mortality after
Inactivat
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ed (pre- challenge with

vaccine  farrowing) PEDV

The most common approaches are to inoculate the sows before farrowing, in order to
generate lactic immunogenicity, or direct inoculation to the young pigs. In general, the
reduction of mortality, the morbidity and virus shedding, in orally inoculated young pigs
were higher than in new born piglets. In comparison, sows inoculated with either viral
genome or attenuated virus, produce a higher titer of neutralizing antibodies in the milk and
colostrum. New generation of vaccines, directed against the PEDV strains G2, showed

increased significantly pig’s survival (54).

1.5. PEDV-host interactions

1.5.1. Immunogenic interactions between host cells and PEDV

To any pathogen invasion, cells will display several strategies such as cytokines and
chemokines production to eradicate or control infection. One of the most important cytokines
to restrict viral replication is the interferon (IFN) production (60). However, viruses have
developed strategies to supress IFN production through their viral proteins (61-63). The
activation of IFN response can be mediated by toll-like receptors (TLRs) and RIG-I-like
Receptors (RLRs), which recognize viral RNA or DNA in the endosomes or cytosol. Then,
activation of Serine/threonine-protein kinase (TBK1)-mediated phosphorylation of the IRFs
(interferon regulatory factors) take place, activating the IFN transcription (Figure 4) (64).
Serine/threonine-protein kinase (TBK1), a member of the IKK protein kinase family, is one
of the many molecules that play key roles in the IFN regulation. TBK1 is a member of the
IKK protein kinase family.
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Figure 4. Inflammatory response to cytosolic or endosomal nucleic acid
sensors.Recognition of nucleic acids through endosomal or cytosolic sensors, will
activate a cascade of transcription of different molecules (IFRs, NF-kB). This process
promotes cell activation as well as expression of different genes, resulting in TNF, IFN

and IL responses (65).

Since TBK1 plays an important role in the IFN signaling pathway, viruses evolved

mechanisms aimed at inhibition of the IFN production (66). This immune response evasion

has been shown also for the PEDV. Its structural protein N impairs the IFN production by

interacting with TBK1, sequestering this molecule and avoiding vital interaction between

TBK1 and IRF3. The precise mechanism of this interaction is yet to be investigated, but

several theories are proposed (9). Moreover, PEDV can interfere with type I INF production

not only through its structural proteins but also through its non-structural proteins like

nspl(6). As it was mentioned earlier, the interaction between TBK1 and IRF3 is important

for regulation of IFN expression. Upon PEDV infection the IRF3 displays a signal to form a
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complex with the transcription co-activator CREB (cAMP responsive element binding)-
binding protein (CBP)/p300. The IRF3-CBP/p300 complex then binds to the positive
regulatory domain (PRD) regions of the IFN-f promoter, assembling together with NF-«xB
and other factors, to stimulate the transcription of type I IFN genes. The IRF3—-CBP/p300
interaction is vital for IFN transcription. The nspl of PEDV causes the CBP degradation by
the proteasome-dependent pathway (6).

Moreover, little is known about the pro-inflammatory response (chemokines) against
PEDV. It has been shown that PEDV down-regulates different chemokines (IL-1a, IL-1j,
CXCLS8) to promote its own replication (67). Yu el al., in 2019 (67) further showed that
PEDV nsp4 contributed to the up-regulation of IL-10, IL-1p, TNF-a, and CXCLS, inhibiting
PEDV viral life cycle in vitro (67). Additionally, Xu et al. in 2013 (68) demonstrated that
cells overexpressing PEDV E protein were significantly up regulating IL-8. Authors related
the up regulation of the IL-8 with the fact that E protein is normally and mainly localized on
the ER, where it causes ER stress and IL-8 activation. At the same time, overexpression of E
protein causes high expression of B-cell lymphoma 2 (Bcl-2) protein, a cell survival anti-
apoptotic factor. Additional findings will be essential to elucidate the exact role of E protein
in the antiviral host response against PEDV (68).

Likewise, it has been described that N protein up-regulates IL-8, causes ER stress and
prolongs cell cycle phases, which are beneficial for viral infection. The S phase of cell cycle
provides an optimal cellular environment for viral replication. Interestingly, the N protein of
PEDV is able to inhibit the cell proliferation and prolongs the S-phase cell cycle (29) . Cyclin
A is an important molecule for cells to pass from the S phase to G2/M phase. It has been
shown that in PEDV N protein-expressing cell lines, cyclin A is significantly lower than in
control cell lines (29). Also, it was found that PEDV N protein significantly inhibits the
transcription of cyclin A. Since the PEDV N protein is mainly localizes in the ER and up
regulates the chaperon GRP78, the ER stress response during PEDV infection (at least
partially) is attribute to this protein. Finally, because PEDV N protein induces ER stress, it
significantly activates NF-kB, which leads to induction of IL-8 transcription (29). Further
studies are needed for understanding the roles of pro-inflammatory response in PEDV

replication and host immune response.
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2. Proteomic analyses

During the past three decades, mass spectrometry (MS) based proteomics has become
one of the preferred methods for identifying protein-protein interactions and gaining
insights into the complex networks of molecular interactions between the host and pathogen
(69-72). There are different types of proteomic approaches: structural, functional,
quantitative, and comparative expression profiles. These approaches can be performed
through labeling proteomics, or label-free proteomics (Figure 6) (73). In general, the
proteomic strategies involve following common steps: production and extraction of the
proteins of interest from the sample, preparation of the protein samples for chemical or
enzymatic digestion, digestion of proteins followed by the cleanup or desalting of the final
peptide mixture prior to MS, analysis of the produced peptides by different types of mass
spectrometers (Table III). The final step of proteomics workflow is the performing a database
search to identify the proteins based on the peptides discovered in the sample.

Proteomics approaches proved to be effective at characterizing the composition of
viral composition, studying viral life cycle, and changes in the virally-infected cells.
Furthermore, proteomic tools are widely employed for searching new targets for antiviral

strategies (74, 75).

2.1. Key steps in proteomic analysis

Once proteins have been produced, they can be separated or not prior to MS analysis.
Separation before the MS analysis is most commonly done through one-dimensional or two-
dimensional gels. Depending on the complexity of the sample, separation of proteins can be
reasonable or not (76).

Prior to MS, proteins are enzymatically or chemically digested into peptides. There
are two ways digest proteins; the first one is directly with proteases (in-solution), and the
second one is in gel digestion, if gel electrophoresis separation was performed before (77).
Then, the resulted peptides are ionized and desalted through a mass spectrometer. The mass
spectrometers are typically composed of four elements: an ionization source, mass analyzers,

an ion mirror, and a detector. Variety of mass spectrometer configurations are used, either
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simple or hybrid (Table III). Recently, a new generation of mass spectrometers has been
developed combining segmented quadrupole and Orbitrap mass analyzer, called the Q-
Exactive. It designed to make easier the measurement and coupled with a higher sensitivity,
compared to older generation of spectrometers (78). Among the new features of the Q-
Exactive instrument are the high ion currents, fast high-energy collision-induced dissociation
peptide fragmentation, double mass spectrometric resolution, 1 s for a top10 higher energy

collisional dissociation (79).

Table I1I. Variety of mass spectrometer configurations commonly used for quantitative

proteomic analysis

Mass spectrometer Specifications Reference

Electron spay ion Involves 3 phases: a dispersal of charge Ho et al., 2008
source (ESI) droplets in a delicate spray, then a solvent (80)

evaporation, and, finally, an ion ejection of

the very charged droplets, resulting in the

foundation of desolvated ions

Matrix Assisted Laser The technique involves the following three Clark et al., 2013
Desorption/lonization  steps: first, a low organic compound matrix (81)
(MALDI) is added to the digested sample, and the

mixture is applied to a metal plate and dried;

then, the sample plate is subjected to a laser

irradiation for a short time, forming

molecular ions; third, the resulting ionized

peptides are analyzed by a mass analyzer to

reveal characteristic information about the

composition of the sample based on their

mass-to-charge ratios.

Triple-quadrupole Often used to obtain amino acid sequences. Graves and
mass spectrometers This system performs the tandem mass Hystead 2002

spectrometry (MS/MS). Called that way (77).
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because it involves two stages of mass

analysis by two different mass analyzers

Quadrupole-time-of-  This is a combination of a quadrupole mass Graves and
flight (QqTOF) spectrometer with a TOF analyzer. The Hystead 2002
principal application of a Qg-TOF mass (77).
spectrometer is the protein identification by
amino acid sequencing, including any
potential post-translation modifications that

those amino acids might have undergone.

Matrix Assisted Laser Is a combination of matrix-assisted laser Graves and
Desorption/lonization- desorption/ionization and time-of-flight Hystead 2002
time-of-flight mass analyzers. Its main application is mass (77).
(MALDI-TOF) fingerprinting of peptides. It is completely

automatic, which makes it easier to work

with a large scale of samples.

Fourier transform ion Is a Fourier transform ion cyclotron Perry et al., 2008
cyclotron resonance resonance mass spectrometer. It reaches a (82)
(FT-ICR) high mass resolution and mass accuracy.

Similar to others, this technique identifies

the amino acid sequences and protein

fingerprints

Linear trap quadrupole Can pull up a mass resolution up to 150,000 Perry et al., 2008
(LTQ)-Orbitrap ions. It has a high mass accuracy, and a (82)

larger capacity of ion trapping compared to

FT-ICR, among other characteristics. This

system is less expensive compare to others,

smaller and easier to manage.

The last step in a proteomic analysis is the data analysis. After the processing the
sample by a mass analyzer, the peptides are identified through peptide mass fingerprinting

(PMF). This technique uses the masses of peptides derived from the analyte’s spectra as to
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check against the database of predicted peptide masses from databases of known proteins. If
they overlap, the identification and changes can be assessed. There are different data
searching programs such as MASCOT, SONAR, SEQUEST that are available for this task.
MASCOT seems to be the most complete database. The main disadvantage of these programs
is their vagueness, when identifying proteins due to peptide redundancy. In other words,
similar amino acid sequences with small differences in the post-translational changes will

have comparable peptide masses (77, 83).

2.2. Types of mass spectrometry analyses

As it was discussed before, there are two types of quantitative proteomics: label-free
or label-based proteomics (Figure 6). For the labeling techniques, peptides are tagged
metabolically, chemically, or enzymatically. The label-free quantitation technique
determines ion quantity or peak intensity (73).

