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Résumé

Le virus du syndrome reproducteur et respiratoire porcin (VSRRP) est un pathogene ayant
d’énormes conséquences pour les producteurs porcins. |l est la cause d’'une des maladies les
plus colteuses a l'industrie au Québec et, a ce jour, il n'y a aucun traitement efficace
commercialement disponible contre le virus. Il a été précédemment démontré que le
surnageant de culture de bactéries Actinobacillus pleuropneumoniae (App) - I'agent causant la
pleuropneumonie porcine - possede une activité antivirale in vitro contre le VSRRP. Ces études
ont déterminé que cette activité était en fait médiée par des métabolites excrétés par les

bactéries d’App, résistants a la chaleur et de faible poids moléculaire.

Cependant, I'identité de ces métabolites demeurait inconnue, menant ainsi aux objectifs de ce
projet : (I) produire un surnageant actif d’App; (ll) caractériser et identifier les métabolites actifs
utilisant la spectrométrie de masse a haute résolution (HRMS); (lll) tester et évaluer I'activité
antivirale des composés purifiés. De nombreux métabolites de nucléotides de I'adénosine en
haute concentration dans le surnageant d’App ont ainsi été identifiés par HRMS. Pour confirmer
I’effet antiviral du surnageant et des métabolites actifs identifiés, un modele d’infection de
cellules SJPL permissives au VSRRP et de I'imagerie a immunofluorescence ont été employés.
Les métabolites ont en effet montré une inhibition de la réplication du VSRRP dans les cellules
et leurs mécanismes d’actions sont déja bien répertoriés; soit I'inhibition des polymérases
d’ARN cellulaire et virale par la forme de triphosphate de nucléoside, ainsi que I'arrét de
synthese des acides nucléiques lors de la réplication virale. Cette étude propose donc de
nouvelles ouvertures, basé sur les mécanismes d’actions cellulaires responsables de |'effet

antiviral, pour développer des traitements préventifs contre le VSRRP.

Mots clés : Virus du syndrome reproducteur et respiratoire porcin (VSRRP), Actinobacillus
pleuropneumoniae (App), effet antiviral, spectrométrie de masse, immunofluoresence,

phosphate d’adénosine



Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is one of the most devastating
viruses in the swine industry. It causes major economic losses worldwide on an annual basis. To
date, there has not been an effective treatment for this virus. Previous studies conducted in our
group have shown that the culture supernatant of Actinobacillus pleuropneumoniae (App), the
causative agent of porcine pleuropneumonia, possesses an antiviral activity in vitro against
PRRSV. These studies have shown that the antiviral activity was mediated by small molecular

weight, heat resistant metabolites present in the App supernatant ultrafiltrates.

However, the identity of those metabolites remained unknown, which led us to the objectives
of this study: (l)generate an active supernatant; (ll)characterize and identify the active
metabolites using high resolution mass spectrometry; (lll)evaluate the antiviral activity of the
purified compounds following identification. In this study we utilized a virus infection model
using SJPL cells and immunofluorescence imagery to confirm the antiviral activity of the App
supernatant as our first approach. Subsequently, using high resolution mass spectrometry we
identified several adenosine nucleotide metabolites present in App supernatants in high
concentrations. Following testing, we revealed that several adenosine nucleotide metabolites
inhibit PRRSV replication in SJPL cells. Interestingly, the antiviral mechanism of action of
adenosine nucleotide analogs is already known. The nucleoside triphosphate form functions by
inhibiting cellular and viral RNA polymerases and during viral RNA replication, incorporates
nucleoside analogs into nascent RNA chains resulting in termination of nucleic acid synthesis.

This study may suggest new approaches to develop prophylactic treatment for PRRSV.

Keywords: Porcine reproductive and respiratory syndrome virus (PRRSV), Actinobacillus
pleuropneumoniae (APP), antiviral effect, mass spectrometry, immunofluorescence assay (IFA),

adenosine phosphates.
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INTRODUCTION



Porcine reproductive and respiratory syndrome (PRRS) is a worldwide endemic disease
causing significant economic losses in pig-producing countries. In sows, PRRS is characterized
by reproductive failure, late-term abortions, increased numbers of stillborn fetuses, and/or
premature and weak piglets [1-5]. During PRRS disease, there is an increase in the morbidity
and mortality of both growing and finishing pigs, this is owed to the severe respiratory
disease and poor growth performance observed [6, 7]. The causative agent, porcine
reproductive and respiratory syndrome virus (PRRSV), belongs to the family Arteriviridae of
the Nidovirales order. PRRSV is an enveloped single-stranded positive sense RNA virus of
approximately 15 kb in length that encodes at least 11 open reading frames (ORFs) [8]. Like
numerous RNA viruses, PRRSV genome heterogeneity represents the main obstacle to

effective prevention and control of the disease through vaccination [9].

In pigs, the term "Porcine Respiratory Disease Complex" (PRDC) is often used to describe
coinfections involving viruses such as swine Influenza A Virus (swlAV), Porcine Reproductive
and Respiratory Syndrome Virus (PRRSV), and Porcine circovirus type 2 (PCV2) as well as
bacteria like Actinobacillus pleuropneumoniae (App), Mycoplasma hyopneumoniae and
Bordetella bronchiseptica [10]. App is the causative agent of porcine pleuropneumonia, a
disease responsible for major economic losses in the swine industry worldwide. In recent
years multiple in vitro studies have been done in our group to investigate the interactions
between App and PRRSV using multiple cell lines, namely the St Jude porcine lung (SJPL),
MARC-145 and porcine alveolar macrophage (PAM) cell lines [11-14].

The investigations were launched since co-infections are likely more common than reported
in the field, and that a primary infection with a viral or bacterial pathogen may enhance the
infectious potential of a secondary pathogen. Interestingly, it was unexpectedly observed

that App culture supernatants have strong antiviral activity against the porcine reproductive
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and respiratory syndrome virus (PRRSV), during App-PRRSV co-infections of SIPL cells [12]. A
more recent published study confirmed the App culture supernatant antiviral effect [13].
The antiviral effect against PRRSV was also observed in PAMs, the target cells of PRRSV
during porcine infection [13]. It was also reported that App inhibits PRRSV by inducing cell
cycle arrests in the G2/M phase of SJPL cells [14].

These studies uncovered that small molecular weight, heat-resistant metabolites present in
App supernatant ultrafiltrates (< 1 kDa) and not LPS (extracted whole molecules) or
peptidoglycan fragments (i.e. NOD1 and NOD2 ligands) were responsible for the App
antiviral activity [12]. However, prior experiments using a low-resolution mass spectrometer
(MS) instrument were unsuccessful in identifying potential candidates with absolute

certainty.

In the present thesis, we hypothesize that the culture supernatant of App contains specific
unidentified molecules which induce an antiviral activity against PRRSV in SJPL cells in vitro.
The aim of the current study is to (i) generate an active App supernatant, (ii) identify the
unknown metabolites using high resolution mass spectrometry techniques and (iii) assess
the antiviral activity of the purified compounds following identification. The findings of this
study may unveil novel therapeutic or prophylactic approaches to combat and treat PRRSV

infection.
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Literature review
1. Porcine Respiratory Disease complex

Pigs are susceptible to a plethora of diseases which can be difficult to diagnose and treat; these
diseases can cause massive economic losses in the production sector. One of such diseases is

Porcine respiratory disease complex (PRDC).

PRDC is a multifactorial disease affecting pigs. Pigs are often colonized by more than one
bacterial/viral species during respiratory tract infection [15]. Actinobacillus pleuropneumoniae
(App) and porcine reproductive and respiratory syndrome virus (PRRSV) are two pathogens that
are frequently involved in PRDC [15]. Other major etiological agents involved in PRDC include
Porcine circovirus type 2(PCV2), Haemophilus parasuis, and Swine influenza virus as displayed in
Table 1 [15]. PRDC is characterized as pneumonia of multiple etiologies causing clinical disease
and failure to gain weight later in the finishing process (15 to 20 weeks of age) [16]. Common
clinical signs of PRDC include lethargy, anorexia, fever, nasal and ocular discharges, coughing
and labored breathing [16]. Additional non-infectious causes such as management and
environmental factors play a significant role in the contribution towards PRDC, by increasing the
transmission, spread of pathogens and creating unfavorable conditions which result in increased
stress for the animal or damage to the respiratory tract [16]. Overcrowding and a lack of proper
ventilation can lead to overheating or chilling, increased stress, and escalation of ammonia and
dust levels which have a negative impact on the respiratory tract defenses [16]. Current
treatments for PRDC vary in accordance with the pathogens that are involved in the infection, a
combination of vaccines and antibiotics is conventionally administered, however the efficacy of
the current treatment models have been less than satisfactory [17]. Specific measures
preventing PRDC infection can be implemented by enhancing management practices such as

improving ventilation and preventing overcrowding.
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Table 1: Major etiological agents of PRDC (* are key agents in PRDC) [15]

Agent Type Primary/Secondary Infection \
PRRSV* Virus Primary
Porcine Circovirus Type 2* Virus Primary

Swine Influenza Virus* Virus Primary
Porcine Respiratory Coronavirus Virus Primary
Mycoplasma hypopneumoniae* Bacteria Primary
Actinobacillus pleuropneumoniae* Bacteria Primary
Haemophilus parasuis* Bacteria Primary or secondary
Bordetella bronchiseptica Bacteria Primary
Streptococcus suis Bacteria Secondary
Pasteurella multocida Bacteria Secondary
Actinobacillus suis Bacteria Primary
Salmonella enterica Cholerasuis Bacteria Primary
Ascaris suum Worms Primary
Metastrongylus apri Worms Primary

2.Porcine reproductive and respiratory syndrome virus

Clinical outbreaks of porcine reproductive and respiratory disease (PRRS) were first reported in
the late 1980’s in the USA; similar clinical outbreaks were reported in Germany in 1990 and
were widespread throughout Europe by 1991 [18]. However, the etiology of the disease
remained unknown until 1991. In fact, the etiologic agent, porcine reproductive and respiratory
syndrome virus (PRRSV) was identified in 1991 by investigators in the Netherlands and the USA
[19, 20]. Since the 1990’s PRRS has been an economically important disease around the globe; it
has been estimated to cost the swine industry approximately USS 560 million annually in USA
alone [18, 21]. PRRSV emerged almost simultaneously in North America (genotype 2) and

Western Europe (genotype 1) in the late 1980s and early 1990s. However, the virus strains that
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originated from the two continents are strikingly different, with only 55-70% nucleotide
identities [22, 23]. The evolutionary distance between the two lineages has led to the
hypothesis that these two lineages have evolved separately from a very distant common
ancestor [24]. Major events in PRRSV diversity were the emergence of an atypical variant that
appeared in mid-1990s and the sudden appearance in 2001 of a novel strain named MN184 in
the USA [25-27], the notable Type 2 highly pathogenic PRRSV (HP-PRRSV) in 2006 in China and
subsequently most of Asia [28], and the demonstration of enhanced pathogenicity of the Type 1

Lena strain [29].

2.1 Clinical signs and symptoms

As its name implies, PRRS is characterized by severe disorders related to breeding stock such as
premature births or abortions and disorders of the respiratory tract [30-33]. The incubation
period of the disease is variable and ranges from a few days to over a month. Symptoms are not
always perceptible, however, its highly dependent on the virulence of the PRRSV strains as well
as the age and the immune status of the infected pigs [21, 32]. The size of the herd and the
sanitary conditions of the farms are also important factors in the spread of the virus and
disease. Reproductive and respiratory disorders may lead to several other complications such as
eating disorders (anorexia) as well as agalactia and lethargy with or without cyanosis [21, 31, 32,

34].

