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Preface to “Porcine Viruses” 
Pig production is the fastest growing segment of the global livestock sector. Intensification of pig 

production has resulted in significant changes to traditional pig husbandry practices. Combined with 
urbanization and ease of travel and transport, these changes have led to an environment conducive to 
increased emergence and spread of viral diseases. The past decade alone has seen the global emergence 
and re-emergence of porcine viruses with devastating consequences: For example, in 2006, highly 
pathogenic porcine reproductive and respiratory syndrome viruses (PRRSV) spread rapidly across 
Southeast Asia killing millions of animals; since its introduction into the Caucasus in 2007, the African 
swine fever virus has  steadily spread to Eastern Europe; and in 2013–2014, over 8 million pigs died when 
virulent porcine epidemic diarrhea virus (PEDV) swept across North America. In this Special Issue, we 
will explore our understanding of porcine viruses and how this may be exploited to improve the control 
of these pathogens of economic and agricultural significance. 

Linda Dixon and Simon Graham 
Special Issue Editors 
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Abstract: Classical swine fever (CSF) remains one of the most important transboundary viral diseases
of swine worldwide. The causative agent is CSF virus, a small, enveloped RNA virus of the genus
Pestivirus. Based on partial sequences, three genotypes can be distinguished that do not, however,
directly correlate with virulence. Depending on both virus and host factors, a wide range of clinical
syndromes can be observed and thus, laboratory confirmation is mandatory. To this means, both direct
and indirect methods are utilized with an increasing degree of commercialization. Both infections in
domestic pigs and wild boar are of great relevance; and wild boars are a reservoir host transmitting
the virus sporadically also to pig farms. Control strategies for epidemic outbreaks in free countries
are mainly based on classical intervention measures; i.e., quarantine and strict culling of affected
herds. In these countries, vaccination is only an emergency option. However, live vaccines are used
for controlling the disease in endemically infected regions in Asia, Eastern Europe, the Americas,
and some African countries. Here, we will provide a concise, updated review on virus properties,
clinical signs and pathology, epidemiology, pathogenesis and immune responses, diagnosis and
vaccination possibilities.

Keywords: porcine viruses; Pestivirus; classical swine fever; clinical signs; pathogenesis; epidemiology;
diagnosis; control; vaccination; marker strategy

1. Introduction

Classical swine fever (CSF) is one of the most important viral diseases of domestic pigs and wild
boar. It has tremendous impact on animal health and pig industry and is therefore notifiable to the
World Organization for Animal Health (OIE) [1]. After implementation of strict control measures,
several countries succeeded in eradicating CSF. Nevertheless, in most parts of the world with significant
pig production, CSF is at least sporadically present. Endemicity can be assumed in several countries
of South and Central America, parts of Eastern Europe and neighboring countries, as well as Asia,
including India. Little is known about the African situation.

A binding legal framework exists for the surveillance and control in most countries. Integral parts
of the control measures are timely and reliable diagnosis, stamping out of infected herds, establishment
of restriction zones, movement restrictions, and tracing of possible contacts. Prophylactic vaccination
and other treatments are often also strictly prohibited. However, in Europe, where affected wild
boar populations were shown to be an important reservoir for the virus, and acted as a source for
reintroduction into the domestic pig population [2,3], emergency vaccination of wild boar has been
practiced to control the disease [4–7]. Emergency vaccination is also among the options to combat
CSF in domestic animals. Furthermore, vaccination is still in use to reduce the disease burden in
endemically affected countries.

Viruses 2017, 9, 86 1 www.mdpi.com/journal/viruses
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Design of control measures and risk assessment depends on the knowledge of factors that
influence disease dynamics and epidemiology. For this purpose, the presented review aims at
providing an updated overview on the disease and the underlying mechanisms but also control
and diagnostic options.

2. Virus Properties

2.1. Virus Organization and Replication

Classical swine fever virus (CSFV) belongs to the genus Pestivirus within the Flaviviridae family [1].
Other members of this genus are Bovine viral diarrhea virus 1 and 2 (BVDV-1 and -2), Border disease virus
(BDV) and a growing number of unclassified and so-called atypical pestiviruses, from giraffe-virus over
HoBi-like viruses to recently discovered Bungowannah virus and atypical porcine pestivirus [2–13].