Among the metabolic labeling based techniques, the stable isotope labeling in cell
culture (SILAC) is one of the best developed approaches. This technique relies on growing
cells in culture media containing “light” and “heavy” isotopically labeled amino acids, which
are going to be incorporated into the cell proteins by metabolic processes of protein synthesis.
Heavy-labeled proteins are going to be distinguished from the pool of the proteins, and the
difference between the peak’s intensities will reflect the relative abundance of proteins
labeled with the same amino acid (Figure 6. B) (84).

Along chemical labeling, isobaric tags for relative and absolute quantitation (iTRAQ)
and the tandem mass tags (TMT), are the most used techniques. These tags are distinguished
by their abundance and scores in the mass spectrometers. There are 12 available isobaric tags,
which mean that at least 12 conditions can be compared (85). Additionally, trypsinization of
samples can’t be performed, because trypsin is unable to cleave modified lysine, so protein
digestion step becomes complex (73).

Labeled proteomics has major advantages when studies are targeting a known group
of proteins. Nevertheless, when performing a discovery proteomics approach, labeling is
limited to a certain number of labels. Economically, these types of studies are high-priced,

so limitation on number of samples would be a concern (84).
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are combined for processing (73).

Label-free proteomics (LFP) is a simple and cost-effective application in quantitative
proteomics. This approach has been used to either replace or to enhance labeling techniques.
LFP can be divided in two types, ion counting, and intensity based. lon counting determines
the number of peptides of a protein in a sample and divides it by the theorical number of
peptides of the identify protein. One of the disadvantages of this approach is that the number
of peptides generated by proteolytic digestion (with trypsin) depends on the length of the
protein. Therefore, quantitation of lighter proteins (< 20 kDa) won’t be as precise as for larger
proteins (73).The second LFP approach is intensity based, where the MS-signal intensity is

measure, in the area under the chromatographic peak of the precursor peptide ion, while it is
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eluted in the liquid-chromatography (LC) column (73).
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LFP is commonly used for discovery proteomics because of its simplicity, cost-
effectiveness, and rapid results. However, it does not allow analysis of multiple samples, nor
the differentiation of desired proteins in a sample. Variability in ion selection, retention time,

and ionization efficiency are consider the major disadvantages of the approach (73, 84).

2.3. Proteomic studies of PEDV-infected cells

To the best of our knowledge, just a few reports have been published where
proteomics approached were used for PEDV studies. All those reports are focused at the
analysis of the PEDV-infected cells and either compared the proteomic profile of different
cells lines or tissue infected with PEDV or compared the effect of different PEDV strains on
the host-cell proteome (Table IV). The proteomic composition of the PEDV virions and

PEDV-infection induced microvesicles were not reported to date.

Table IV. Reported proteomic studies of PEDV infected-cells
Study  Proteomic approach used  Results & Conclusion Reference
Proteome The authors wused the HSP27 was observed to be Zeng et al.,
analysis of 1TRAQ labeling approach downregulated by PEDV 2015 (11).
porcine to compare proteomic infection. It was speculated
epidemic changes between mock- that this could be associated

diarrhea virus
(PEDV)-
infected Vero
cells

Proteomics

and PEDV-infected cells.
An extra step of SCX
(Strong Cation Exchange)
chromatography, was

performed before MS/MS.

with the inhibition of host
antiviral response. Authors,
also showed a
downregulation of caspase-
8 expression in PEDV-
infected Vero cells, which
could explain the attenuated
apoptosis at early infection

phase, thus, supporting the
high production of PEDV.
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Analysis of The proteomic profiles of Among up and down Sun et al,
protein PEDV-infected Vero E6 regulated proteins by 2015 (12).
expression cells were analyzed using PEDV infection, integrin
changes of the i1TRAQ approach. B2 was found be down-
Vero E6 cells regulated, while integrin 33
infected ~ with was up-regulated.
classic PEDV Validations  experiments
strain - CV777 confirmed that the presence
by using of the amino acid motifs in
quantitative the sequence of PEDV S
proteomic protein  recognized by
technique integrins, suggesting that
integrin proteins may be
involved in the PEDV
attachment and entry.
iTRAQ-based Using the iTRAQ-based More than 1000 proteins Guo et al.,
comparative proteomic approach, it was were differentially 2017 (14)
proteomic reported that virulent and regulated in virulent and
analysis of CV777 vaccine strain of CV777 infected cells.
Vero cells PEDV induced different Additionally, it was found

infected with

virulent  and
CV777 vaccine
strain-like
strains of
porcine
epidemic

diarrhea virus

proteomic profiles in Vero

cells.

that the wvirulent strain
activated NF-kB pathway
more intensively than the
CV777 vaccine strain-like
isolate and caused stronger

inflammatory cascades.

Pig  jejunum
protein profile

changes in

The proteomic profiles of
jejunum cells of in vivo

infected with PEDV strain

The abundance of 201
proteins was dysregulated

in the presence of PEDV.

Pearce et al.,

2016 (16)
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response to a USA/lowa/18984/2013

porcine

epidemic

diarrhea virus

were changed

Abundance of annexin A5
and heat shock protein 70,
was up regulated in the

presence of the PEDV. It

challenge was noticed, that the
intracellular levels of other
group of proteins, involved
in bile acid metabolism,
were also increased,
indicating  that PEDV
infection affects the key
proteins of the host
pathways involved in cell
migration,  proliferation,
differentiation, apoptosis,
and structure, as well as in
immune response.
Comparative iTRAQ labeling couple Proteins differentially Li et al.,
Proteome with liquid regulated by two PEDV 2016 (86)
Analysis of chromatography tandem- strains, @ were  mainly
Porcine mass spectrometry (LC- involved in gastrointestinal
Jejunum MS/MS) was used to disease, skeletal and
Tissues in examine the proteomic muscular disorders,
Response to a profiles of the jejunum infectious diseases, and cell
Virulent Strain cells of experimentally cycle regulation. It was also
of Porcine infected piglets, with shown that infection by
Epidemic virulent and attenuated either virus strains
Diarrhea Virus PEDYV vaccine strains. downregulated proteins
and Its involved in cell structure
Attenuated and mobility. Furthermore,
Strain it was concluded that since
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tubulin is involved in the

process of viral entry,

replication and assembly.
The down-regulation of

tubulin  could be a
molecular mechanism by

which PEDV promotes its

replication.
Differential Using iTRAQ-based It was found that PEDV Lin et al,
Protein comparative quantitative suppressed protein 2017 (87)
Analysis of proteomic approach, synthesis of IPEC-J2 cells
IPEC-J2 Cells differential proteomic through the downregulation
Infected with profiles of IPEC-J2 cells of the PI3K-AKT/mTOR
Porcine (intestinal porcine signaling pathways.
Epidemic enterocytes isolated from Moreover, it was shown
Diarrhea Virus the jejunum of a neonatal that  pandemic  strain
Pandemic and unsuckled piglet) infected activated the JAK-STAT
Classical with a pandemic and signaling pathway and the
Strains classical PEDV strains NF-kB pathway in the cells
Elucidates the were evaluated. to a larger extent than the
Pathogenesis classical strain. Therefore,
of Infection. it was proposed that PEDV
capacity to modulate the
apoptosis  pathway and
stimulate inflammatory
cascades is strain-
dependent.
Quantitative Quantitate proteomic The mevalonate pathway I Ye et al.
Proteomics analysis (SILAC-HPLC- and the super pathway of 2019 (13).
Reveals MS/MS) of Vero cells cholesterol  biosynthesis
Changes in were  significantly  up-

33



Vero Cells in infected with PEDV at 18 relegated on PEDV

Response  to h.p.i. infection. Furthermore,
Porcine functionality was of the
Epidemic mevalonate pathway was
Diarrhea Virus tested. Inhibition assays

with 25-HC, an inhibitor of
this pathway, was
performed and results
showed PEDV infection
significantly ~ decreasing.
They finally concluded that
PEDV could be modulating
cell metabolism, to enhance

its viral life cycle.

All aforementioned studies were focused at the analysis of proteomic changes in the
infected cells after a single time post-infection (p.i.). Therefore, one of the novelties of this
research project is the elucidation of the dynamics of the proteomic changes of PEDV
infected cells at different time of p.i. Additionally, it is proposed examining the proteomic
composition of PEDV particles and host microvesicles produced by PEDV infection. The
identified proteins could have key roles in viral life cycle, and, thus, could represent

promising targets for antiviral therapies and PEDV control.

3. Methods to enhance PEDY viral infection

Porcine epidemic diarrhea virus was first isolated in simian cells in the presence of
trypsin. This first isolation allowed to characterize chemically, physically and biologically
the virus. On this first report, viral growth kinetics showed that PEDV had a peak of viral
production at 15 h.p.i., and the viral titer at this time p.i was 10> virus/mL (19, 20). Little
has been changed since that first characterization. Routinely, PEDV production in simian

cells yields up to 10°° to 10%° virus/mL. What it was not known back then, is that at these
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titers, the virus even at high MOIs (multiplicity of infection) (virus per cell) can’t infect
significant percentage of cells. To overcome this problem, for downstream experiments, and
enhance viral infection, several approaches, which will be described in the following section,

could be applied to improve the PEDV production and infectivity.

3.1. Polycations

Polycations are positively charge molecules that inhibit the repulsive electrostatic
forces between the membranes of the virus and cell, which are both negatively charged (88).
These molecules are known to enhance the infection of retroviruses. Davis et al. in 2004 (89)
discovered that depending on the biophysical characteristics of the cationic polymer, the level
polycation-mediated enhancement of the infectivity will vary. Majority of the polycations
enhance adsorption and transduction of retroviruses due to the charge shielding effect (89);
however, the polycations with a molecular weight higher than 15 kDa are able to enhance
viral infection through viral aggregation mechanism (Figure 6). Polycations can have toxic

effects on cells at high concentrations, and their cytotoxicity can be cell type dependent (89).

Virus Cationic CellVirus
Aggregation & Polymer Charge
__Convection Sequestration Shieidng

Figure 6. Biophysical model of electrostatic interactions between the virus, target cell,
and charged polymer. Electrostatic interactions between virus, target cell, and

polycations determine the efficiency of viral adsorption. All polycations are capable of
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enhancing viral adsorption by neutralizing the negative electrostatic forces between virus
and cells surface; however, the mechanism of enhancement depends on the molecular
weight of the molecule. Polycations can either provide virus/ charge shielding, cationic

polymer sequestration, or virus aggregation and convection (89).