2.2 Epidemiology

In infectiology, transmission is the passing of a pathogen causing communicable disease from an
infected host individual or group to a particular individual or group, regardless of whether the
other individual was previously infected [35].There are several modes of transmission, however,
we will focus on the transmission modes that are adopted by PRRSV which include different

direct and indirect routes outlined in Table 2 below [18].

With respect to direct routes of transmission infections following oral or nasal contact are the

most common, due to the proximity of the pigs [36]. Vertical transmission during mid- to late-
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gestation has also been reported as well as during nursing [30, 37]. Horizontal transmission has
been reported following direct contact between infected animals and naive animals [38], as well

as transmission via semen of infected boars [18].

In the past years, several modes of indirect transmission have been identified [18, 39], however,
several studies have demonstrated that certain intervention strategies such as the use of
protocols, disposable gear and disinfectants substantially reduce the mechanical spread of the

virus [40].

Table 2: Direct and indirect routes of PRRSV transmission

Contact with body excretions and secretions | Fomites (boots and coveralls specifically)
(blood, semen, saliva, feces, aerosols, milk, and
colostrum)

Vertical transmission from sows to piglets Needles and transport vehicles
Horizontal transmission through direct contact | Insects and aerosols

and through semen

2.3 Taxonomy

Both PRRSV-1 and PRRSV-2 belong to the genus Porarterivirus, one of the five genera
established within the family Arteriviridae, placed with the families Mesoniviridae, Roniviridae
and Coronaviridae in the order nidovirales. The nidovirus order constitutes a group of single-
stranded positive-sense  RNA viruses, including equine arteritis virus (EAV), lactate
dehydrogenase-elevating virus (LDV) of mice and simian hemorrhagic fever virus (SHFV) [41].
These viruses share a hallmark replication/transcription strategy, similar genomic organization,
and a defining set of genetic elements, but differ in host species, range, disease phenotype,

virion morphology, cellular tropism, genomic size and encoded content [42].

2.4 General structure

The PRRSV is an enveloped, single-stranded, positive sense RNA virus, approximately 50-65 nm
in diameter [18]. The N proteins that constitute PRRSV form a helical capsid 20 to 30 nm in

diameter [43]. The nucleocapsid is predominantly composed of N proteins. It is surrounded by a
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viral envelope containing various structural proteins such as GP2, E, GP3 and GP4.This envelope
also presents other proteins such as GP5 and M [41]. Figure 1 below shows the general structure

of PRRSV, and the localization of the various proteins mentioned.

PRRSYV structural proteins:

O} GP2,
> E

®— cr3
@o— o
(O=— cPs

- M
(] N

Multimer complexes:

():- M/GPS5 heterodimer

@ N homodimer

% GP,./E/GP3/GP4 multimer

\ Soluble and secreted
form of GP3 protein

Figure 1. Schematic representation of the PRRSV particle. The locations of the structural proteins: GP2a, E, GP3, GP4, GP5, M
and N (encoded by ORFs 2-7) are shown. The virion possesses a non-segmented single-stranded RNA genome which is
polyadenylated at his 3’ end, enclosed in a nucleocapsid protein (N), yielding a helicoidal capsid structure. The N protein is the
sole component of the viral capsid and interacts with itself through covalent and non-covalent interactions (homodimer). The
major envelope viral protein (GP5) forms a heterodimer structure with the membrane non-glycosylated protein (M) which
dominates the virion surface. The minor structural proteins (GP2a, E, GP3 and GP4) are incorporated into virions as a multimeric
complex. The minor structural viral proteins multimeric complex also interacts with the GP5-M heterodimer (not illustrated).

Although GP3 is a structural viral protein, there is one report indicating that it is a non-structural and secreted viral protein

(which suggests that this could be a strain-dependent phenomenon) [41].
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Being an enveloped virus, PRRSV survivability outside of the host is affected by temperature, pH
and exposure to detergents [18]. It is well documented that PRRSV can survive for extended
intervals (>4 months) at temperatures ranging from -20 to -70°C when preserved in medium
[20]. However, viability decreases with increasing temperature. Specifically, recovery of PRRSV
has been reported for up to 20 min at 56°C, 24 h at 37°C, and 6 days at 21°C when incubated
[20]. The PRRSV remains stable at pH ranging from 6.5 to 7.5. However, infectivity is reduced at
pH > 7.65 [44]. Detergents are effective at reducing infectivity of the virus, and lipid solvents
such as chloroform and ether are particularly efficient at disrupting the viral envelope and

inactivating replication [20].

2.5 Genome

PRRSV genome structure will not be discussed in depth. However, a brief analysis on the viral
genome specific features will be presented. The PRRSV genomic RNA is a positive-stranded, 3 -
polyadenylated molecule approximately 15 kb in length, which contains at least 11 known open
reading frames (ORFs) [8, 42].The largest ORF is ORF1 which is located in the 5’-proximal three
quarters of the polycistronic genome [8, 42]. It includes ORFs 1a and 1b. The ORFs 1la and 1b
regions encode two large non-structural polyproteins, ppla and pplab, which succeeding their
synthesis are processed into at least 16 non-structural proteins (nsps) which are essential for the
replication process [8, 42]. The 3’-distal end of the viral genome contains eight relatively small
genes, and these genes have both 5 and 3’-terminal sequences overlapping with neighboring
genes, apart from ORF4/ORF5 of type 2 PRRSV [8]. These genes encode four membrane-
associated glycoproteins (GP2a, GP3, GP4, and GP5), three unglycosylated membrane proteins
(E, ORF5a, and M), and a nucleocapsid protein (N) [8]. A schematic presentation of the PRRSV
genome and structural organization is presented in Figure 2 including different sub-genomic
RNAs formed during viral replication, which will not be covered, however, a more extensive

review is provided by Kappes et al( 2015) [42].
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Figure 2. PRRSV genome, transcription, and translation. PRRSV replication progresses by a range of genetic and protein
regulatory mechanisms. Expression of the first two-thirds of the 14.9-15.5 kb genome yields 4 known polyproteins (ppla, ppla-
nsp2N, ppla-nsp2TF, pplab) through two documented RFS. Polyproteins are co-translationally processed into at least 16 distinct
nonstructural proteins (nsps) by four viral encoded proteases, PLP1a, PLP1b, PLP2, and SP. Recognized polymerase motifs in
pplab are the RNA dependent RNA polymerase (RdRp), the zinc-finger domain (Z), the helical domain (HEL) and the nidovirus
uridylate-specific endoribonuclease (U) domain. Canonical structural proteins are expressed exclusively through a set of
subgenomic RNAs (sgRNA; 2-7) via a co-terminal discontinuous transcription strategy via a negative sense strand intermediate.
Each subgenomic RNA are expressing only the ORF gene located at the 5’ end location [42].
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2.6 Structural proteins and non-structural proteins

Viruses depend on their host cell's resources to reproduce. They utilize the host cell's machinery
to produce the viral proteins they require for replication [45, 46]. The majority of structural viral
proteins are components of the capsid and the envelope of the virus whereas, non-structural
counterparts are expressed in infected cells to promote the direct replication of the virus or
indirectly by taking control of the cellular machinery and the immune response of the infected
host [45].The roles of the various structural and non-structural proteins will be discussed briefly

in this text, a more in depth review is provided by Music et al (2010) [41].

2.6.1 Structural proteins

The large number of envelope proteins is characteristic of nidoviruses, and all structural proteins
were shown to be essential for infectivity [43, 47]. Arterivirus particles contain at least eight
envelope proteins, an unusually large number among RNA viruses. These appear to divide into
three groups: major structural components (major glycoprotein GP5 and membrane protein
[M]), minor glycoproteins (GP2a, GP3, and GP4), and small hydrophobic proteins (E and the
more recently discovered ORF5a protein) in addition to the nucleocapsid protein (N) [41, 43,
48]. Among the multitude of structural proteins of the PRRSV, the GP5 protein appears to be the
most abundant on the envelope [41, 43]. The GP5 and M proteins are found in the form of
dimers maintained by disulfide bonds [41]. These dimers are responsible for the assembly and
budding of the virus and are important for the entry of the virus into the cell [41]. The
unglycosylated N protein possesses 123 to 128 amino acids (aa) depending on the genotype of
the strains (PRRSV-2 and PRRSV-1 respectively) [41], it is highly immunogenic and therefore, a
suitable candidate for the surveillance of an infection; additionally, it is the sole component of
the viral capsid and interacts with itself through covalent and non-covalent interactions.
Furthermore it is able to localize in the nucleus/nucleolus and interact with cellular transcription

factor [41].
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The envelope protein (E) possesses molecular weight of 10 kDa and has been proven to be
essential for the infectivity of the virus but not for particle assembly [41, 43]. This protein is
associated with three other viral proteins (GP2a, GP3 and GP4) with which it forms a multimeric
complex (Figure 1) [41, 43]. The GP2a, GP3 and GP4 proteins are encoded respectively by ORFs
2a, 3 and 4. They are composed of approximately 250 aa for GP2a, 260 aa for GP3 and 180 aa
for GP4 [41].The GP2a contains 2 two highly conserved putative N-linked glycosylation sites; in
addition to being immunogenic and antigenic[41]. GP3 is the most heavily glycosylated protein
which is found in the viral envelope in PRRSV-1 strains or is secreted into the environment by
cells infected with the PRRSV-2 strain [43]. This protein is highly antigenic, furthermore it seems
to have a minor role in the neutralization of the virus [41]. Finally, the protein GP4 is involved in

the interference of cellular mRNA synthesis [41, 43].

2.6.2 Non-Structural proteins

Non-structural proteins (nsps) are proteins which are essential for the viral cycle, these proteins
are encoded by ORFs 1a and 1b and are consequently the first viral proteins to be translated;
ergo allowing the viral replication cycle to begin [41, 43]. Nspl is composed of about 380aaq, it is
a multifunctional regulatory protein involved in transcription and virion biogenesis [41]. Nsp2 is
the largest PRRSV replicative protein; it incorporates the major genetic differences between
PRRSV-2 and PRRSV-1 strains, making it an ideal marker for monitoring genetic variation and for
developing differential diagnostic tests [41, 43]. Nsps 9, 10 and 11 have been shown to have
viral transcription and replication functions, with nsp9 being the RNA-dependent RNA
polymerase (RdRp) and nucleoside-triphosphatase (NTPase), nsp10 being a helicase and finally
nspll being involved with interferon (IFN) inhibition [41]. It is noteworthy to mention that Li et
al. (2014) found that the nsp9 and nsp10 increase the virulence of the atypical HP-PRRSV that

has emerged in China [49].
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2.7 PRRSV host tropism factors

PRRSV is a virus known to possess a tropism towards cells of the monocytic lineage, specifically
the porcine alveolar macrophages (PAM) [8, 50]. Among many different cell lines tested, only
the African green monkey kidney cell line MA-104, and derivatives such as MARC-145 and SJPL,
are fully permissive to PRRSV replication in vitro [8, 51]. The parameters limiting the entry of
viruses into cells is the presence of membrane receptors [52]. Inhibition of an essential receptor
results in inhibition of PRRSV [53]. These receptors were previously thought to be heparan
sulfate, sialoadhesin (also called CD169) and the differentiation cluster 163 (CD163) [53].
However, more recent studies have shown that CD163 is the only essential receptor, and it acts
post entry into the cells [54-56]. Figure 3 below demonstrates PRRSV entry mechanism into its

target cell and the replication process.
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Figure 3. A demonstration of the virus entry mechanism and replication process of PRRSV. PRRSV enters host cells through
standard clathrin-mediated endocytosis. The viral genome is released into the cytosol following endosome acidification and
membrane fusion [8]. It is noteworthy to mention that a novel study has suggested PRRSV entry into the cell is through
macropinocytic or phagocytic uptake pathways [56].Further investigations are required to fully understand the entry mechanism

of PRRSV.
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2.8 Immune response