DEAE-dextran is a polycation use to enhance lentiviral transduction. It is believed
that it helps on virus aggregation and convection, as well as cell/virus charge shielding due
to its high molecular weight. Kaplan et al. in 1967 (90), described that treatment of rabies
virus with DEAE-dextran enhanced viral infectivity. The authors explained that DEAE-
dextran could interact either with the membrane of the cells or with the viral membrane,
making the attachment virus-cell more efficient (90). Numerous studies on HIV infectivity
have reported a large ratio of defective virions in viral progeny, which explains partially the
low overall rate of HIV infection (91). The effect of polycations on viral infectivity has been
discovered in 1960°s (92). To date, DEAE-dextran is the polycation of choice that is
frequently used to increase the cells infection by HIV. At low concentrations, it can increase
up to 20- 30-fold the HIV infectivity. The infectivity enhancement can be increased even
further, if DEAE-dextran treatment is combined with centrifugal inoculation, i.e.
spinoculation (93). Centrifugal inoculation (spinoculation) is the centrifugation-assisted
inoculation of cells by virus. The spinoculation shortens the proximity between virus and
cell, thus enhancing the attachment and infection. Additionally, it has been proposed that the
stress caused by the spinoculation make the cell more susceptible to infection (94).

It was shown that treatment of the purified viral particles of transmissible
gastroenteritis coronavirus (TGEV) with DEAE-dextran resulted in enhancement of viral
infection, reaching plateau at high concentration of DEAE-dextran (95). Positive effect of
this polycation on the infectivity of other coronaviruses, such as human coronavirus (HCoV)
and porcine hemagglutinating encephalomyelitis virus, have been described (96, 97).

Another widely used polycation is the polybrene. Often, the effects of the DEAE-
dextran and polybrene are compared, due to the different molecular mechanisms by which
both polycations enhance viral infection. The polybrene’s molecular weight is lower than 15
kDa, meaning that polybrene causes shielding of virus/cell charge. In contrast, the DEAE-

dextran mediated enhancement of viral infection is probably due to viral aggregation.
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However, it was reported that polybrene can have higher cytotoxicity in some cell lines. In a
study by Denning et al., in 2013 (98) it was demonstrated that lentiviral transduction was
more effective with DEAE-dextran than with polybrene, leading the authors to conclude that
lentiviral transduction protocols should be optimized, depending on the cell and virus type
(98). On the other hand, it was reported that avian sarcoma virus infection was enhanced by
the pre-treatment of the virus with polybrene at low concentrations (99). It was shown that
the positive effect of polybrene on the attachment and transduction of retroviruses was cell

and virus membrane dependent (88).
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III. Hypotheses and objectives



Based on the abovementioned literature review about PEDV and proteomic analyses,
and the knowledge gap surrounding this virus; we hypothesized that:

1. PEDV can change the intracellular levels of host proteins in order to modify the
intracellular environment, to escape host defenses and facilitate their own replication
and spread

2. Host-virus interactions are highly dynamic and may involve viral-host-protein
complexes. Thus, it could be expected that the compositions of PED virions are cell-

type dependent.

Accordingly, the main objectives of this work were to investigate the changes in the
intracellular levels of host proteins during PEDV infection, and to identify the host cell
proteins associated with or encapsidated into PEDV and microvesicles/exosomes of infected

cells.
To this end, the next specific aims were proposed:
1.1 To optimize PEDV infection, using polycations;

2.1 To produce and purify PEDV progeny virions using simian cell lines that are

routinely used for PEDV production and studies;

2.2 To analyze the composition of virions and microvesicles/exosomes through

proteomics approach.
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IV. Methodology



Cell lines and viral strains

The African green monkey kidney cells Vero-76, which are routinely used for the
production of porcine epidemic diarrhea virus (19), were maintained in Dulbecco modified
Eagle’s medium (DMEM) with L-glutamine, 4.5g/L glucose and sodium pyruvate (Corning,
Tewksbury, MA, USA), containing 10% of fetal bovine serum (FBS) (Wisent Inc, QC,
Canada), penicillin/streptomycin 1% (Corning, Tewksbury, MA, USA) and 250 g/L of
antifungal agent, amphotericin B (Corning, Tewksbury, MA, USA). The viral strain used in
all our experiments was PEDV NVSL-CO (PEDV USA/Colorado/2013). Recovered from
fecal sample of a 7-day-old piglet presenting severe diarrhea (100).

Viral stocks production

To propagate PEDV, 1.7x107 Vero-76 cells were seeded in T175 flasks (Corning,
Tewksbury, MA, USA) and infected with the virus at MOI of 0.05, in presence of 4,5ug/mL
of trypsin (Wisent Inc., QC, Canada). The viruses were harvested by three cycles of freeze-
thawing when the 50% cytopathic effect (CPE) was observed (typically, after 72 h.p.i.).
Virus-containing supernatant was centrifuged at 500 x g for 10 min. Viruses were
semipurified by an ultracentrifugation through a 30% sucrose (Thermo Fisher Scientific,
Waltham, MA, USA) cushion diluted in TNE buffer pH 7.4 (50 mM Tris—HCI, 100 mM
NaCl, 0.1 mM EDTA), for4 h at 112 000 x g, and virus-containing pellets were resuspended
in the TNE buffer. Hereafter, these viral preparations are called “semipurified virus” or
semipurified preparation. Viral titers were quantified by standard endpoint titration method
on Vero 76- cells, using the Spearman-Karber using algorithm and expressed as 50% tissue

culture infectious dose (101).

Viral titration

Spearman-Karber method
2x10* Vero-76 cells were seeded in 96-well plates. Briefly, a 50% Tissue culture
Infective Dose (TCIDso) format of 10-fold serial dilutions was used to dilute the virus in

DMEM medium without FBS but containing 4.5 pg/mL of trypsin. These dilutions were
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added to the cells and incubated for 3 days at 37°C and 5% of CO> and presence of
cytopathogenic effects (CPE) were observed under a light microscope (102).

Cell viability assay

Trypan blue dye exclusion assay

The effect of polycations on Vero-76 cells was assessed by trypan blue dye exclusion
assay. 3x10° Vero cells were seeded per well into a 6-well plate (Sarstedt, Numbrecht,
Germany). After 24 hours of incubation at 37°C with 5% CO,, cells were washed twice with
PBS (Corning, Tewksbury, MA, USA), then treated with different concentrations of
hexadimethrine bromide (polybrene) (Sigma-Aldrich, Saint Louis, MO, USA) or DEAE-
dextran (Sigma-Aldrich Saint Louis, MO, USA). Cell were treated with polybrene at
concentrations of 2pug/mL, 4pug/mL, 8ug/mL, 12pg/mL and 16pg/mL, or with DEAE-dextran
at concentrations of 3.75ug/mL, 7.5ug/mL, 15ug/mL, 30ug/mL, 60pug/mL for 2 hours at
37°C. Next, cells were washed twice with PBS, and fresh DMEM medium containing 10%
of fetal bovine serum (FBS) and antibiotics were added. Cells were incubated for additional
24 and 48 hours. Then, cells were washed and detached from culture plate with trypsin-
EDTA 0.5% (Gibco, ON, Canada) treatment for 5 minutes. Trypan blue (Thermo Fisher
Scientific, Waltham, MA, USA) at concentration 0.4% was used to determine the percentage
of viable cells, which was calculated as the number of viable cells per mL (manually
determined by quantification of cells on a Neubauer chamber) on each condition divided by

the cells per mL of the untreated control (quantified the same way), multiplied by 100%.

Cytotoxicity assay through LDH

The effect of polycations on Vero-76 cells was assessed with the CytoTox 96® Non-
Radioactive Cytotoxicity Assay (Promega, Madison, WI, USA). Briefly, 8x10* Vero cells
were seeded per well in a 24-well plate (Sarstedt, Numbrecht, Germany). Cells were treated
as described in the previous paragraph. Then following manufacturers indications CytoTox
96® Non-Radioactive Cytotoxicity Assay was performed. Briefly, 50ul aliquots from all test
and control wells were transferred to a fresh 96-well flat clear bottom plate. Then, 50ul of
the CytoTox 96® reagent was added to each sample aliquot, plates were incubated in absence

of light for 30 minutes at room temperature. Next, 50ul of stop solution was added to each
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well of the 96-well plate. Finally, the optical absorbance of the samples was read in a
microplate reader at 492nm (Biotek® Synergy HT plate reader, Vermont, USA) immediately
after adding the stop solution. To determine the percentage of cytotoxicity, the average values
of the background absorbance of the culture medium was subtracted from all values of the
experimental wells. Then, the following formula was used: Percent cytotoxicity = 100 X

Experimental LDH Release (OD4920m) /Maximum LDH Release (OD492nm).

PEDYV proliferation assay to evaluate the effects of polycations

Briefly, 3x10° Vero-76 cells were seeded per well in 6-well plates. After 24 hours of
incubation at 37°C in 5% CO» environment, cells were washed twice with PBS. Cells were
infected with PEDV at 0,05 MOI (adsorption step) in the presence of 4,5ug/mL of trypsin,
and polybrene or DEAE-dextran at 4 and 8 pg/mL for 2 hours at room temperature (to
partially synchronize virus adsorption and entry). After that 2-hour virus adsorption, cells
were washed three times with PBS and fresh DMEM containing 4,5ug/mL of trypsin was
added. Infection was stopped by freezing cells after 36 h.p.i (Figure 7). Two cycles of
freezing and thawing were performed to lyse the cells, and virus-containing supernatant was
centrifuged at 500 x g for 10 min. Virus proliferation was estimated as a viral titer produced

by the infected cells, using the Spearman-Karber method (102).

Indirect immunofluorescence assay (IFA)

2x10* Vero-76 cells were seeded per well in a 96-well plate (Sarstedt, Numbrecht,
Germany). After 24 hours of incubation at 37°C with 5% CO,, cells were washed twice with
PBS and, then, either mock-infected or infected with PEDV at 0,5 MOI in the presence of
4,5ng/mL of trypsin for 2 hours at room temperature. To investigate the effect of polycations
on viral infectivity, virus preparations were treated or untreated with polybrene or DEAE-
dextran at 4 and 8 pg/mL for 1 hour prior to adding to the cells and performing the adsorption
step of infection (Figure 7). After 2h of virus adsorption (or mock-adsorption), the cells were
washed three times with PBS 1X, and fresh DMEM containing 4,5 pg/mL of trypsin was
added. After 6 h.p.i, cells were fixed prior to the permeabilization (in 0.1% of Triton X-100
for 15 min) by 4% PFA (paraformaldehyde) (Thermo Fisher Scientific, Waltham, MA, USA)
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in PBS (Figure 1). Between the steps, cells were blocked with 2% BSA (Sigma-Aldrich,
Saint Louis, MO, USA) for 30 minutes. Mouse anti-PEDV N protein antibody was added to
the wells and fixed cells were incubated at room temperature for 2 hours or at 4°C overnight.
The unbound antibodies were washed by PBS and cells were blocked again by the BSA for
30 minutes. To visualize infected cells, the primary anti-PEDV N antibody was detected by
fluorescent secondary anti-mouse Cy5 (Jackson Immunoreseach Labs, Inc. Baltimore, PA,
USA), in which cells were incubated for 1 hour at room temperature. The unbound secondary
antibodies were removed by PBS washing. Cell nuclei were stained DAPI (4',6-diamidino-
2-phenylindole) staining was used to determine the number of nuclei and to assess gross cell
morphology. Pictures were taken using Leica DMI 400B inverted fluorescent microscope.
Two to three PBS washes were performed between steps. The efficiency of infection was

calculated as the percentage of infected cells over the total number of cells.

IFA
l 37°C
A
[ 6h viral !
Oh viral protein 24h viral
-1h pre-incubation entry production production
-2h viral 2h viral 12h viral 36h viral
adsorption fusion/entry assembly production
1
Room
temperature Spearman-Karber
method

Figure 7. Schematic chart of the experimental procedure, for evaluation of polycations
effect on PEDV infectivity, at different times p.i. Purple arrows show time points were
polycations effect was evaluated through different techniques. -1h pre-incubation: virus
preparations were treated or untreated with polybrene or DEAE-dextran at 4 and 8 pg/mL

for 1 hour prior to adding to the cells. -2h viral adsorption: cells were inoculated with the
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previously treated mixture of PEDV and polycations, to allow viral attachment for 2 h at
room temperature. Further steps viral entry, protein production, viral assembly, virus

production and massive viral production, were performed at 37°C.

Statistical analysis

A One-way Analysis of variance (ANOVA) model followed by Tukey’s Multiple
Comparison was used to determine if statistically significant differences existed between data
obtained for the PEDV-infected cells and PEDV-infected cells treated with polycations. This
approach was used to determine the statistical significance of the data of viral propagation
(viral titers defined by Spearman-Karber method) and for IFA data. The asterisks indicate
significant differences (*** P<0,001, ** P<0.01, *P<0,05).

Multistep purification of the PEDYV for proteomic assay

Semipurified PEDV preparation (through a 30% sucrose cushion, as it was described
above) was further purified using a CsCl (Thermo Fisher Scientific, Waltham, MA, USA)
5%-45% continuous gradient. Briefly, 10 mL continuous gradients of CsCl was made by a
two-chamber gradient maker (Bio-Rad, Hercules, CA, USA) and transferred into the ultra-
clear tube (Beckman Coulter, Brea, CA, USA). One mL of semipurified PEDV preparation
was layered on the top of the continuous gradient. Samples were spun at 107 000 x g
overnight in a SW 41 rotor (Beckman Coulter, Brea, CA, USA). Ten 1-mL fractions were
collected by puncturing the bottom of the tube. Each fraction was evaluated through RT-
qPCR, Spearman-Karber method and Bradford assay (following manufactures instructions)
for determining the fractions enriched in viral RNA, infectious viral particles, and total
proteins, respectively. This step of purification is called “purified virus” hereafter.

Selected fractions (enriched in viral RNA and infectious virions) of the CsCl gradient,
containing at least 50ug of protein, were treated with subtilisin at 2 g/L. (Thermo Fisher
Scientific, Waltham, MA, USA) dissolve in digestion buffer (40 mM Tris-HCI, pH 8.0 and
2 mM CaCl) for 18 hours, at 37°C. Next, phenylmethyl sulfonyl fluoride (PMSF) 10 mg/mL
in ethanol was added and samples were incubated for 15 minutes at room temperature to

inhibit the proteases. The subtilisin-treated virions were concentrated again by
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ultracentrifugation through a 30% sucrose cushion at 4°C, 107 000 x g for 4h to eliminate
any impurities and produce ultra-purified viral particles (ultra-purified preparation). Earlier
reports have shown that microvesicles contamination of viral preparation can be successfully

removed with subtilisin treatment (103).

Evaluation of the expression of viral RNA

In order to evaluate absence or presence of PEDV in samples, reverse transcription
was performed with a quantitative PCR, all in one step. Briefly, RNA extracted with Qiamp
Viral RNA Mini Kit (Qiagen N.V. Hilden, Germany) as manufactures indications, PCR with
TagMan Fast Virus 1-Step following manufactures instructions (Thermo Fisher Scientific,
Waltham, MA, USA.) was performed, and detection of mRNA from ORF6 of PEDV was
determined. The nucleotide sequence of the forward and reverse primers, and the probe were:
CCAGCAAATTGGGTACTGGAATG, CCTGTTCCGAGGTAGTAGAAATG and [6-
FAM] CCGTGGTGAGCGAATTGAACAACC [BHQIla-Q], respectively (Eurofins
Genomics LLC, Louisville, KY, USA).

Proteomic analysis
Sample Preparation

Briefly, 100 pg of proteins were transferred to a microcentrifuge tube and proteins
were precipitated with a ratio of 1:5 (v: v) of ice-cold acetone. Then acetone was discarded,
and protein pellet was dried at room temperature. The protein pellet was dissolved in 200 puL
of 50 Tris-HCI buffer (pH 8) and the solution was vigorously mix for 2 x 3 minutes to
maximize protein dissolution yield. The proteins were denatured by heating at 120°C for 15
min using heated reaction block. The solution was allowed to cool down. Proteins were
reduced with 20mM DL-dithiothreitol (DTT) and the reaction was performed at 90 °C for 10
minutes. Then proteins were alkylated with 40mM iodoacetamide (IAA) and the reaction was
performed at room temperature for 30 min. Reaction was quenched with the addition of DTT.
Two pg of proteomic-grade trypsin was added, and the reaction was performed at 37°C for
24h. The protein digestion was quenched by adding 20 puL of a 1% trifluoroacetic acid (TFA)
solution. Samples were centrifuged at 12,000 g for 10 min and 200 pL of the supernatants

were transferred into injection vials for analysis.
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Chromatographic conditions

The high-performance liquid chromatography (HPLC) system was a Thermo
Scientific Vanquish FLEX UHPLC system (San Jose, CA, USA). The chromatography was
achieved using a gradient mobile phase along with a microbore column Thermo Biobasic
C18 100 x 1 mm, with a particle size of 5 pm. The initial mobile phase condition consisted
of acetonitrile and water (both fortified with 0.1% of formic acid) at a ratio of 5:95. From 0
to 2 minute, the ratio was maintained at 5:95. From 2 to 92 minutes, a linear gradient was
applied up to a ratio of 40:60 and maintained for 3 minutes. The mobile phase composition
ratio was reverted at the initial conditions and the column was allowed to re-equilibrate for

20 minutes. The flow rate was fixed at 50 pL/min and 2 pL of sample were injected.

Mass Spectrometry conditions

A Thermo Scientific Q Exactive Plus Orbitrap Mass Spectrometer (San Jose, CA,
USA) was interfaced with a Thermo Scientific Vanquish FLEX UHPLC system using a
pneumatic assisted heated electrospray ion (ESI) source. MS detection was performed in
positive ion mode and operating in scan mode at high-resolution, and accurate-mass
(HRAM). Nitrogen was used for sheath and auxiliary gases and they were set at 10 and 5
arbitrary units. The ESI voltage was set to 4000 V and the ion transfer tube temperature was
set to 300°C. The MS was operating in an acquired using a data-dependent top-10 (DDA
TOP-10) method to dynamically choose the most abundant precursor ions from the survey
scans (i.e. m/z 400-1500) and generate MS/MS spectra. Data was acquired at a resolving
power of 70,000 (FWHM) using automatic gain control target of 1.0x106 at the MS1 level
with maximum ion injection time of 100 msec and product ion spectra were acquired at
resolving power of 17,500 FWHM, using automatic gain control target of 1.0x10° and
maximum ion injection time of 100 msec. The normalize collision energy was set to 28V and
precursor were isolated using a 2 Da window. Instrument calibration was performed prior to
all analysis and mass accuracy was notably below 1 ppm using Thermo Pierce calibration

solution and automated instrument protocol.

Bioinformatic analyses
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Comprehensive protein identification was performed using Thermo Scientific
Proteome Discoverer software v2.2 (San Jose, CA, USA). Thermo raw files were imported
into Proteome Discoverer v2.2. Peak lists were generated with a precursor signal-to- noise
ratio of 1.5, and default settings were used to search a FASTA database containing the protein
sequence sequences for the Chlorocebus aethiops (i.e. taxonomy #9534) extracted from
UniProt. The enzyme was set to trypsin, and two missed cleavages were tolerated.
Carbamidomethylation of cysteine was set as a fixed modification and oxidation of
methionine as a variable modification. The precursor ion mass tolerance was set to 5 ppm,
and the product ion mass tolerance was set to 0.02 Da. Data sets were further analyzed with
percolator (strict false discovery rate (FDR) of 0.01 and a relaxed FDR of 0.05). Tryptic
peptide identifications were accepted with high confidence, corresponding to less than 1%
FDR. Relative quantification was performed using the label-free node based on peak area at

the MS1 levels.
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V. Results



1. Changes in the intracellular levels of host proteins during PEDV

infection.