Infection with PRRSV elicits poor innate and adaptive immune responses associated with
immune modulation through dysregulation of NK cell function and IFNa production [57] and
incomplete viral clearance in most of the pigs, depending on their age and immune status [58].
Nursery pigs suffer from PRRSV infection more than adult animals, owing to their poorly
developed innate immune system as well as limited response to counter viral immune evasion
strategies [59]. For more in-depth information on the innate and adaptive immune response

against PRRSV refer to C.L. Loving et al 2015 and J.K. Lunney et al 2016 [8, 58].
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Figure 4. Immune response to porcine reproductive and respiratory syndrome virus (PRRSV) infection. Time points are
approximate and could be changed depending on the virus isolate. Viral load in serum is indicated by a range of responses (solid
purple for fast serum clearance and dashed blue for slower clearance, dashed purple for rebound virus). The timing of the
humoral response is shown as neutralizing antibodies (NAb) and antibodies to PRRS viral proteins: N, GP5, and nonstructural
proteins (nsps). Antibodies against nsps are predominantly to nspl (a/B), nsp2, and nsp7 (a/B); the other nsps induce low level
or undetectable antibody responses. Cell-mediated immune (CMI) responses are weak early and peak later after PRRSV

infection, with interferon-y (IFNy) secretion from natural killer (NK) and y68T cells early, followed later from af T cells [8].
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2.9 Preventive measures

To date effective treatment for PRRSV has been found to be unsatisfactory. For this, various
inactivated and attenuated vaccines have been marketed. Attenuated or inactivated vaccines
are not very effective and generally only succeed in inducing a partial immune response [60].
Passive immunization has also been shown to be a way to protect pigs. Passive immunization
consists of regular injections of porcine anti-PRRSV antibodies [61]. The identification of natural
components capable of blocking or interfering with the replication of the PRRSV is a very
promising avenue of research. In past years, studies have shown that molecules such as
ouabain or valinomycin were able to inhibit virus replication in vitro [62]. Certain peptides have
also been shown to be able to interfere with PRRSV and have an antiviral effect against it in vitro
[63]. Another group has demonstrated anti-PRRSV activity of a component of the fungus
Cryptoporus volvatus [64]. This compound appears to be active both in vitro and in vivo [64].
Studies in our group have also shown that Actinobacillus pleuropneumoniae (App) supernatant
possesses an antiviral effect against PRRSV in vitro [12, 14]. If these unknown molecules prove

to be as active in vivo as they are in vitro, it could introduce novel strategies for PRRSV control.

3. Bacterial and viral co-infections

Polymicrobial respiratory disease caused by viruses, bacteria and parasites are a major health
concern in species bred under confined conditions in large groups. Often, multiple infectious
agents are involved in the development of clinical signs, rendering the common reductionist
approach of host-pathogen interactions by the study of a single infection unsuitable for the
development of effective treatment models against the disease [10]. Co-infections have been
described in both humans and animals. Moreover, bacterial and viral co-infections might be
followed by secondary bacterial or viral infections, which in some cases are responsible for the
pathology development and the observed clinical signs [10]. The following sections will focus on

the PRRSV/App co-infection model.

29



3.1 Actinobacillus pleuropneumoniae

Actinobacillus pleuropneumoniae (App) is a small, Gram-negative, encapsulated rods bacterium
with typical coccobacillary morphology [65]. The organism was first isolated in 1957 in Great
Britain[66] and originally named Haemophilus pleuropneumoniae [67]. App was later assigned to
the Pasteurellaceae family and Actinobacillus genus [65]. The main disease associated with this
bacterium is porcine pleuropneumonia, a highly contagious respiratory disease, affecting
especially young pigs [68, 69]. Acute disease, characterized by fibrino-haemorrhagic and
necrotizing pleuropneumonia, is often fatal [70]. Asymptomatic carriers of the bacterium, either
those having survived acute disease or those that were sub-clinically infected, may harbour App
in nasal cavities, tonsillar crypts, and chronic lung lesions, thus becoming a source of infection

for naive subpopulations [71, 72].

3.1.1 Serology

In vitro, App is divided into two biotypes or biovars. Depending on their requirement for
nicotinamide adenine dinucleotide (NAD) to grow, App strains can be further classified as biovar
| (also called “typical”) that are NAD-dependent, or biovar Il (or “atypical”) that are
NAD-independent [65]. So far, 19 serovars of App are known, which differ in their capsular
polysaccharide composition, with serovar 19 identified only recently [73]. Normally, serovars

1-12 and 15-16 are biovar 1, and serovars 13 and 14 are biovar 2 [65].

It has been shown that the virulence of App strains can be serovar or biovar-related, which is
dependent, to some extent on, the respective production of Apx toxins [74-77]. Factors other
than Apx toxins may also contribute to serovar-specific differences in virulence. However, other
than capsule and lipopolysaccharides (LPS), which, by their nature contribute to differentiating
serovars, little is known regarding the distribution of other various putative virulence factors
among the different serovars of App [65]. A genomic comparison has indicated potential
virulence-associated genes conserved among the more virulent serovars [78]; however, this
study was based on genome sequences from single isolates, and not all serovars were

represented.
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Reported differences in virulence of certain isolates of the same serovar may be due, at least in
part, to lack of production of one of the Apx toxins through deletion, point mutation or insertion
of a transposon such as ISApll. For example, serovar 2 strains from Europe are highly virulent,
while North American isolates of the same serovars are almost non-virulent [65]. The low
virulence North American biovar 1 serovar 2 isolates lack Apxlll, which is expressed by most

European biovar 1 serovar 2 isolates [65].

3.1.2 Apx Toxins

Regarding virulence, major importance is to be given to the Apx toxins, with different degrees of

cytotoxicity, haemolytic activity and distribution among serovars [79, 80](See Table 3).

Table 3. Haemolytic activity and cytotoxicity of various Apx toxins

Apxl Strong Strong 1,5a,5b,9,10,11,14 and
16
Apxll Weak Moderate Present in all serovars
except 10 and 14
Apxlll None Strong 2,3,4,6,8 and 15

A fourth RTX toxin, ApxIV, has not been characterized yet with regard to haemolytic or cytotoxic
capacity [65]. It is noteworthy to mention that it is produced by all serovars in vivo and is

therefore widely used for diagnostics [81].

3.2 PRRSV-App in vitro interaction

In a study done by Provost et.al in 2012 [51], a new permissive cell line to PRRSV, the SJPL, was
identified. The SIPL cell growth was significantly slower than MARC-145 cell growth and was
found to express the CD151 protein but not the CD163 and neither the sialoadhesin PRRSV
receptors. However, SJPL cells were found to be permissive to PRRSV infection and replication

even if the development of the cytopathic effect was delayed compared to PRRSV-infected
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MARC-145 cells [51]. Following PRRSV replication, the amount of infectious viral particles
produced in SIPL and MARC-145 infected cells was found to be similar. The SIPL cells allowed
the replication of several PRRSV North American strains and were almost as efficient as MARC-
145 cells for virus isolation. Interestingly, it was shown that PRRSV is 8 to 16 times more
sensitive to IFNa antiviral effect in SIPL cells when compared to MARC-145 cells. PRRSV induced
an increase in IFNB mRNA and no up regulation of IFNa mRNA in both infected cell types. In
addition, PRRSV induced an up regulation of IFNy and TNF-a mRNAs only in infected MARC-145
cells [51].This provided an additional tool that could be used for the study of PRRSV
pathogenesis mechanisms in vitro which is phenotypically different from MARC-145 cell line

which is more commonly used [51].

In 2014 Levesque C. et al [12],explored the in vitro interactions between PRRSV, App and the
host cells in the context of mixed infections or co-infections. To achieve their objective, they
utilized three PRRSV permissive cell lines, namely, the MARC-145, SJPL and porcine alveolar
macrophages (PAM). A pre-infection with PRRSV was performed at 0.5 multiplicity of infection
(MOI) followed by an infection with App at 10 MOI. Bacterial adherence and cell death were
compared. Results showed that PRRSV pre-infection did not affect bacterial adherence to the
cells. PRRSV and App co-infection produced an additive cytotoxicity effect. However, a pre-
infection of SJIPL and PAM cells with App completely blocked PRRSV infection [12]. It was also
revealed that incubation of SIPL and PAM cells with an App cell-free culture supernatant was
sufficient to significantly block PRRSV infection. This antiviral activity was attributed to small
molecular weight, heat-resistant App metabolites (<1 kDa) and not due to LPS [12]. The antiviral
activity was also observed in SJIPL cells infected with equine herpes virus type 1, swine influenza
HIN1 and H3N2 but at a much lower extent compared to PRRSV. More importantly, the PRRSV
antiviral activity of App was also seen with PAM, the cells targeted by the virus in vivo during
infection in pigs. It was hypothesized that the antiviral activity might be due, at least in part, to

the production of interferon y [12].
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3.3 Antiviral activity against PRRSV

In SIPL cells, co-infection with AppAapxICAapx/IC(mutant strain) and PRRSV showed an absence
of PRRSV N viral protein detection by immunofluorescence assay (IFA) compared to control
where SJPL cells were infected with PRRSV alone , suggesting an inhibition of PRRSV infection
and/or replication [12]. MARC-145 cells were used to compare results obtained with SIPL cells
since MARC-145 cells are the most common cells used during in vitro PRRSV studies [12]. Results
were different between the two cell lines. In PRRSV infected MARC-145 cells, only a small
reduction of cells expressing the PRRSV N protein was observed following a co-infection with
AppAapxICAapxIIC [12]. SIPL cells proved to be qualitatively more responsive to the App antiviral
effect than MARC-145 cells. Moreover, since SIPL cells were shown to be from monkey origin
and not from swine as first described [82, 83], evaluation of the antiviral activity of App was
tested in a porcine relevant cell model, the PAM cells. Co-infection with AppAapxICAapxIIC and
PRRSV in PAM cells also presented total absence of PRRSV N protein detection, as in SIPL cells,
suggesting that AppAapxI/CAapx!IC can also inhibit PRRSV in the virus’s in vivo porcine target
cells [12].

However, incubation with UV-inactivated AppAapx/CAapx/IC bacteria after PRRSV infection
allowed the detection of N proteins of PRRSV by IFA in all cell types showing that UV-inactivated
bacteria were not able to block PRRSV infection. Interestingly, the bacteria-free culture
supernatant of AppAapxICAapx!IC also effectively blocked PRRSV infection in SJPL and PAM cells.
Whereas only a weak inhibition was observed in MARC-145 cells [12]. The active metabolites
present in the culture supernatant were deemed not to be App LPS nor peptidoglycan fragments
(assayed with NOD1 or NOD2 ligands). Dilutions of AppAapxICAapx!IC supernatant showed a
dose-dependent effect on PRRSV’s detection by IFA. A 1:2 dilution resulted in twice as much
PRRSV N protein when observed with IFA [12].

3.3.1 App supernatant effect on SJPL cell cycles

Barbosa et al. 2015, hypothesized that the culture supernatant of App induced a specific SIPL

cell response which has an antiviral activity against PRRSV [14].Their first objective was to
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identify the mechanism behind the antiviral activity displayed. The second objective was to
identify the molecules present in the App culture supernatant which are responsible for the

antiviral activity against PRRSV [14].

An antibody microarray was used to identify cell pathways modulated by the App culture
supernatant, and to observe modulations in cell cycle regulation pathways. To confirm these
modulations, they performed a cell cycle analysis using flow cytometry [14].The microarray
antibodies data suggested that AppAapxICAapx!IC culture supernatant modulates SIPL cell cycle,
a decision to analyze SJPL and MARC-145 cell cycle after an 18h treatment with the App culture

supernatant was made, using flow cytometry [14].