1.1. Optimization of PEDYV infection by polycations

The efficiency of viral entry and infection is very low for the large majority of the
viruses (104). Thus, in order to study the dynamics of the proteomic changes in the PEDV
infected cells, it is desirable to reach a high level and synchronized infectivity. Previously,
enhancement of the infectivity of retroviruses and a similar effect for some coronaviruses
have been reported (60, 61, 62). In this study, we investigated the effect of two widely used
polycations; polybrene and DEAE-dextran on the PEDV infectivity. First, we evaluated their
cytotoxicity in Vero-76 cells. For such cells were treated 2 h with different concentration of
polybrene or DEAE-dextran (or mock-treated) and the viability of the cells was measured
after 24 and 48 hours post treatment. Percentage of viable cells treated with DEAE-dextran

(Figure 8) and Polybrene (Figure 9) was measured with trypan blue staining.

Percentage of viable cells after treatment with DEAE-dextran
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Figure 8. Effect of DEAE-dextran at different concentrations, on viability of Vero-76
cells after different times post-treatment. Cells were treated 2h with different

concentration, already reported in the literature as effective concentrations, of DEAE-
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dextran and viability of the cells was measured after 24 and 48 hours. Percentage of
viable cells was measured by trypan blue staining. Data are express as mean + Standard

deviation (SD) (n=3).
Percentage of viable cells after treatment with Polybrene
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Figure 9. Effect of polybrene at different concentration on viability of Vero-76 cells
after different times post-treatment. Cells were treated 2h with different concentration of
polybrene, already reported in the literature as effective concentrations and viability of
the cells was measured after 24 and 48 hours. Percentage of viable cells was measured

through trypan blue staining. Data are express as mean = SD (n=3).

As it was expected, the viability of cells was slightly lower at the high concentrations,
due to the cytotoxic effect of these molecules. Overall, no significant decrease in viability
percentage was observed after treatment with both polycations. To further confirm the
cytotoxicity of polycations to Vero-76 cells, the cytotoxicity of both polycations was
assessed by highly sensitive colorimetric lactate dehydrogenase (LDH)-release assay
(Promega, Madison, WI, USA). The relative amounts of live and dead cells (percent
cytotoxicity) within the medium of the cells treated with DEAE-dextran (Figure 10) and

Polybrene (Figure 11) were determined using the manufacturer’s recommendations.
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Cytotoxicity exerted by DEAE-dextan on Vero-76 cells
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Figure 10. Cytotoxic effect of DEAE-dextran at different concentration on Vero-76 cells
measured after 24- and 48-hours post-treatment. Cells were treated 2 h with different
concentration of DEAE-dextran, already reported in the literature as effective
concentrations and viability of the cells was measured after 24 and 48 hours. Percentage
of cytotoxicity (% of dead cells) assessed by LDH assay. Data are express as mean + SD
(n=3).
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Cytotoxicity exerted by Polybrene on Vero-76 cells
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Figure 11. Cytotoxic effect polybrene at different concentration on Vero-76 cells
measured after 24- and 48-hours post-treatment. Cells were treated 2 h with different
concentration of polybrene, already reported in the literature as effective concentrations
and viability of the cells was measured after 24 and 48 hours. Percentage of cytotoxicity

(% of dead cells) assessed by LDH assay. Data are express as mean = SD (n=3).

There was no significant difference in cell mortality among concentrations tested.
Thus, there is a good agreement between results generated by two different assays. Viability
of Vero-76 cells after treatment with polycations and LDH assay showed that cytotoxicity of
both polycations is lower than 5%, after 24 and 48h post-treatment.

Next, we evaluated the effect of polycations on the PED viral progeny production
after 36h post-treatment using the Spearmen-Karber method (105). Synchronization of
infection was achieved by 2h adsorption of virus inoculum at room temperature (which does
not allow viral entry and fusion), followed by a washing step to remove unbound virus and
further incubation at 37°C (Figure 12), additionally, synchronization and continuous
infection were compared.

As shown in the graph (Figure 12), a non-significant effect of enhancement of PEDV

infection was shown, when the virus was treated with DEAE-dextran, nor when infection

53



was synchronized and treated with this molecule. On the contrary, when the synchronization
of infection was coupled with polybrene treatment, a significant enhancement of PEDV
infection was observed (p<0.001). Nine-fold increase of PEDV progeny production was
reached, when the virus was pretreated with polybrene and infection was synchronized
(Figure 12). However, a 4-fold enhancement of viral production was observed in non-
synchronized infection of a polybrene-treated viral inoculum. Thus, for further experiments

with both polycations and the synchronization of infection were added to the protocol.
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Figure 12. Synchronization of infection effect on PEDV infectivity in presence of
polycations. Vero-76 cells were infected with PEDV at MOI 0,05 non-treated or treated
with polycations for 2 hours at room temperature (washed/synchronized infection)
(orange bars), or inoculum was left for 36 hours (unwashed/ continuous infection) (blue
bars). Number of viruses per mL was assessed through Spearman-Karber method; data
are express as mean = SD (n=3). The statistic analysis performed was an ANOVA model
followed by Tukey’s Multiple Comparison; used for determination of statistically
significant differences between data of PEDV-infected cells and PEDV-infected cells

treated with polycations as well as washed and unwashed (***p<0.001, Ns: no

significant).

To prove that polycations enhance viral entry (i.e. early stage of infection), we

examined the presence of newly produced viral N protein six h.p.i. by indirect
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immunofluorescence assay (IFA microscopy) and quantifying the ratio of infected cells using
ImageJ software. Additionally, we investigated which molecular mechanism (viral
membrane or cell membrane charge shielding) was responsible for the effects of the
polycations on the infection. Pre-incubation of cells with polycations for 1h at room
temperature (Figure 13) did not show a significant enhancement of PEDV N protein
production. This observation suggests that polycations were not exerting their charge

neutralizing effect directly at the level of the cellular plasma membrane.
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Figure 13. Effect of pre-incubation of Vero-76 cells with polycations before viral
adsorption and infection. Cells were pre-incubated 1 h with polycation at 2 different
concentration, reported to being effective enhancing viral attachment (106—108), at room
temperature. PEDV at MOI 0,5 and polycations were then added, and synchronization
of infection was performed. 6 h.p.i cells were fixed, and IFA was done. Percentage of
infected cells was estimated using Image] software. Data are express as mean = SD
(n=3). The statistic analysis performed was an one-way ANOVA model followed by
Tukey’s Multiple Comparison; used for determination of statistically significant
differences between data of PEDV-infected cells and PEDV-infected cells treated with

polycations (ns: no significant).
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Interestingly, the pre-incubation of PEDV with polycations (Figure 14) for 1 h at
room temperature showed a 4-fold increase of N protein production (i.e., percentage of
infected cells). This effect was more dramatic when PEDV inoculum was pre-treated with
polybrene at 8 ng/mL (p<0.001), compared to when the virus was pre-treated with DEAE-
dextran. Thus, suggesting that the molecular mechanism of the polybrene-mediated
enhancement of PEDV infectivity may be due to the shielding of virions charge. Importantly,
our results correlate with previous reports (89). Not only the number of infected cells was

enhanced by the pre-incubation of PEDV with polybrene, but also the intensity of the

fluorescence in infected cells was higher (Figure 15).
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Figure 14. Effect of pre-incubation of virus with polycations before viral infection.
PEDYV at MOI 0,5 was pre-incubated 1 h with polycation at 2 different concentration, at
room temperature. Inoculum was then added (PEDV pre-incubated with polycations),
and synchronization of infection was performed. Percentage of infected cells was
calculated using the ImageJ software. Data are express as mean £+ SD (n=3). The statistic
analysis performed was an one-way ANOVA model followed by Tukey’s Multiple
Comparison; used for determination of statistically significant differences between data

of PEDV-infected cells and PEDV-infected cells treated with polycations (*** p<0.001).
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PEDV N protein DAPI Merge

Figure 15. Polybrene at 8ug/mL significantly increased PEDV infectivity after 6 h.p.i.
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PEDV at MOI 0.5 was pre-incubated 1 h with polybrene at 8g/mL, at room temperature.
Inoculum was then added, and synchronization of infection was performed. IFA assay:
PEDV N protein was detected by red-fluorophore-conjugated secondary antibody.
Nuclei were stained by DAPI (blue).

Additionally, we investigated the potential dose-response relationship between
polycations and PEDV entry using the IFA microscopy for 6 h.p.i. setting. To this end, viral
inoculums were pre-incubated with polybrene or DEAE-dextran for one hour at different
concentrations, followed by viral adsorption step (2 h at room temperature incubation), and
synchronization of the infection (intensive washes to remove unbound viruses). It was shown
that DEAE-dextran didn’t have a strong impact on PEDV infectivity at any tested
concentration, reaching just 5% infected cells (Figure 16). However, polybrene showed a
significant effect on PEDV infection, increasing the ratio of N protein expressing cells to 8%
(»<0.001). We observed that 8ug/mL of polybrene showed the best outcome on the
efficiency of the PEDV infection (Figure 17).
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Dose effect of DEAE-Dextan on PEDV infectivity
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Figure 16. Dose effect of DEAE-dextran treatment on PEDV infectivity. PEDV at MOI
0,5 was pre-incubated 1 h with different concentration of DEAE-Dextran, at room
temperature. Inoculum was then added, and synchronization of infection was performed.
Percentage of infected cells was calculated using ImageJ software. Data are express as
mean + SD (n=3). The statistic analysis performed was an one-way ANOVA model
followed by Tukey’s Multiple Comparison; used for determination of statistically
significant differences between data of PEDV-infected cells and PEDV-infected cells

treated with different concentrations of DEAE-dextran (*p<0.035, ns: no significant).
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Figure 17. Dose effect of polybrene treatment on PEDV infectivity. PEDV was pre-
incubated 1 h with different concentration of polybrene, at room temperature. Inoculum
was then added, and synchronization of infection was performed. Percentage of infected
cells was calculated using ImagelJ software, Data are express as mean = SD (n=3). The
statistic analysis performed was an one-way ANOVA model followed by Tukey’s
Multiple Comparison; used for determination of statistically significant differences
between data of PEDV-infected cells and PEDV-infected cells treated with different

concentrations of polybrene (*** p<(.001, ns: no significant).

2. Identification of host cell proteins associated with or encapsidated into

PEDYV and EMYV during viral infection.

2.1. Production of PEDV using simian cell lines that are routinely used for PEDV

studies.

Vero-76 cells were infected with PEDV, and when cell culture showed the signs of
CPE after 3 days p.i. (cell fusion, syncytia formation, rounded morphology or shrinking),
they were lysed by a process of freezing-thawing. In some coronaviruses, the spike protein
that remains not assembled is transferred to the cell surface and mediates cell-cell fusion.
This produces a massive, multinucleated group of cells that allows the virus to spread
between attached cells (25). After, the virus was harvested and submitted through a process

of multistep purification described in the Methodology section.

2.2. Analysis of the composition of virions and microvesicles/exosomes through

proteomics approach.

Viral particles were semipurified through a 30% sucrose cushion (semipurified
preparation). Semi-purified samples were further purified (ultracentrifugation) through a 5%-
45% CsCl continuous gradient and ten fractions were collected. Chosen fractions (purified
viral preparation) were ultra-purified using the subtilisin-mediated removal of the EMV

procedure.
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During each purification step: viral RNA, protein concentration and viral titers were
determined as unique quality control. The concentration of total proteins in the samples, the
number of viruses per mL and the presence of viral genome were chosen as key parameters
to determine the “best” fractions for mass-spectrometry analysis (Figure 18). The selected
ones from the CsCl gradient were usually the fractions 6 and 7, due to their lower Ct values

(i.e. reach in viral genome) high viral titers and protein concentration.

Quality control evaluation of different viral purification preparations
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Figure 18. Comprehensive quality control assessed by Spearmen-Karber method
(viral titer), RT qPCR (presence of viral RNA) and Bradford assay (protein
concentration). After Semipurification with 30% sucrose cushion parameters were
evaluated for further purification. CsCl continuous gradient was performed, and 11
fractions were collected. Fraction with the best quality (protein, viral RNA and viral titer)

was chosen for final ultra-purification step.

Semipurified fraction (preparation)

In the semipurified samples, containing PEDV virions and microvesicles, the
abundance of 63 proteins was affected: 47 were up-regulated and 16 were down-regulated
(Table V) in comparison with the same fraction obtained from the mock-transfected cells.
The abundance of peptides in the semipurified preparation of PEDV infected cells was

mainly up-regulated, as can be evidenced by a volcano-plot (Figure 19).
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Figure 19. Volcano plot of dysregulated tryptic peptides in the semipurified
preparation containing viruses and EMV after PEDV infection. The -Log 10 (Benjamin—
Hochberg corrected P value) versus the log2 (fold change). The non-axial vertical dashed
lines (in blue) mean +1.5-fold change. The non-axial horizontal line indicates p< 0.05

the significance threshold.

The differentially expressed proteins were annotated by UniProt-GOA database and
enriched by GO annotation based on three categories: Biological Process, Cellular
Component, and Molecular Function. Thus, the gene ontology (GO) database has been used
for describing the biological functions of the identified proteins. GO analyses revealed that
majority of the proteins affected in the semipurified viral preparation were involved in
nucleic acid binding (23%), metabolic process (34%), signaling (24%), and cell cycle
regulation (20%) (Figure 20).
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Figure 20. Functional categories of cellular proteins of the semipurified viral preparation.
After LFP analysis of semipurified fraction, proteins significantly regulated were
classified by their molecular functions. (A) Up-regulated proteins, (B) down-regulated

proteins. Gene ontology annotation (GO).

Most of the upregulated by PEDV infection proteins belonged to the cytoplasm,
nucleus and plasma membrane components (Figure 21), while negatively regulated proteins

had nuclear and cytoplasm localization.
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Figure 21. Subcellular localization of dysregulated host proteins identified in

semipurified viral preparation. Consequent to an LFP analysis of semipurified fraction,

proteins significantly regulated were classified by their subcellular localization. Gene

ontology annotation.

From the proteomic analyses of five biological replicates among mock or PEDV-

infected, we identified and quantified in the semipurified preparation 110 proteins

differentially expressed (p< 0.05) (Table V). Significantly up or down-regulated proteins

were determined by a fold change > 2.

Table V. Proteins of the semipurified viral preparation affected by the PEDV infection

Up-regulated proteins

Gene ontology annotation

. Accession  Cellular . Reported  in
Protein name o Molecular Function
number Localization virus
2'3'-cyclic- e Regulate Hepatitis B virus
nucleotide 3'- Plasma multiple (109), influenza A2,
‘ K4GWC8
phosphodieste membrane cellular NDV, VSV (110).
rase functions




e Suppress
protein
production by
association
with
polyadenylatio
n of mRNA.

e Regulator of

type I o
) Hepatitis B virus,
AH receptor- interferon
. . EBNA-3 of the
interacting 097628 Cytoplasm e Essential for ) )
. Epstein-Barr virus
protein restricting virus

(111).
infection and

spread.

Transduces signals
from the

extracellular matrix _
Influenza A virus,

Axl receptor into the cytoplasm
Plasma Puerto
tyrosine QI4UF1 by binding to the )
. membrane o Rico/8/34(PR8) (112).
kinase vitamin K-

dependent protein

growth arrest-

specific 6 (Gas6).

Interacts with

distinct NKT

populations EMCV (113), TMEV
Plasma

CDl1d Q4ACW7 inducing gamma (114), HIV-1, EBV

membrane
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containing RSV respiratory
protein 2 syncytial virus (149).

In order to show the different interactions between the identified proteins significantly
affected by the PEDV infection, proteins were mapped with String tool. String is a biological
database containing known and predicted protein-protein interactions from different sources,
such as experimental results, computational prediction and available information on
published reports. The proteins found in the semipurified fraction were mapped according to
what has been reported for African green monkey kidney cells (Figure 22). Out of the 63
proteins described (Table V), only 23 are reported for Chlorocebus aethiops (cells of African
green monkey kidney). This cell line (Vero-76) is highly used for study and isolation of
PEDV (19, 20). Currently, the reported interactome of the PEDV also is poorly developed,
so a few PEDV-host protein-protein interactions are reported to date. We found some of them

in our proteomic database. They are reviewed in the Discussion section.
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Figure 22. Network of specifically the significantly dysregulated by PEDV infection

proteins present in the semipurified viral preparation. Colored nodes represent query
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proteins and first shell of interactors, empty and filled notes indicate unknown or known
3D structure of the protein, respectively. Reported interactions among then (blue and
pink lines) and predicted interactions (red and green lines). The reported interactions

with PEDV were added manually (dark lines).

Purified viral fraction (preparation)

Similar to the semipurified viral preparation, Gene Ontology (GO) analysis was
performed to determine the biological processes affected by PEDV infection in the purified
viral preparation, where the presence of the EMV proteomic components were decreased by
additional purifications steps. The majority of the affected proteins were members of the

signaling (40%), immune response (30%) and nucleic acid binding function (30%) pathways

(Figure 23).
| ’ B ’
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Figure 23. Functional categories of cellular proteins identified in the purified viral
preparation. After LFP analysis of semipurified fraction, proteins significantly regulated
were classified by their molecular functions. (A) Up-regulated proteins, (B) down-

regulated proteins. Gene ontology annotation
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Classification of proteins by their subcellular localization was also performed.
Proteins identified in the purified viral preparation and significantly dysregulated by the

PEDV infection were mainly localized in the nucleus and plasma membrane (Figure 24).
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Figure 24. Subcellular localization of dysregulated host proteins identified in the purified
viral preparation. Consequent to an LFP analysis of semipurified fraction, proteins
significantly regulated were classified by their subcellular localization. Gene ontology

annotation

In the purified viral preparations, it was expected to find lower levels of the
contamination associated with the presence of microvesicles. Therefore, it was not surprising
that fewer proteins were identified in this fraction. Furthermore, the biomarkers of exosomes
and microvesicles, such as CD86 and HSP40, were found at lower amount in the purified
fraction. This is additional proof of the efficiency of our multistep virus purification
procedure and the specificity of the virus-associated set of proteins identified by our
proteomic analyses.

From the proteomic analyses of five biological replicates among mock or PEDV-
infected, we identified and quantified in the purified preparation 16 proteins differentially

expressed (p< 0.05) (Table VI). Significantly up- or down-regulated proteins were



determined by a fold change > 2. As for this, 5 proteins were significantly up-regulated, and
11 were significantly down-regulated. Our data demonstrate again that our purification
procedure successfully eliminated the proteins, which were non-specifically associated to the
PEDV, or have been present in the semipurified preparations due to the contamination by
microvesicles and exosomes. Thus, this provides us with a powerful tool to identify and
distinguish the definite sets of the host proteins, which are specifically associated or

encapsidated into the PEDV virions or are components of the PEDV-infection induced EMV.

Table VI. Proteins affected by PEDV infection identified in the purified viral preparation
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The interactions between the proteins identified in the purified viral preparation and
significantly dysregulated by the PEDV infection were mapped using the String tool. Out of
the 16 proteins affected by the PEDV infection and found in this fraction, only 9 proteins

have been reported on the databases of African green monkey kidney cells (Figure 25).
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Figure 25. Network of specifically the significantly dysregulated by PEDV infection
proteins present in the purified fraction. Colored nodes represent query proteins and first
shell of interactors, empty and filled notes indicate unknown or known 3D structure of
the protein, respectively. To date, there are no reported interactions for these proteins
among them in Chlorocebus aethiops database. Additionally, there are no reports of

interaction between the found proteins and PEDV proteins.
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V1. Discussion



PEDV-caused diarrhea is clinically indistinguishable from other diarrhoeal viral
diseases. To date, PEDV circulates on the Asian, American and European continents and
causes outbreaks in Asia and North America, having a significant impact on the swine
industry. A better understanding of the molecular interactions between PEDV and host cells
will help to bust the development of safe vaccines for controlling the epidemic of PEDV. To
contribute to fulfilling the knowledge gap, it was proposed to evaluate the proteomic profile
of different viral preparation, in order to decipher proteins associated or encapsidated into
PEDV virions. To do so, optimization of PEDV production and assessment of the host cell
proteins associated with or encapsidated into PEDV and microvesicles/exosomes of infected
cells was performed; then, evaluation through label-free quantitative proteomics of several
viral purifications was done. This will provide valuable insight into the complex network of

the host-cell protein interactions.

1. Optimization of PEDYV infection by polycations

Polycations have been widely used to enhance infection of recombinant lentiviral
vectors. The molecular mechanism behind the polycation-mediated enhancement of viral
attachment and entry is the neutralization of the repulsive electrostatic forces between target
cell and virus membrane (89). It was compared the effects of two commonly used polycations
(polybrene and DEAE-dextran) on the PEDV infectivity and showed that polybrene was
more effective enhancer of the PEDV infectivity. These results were proven by various
techniques and at different time of post-infection.