Following validation with cell cycle controls, SIPL cells were treated with the App culture
supernatant and significant variations in SJPL cell cycle proportions were observed [14]. On
average, the proportion of SIPL cells in G1-phase stayed the same as untreated cells (45.0 %).
However, the proportion of SIPL cells in S-phase and in G2/M-phase significantly decreased to
21.1 % and increased to 33.9 %, respectively, indicating that App culture supernatant influenced
SIPL cell cycles[14]. The < 3kDa App culture supernatant ultrafiltrate which has been shown to
possess the antiviral activity against PRRSV was also shown to modulate SIPL cell cycles[14]. The
< 3kDa App culture supernatant ultrafiltrate significantly increased the number of cells in G2/M-
phase from 11.8 % to 22.1 % [14]. In order to determine whether the cell cycle arrests caused by
the App supernatant were responsible for the antiviral activity, two known cell cycle inhibitors,
SBE-13 and DIM, were tested to see if they can also block PRRSV infection. Interestingly, when
infected SJPL cells were treated with DIM and SBE-13 there was an absence of PRRSV. This
suggested a potential link between cell cycle arrest in G2/M-phase and antiviral activity against
PRRSV in SJPL cells, which also highlighted the importance of cell cycles in PRRSV infection [14].
Contrarily, no modulation of the cell cycle was observed in MARC-145 cells treated with the App

culture supernatant.

To identify the molecules which are present in the App supernatant that are responsible for the
antiviral activity, mass spectrometry was used. The < 3 kDa DMEM and < 3 kDa
AppAapxICAapxlIC culture supernatant ultrafiltrates were first fractionated to remove undesired

inorganic molecules [14]. Supernatant was then analyzed in full scan positive ion mode by LC-
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MS/MS and results are presented with a total ion current chromatogram (TIC). Both < 3 kDa
DMEM ultrafiltrate and < 3 kDa AppAapxICAapxIIC culture supernatant ultrafiltrate were then
compared and two unique peaks were observed in the < 3 kDa AppAapxICAapxIIC culture
supernatant ultrafiltrate [14]. Full scan spectra and extracted ion chromatograms showed the
presence of two individual peaks at mass to charge (m/z) 515.2 and m/z of 663.6. The product
ion spectra for these two peaks were acquired. At m/z 515.2, four ions were observed at m/z
161; 240; 329; 348, and six ions were observed for m/z 664 at m/z 495; 496; 551; 552; 607; and
608. However, due to the low-resolution instrument that was in use at the time, unequivocal

identification of the molecules was not possible [14].

In the most recent study conducted by Reyes et al. 2018 [13], the way in which App culture
supernatant inhibits PRRSV replication in its natural targeted host cells, i.e. PAM was analyzed.
Several assays were conducted with PRRSV infected PAM, SJPL and MARC-145 cells that were
treated with the App supernatant. RT-gPCR assays were used to determine the expression levels
of type | and Il IFN mRNAs, viral genomic (gRNA) and sub-genomic RNAs (sgRNAs). Proteomics,
Western blot and immunofluorescence assays were conducted to determine the involvement of

actin filaments in the App culture supernatant antiviral effect [13].

It was observed in this study that type | and Il IFN mRNA expressions were not upregulated by
the App culture supernatant [13]. Time courses of gRNA and sgRNA expression levels
demonstrated that the App culture supernatant inhibits PRRSV infection before the first viral
transcription cycle. Western blot experiments confirmed an increase in the expression of cofilin
(actin cytoskeleton dynamic regulator) and immunofluorescence also demonstrated a significant
decrease of actin filaments in App culture supernatant-treated PRRSV-infected PAM cells. App
culture supernatant antiviral activity was also demonstrated against other PRRSV strains of

genotypes | and Il [13].

The conclusion of the study was that App culture supernatant antiviral effect against PRRSV
takes place early during PRRSV infection. From the results obtained, it was hypothesized that
App culture supernatant antiviral effect may take place via the activation of cofilin, which
induces actin depolymerization and subsequently, probably affects PRRSV endocytosis.

However, further experimentation was needed to fully validate this latest hypothesis and to
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discover the active metabolites that are present in the App culture supernatant which are
responsible for the antiviral effect [13]. It is note worthy to mention that many studies have
been done with regards to the relationship between different viruses and their interaction with
the actin cytoskeleton, one example of this is Epstein—Barr virus (EBV), analysis of EBV-
transformed lymphocytes revealed substantial increases in the levels of actin and tubulin in
these cells compared with levels in untransformed cells and in the sera of healthy individuals
[84]. Surprisingly, actin and tubulin accumulated on the surface of EBV-transformed cells in large

guantities [85].

4. Nucleosides

The term “nucleoside” was first used by Levene and Jacobs (1909) [86]. It is of great importance
to understand the differences between nucleotides and nucleosides, they have different
properties and therefore may have different pharmacokinetics (PK) and pharmacodynamics
(PD). A single nucleotide is made up of three components: a nitrogen-containing base, a five-
carbon sugar (pentose sugar), and at least one phosphate group. With all three combined, a
nucleotide is also termed a “nucleoside phosphate” [87, 88]. In contrast, a nucleoside has only a

nitrogenous base and a pentose sugar [87, 88].

4.1 Classification and metabolic functions

Nucleoside metabolites are classified based on their nitrogenous base and their pentose sugars.
There are five major bases which are found in cells, and these five bases are the derivatives of
purine and pyrimidine [88]. Adenine and guanine are the derivatives of purine and possess two
rings Adenine has an ammonia group on its rings whereas guanine has a ketone group [87].
Cytosine, thymine and uracil are the derivatives of pyrimidines and possess one ring [87].
Thymine (found in DNA) and uracil (found in RNA) are similar in that they both have ketone
groups, but thymine has an extra methyl group on its ring [87]. Based on the nitrogenous bases
present, nucleoside derivatives maybe be grouped as the following: (i)Adenosine nucleotides:

Adenosine triphosphate (ATP), ADP, AMP and Cyclic AMP (cAMP) (ii)Guanosine nucleotides:

36



GTP, GDP, GMP and cGMP (iii)Cytidine nucleotides: CTP, CDP, CMP (iv)Uridine nucleotides:
UDP[87, 88]. Figure 5 presented below shows the different structures of various nitrogenous

bases and their derivatives.

Both nucleosides and nucleotides play important roles in the replication and transcription of
genetic information, and, as such, have been utilized for decades for chemotherapy,
antiparasitic, antibacterial or antiviral therapeutics [86]. They are of great importance to living
organisms, as they are the building blocks of nucleic acids (DNA and RNA), the substances that
control all hereditary characteristics [87]. Ideally, a nucleoside/tide analogue would mimic the
structure of a natural nucleoside enough to be recognized by cellular or viral enzymes and be
incorporated into the DNA or RNA replication cycle, however, these analogues would possess
one or more modifications that would then lead to the disruption and/or termination of
replication [86]. Nucleosides/tides have a variety of roles in cellular metabolism, they are the
energy currency in metabolic transactions and act as essential chemical links in the response of
cells to hormones and other extracellular stimuli [87]. They are the structural components of an
array of enzyme cofactors and metabolic intermediates such as coenzyme A (CoA) [88]. The
structure of every protein, and ultimately of every biomolecule and cellular component, is a
product of information programmed into the nucleoside/tide sequence of a cell’s nucleic acids

[87, 88].
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Nucleoside Bases and various derivatives
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Figure 5. A schematic presentation demonstrating the structure of various nitrogenous bases and their derivatives.
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4.2 Major classes of nucleoside analog drugs and prodrugs

Over the years, numerous modifications to the nucleoside/tide scaffold have been made,
including alterations to the sugar, nucleobase, glycosidic bond, and phosphate group [86].These
modifications range from adding a substituent or group to the heterocyclic base or sugar,
replacing an atom in either moiety, by moving an atom to a different position, or a combination
of these approaches [86]. More recently, researchers have employed the latter, utilizing a
combination of many different types of modifications, which has led to the development of a
wide array of potent nucleoside therapeutics, with complex structures [86]. There are 5 major
modifications being utilized as of recent, for more detailed knowledge review Seley-Radtke et al.
[86, 89]. In the section below the numbers 1°,2°,3’,4’ and 5’ refer to the positions of the carbon

atoms on the cyclic compounds.

4.2.1 1’-Sugar modifications

Some of the most promising 1'-substituted C-nucleosides pursued recently were the 1'-
substituted 4-aza-7,9-dideazaadenosine C-nucleosides developed by Gilead [89]. An SAR
(structure-activity relationship) study focused on various 1'- substituted analogues found that
the 1'-cyano analogue displayed a broader spectrum of antiviral activity against viruses such as
Hepatitis C virus (HCV), yellow fever virus (YFV), dengue-2 virus (DENV-2), influenza A,
parainfluenza 3, Ebola virus (EBOV) and severe acute respiratory syndrome coronavirus (SARS-
CoV), with the best antiviral activity against EBOV in Human lung microvascular endothelial cells

(HMVEC) cells (ECso = 0.78 uM) [86, 89].

4.2.2 2’-Modifications

Numerous 2’ modified nucleoside analogues have been developed, some of the most promising
have been the 2’-methyl analogues, particularly those that have exhibited activity against HCV
[90, 91]. Of these, 2'-methyl adenosine, 2'-methyl guanosine, and 2'- methyl cytidine (NM107)
were initially pursued and all displayed micromolar levels of activity against HCV in whole-cell

replicon assays [90, 91]. The adenosine analogue proved to be the most potent, with an ECso of
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0.26 UM compared to 3.5 uM for the guanosine analogue and 1.23 uM for the cytidine analogue
[92-94]. Interestingly, none of these compounds demonstrated any cytotoxicity in vitro [91-94].
Unfortunately, they displayed low bioavailability as well as a high rate of deamination of the
nucleobase in the 2'-methyl adenosine analogues and increased glycosidic bond cleavage by
purine nucleoside pyrophosphorylase [93, 94]. The guanosine analogue also exhibited low
bioavailability due to insufficient phosphorylation and decreased cellular uptake [93, 94]. While
these initial studies were disappointing, they provided researchers with a starting point for

developing the next generation of HCV nucleoside therapeutics.

4.2.3 3’-Modifications

Due to the initial success with the 2’ modified nucleoside analogues, scientists also explored
modifications at the 3’ carbon. Some of the first 3’ modified nucleosides include 3’- methyl
analogues such as 3’-C-methyluridine and 3’-C-methylcytidine [89]. From these initial SAR
studies, it was found that 3’-C-methyladenosine served as a potent anticancer agent against
numerous human leukemia and carcinoma cell lines, with 1Csg values of ~18 uM [89, 95]. Further
analysis found that shifting the methyl from the 3’ position of 3’-C-methyladenosine to another
position on the sugar ring was associated with a decrease in activity, thus highlighting the
importance of this moiety [89]. Similarly, this study found that the adenosine nucleobase was
the most active analogue against human myelogenous leukemia K562 cells and human colon
carcinoma HT-29 and CaCo-2 cell lines, with no antiproliferative activity found with the other
nucleobases [89].To further test the ability of these 3’-C-methyl analogues as potential
therapeutics, the Osolodkin group studied 3’-C-methyluridine and cytidine against Tickborne
encephalitis virus, however, none of these analogues demonstrated potent antiviral activity

[96].

4.2.4 4-Modifications

Until the discovery of naturally occurring 4'-modified nucleoside analogues in 1956,

modifications to the 4’ position of the furanose ring was rather uncommon in drug design,
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mainly due to the synthetic challenges [86]. As more facile synthetic routes were developed,
more researchers began to pursue these interesting analogues. Researchers soon noted that
modifications to the 4’ position of the furanose ring changed the sugar pucker from a C2'-
exo/C3’-endo “north” conformation, as is common in natural RNA nucleosides [97], to a C2'-
endo/C3’-exo “south” conformation [98]. This affects recognition by different enzymes, thus can

have a significant impact on their biological activity [86].

4.2.5 5’-Modifications

While modifications to various positions of the furanose ring are very common, the importance
of the 5’-hydroxyl group in nucleotide incorporation for both DNA and RNA synthesis initially
caused researchers to avoid modifications at the 5’-position [86, 89]. In some instances
however, as seen with the 5-deoxy, 5'-nor, and truncated carbocyclic nucleosides related to
Aristeromycin and Neplanocin developed by Schneller, Seley, Borchardt, and others, removal or
replacement of the 5'-methylene group and/or 5’-hydroxyl group proved beneficial since these
analogues could no longer be phosphorylated, thus the toxicity observed with the parent
analogues Aristeromycin and Neplanocin did not occur with the truncated analogues [89]. Other
researchers have also utilized these approaches to their advantage in order to decrease overall

toxicity of various nucleoside analogues.

4.3 Mechanism of action

With the rise in use of nucleoside/tide analog drugs due to their displayed broad spectrum
antiviral activity [99-101], came the need for increased efficacy of the drugs. One such example
of this statement is the 1’-cyano analogue created by Gilead, in order to increase the delivery of
this analogue they employed the McGuigan ProTide (PROdrug nucleoTIDE) approach [102-104].
The ProTide approach has proven extremely valuable for delivery of nucleotide analogues, as
well as to overcome the rate-limiting first phosphorylation step (Figure 6). During DNA/RNA
replication, nucleosides (and nucleoside analogues) are phosphorylated by various host cell or

viral kinases into their triphosphate form, which are then recognized by DNA polymerases, RNA
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polymerases, or reverse transcriptase and incorporated into the growing chain [105, 106]. Since
the triphosphate cannot be administered directly due to the highly charged nature of the
phosphate groups, the prodrug helps deliver the nucleotide into the cell. A second limitation
associated with nucleoside drugs is that the first phosphorylation step is often highly specific
and rate-limiting, thus the nucleoside analogue is often not recognized and appears inactive
[103, 104, 107]. To overcome this obstacle, McGuigan et al. created ProTides that would
efficiently deliver the monophosphate nucleoside analogue into the target cell, bypassing the
rate-limiting first phosphorylation step [103, 104, 107, 108]. These ProTides utilize a unique
structure, with three “tunable” positions - the aryl, the amino acid, and the ester groups [103,
104, 107, 108].The aryl group and the amino acid ester mask the negative charges on the
monophosphate, allowing the ProTide to efficiently cross the cell membrane [104, 107, 108].
Following metabolism by various host enzymes, the monophosphate nucleotide analogue is
successfully delivered and is subsequently phosphorylated into the active triphosphate [107,
108]. Using the McGuigan ProTide approach with the 1’-cyano compound produced GS-5734
(Remdesivir), which increased the overall anti-EBOV activity (ECso = 0.06 uM compared to 0.78
UM for the parent). In addition, this also increased the spectrum of the antiviral activity to
include viruses that the parent nucleoside was not active against, including West Nile virus
(WNV), Lassa fever virus, and Middle East respiratory syndrome coronavirus (MERS-CoV) [109-
111]. Further studies found that GS-5734 was an effective post-exposure therapeutic in EBOV-

infected rhesus monkeys at 10 mg/kg [108, 111].
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Figure 6. Intracellular uptake and metabolism of nucleoside analogs and nucleoside analog prodrugs. Nucleoside analogs enter
cells through specific plasma membrane nucleoside transporters. Inside the cell, the compounds are phosphorylated by cellular
nucleoside kinases resulting in formation of nucleoside mono-, di-, and triphosphates. The first kinase phosphorylation is the
rate-limiting step of the triphosphate conversion, which can be overcome by the monophosphate prodrug approach based on
the introduction of a phosphorylated group into the 5’ nucleoside position. The phosphorylated group includes protecting
moieties to increase hydrophobicity and facilitate the cellular uptake of the prodrug. Monophosphate prodrugs enter cells
independently of membrane transporters and the protecting groups are removed by intracellular esterases or
phosphoramidases after cell penetration. The triphosphates of nucleoside species represent the active forms of nucleoside
analogs that act by inhibiting cellular or viral enzymes, such as DNA/RNA polymerases. During DNA/RNA replication, nucleoside
analogs are incorporated into nascent DNA or RNA chains resulting in termination of nucleic acid synthesis or in accumulation of

mutations in viral genomes to suppress viral replication due to error catastrophe [112].
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5. Hypothesis and objectives

The problems associated with PRRSV and App are numerous, these two pathogens are among
the pathogens affiliated with porcine respiratory disease complex and they cause substantial
economic losses in pig producing countries worldwide. They are prevalent to this day, with

PRRSV being one of the most important pathogens in the pork industry.

Based on previous conducted studies, we know that SIPL cells are permissive to several viruses
such as human, avian, equine and porcine influenza viruses [83]. In addition to these viruses,
previous work in our group has shown that it is permissive to and promotes viral replication of
PRRSV as well [51]. SIPL was previously considered a porcine cell line hence the name: Saint-
Jude porcine lung, but was later found to be mistakenly classified as porcine cells and were

genetically identified discovered to be of monkey origins [82].

Knowledge obtained from previous research projects have been the basis of our current study
[12-14, 51]. This led us to our main hypothesis which is: the culture supernatant of App contains
specific unidentified primary and secondary metabolites which induce an antiviral activity
against PRRSV in SJPL cells in vitro. The objectives of this project would be (i)to generate an
active App supernatant, (ii)characterize and identify the unknown metabolites using high
resolution mass spectrometry, and (iii)to evaluate the antiviral activity of the purified
compounds following identification. This project is part of a global effort in developing new

therapeutic and/or prophylactic approaches to combat infections caused by PRRSV.
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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is one of the most devastating
viruses in the swine industry and causes major economic losses. To date, there has not been an
effective antiviral treatment for the disease. We have shown in previous studies that culture
supernatant of Actinobacillus pleuropneumoniae (App), the causative agent of porcine
pleuropneumonia, possesses antiviral activity in vitro against PRRSV, and we have clearly
established that the antiviral activity was mediated by small molecular weight (i.e., < 1 kDa), heat
resistant metabolites present in the App supernatant ultrafiltrates. However, the identity of those
metabolites remains unknown. The objective of the current study was to identify the active
metabolites using untargeted and targeted mass spectrometry-based metabolomics and test their
respective antiviral activity against PRRSV in the Jude Porcine Lung Epithelial Cell Line (SJPL).
The results presented reveal very significant antiviral activity of App supernatant ultrafiltrates
against PRRSV in SJPL cells. Consequently, we identified and quantified several adenosine
nucleotide metabolites present in App supernatant ultrafiltrates using mass spectrometry-based
metabolomics, and the concentrations detected were very high. SJPL cells infected with PRRSV
and treated with 2'-adenosine monophosphate (2-AMP), 3'-adenosine monophosphate (3-AMP)
or 5'-adenosine monophosphate (5-AMP) significantly reduced PRRSV infection. Interestingly,
many antiviral drugs or prodrugs are adenosine analogs, and the mechanism of action was
previously elucidated. Currently marketed nucleoside analog drugs could potentially be used to

treat PRRSV infection.
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1. Introduction

Porcine reproductive and respiratory syndrome (PRRS) is a worldwide endemic disease causing
substantial economic losses in pig-producing countries. In sows, PRRS is characterized by
reproductive failure, late-term abortions, increased numbers of stillborn fetuses, and/or premature
and weak piglets [1-6]. During PRRS disease, increased morbidity and mortality in growing and
finishing pigs as a result of severe respiratory disease and poor growth performance are
frequently observed [7-8]. The infectious agent porcine reproductive and respiratory syndrome
virus (PRRSV) is related to the Arteriviridae family of the Nidovirales order. PRRSV is an
enveloped single-stranded positive-sense RNA virus comprising approximately 15 kb that
encodes a minimum of 11 open reading frames (ORFs) [9]. Similar to several other RNA viruses,
PRRSV genome heterogeneity denotes the main impediment to develop effective prevention and

control of the disease using vaccination [10].

Actinobacillus pleuropneumoniae (App) is the causative agent of porcine pleuropneumonia, an
important disease in the swine industry worldwide. In recent years, we have developed in vitro
models to study host-pathogen interactions using an immortalized epithelial cell line, namely, St.
Jude Porcine Lung (SJPL) cell line [11]. We have specifically used this model to study
coinfections by App and porcine viral pathogens. These investigations were achieved since
coinfections are likely more common than reported in the field and since a primary infection with
a viral or bacterial pathogen may enhance the infectious potential of a secondary pathogen [15—
17]. Interestingly, we unexpectedly observed that App culture supernatants have strong antiviral
activity against porcine reproductive and respiratory syndrome virus (PRRSV) during App-

PRRSV coinfections of SJPL cells [12]. Conversely, we recently published another study
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confirming the antiviral effect of App culture supernatant [13]. App antiviral activity against
PRRSV was also observed in porcine alveolar macrophages, the primary target cells of PRRSV
during porcine infection [13]. As we reported, App inhibits PRRSV by inducing cell cycle arrest
in the G2/M phase of SJPL cells [14]. Additionally, we unveiled that small molecular weight,
heat-resistant metabolites present in App supernatant ultrafiltrates (< 1 kDa) and not LPS
(extracted whole molecules) or peptidoglycan fragments (i.e., NOD1 and NOD2 ligands) are
responsible for App antiviral activity [12]. Unfortunately, initial experiments using a low-
resolution mass spectrometer (MS) instrument were unsuccessful for identifying potential
candidates with strong confidence [14]. Therefore, the aim of the current study was to identify
potential low molecular weight molecules using high resolution accurate mass (HRAM) mass
spectrometry (MS) using untargeted and targeted workflows combined with specific
bioinformatic workflows using curated databases (e.g., mzCloud, ChemSpider) and to examine

the antiviral activity of these identified molecules.
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2. Materials and Methods

2.1 Chemicals and reagents

All chemicals and reagents were obtained from Fisher Scientific (Fair Lawn, NJ, USA) or
Millipore Sigma (St. Louis, MO, USA). 2'-Adenosine monophosphate (2-AMP), 3'-adenosine
monophosphate (3-AMP), 5'-adenosine monophosphate (5-AMP), 2,3-cyclic adenosine
monophosphate (2,3-cAMP) and 3,5-cyclic adenosine monophosphate (3,5-cAMP) standards

were purchased from Millipore Sigma.

2.2 Bacterial and viral strains

Actinobacillus pleuropneumoniae nonhemolytic and noncytotoxic MBHPP147 was generously
provided by Ruud P.A.M. Segers (MSD Animal Health, Boxmeer, The Netherlands). This strain
is a mutant of the serotype 1 reference strain S4074 producing nonactive ApxI and ApxII toxins
(AppdapxICAapxIIC) [19]. Bacteria were grown at 37 °C in brain heart infusion broth (BHI;
Oxoid Ltd., Basingstoke, Hampshire, England) or in BHI agar Oxoid Ltd.) supplemented with 5
pg/mL or 15 pg/mL B-nicotinamide adenine dinucleotide (B-NAD; Sigma Aldrich, St Louis, MO,
USA), respectively. The PRRSV North American reference strain IAFKlop was used in this

study. This strain is a genotype II strain [20, 21].