Initially, it was investigated the cytotoxic potential of the polycations. Results showed
that at the range of the previously reported for both polycations concentrations, polybrene
and DEAE-dextran did not exert high cytotoxicity to Vero-76 cells and can be safely used
for PEDV entry enhancement. The higher concentrations of the polycations had slightly
higher the toxicity and effect of the cell viability, which was reported for these molecules
(167). Interestingly, Monnery et al., in 2017 (167) demonstrated that cytotoxicity of the
polycations is directly related with their molecular weight, suggesting that at higher
concentrations polycations could have higher toxicity (167). On the contrary, a group of

researchers from Germany didn’t observe a significant decrease of cells viability at high
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concentrations of the polycations. They also determined that polycations’ toxicity could be
related with the structure of the molecule (168). Overall, there is a consensus that cytotoxicity
exerted by polycations most likely is related to their structure and molecular weight, and it is
cell type dependent. Nevertheless, presence of FBS in the cell culture medium should be
consider as toxicity factor. Exact composition and variability among batches of FBS are a
constant problem. Depending on the cells type, the percentage of FBS will vary, having
different outcomes among different cells types (169).

It was observed that viability of cells didn’t decrease significantly after 24- or 48-
hours post-treatment (Figure 8 and 9) for all tested concentrations. Furthermore, results
(Figure 10 and 11) showed that both polycations had a low cytotoxic effect in Vero-76 cells
(less than 5% after 24- or 48- hours of post-treatment). Interestingly, cytotoxicity exerted by
polycations was slightly higher after 24 hours posttreatment, compare to 48 h. This can be
link to the cell cycle of this cell line. Vero-76 cells take approximately 22 hours to double
the population (170). Therefore, 24 hours after cells will start to die and free LDH to the
medium, but 48 hours after cells would have double the population already two times,
overcoming with the dead population, and for so with the LDH liberated.

Next, the effects of two non-toxic concentrations of both polycations were tested on
the PEDV progeny production after 36 h.p.i. Additionally, the effect of the viral entry
synchronization on PEDV infection (Figure 12) was examined. Interestingly, results showed
that a) synchronization of the infection had a positive impact on the PEDV infectivity, but
more importantly, b) polybrene enhanced the PEDV infectivity up to 9-fold.

PEDYV infection in vitro (cell cultures) is trypsin-dependent (19, 20). Previous reports
have demonstrated that trypsin’s protease activity is indispensable for the S protein activation
right after viral-host receptor binding. Fusion S peptide, which is a key element for viral entry
into the cells, is exposed after that binding step (26, 171). After the synchronization step of
the PEDV infection (2 hours of viral adsorption at room temperature), the medium containing
trypsin and unbound virus were washed out and fresh medium with trypsin was added. Thus,
the addition of fresh medium with trypsin further enhanced viral entry (Figure 12).

As it was mentioned earlier, polycations have different mechanisms for neutralizing
the repulsive electrostatic forces between cell membranes and virus. It has been reported that

polycations with a molecular weight higher (MW) than 15 kDa are able to enhance viral
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infection through viral aggregation mechanism, while polycations with a lower MW (less
than 15 kDa) can perform either cell or virus shielding (89). Experiments showed that pre-
incubating cells for 1 hour at room temperature with the polycations didn’t have significant
impact on the PEDV infectivity, at all tested concentrations (Figure 13). In contrast, when
viral inoculums were pre-incubated at the same conditions with polycations, a significant
increase (4-fold) of the PEDV infectivity was observed (Figure 14 and 15). Thus, it was
proposed that polybrene enhances PEDV attachment and entry through the charge shielding
mechanism. Interestingly, the concentration of the polybrene that showed high performance
(8ug/mL) on this report, has been earlier recommended for the optimization of lentiviral
transduction (172, 173). Jang et al. in 2012 (88) demonstrated that the effect of this molecule
on viral infection can be virus and cell specific (88). Although, it was observed a significant
enhancement of the PEDV infectivity in Vero-76 cells by polybrene treatment, it can be
expected that on other cell types the effect of polybrene may vary. To date, this is the first
report of the polycation-mediated enhancement of PEDV infectivity.

Furthermore, the dose-response relationship between polycations and PEDV
infectivity was examined. Various concentrations of both polycations were tested. After 1
hour of pre-incubation of the PEDV inoculums with the polycations and synchronization of
the infection, the efficiency of the infection was evaluated by IFA at 6 h.p.i. Results
confirmed that DEAE-dextran treatment had very modest positive effect on PEDV infectivity
at all tested concentrations. For instance, even at the highest concentration of the DEAE-
dextran (60pg/mL) the ratio of infected cells was about 5 % (Figure 16). In contrast, PEDV
pre-incubation with polybrene at 8ug/mL was more effective treatment that enhanced PEDV
infection up to 4-fold (Figure 17).

Optimization of the efficiency of viral infection is of a high importance for a variety
of research applications and vaccine production. Calculation of the titers of viral stocks and
the estimation of viral load in the study of many viruses often involve cytopathic effect (CPE)
quantification in plaque-forming units (PFU) or similar approaches. Theoretically, the MOI
predicts the number of viruses needed to infect a single cell. However, the virus infectivity
is known to be uneven, and frequently the MOI becomes less practical (174). As it was shown
here, the PEDV pre-treatment with polycations reproducibly increased the number of

infected cells (as it was measured by IFA), suggesting that there are much more infectious
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particles in the viral preparations than it was estimated by standard virus titration techniques
(MOI are based on Spearman-Karber method of calculation of viral titers). In spite of the
last-mentioned statement, cell permissiveness plays a key factor on viral infection (175). This
has been already reported by Shirato et al., in 2016 (36), where authors infected several
permissive and non-permissive cell lines with PEDV, expressing or not the aminopeptidase
N (APN), that was believed to be PEDV main cellular receptor. Conclusion from this study,
determined that APN is not the receptor of PEDV, but also that PEDV infection outcome on
different cells lines varies (36).

It is also worth to mention that PEDV is characterized by a low viral infectivity and
production compared to other coronaviruses (19, 20). The data showed that polycations can
successfully contra rest this problem. it was shown that even by using a low MOI, the
percentage of PEDV infected cells can be increased by polybrene pre-treatment at least four
times. This suggests that using low MOIs in combination with the polycation treatment, it is
possible to infect high percentage of host cells and save on viral inoculum. This can have
implication in vaccine manufacturing (optimization of vaccine yield and decreasing the cost).

Nevertheless, further experiments on natural host cells (intestinal cells of pigs) are
needed to understand the impact of polycations on host cells lines. More specifically, if
polycations effect is cell- and virus- dependent, expected outcome on natural host cell of
enhancement of PEDV infection is higher. Additionally, the study of PEDV for effective
vaccine production should be carry out on natural host cells.

Following the hypothesis proposed: PEDV can change the intracellular levels of host
proteins in order to modify the intracellular environment, to escape host defenses and
facilitate their own replication and spread, I can’t be concluded the statement, due to the lack
of experiments. However, optimization of infection of PEDV was performed for further
proteomic experiments, where timepoints will be performed, in order to elucidate what is
happening hour by hour on infected cells, based on PEDV viral life cycle. This way
understand how PEDV is shaping the intracellular environment for immune response evasion

and spread.

2. Identification of host cell proteins associated with or encapsidated into

PEDYV and EMYV induced by PEDYV infection.
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2.1. Multistep purification of the PEDYV for proteomic assay

Multistep purifications are often performed to obtain pure viral particles. Elimination
of the cellular debris, microvesicles and exosomes, and defective virions is necessary for
downstream procedure such as proteomics, especially if the proteomic analysis is aimed at
studying the composition of viral particles. It is known that sucrose cushion can remove part
of cellular contaminants, but is less efficient for eliminating defective (empty, e.g.) virions
and exosomes/microvesicles. Of note, defective particles and EMV have very similar to
virions density and size. The purification through the density gradients do remove the
majority, if not all, cellular contaminants, most of the exosomes/microvesicles and empty
viral particles (176).

Results showed that semipurified (passed through a 30% sucrose cushion) viral
preparations contained high amount of proteins, had average viral titers, and displayed a
relatable Ct values (i.e., had viral RNA) (Figure 18). Viral particles were further purified by
submitting the semipurified viral preparation to a CsCl density gradient and collecting 11
fractions. Some fractions displayed low amount of proteins, but some had similar Ct values
and viral titers as the semipurified virus (Figure 18). Chosen purified fractions were further
ultra-purified through an enzymatic digestion with subtilisin, to eliminate exosomes with a
size and density close to PEDV. Fractions were selected according to their enrichment in
infectious viral particles (purified viral preparation), and thus most of the contaminants were
eliminated, which was the goal. Then, the semipurified and selected purified fraction were
analyzed through proteomics approach to decipher host cell proteins associated with or

encapsidated into PEDV and microvesicles/exosomes of infected cells.

2.2. Semipurified viral preparation

Proteomics has become an important tool for the analysis of protein interactions
network. Interactions between host and host cell can be deciphered by this approach, creating

a detailed map of virus-host interactions, and ultimately helping to discover novel anti-

pathogen targets (177).
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This research is aimed at elucidating the protein composition of microvesicles and
exosomes induced by PEDV infection and the composition of pure PED virions. It was
demonstrated that 63 proteins were significantly dysregulated by PEDV infection in the
semipurified fraction (Table V). The majority of these proteins were up-regulated (Figure
19). These proteins were involved mainly in various cellular processes such as cell cycle
regulation and acid binding among others (Figure 20). To date, this is a first report of the
comparative proteomic studies of the PED viral preparations.

Results showed that proteins involved in cell cycle were significantly up-regulated by
PEDV infection. One of them is the poly (ADP-ribose) polymerase (PARP), an enzyme that
catalyzes the transfer of ADP-ribose to specific proteins. It plays an essential role in
modulation of chromatin structure, transcription, replication, recombination, and DNA repair
(178). It has been reported that PEDV induces cell apoptosis in vivo as well as in vitro. More
specifically, the presence of the subunit S1 of the S protein of PEDV induced the degradation
of PARP, prompting nuclear concentration and fragmentation. The exact role of the SI
subunit for PARP degradation still remains unknown (10). This correlates with the symptom
piglets present after viral infection. Vomiting, diarrheas, dehydration, among others, are
typical of cells destruction and apoptosis of intestinal cells. Up-regulation of this protein in
presence of PEDV could indicate that it may have a specific role during viral infection.