2.3 Bacterial culture supernatant

Actinobacillus pleuropneumoniae culture supernatant was prepared as described by Lévesque and
collaborators [12]. Briefly, an overnight culture of AppdapxICAapxIIC was diluted in fresh BHI
broth, grown to an OD600 of 0.6 and diluted in DMEM supplemented with 10% FBS, 2 mM L-
glutamine, 1 mM sodium pyruvate, and 1% NEAA to 1 x 10° CFU/mL. The culture was then

incubated overnight at 37 °C. Bacterial cells were centrifuged at 4,000 g for 20 min, and the
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supernatant was harvested and filtered using a Millipore Membrane 0.22 pum filter (Millipore
Sigma). Filtered AppdapxICAapxIIC supernatant was ultrafiltrated using a 3-kDa membrane
(Millipore Sigma). The AppdapxICAapxIIC supernatant ultrafiltrates were stored at —20 °C prior
to use. Likewise, supplemented DMEM medium was ultrafiltrated through a 3-kDa membrane

and used as a negative control.

2.4 PRRSY cells infection and detection

The protocol for cell infection was derived from Lévesque ef al. 2014 [12]. Briefly, SJPL cells
were infected with a 0.5 MOI of PRRSV and incubated in DMEM without serum or other
additives for 4 hours. Then, the cells were washed with PBS to remove all nonattached viral
particles. Fresh medium was added. One milliliter of AppdapxICAapxIIC supernatant ultrafiltrate
or DMEM was added to each treated well 4 hours after PRRSV infection, and plates were
incubated for 48 hours. The detection of PRRSV in SJPL cells was performed using a modified
immunofluorescence assay (IF) protocol detecting PRRSV antigens [12—14]. Briefly, following
infection and/or treatment, cells were washed and then fixed for 15 min at room temperature with
a 50% (v/v) methanol and 50% (v/v) acetone solution. Cells were washed three times using
phosphate-buffered saline without KCl (PBS): 0.1 M NaCl, 4 mM NaHPOs4, and 1.5 mM
KH>PO4 and then incubated for 90 min at 37 °C with rabbit monospecific antisera (anti-PRRSV
N protein) [21] diluted 1:150 in PBS. SJPL cells were washed three times with PBS and
incubated at 37 °C for 60 min with FITC-conjugated anti-rabbit antiserum (Life Technologies)
diluted 1:75 in PBS. Finally, SJPL cells were washed three times with PBS and visualized using a
Leica DMI 4000 inverted widefield fluorescence microscope (Leica Microsystems Inc.,
Richmond Hill, Canada). Pictures were acquired using a DFC 490 digital camera (Leica

Microsystems Inc.) and images were analyzed using Leica Application Suite Software, version
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2.4.0 (Leica Microsystems Inc.) and ImagelJ from the Laboratory for Optical and Computational

Instrumentation (LOCI, University of Wisconsin) [22].

2.5 Mass spectrometry analysis

2.5.1 Sample Preparation

AppdapxICAapxIIC culture supernatant ultrafiltrates were diluted 1/5 (v/v) with ultrapure water
and centrifuged at 12,000 g for 10 minutes. Two hundred microliters of sample was transferred

into injection vials for analysis.

2.5.2 Untargeted metabolomic analysis

The UHPLC system was a Thermo Scientific Vanquish FLEX UHPLC system (San Jose, CA,
USA). Chromatography was performed using gradient elution along with a GL Sciences
Capillary EX column ODS-3 150 x 0.7 mm, with a particle size of 5 um (Tokyo, Japan). The
initial mobile phase conditions consisted of acetonitrile and water (both fortified with 0.1%
formic acid) at a ratio of 2:98. From 0 to 2 min, the ratio was maintained at 5:95. From 2 to 92
min, a linear gradient was applied up to a ratio of 95:5 and maintained for 5 min. The mobile
phase composition ratio was reverted under the initial conditions, and the column was allowed to
re-equilibrate for 25 min. The flow rate was fixed at 50 pL/min, and 2 pL of sample was injected.
A Thermo Scientific Q Exactive Plus Orbitrap Mass Spectrometer (San Jose, CA, USA) was
interfaced with the UHPLC system using a pneumatic-assisted heated electrospray ion source.
Nitrogen was used for sheath and auxiliary gases, and they were set at 10 and 5 arbitrary units.
Auxiliary gas was heated to 200 °C. The heated ESI probe was set to 4000 V, and the ion transfer
tube temperature was set to 300 °C. MS detection was performed in positive ion mode and

operating in TOP-6 Data Dependent Acquisition (DDA) mode. A DDA cycle entailed one MS!

52



survey scan (m/z 75-1000) acquired at 70,000 resolution (FWHM) and precursor ions meeting
user-defined criteria for the charge state (i.e., z = 1 or 2), monoisotopic precursor intensity
(dynamic acquisition of MS2-based TOP-6 most intense ions with a minimum 5x10* intensity
threshold). Precursor ions were isolated using the quadrupole (1.5 Da isolation width), activated
by HCD (stepwise 25, 30, 35 NCE) and fragment ions were detected in the Orbitrap at 17,500
resolution (FWHM). MS! and MS? data were further analyzed using Compound Discoverer 3.1
(Thermo Scientific, San Jose, CA, USA) to identify metabolite release in the AppAapxICAapxIIC
culture supernatant. Chromatograms were aligned, and a list of potential metabolites was
generated depending on the HRAM MS' and MS? measurements using mzVault, mzCloud and
ChemSpider with the following parameters: within + 5 ppm of mass error; retention time
tolerance of + 0.2 min; ion ratio tolerance within + 30%; and isotopic pattern matching >80% of
the precursor and the characteristic product ions. MS? spectra were compared specifically using a
fully curated and annotated mass-spectral fragmentation library of mzCloud to confirm the
identity of the detected metabolites or common substructural information to aid in secondary
metabolite identification.

2.5.3 Targeted LC-SRM/MS analysis

The HPLC-MS/MS system included a Thermo Accela autosampler, a Thermo Accela pump and
a Thermo LTQ-XL Linear Ion Trap Mass Spectrometer (San Jose, CA, USA). Chromatography
was achieved using a gradient mobile phase along with a Thermo Aquasil C18 100 x 2.1 mm
column with a particle size of 3 pm. The initial mobile phase conditions consisted of acetonitrile
and water (both fortified with 0.1% formic acid) at a ratio of 2:98. From 0 to 1 min, the ratio was
maintained at 2:98. From 1 to 12 min, a linear gradient was applied up to a ratio of 95:5 and
maintained for 3 min. The mobile phase composition ratio was reverted under the initial

conditions, and the column was allowed to re-equilibrate for 8 min for a total run time of 23 min.
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The flow rate was fixed at 200 pL/min, and 2 pL of sample was injected. The mass spectrometer
was coupled with the HPLC system using a pneumatically assisted electrospray ion source (ESI).
The sheath gas was set to 35 units, and the ESI electrode was set to 4000 V in positive mode. The
capillary temperature was set at 300 °C, and the ion transfer tube voltage was 45 V. All scan
events were acquired with a 100 ms maximum injection time. An activation q = 0.25 and
activation time of 30 ms were used for all targeted peptides. The mass spectrometer operated for
quantitative analyses in SRM mode, and the mass transitions used were 348 — 136 and 330 —
136 for AMP- and cAMP-targeted nucleosides, respectively. Calibration standards were prepared
in DMEM by spiking reference solutions to obtain an analytical range from 0.01 — 1.0 mM. The
linearity of the method was determined by analysis of standard plots associated with a seven-
point standard calibration curve. Semiquantitative analysis was performed using the peak area,
and the concentrations observed in AppAdapxICAapxIIC culture supernatant ultrafiltrates were

interpolated from the standard curve.

3. Results and Discussion

3.1 Determination of App antiviral activity against PRRSV

SJPL is a PRRSV permissive cell line specifically used to test AppAdapxICAapxIIC antiviral
activity, as shown in previous manuscripts [12—15]. Treatment with AppAdapxICAapxIIC culture
supernatant ultrafiltrates (i.e., < 3 kDa) was performed after infection with PRRSV in SJPL cells.
PRRSV antigen detection in SJPL shown in Figure 1A reveals that AppdapxICAapxIIC culture
supernatant produces an antiviral effect against PRRSV. As revealed in Figure 1B, these results
were confirmed based on the fluorescence intensity computation performed with Imagel

software. Unequivocally, these results and previous results [12—15] strongly suggest that low

54



molecular weight metabolites were potentially responsible for the antiviral effect observed.
Therefore, we wanted to expand our investigations using mass spectrometry-based metabolomic
analytical strategies to identify and quantify these molecules and potentially discover new

pharmacological strategies for the treatment of PRRSV infections.

3.2 Untargeted metabolomics

To identify the molecules responsible for the AppAapxICAapxIIC culture supernatant ultrafiltrate
antiviral effect, we first used an untargeted metabolomic strategy using a hybrid quadrupole-
Orbitrap HPLC-MS system and a data-dependent acquisition (DDA) mode. Untargeted
metabolomics is challenging because it aims to identify and quantify hundreds to thousands of
different compounds with various chemical properties and structures with limited prior
knowledge of the metabolites. It is, therefore, advantageous to use a mass spectrometer system
that provides accurate mass information for confident confirmation and structural elucidation.
Differential bioinformatic analyses were performed using Thermo Scientific Compound
Discovered (ver 3.1) performing background subtraction, component detection, peak alignment,
and differential analysis. Identifications were based on MS' and MS? mass spectral database
matching (i.e., mzCloud and ChemSpider). An example is shown in Figure 2A. The untargeted
DDA TOP-6 analysis of molecules present in AppdapxICAapxIIC culture supernatant
ultrafiltrates reveals the presence of several nucleoside metabolites. Interestingly, in the TOP-5
most abundant (i.e., based on log, fold-change), we found 3'-adenylic acid (3-AMP). As revealed
in Figure 2B, extracted ion chromatograms (m/z 348.07036 + 5 ppm) comparing the control
sample (DMEM) and the AppdapxICAapxIIC culture supernatant ultrafiltrates showed an
absence of 3-AMP in the control but very high abundance in the AppdapxICAapxIIC culture

supernatant ultrafiltrates. Furthermore, the MS? spectra shown in Figure 2C comparing the
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observed spectrum and curated reference spectrum extracted from mzCloud strongly support the
identification of 3-AMP. Additionally, as we have pointed out in Figure 2A, other adenosine
nucleoside metabolites (i.e., 2-AMP, 5-AMP, 2,3-cAMP and 3,5-cAMP) and other nucleosides
were detected at high abundance. These results were unexpected but highly interesting since a
wide variety of adenosine nucleoside analogs and prodrugs are currently available and exhibit
antiviral activity against several RNA viruses [23, 24]. Moreover, it is important to note that
nucleoside analogs constitute the main class of small molecule-based antivirals available on the
market or under investigation. Database search and library annotations have limitations, still
posing an important barrier to untargeted MS-based analyses for the identification of molecules.
Therefore, we wanted to confirm the presence of these metabolites in the AppAdapxICAapxIIC
culture supernatant ultrafiltrates. As shown in Figure 3, we analyzed selected adenosine
nucleoside reference standards using high-resolution HRAM-MS to collect MS' and MS? spectra.
The MS! and MS? spectra collected were coherent with reference spectra extracted from mzCloud
but did not allow us to distinguish adenosine monophosphate metabolites (2-AMP, 3-AMP and 5-
AMP) or cyclic adenosine monophosphate metabolites (2,3-cAMP and 3,5-cAMP). The mass
accuracy observed was within = 5 ppm at the MS! and MS? levels. The MS? ions observed are
coherent with the proposed MS? fragmentation scheme outline in Figure 4. As shown, MS! or
MS? spectra are insufficient to differentiate adenosine monophosphate or cyclic adenosine
monophosphate metabolites. Reanalysis of AppAdapxICAapxIIC culture supernatant ultrafiltrates
in targeted mode (i.e., full scan and targeted MS?) was performed and confirmed the presence of
adenosine monophosphate and cyclic adenosine monophosphate metabolites. As unveil in Figure
5, the MS? spectra of the most abundant peaks observed at m/z 348 and m/z 330 were coherent

with the spectra collected from the reference material under identical conditions.
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3.3 Targeted metabolomics

The relationship between xenobiotic concentration and effect is very important in pharmacology.
Consequently, using reference standards, we optimized chromatographic conditions to achieve at
least partial separation using a shorter run time and estimated the concentration of the adenosine
metabolites present in the AppdapxICAapxIIC culture supernatant ultrafiltrates. As shown in
Figure 6, targeted HPLC-SRM/MS analyses of the AppdapxICAapxIIC culture supernatant
ultrafiltrates and specific adenosine metabolite standards undoubtedly revealed the presence of 2-
AMP, 3-AMP, 5-AMP, 2,3-cAMP and 3,5-cAMP in the supernatant. Semiquantification analyses
were performed using a calibration curve (0.01-1.0 mM) based on the peak area for each targeted
adenosine metabolite prepared in DMEM. The calculated coefficient of determination (R?) was
better than 0.993 for each analyte, as revealed in Figure 7. Three biological replicates of
AppdapxICAapxIIC culture supernatant ultrafiltrate were analyzed in triplicate, and as shown in
Figure 7, semiquantification was performed using the calibration curve based on peak area to
determine the concentrations. Unexpectedly, we observed that the mean concentrations derived
from 3 biological replicates were 0.74 mM for 3-AMP and 0.65 mM for 2,3-cAMP. It is also
interesting to note that 2,3-cAMP can be metabolized to 2-AMP and 3-AMP [25]. The others
were below 0.1 mM. These semiquantitative analyses were important to set relevant

concentrations to test the antiviral activity of the identified adenosine nucleoside metabolites.

3.4 Determination of adenosine nucleoside antiviral activity against PRRSV
The observed high concentrations of adenosine nucleoside metabolites in AppdapxICAapxIIC

culture supernatant ultrafiltrates were unexpected, and further investigation is required to
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determine whether these molecules show antiviral activity against PRRSV in SJPL cells. Thus,
treatments with 2-AMP, 3-AMP, 5-AMP, 2,3-cAMP and 3,5-cAMP were tested after infection
with PRRSV in SJPL cells. As shown in Figure 8A, dose-dependent inhibition of PRRSV
replication in SJPL cells was observed for 2-AMP, 3-AMP and 5-AMP but not for 2,3-cAMP and
3,5-cAMP. Interestingly, 2-AMP and 3-AMP have significantly more antiviral effects than 5-
AMP. As shown in Figure 8B, these results are strengthened based on the fluorescence intensity
computation performed with ImageJ software. As revealed in Figure 2, 3-AMP appears to be the
nucleoside with the highest abundance detected in AppdapxICAapxIIC culture supernatant
ultrafiltrates. 2-AMP, 3-AMP and 5-AMP are phosphorylated by cellular nucleoside kinases,
resulting in the formation of nucleoside di- and triphosphates. Thus, we believe that the cellular
accumulation of nucleoside triphosphate nucleoside species inhibits RNA polymerases.
Interestingly, no significant effect was observed for 2,3-cAMP or 3,5-cAMP. However, the
cellular degradation of 2,3-cAMP will lead to 2-AMP and 3-AMP, potentially increasing the
formation of triphosphate nucleoside species and the inhibition of RNA polymerases. Overall,
these investigations strongly support that AppAapxICAapxIIC culture supernatant ultrafiltrates
antiviral effects against PRRSV in SJPL cells are produced mainly by 3-AMP but that 2-AMP
and 5-AMP could also contribute seemingly, similar to other detected monophosphate nucleoside
species. Interestingly, a recent study using small interfering RNAs (siRNAs) targeting porcine 5'-
AMP-activated protein kinase (AMPK) suggested that fatty acids regulate PRRSV infectivity
through the AMPK-ACCI signaling pathway [18]. Although these results are interesting and
provide complementary explanations to our previous studies [12—15], the potential application
remains questionable. The treatment of PRRSV-infected SJIPL cells with AppdapxICAapxIIC
culture supernatant ultrafiltrates led to the exposure of very high concentrations (i.e., ~1 mM) of

adenosine metabolites that cannot be realistically translated in vivo. No significant effects were
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observed at a lower concentration. However, these results may suggest that currently marketed
nucleoside analog drugs could be used to treat PRRSV infections. In fact, many marketed
antiviral drugs are adenosine analogs [23]. The intracellular uptake and metabolism of nucleoside
analogs and nucleoside analog prodrugs is well known [23]. Through viral RNA replication,
nucleoside analogs are incorporated into nascent RNA chains, resulting in termination of nucleic
acid synthesis or in accumulation of mutations in viral genomes to suppress viral replication due
to error. Additionally, the accumulation of nucleoside triphosphate species of nucleoside analogs
inhibits RNA polymerases.

4. Conclusion

This study confirmed our previous studies [12—14] that AppdapxICAapxIIC cultured supernatant
ultrafiltrate has an antiviral effect against PRRSV in SJPL cells. Untargeted mass spectrometry-
based metabolomics was performed and identified several adenosine metabolites. Further
quantification using an HPLC-SRM-MS-based method revealed very high concentrations (~1
mM) of 3-AMP and 2,3-cAMP. All adenosine monophosphate metabolites tested showed
significant antiviral effects, but 2-AMP and 3-AMP were more potent. Interestingly, many
marketed antiviral drugs or prodrugs are adenosine analogs. Several display interesting results for

the treatment of infections with RNA viruses.
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Figure 1. Immunofluorescence detection of PRRSV in SJPL-infected and treated cells. A.
Representative immunofluorescence images were acquired at 100 x magnification. B.
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Fluorescence intensity was computed from microscopy results using Image] software. A
minimum of 50 cells per field was used to compute the fluorescence intensity. Mean fluorescence
values £ SD are display. The results show that the App culture supernatant ultrafiltrate has a
significant antiviral effect. ANOVA—Dunnett’s multiple comparison versus the PRRSV-infected
group. **** p <(.0001.

Figure 2. Nontargeted differential screening of metabolites present in AppAdapxICAapxIIC
culture supernatant using HPLC-HRAM-MS. Unbiased nontargeted screening of combined full
scan (MS') and data-dependent Top-6 (MS?) data was performed. A. Data are presented as log2
fold-change in relative abundance of untargeted metabolites. Only metabolites with positive
identification from mzCloud, mzVault or ChemSpider are displayed. A total of 1075 metabolites
were identified. Several nucleoside metabolites, including adenosine nucleosides, were among the
top 100 most abundant metabolites present in the AppAdapxICAapxIIC culture supernatant (green
dot: 3-AMP; orange dot: camp; blue dots: other nucleosides). B. Extracted ion chromatogram
(XIC) m/z 348.07036 +/- 5 ppm. This ion is highly abundant in AppAdapxICAapxIIC culture
supernatant and absent in DMEM. C. MS? spectrum of m/z 348.07036. Compound identification
was performed using a semiautomatic stepwise approach employing an experimental MS?
fragmentation database, mzCloud reference spectra database and in silico predicted
fragmentation. As shown, one of the most abundant components was adenosine 3'-
monophosphate (3-AMP).

Figure 3. High-resolution mass spectrometry analysis of selected adenosine nucleoside reference
standards. Extracted ion chromatogram (XIC) m/z 348.07036 +/- 5 ppm (2-AMP, 3-AMP and 5-
AMP) or 330.05980 +/- 5 ppm (2,3-cAMP and 3,5-cAMP), MS! and MS? spectra are displayed.

Figure 4. Proposed MS? fragmentation products. A. MS? principal product ions for adenosine
monophosphate metabolites (2-AMP, 3-AMP and 5-AMP). B. MS? principal product ions for
cyclic adenosine monophosphate metabolites (2,3-cAMP and 3,5-cAMP)

Figure 5. Identification of highly abundant metabolites present in AppdapxICAapxIIC culture
supernatant using HPLC-HRAM-MS. A. Full-scan total ion chromatogram (m/z 75-1000). B.
Extracted ion chromatogram (XIC) m/z 348.07036 +/- 5 ppm. C. Extracted ion chromatogram
(XIC) m/z 330.05980 +/- 5 ppm. D. Product ion spectra of m/z 348. E. Product ion spectra of m/z
330. The MS! and MS? spectra are consistent with adenosine monophosphate and cyclic
adenosine monophosphate metabolites.

Figure 6. Targeted analysis of adenosine nucleosides using HPLC-SRM/MS. A. SRM
chromatogram (348—136) of 5-AMP, 3-AMP and 2-AMP reference standards (1 mM). As
shown, all three nucleosides were separated. B. SRM chromatogram (348—136) of
AppAdapxICAapxIIC culture supernatant ultrafiltrate. The intensity of 3-AMP was significantly
higher, but 2-AMP and 5-AMP were detected. C. SRM chromatogram (330—136) of 3,5-cAMP
and 2,3-cAMP reference standards (1 mM). As shown, 3,5-cAMP and 2,3-cAMP were separated.
D. SRM chromatogram (330—136) of AppdapxICAapxIIC culture supernatant ultrafiltrate. The
observed intensity of 2,3-cAMP is significantly higher than that of 3,5-cAMP."
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Figure 7. Calibration curve for targeted adenosine nucleosides and semiquantitative analysis in
AppdapxICAapxIIC culture supernatants using HPLC-SRM/MS.

Figure 8. Immunofluorescence detection of PRRSV in SJPL-infected and SJPL-treated cells with
specific adenosine metabolites. A. Representative immunofluorescence images were acquired at
100 x magnification. B. Fluorescence intensity was computed from microscopy results using
ImageJ software. A minimum of 50 cells per field was used to compute the fluorescence
intensity. Mean fluorescence values = SD are displayed. The results showed a significant
reduction in fluorescence following treatment with 2-AMP, 3-AMP and 5-AMP. No noticeable
effects were noted for 2,3-cAMP and 3,5-cAMP. ANOVA-Dunnett’s multiple comparison versus
the PRRSV-infected group. ** p <0.01, **** p < (0.0001.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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GENERAL DISCUSSION



PRRSV is a worldwide endemic disease which causes millions in financial losses annually in pig
producing countries [1]. App is the causative agent of porcine pleuropneumonia, a disease
responsible for major economic losses in the swine industry worldwide [11]. During respiratory
tract infections pigs are often colonized by more than one viral/bacterial pathogen at a time,
this phenomenon is known as PRDC [10]. App and PRRSV are pathogens that are frequently
involved in PRDC [15].

Since co-infections are likely more common than reported in the field, and that a primary
infection with a viral or bacterial pathogen may enhance the infectious potential of a secondary
pathogen, in vitro studies were launched in our group to investigate the interactions between
App and PRRSV [12-14, 51]. Using multiple cell lines, namely the St Jude porcine lung (SJPL),
MARC-145 and porcine alveolar macrophage (PAM) cell lines, it was observed that App culture
supernatants have strong antiviral activity against PRRSV, during App-PRRSV co-infections of
SIPL cells [12-14].

PRRSV can lead to persistent infections [113, 114]and current PRRSV vaccines are not yet
optimal, since they lack the ability to induce a strong immune response and since they do not
provide complete immunity against heterologous PRRSV infections [115, 116]. Moreover, most
PRRSV vaccines are live attenuated virus and thus present a safety issue; some vaccinated pigs
were shown to shed virulent PRRSV particles [117]. Thus, it is important to further investigate
new possible ways to control PRRSV infections. In that regards, an antiviral molecule or

metabolite might be a good alternative to the currently used vaccines.