Another well-known molecule involved in the cellular apoptosis pathway is the
cellular tumor antigen P53. It was found that it also was up-regulated by PEDV infection.
P53 plays a crucial role in responding to the cellular stress signaling, such as DNA damage
or oncogenic stress. It is activated through a cascade of phosphorylation and posttranslational
modifications (PTMs). P53 target genes involved in cell-cycle arrest, DNA repair, or
apoptosis (179). Recently, it was shown that PEDV can arrest the host cell cycle in the GO/G1
stage through the P53 pathway. GO is known to be the non-proliferative stage of the cell
cycle, right after mitotic process. Epithelial cells usually don’t arrest their cell cycle on this
stage; they are constantly in division. G1 is a stage where cells prepare their elements, such
as proteins and organelles, for the cell division step, and metabolic processes are usually at a
high rate. In the PEDV-infected cells, a significant decrease in the expression of Cyclin E
was observed, in return which could be involved in GO/G1 phase transition, causing the cell

cycle arrest in this stage. Moreover, it was shown that PEDV infection induced accumulation
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of p53and p21, which are usually expressed when there is DNA damage and cell cycle should
be arrested. Authors speculate that cell cycle arrest in GO/G1 phase provides a more favorable
condition for PEDV replication (180). Significant abundance of this protein in infected
PEDV-cells could be due to a modulation caused by PEDV to favor its own replication.

Results showed as well that proteins involved in cell structure were significantly up-
regulated. Among them, the fibrillarin that has been described to co-localize with the N
protein of PEDV (181). A recent study demonstrated that PEDV N protein can also co-
localized with other nuclear structural proteins such as NPM1, which is ribosome assembly
protein. This is a structural protein, but also functions as a nucleic acid binding factor.
Authors concluded that the interaction of the N protein with NPM1 helps to protect it from
the proteolytic cleavage, by inhibiting caspase-3-mediated cleavage of NPMI, and thus
enhancing the PEDV-infected cell survival (182). The nucleic acid binding was one of the
cellular functions significantly affected by the PEDV infection, as it was revealed on the
proteomic analysis of the semipurified fraction (Figure 20).

Importantly, the non-structural proteins of PEDV also have been reported to interact
with various host cell proteins. For example, interferon-stimulated gene 20 (ISG) is a gene
whose expression is stimulated by interferon and is an antiviral exoribonuclease that acts on
ssRNA. It has been shown that ISG20 has antiviral activity against HCV, hepatitis A virus
(HAV), and yellow fever virus (YFV). Interactions between nspl of the PEDV and ISGs
have been reported recently. It was demonstrated that PEDV nspl promotes degradation
CBP, a complex with the transcription co-activator CREB (cAMP responsive element
binding)-binding protein (CBP)/p300 degradation, which resulted in the inhibition of the
expression of ISGs, evading antiviral response of the host cell (6).

Another protein identified in our study is the peptidyl-prolyl cis-trans isomerase A
(CyPA), which catalyzes proteins folding. It is known that CyPA is secreted in response to a
cellular stress (for example, caused by an infection). It has been reported that CyPA enhances
viral life cycle of HIV, specifically viral entry and retro transcription. Additionally, a
correlation between increased production of CyPA and increased of percentage of infected
cells by viruses like hepatitis and influenza was reported (183). For the PEDV infection, there
is no reports about specific interaction between PEDV and CyPA. However, an interaction

between PEDV and peptidyl-isomerases (PPIA), a member of the same family of proteins
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very close to the CyPA protein, has been described (Figure 22). CyPA-related protein, the
cyclophilin D (CyPD) is an important factor involved in the mitochondrial permeabilization
transition pore (MPTP) complex, and it is also involved in the protein folding pathway. In
the PEDV-infected cells, it was found that CyPD was stimulated, triggering translocation of
the apoptosis-inducing factor from the mitochondria to the nucleus, which facilitated PEDV
replication and pathogenesis. This allowed authors to conclude that PEDV infection
stimulates caspase-independent apoptosis (184).

Interestingly, proteins up-regulated by PEDV infection and identified in the
semipurified samples mostly were localized on the cytoplasm and plasma membrane (Figure
21). As it was discussed earlier, the semipurified viral preparation can still contain some
cellular debris, microvesicles and exosomes, as well as empty viral particles. Proteins
localized in the cytoplasm and plasma membrane can be associated with the microvesicles
and exosomes (EMV), which are formed in the cytoplasm and are membrane-covered
structures. Thus, the content of the EMV can depend of the molecular processes happening
in the cytoplasm of infected cells. Also, microvesicles membrane is constituted by the plasma
membrane of the cell. Some exosomes markers such as HSP, MHC (185), among others,
were spotted in our semipurified samples, indicating the presence of these ones at this level
of purification. Some of the proteins discovered in the semipurified preparation were found

to interact with each other as well (Figure 22).

2.3. Purified viral preparation

Fourteen proteins were significantly down-regulated by the PEDV infection in the
purified viral preparation (Table VI). These proteins are involved mainly in nucleic acid
binding, signaling, and immune response (Figure 23). Some of the proteins found in the
semipurified fractions were identified in the purified fraction, suggesting that these proteins
could be specifically encapsidated into or association with the virions.

The protein CD86 in the purified viral fraction was found. This is an antigen
presenting receptor that stimulates T cell activation and survival. To date, there is not report
regarding interaction between this protein and PEDV proteins. Recently, it was shown that

expression of this receptor on monocyte-derived dendritic cells (Mo-DCs) and intestinal
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dendritic cells was up-regulated by the infection of classical PEDV strain, which are cell
culture adapted strains (156). Authors found that Mo-DCs were more susceptible to PEDV
infection than intestinal dendritic cells. Also, they demonstrated that infection of Mo-DCs
with PEDV up-regulated proteins like CDla, CD80/86 and SLA-IIDR, which stimulate
immature Mo-DCs to develop antigen presentation functions (156).

Likewise, heat shock protein 40 (HSP40) has been reported to be significantly
expressed in the cells infected by a highly pathogenic PEDV strain and suppressed in the
cells infected with a cell culture adapted PEDV strain (classical) (86). In the case of this
report, this protein was down-regulated, which corroborates the published report. The strain
that was used in the study is a reference cell-adapted strain. HSPs are exploited by viruses
for their protein folding and virion assembly. More specifically, the HSP40 regulates the
function of HSP70, which plays an important role in cellular signaling, cell cycle, cell death,
and the proteins folding during the cellular stress response (86). Therefore, the down
regulation of this protein by PEDV infection might indicate that the virus is inhibiting its
own replication and spread. This could be related to the low pathogenicity of the cell adapted
or classical strains of PEDV.

Interestingly, in both viral preparations (semipurified and purified), the MHC (major
histocompatibility complex) class I antigen was found to be affected by the PEDV infection.
This protein was up-regulated in the semipurified preparation but was down-regulated in the
purified viral preparation. The MHC I molecule function is to bind the antigens derived from
the pathogens and present them on the cell surface, to be recognized by T-cells. MHC I
mediates interactions between leukocytes (131). Previously, it was shown that assembly of
the PED virion occurs in the ERGIC (2), where the MCH I can be found recognizing peptides
of the proteins produced on the ERGIC. Down regulation of the expression of this molecule
may indicate that PEDV is evading the antigen presentation, and, consequently, the T cell
activation. Thus, this could be the mechanism of the PEDV immune response evasion, which
facilitates effective infection and massive progeny production. However, further functional
validations are needed to evaluate this possibility.

Down-regulated proteins in the purified viral preparation were principally localized
in the nucleus and plasma membrane (Figure 24). At this stage of purification, exosomes of

the same size and density as the PED virions can still be found in the sample. A few markers
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of exosomes, such as CD86 and MHC, were still present in that fraction. In order to eliminate
the exosomes, further ultra-purification by a non-physical method, such as a subtilisin-

mediated digestion of the EMV (103), is needed. This work is in progress.

In this study, it was observed that PEDV infection modulates positively or negatively
the abundance of various host proteins. Some of these have been already reported to interact
with the PEDV proteins. It can be partially agreed with to our hypothesis: The compositions
of PED virions are cell-type dependent. Host cell proteins were present in both viral fractions
(semipurified and purified), indicating a possible association or encapsidation into PED
virions. Nevertheless, final ultra-purification step is necessary to conclude the statement.
Additionally, further validation experiments are needed to confirm that the reported

interactions are vital for the course of PEDV infection.

&9



VII. Conclusions and perspectives



To conclude, polycations-mediated enhancement of PEDV infection, was
demonstrated for the first time on early and late stages of infection. Particularly, the pre-
incubation of the PEDV with polybrene was effective in enhancing virus adsorption by cells.
Polycation-mediated enhancement of virus infectivity can be used to increase virus yield and
for a more cost-effective viral vaccine manufacturing.

Additionally, this is the first study of the composition of the PED virions and
microvesicles produced by the PEDV infection. The abundance of the host cellular proteins
classified in different subcellular compartments and of various functional groups was
changed by PEDV infection. These changes should probably facilitate PEDV replication and
spread. Moreover, presence of the same proteins identified in semipurified and purified viral
preparations demonstrates the specificity and validity of our approach.

However, in order to have a complete map of PEDV-host molecular interactions,
study of the cellular proteomic profiles along the PEDV infection in natural host cells, (e.g.,
porcine small intestinal epithelial cell line — IPEC), is necessary for identifying host proteins
involved in viral life cycle. Also, quantitative proteomic analyses of the ultra-purified
fraction will allow to determine the host proteins that are specifically encapsidated or
associated with PED virions. Moreover, evaluation of the proteomic profiles of
microvesicles/exosomes, produced by PEDV infection in natural host cells will reveal
molecular mechanisms of virus-host interactions and pathogenesis, and will allow to identify
the host biomarkers of the PEDV infection. Further functional validation experiments
through diverse techniques such as overexpression, knockdown experiments, protein-protein
interaction assays, etc., are necessary to validate the proteomic results presented.

Finally, the present work provides new information on important specific details of
the mechanisms of PEDV-host cell interactions. This will help us to create a comprehensive
and dynamic picture of the host response to virus infection. More specifically, the identified

host proteins will represent attractive targets for antiviral therapies.
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