The main objective of the current study was to identify the unknown metabolites present in the
App supernatant that are responsible for the antiviral effect against PRRSV. In order to achieve
this objective, we had to run multiple high resolution mass spectrometry experiments on our
active App cell culture supernatant. This experiment revealed that multiple metabolites are
present in App cell culture supernatant which have been shown to have antiviral effects against
a multitude of viruses and the mechanism in which those metabolites function have been

elaborated in previous studies.
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Summary of results

SJPL is a PRRSV permissive cell line specifically used to test AppAapxICAapxIIC antiviral activity as
revealed in previous studies [12-14]. Treatment with AppAapxICAapxIIC culture supernatant
ultrafiltrates (i.e. < 3KDa) was performed after infection with PRRSV in SJPL cells. PRRSV antigen
detection in SIPL using IFA revealed that AppAapxICAapxIIC culture supernatant significantly
inhibits PRRSV replication. These results were confirmed based on the fluorescence intensity

computation performed with Imagel software and are coherent with previous studies[12-14].

In order to identify the molecules responsible for the AppAapxICAapx!IC culture supernatant
ultrafiltrates antiviral effect, we first used an untargeted metabolomic strategy using a Hybrid
Orbitrap HPLC-MS system and a Data-dependent acquisition (DDA) mode. Untargeted
metabolomics is challenging because it aims at identifying and quantifying hundreds to
thousands of different compounds with various chemical properties and structure with limited
prior knowledge of the metabolites. It is, therefore, advantageous to use a mass spectrometer
system that provides accurate mass information for confident confirmation and structural
elucidation. Differential bioinformatic analyses were performed using Thermo Scientific
Compound Discoverer 3.1 performing background subtraction, component detection, peak
alignment, and differential analysis. Identifications were based on MS! and MS? mass spectral
database matching (i.e. mzCloud and ChemSpider). The untargeted DDA TOP-6 analysis of
molecules present in AppAapxICAapx!IC culture supernatant ultrafiltrates revealed the presence
of several nucleoside metabolites. More specifically, in the TOP-5 most abundant (i.e. based on
log> fold-change), we found 3'-Adenylic acid (3-AMP). Extracted ion chromatograms (m/z
348.07036 = 5 ppm) comparing the control sample (DMEM) and the AppAapxICAapxIIC culture
supernatant ultrafiltrates showed an absence of 3-AMP in the control but very high
concentration in the AppAapxICAapxIIC culture supernatant ultrafiltrates. Furthermore, MS?
spectra data comparing observed spectrum and curated reference spectrum extracted from

mzCloud strongly supported the identification of 3-AMP.
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Consequently, using reference standards, we evaluated the concentration of the adenosine
metabolites present in the AppAapxICAapx!IC culture supernatant ultrafiltrates. Using targeted
HPLC-SRM/MS analyses of the AppAapxICAapxIIC culture supernatant ultrafiltrates and specific
adenosine metabolites standards undoubtedly revealed the presence of 2-AMP, 3-AMP, 5-AMP,
2,3-cAMP and 3,5-cAMP in the supernatant. The adenosine metabolites standards were injected
at a concentration of 1 mM and semi-quantification based on the peak area suggested

concentrations of 0.78 mM for 3-AMP and 0.67 mM for 2,3-cAMP.

Thus, treatment with 2-AMP, 3-AMP, 5-AMP, 2,3-cAMP and 3,5-cAMP was tested after infection
with PRRSV in SJPL cells. We used doses of ImM and 10mM and noticed a dose-dependent
inhibition effect of PRRSV replication in SJPL cells for 2-AMP, 3-AMP and 5-AMP, but not for 2,3-
cAMP and 3,5-cAMP. Interestingly, 2-AMP and 3-AMP have shown significantly more antiviral
effects when compared to 5-AMP. These results are strengthened based on the fluorescence

intensity computation performed with ImageJ software.

Relevance of observations

Unequivocally, the results obtained from this study and previous studies [12-14] strongly
supported that low molecular weight metabolites were potentially responsible for the antiviral

activity of the App supernatant.

Using high resolution mass spectrometry, multiple adenosine nucleoside metabolites (i.e 2-
AMP, 5-AMP, 2,3-cAMP and 3,5-cAMP) and other nucleosides were detected at very high
concentrations. The MS analysis revealed that 3-AMP was the nucleoside metabolite with the
highest abundance detected in AppAapxICAapxIIC culture supernatant ultrafiltrates. These
results were unexpected but highly interesting since a wide variety of adenosine nucleoside
analogs and prodrugs are currently available and show antiviral activity against several RNA
viruses [108, 112]. Moreover, it is important to note, nucleoside analogs constitute the main

class of small molecule-based antivirals available on the market or under investigation.

The relationship between xenobiotic concentration and effect is very important in

pharmacology. The observed high concentrations of adenosine nucleoside metabolites in
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AppAapxICAapxIIC culture supernatant ultrafiltrates were unexpected and further investigation
was required to determine if these molecules showed a dose dependent antiviral activity
against PRRSV in SJPL cells individually. Interactions between two or more of the metabolites
might have had a total effect that is greater than the sum of the individual effects of each
metabolite by itself. The semi-quantitative analysis allowed us to set relevant concentrations
for the identified adenosine nucleoside metabolites, we then used the same protocols that were

utilized for our App supernatant for antiviral activity testing.

2-AMP, 3-AMP and 5-AMP are phosphorylated by cellular nucleoside kinases resulting in
formation of nucleoside di-, and triphosphates. Thus, we believe that the cellular accumulation
of nucleoside triphosphates species is inhibiting RNA polymerases. Interestingly, no significant
effect is observed for 2,3-cAMP or 3,5-cAMP. However, it is noteworthy to mention that 2,3-
cAMP can be metabolized to 2-AMP and 3-AMP [118], potentially increasing the formation of

triphosphates nucleoside species and the inhibition of RNA polymerases [118].

The results we obtained from our current study have been unexpected, however they are
coherent with our previous research results [12, 13]. Reyes et al 2018[13], hypothesized that the
antiviral activity maybe due to actin depolymerization through the activation of cofilin,
interestingly there have been multiple studies done exhibiting the interactions of different
viruses with the actin cytoskeleton [84, 85], one of the studies showed that there is an increase
of actin and tubulin on the surface of the cells infected with EBV [85]. Another study revealed
that the binding affinity of cofilin increased at cellular levels with increased levels of ATP [119].
This further reinforces our theory of the accumulation of nucleoside triphosphates within the

cells.

Interestingly, the molecular identification results obtained were compatible with Barbosa et al
(2015) [14]. The analysis of MS? spectra displayed in Figure 9 and unpublished MS? spectra
reveal the molecules extracted from the TLC spot and analyzed by MS were compatible with
secondary metabolites derived from 2-AMP, 3-AMP or 5-AMP. The peak observed at m/z 515
were compatible with the addition of phosphoserine and the MS? spectra shows a neutral loss

of 167 Da compatible with a phosphoserine on 2-AMP, 3-AMP or 5-AMP [120].
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Interestingly, phosphoseryladenosine was previously identified resulting from tRNA

biotransformation [121-123].

Overall, this investigation strongly supports that AppAapxICAapxI/IC culture supernatant
ultrafiltrates antiviral effects against PRRSV in SIPL cells are produced mainly by 3-AMP, but that
2-AMP and 5-AMP could also contribute seemingly like other detected monophosphate
nucleoside species. Interestingly, a recent study using small interfering RNAs (siRNAs) targeting
porcine 5'-AMP-activated protein kinase (AMPK) suggested fatty acids regulate PRRSV infectivity
through the AMPK-ACC1 signaling pathway [124]. An imbalance in AMPK activity has been
associated with various chronic diseases including metabolic syndrome, obesity, stress, type Il
diabetes, or even reduced longevity and the promotion of cancer [124]. Due to its significance,
AMPK has been considered a potential target in the treatment of multiple diseases. In this study
the investigators revealed that PRRSV infection dramatically increased the levels of

phosphorylated AMPK (active form), which antagonized PRRSV replication [124].

Implication of the results

Despite our results, the potential application of our findings remains questionable. The
treatment of PRRSV infected SIPL cells with our App cell culture supernatant ultrafiltrate leads
to the exposure of extremely high concentration of adenosine metabolites (~1mM) which

cannot be realistically translated in vivo.

Nonetheless, these results may suggest currently marketed nucleoside analog drugs could be
used to treat PRRSV infections. In fact, multiple marketed antiviral drugs are adenosine analogs
[91, 112]. The intracellular uptake and metabolism of nucleoside analogs and nucleoside analog
prodrugs is well known [112]. Through viral RNA replication, nucleoside analogs are
incorporated into nascent RNA chains resulting in termination of nucleic acid synthesis or in
accumulation of mutations in viral genomes to suppress viral replication due to error.
Additionally, the accumulation of nucleoside triphosphates species of nucleoside analogs
inhibits RNA polymerases. The current study has provided us with exciting knowledge on

perhaps new approaches to combat PRRSV. However, further studies need to be done to assess
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the applicability of our findings to promote their subsequent transfer to end-users (swine
producers). The in vivo efficacy in swine and the economic sustainability of using commercially

available nucleoside analog treatments needs to be explored.

Limitations

In order to test the in vivo efficacy of adenosine analogs, the concentrations would have to be
reduced significantly. This may be achieved by testing marketed adenosine nucleoside drugs and
prodrugs such as Adefovir, Tenofovir disoproxil and Remdesivir in vitro at acceptable
concentrations i.e not higher than 100uM. These three are adenosine analogs, Remdesivir has
been shown to have broad spectrum antiviral activity, whereas Adefovir, Tenofovir disoproxil
are used for the treatment of Hepatitis-B and HIV-1 infections [86, 89]. If promising results are

obtained using the in vitro model, an in vivo study would be the next step.

Further, the results obtained in this study were quantified using only IFA imagery and the
Imagel) software, more accurate results could have been obtained by measuring viral loads pre
and post treatment using RT-qPCR. Future in vitro studies performed using marketed drugs and
prodrugs should utilize both IFA imagery and RT-gPCR for a more accurate measure of the
antiviral efficacy as previously reported by Reyes et al 2018 [13]. If these conditions are met, an

in vivo study maybe launched to determine the feasibility of this approach.

As a veterinarian there are two issues which should be considered when prescribing drugs for
extra-label use, especially in food producing animals. Firstly, the safety of the drug, in
companion (non-food-producing) animals it is allowed by the food and drugs administration
(FDA) to prescribe an approved human drug for an extra-label use even if an approved animal
drug is available. However, this is not the case for food-producing animals. For these animals,
the FDA prohibits prescribing an approved human drug if there’s a drug approved for food-
producing animals that can be prescribed instead. For example, if a drug approved for chickens
is available, you must first use that drug to treat a sick animal from another species before
reaching for a drug approved for humans. Additionally, if scientific information is unavailable on

the safety of food products made from animals treated with the drug, appropriate measures

79



must be taken to ensure that the animal and its food products will not enter the human food

supply for obvious reasons.

The second issue to address would be the practicality of using these nucleoside drugs and
prodrugs on livestock. As we have shown in this study there is a dose dependent antiviral effect,
and the dose required for therapeutic effect is extremely high, this has multiple impacts to
consider. Firstly, the economic impact on the producers and consumers, the producers would
have increased costs of production which would translate to increased prices for the consumers.
Humans would be willing to pay large fees in order become healthy and to remain healthy.
However, the fact is farms are businesses, and they aim to be cost effective in order to maximize
profits. If treatment with nucleoside analog drugs and prodrugs proves to be economically
inefficient, | believe that most producers if not all would consider using alternative methods of
combatting PRRSV which are more cost efficient. Another aspect to consider is the impact on
the animal itself, would an extremely high dose be safe for the animal’s physiology. There are
also the environmental impacts to consider, what is the environmental cost of producing these

drugs at a high volume for animal treatment.
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