The enveloped viral particles consist of four structural proteins, namely the core protein (C), and
envelope glycoproteins E1, E2, and Erns [14–18]. The core encloses the positive single-stranded RNA
genome of approximately 12.3 kb [19–22] which is translated into one polyprotein. The coding region
is flanked by non-translated regions (NTR) at both ends. Co- and post-translational processing of the
precursor protein by viral and cellular proteases results in 13 mature proteins, the above-mentioned
structural proteins and non-structural proteins Npro, p7, NS2-3, NS2, NS3, NS4A, NS4B, NS5A,
and NS5B. The latter have various functions in the viral replication, e.g., NS5B represents the
RNA-dependent RNA polymerase [23] and NS3 acts as protease [24,25].

Virus replication takes place in the cytoplasm after receptor mediated endocytosis and does
normally not lead to a cytopathic effect in cell culture (naturally occurring CSFV strains were found
to be non-cytopathic) [26]. A putative receptor is the porcine complement regulatory protein cluster
of differentiation (CD) 46 that was shown to play a major role in CSFV attachment, together with
heparan sulfates [27]. Upon cell culture adaptation an increased usage of heparin sulfates is observed
for cell-virus interaction [28]. The mutation responsible for the adaptation lies within the Erns encoding
region [8], namely in the C-terminus where a Ser residue is replaced by an Arg residue at amino acid
476 in the polyprotein of CSFV.

In any case, glycoproteins E2 and Erns are necessary for viral attachment [9,10], and the initial
contact with the host cell is mediated through the Erns which interacts with glycosaminoglycans [10,11].
For receptor binding and subsequent endocytosis, the E2-E1 heterodimer is essential [12]. After fusion
of the virus envelope with the endosomal membrane, the virus core is released into the
cytoplasm [13–15]. Thereafter, viral RNA is released into the cytoplasm and translation takes place.
The binding of ribosomes at the rough endoplasmatic reticulum is realized through an internal
ribosomal entry site (IRES) at the 5′ NTR, which allows a cap-independent translation [16–18]. The
processing of the resulting viral polyprotein precursor occurs with the help of viral and cellular
proteases [19]. Initially, autoproteinase Npro is cleaved from the polyprotein [20,21]. Subsequently,
cellular proteases cleave the C-protein and Erns, E1 and E2, E2 and p7 as well as NS2-3. NS2-3 is then
partially processed through the autocatalytic cysteine protease activity of NS2 into NS2 and NS3. In
this way NS2 generates its own C-terminal ending [22,23]. The serine protease activity of NS3 leads to
the cleavage of the rest of the NS3-NS5 region [24]. While replication progresses, negative-stranded
RNA is generated, which serves as template for the synthesis of the positive stranded RNA. The
positive stranded RNA is then packed into the capsid [25]. Virion assembly and maturation takes place
in the endoplasmatic reticulum and the Golgi apparatus after which the progeny virions bud at the
cell membrane through exocytosis [26,27].

2.2. Tenacity and Virus Inactivation

The survival of CSFV under different ambient conditions varies considerably and is influenced
especially by the temperature but also by the matrix in which it is found. Generally, survival times
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are higher under cold, moist and protein rich conditions [28]. The dependence of viral survival and
temperature is well studied [29–31].

For animal disease control, survival in excretions (left in the pen or stored as slurry) and stability
in meat products are crucial parameters. For CSFV in excretions, survival times were demonstrated
that range from a few days at room temperature to several weeks at 5 ◦C [32]. If temperatures are
higher than 35 ◦C, survival times are dramatically reduced, and inactivation occurs in hours or even
minutes from temperatures above 50 ◦C [33]. This is an important factor when biogas plants and other
industry parts are discussed. Along the same lines, Botner and Belsham [34] could show that survival
of CSFV in slurry was short when heated and remained infective for weeks at cool temperature. Turner
showed that complete inactivation was achieved at 60 ◦C for 3 min under lab conditions [35]. However,
homogeneity of the mixture that is to be inactivated and thus temperature distribution is crucial [36].
For contaminated pig pens, this can mean virus survival for at least several days [37] to one month
under cold winter conditions [38]. Under laboratory conditions, freeze-thawing has a negative impact
on viral titers which can however be prevented by some chemical compounds such as dimethyl
sulfoxide [39]. With regard to pH values, CSFV is relatively stable between pH 5 and 10. Half-lives at
low pH levels are temperature dependent with mean half-lives that are more than ten-fold lower at
room temperature compared to 4 ◦C (70 h at 4 ◦C compared to 5 h at 21 ◦C for pH 3). Overall variability
is high and shows some strain dependence [40]. Another important matrix is meat or downstream
products. Farez and Morley [30] report virus survival over years in meat frozen at −70 ◦C and of days
to years in different meat products. Survival of 4.5 years in frozen meat was also reported by Edgar
(reviewed in the EFSA scientific report 2009, [28]). Curing and smoking alone have little effect on the
virus while higher temperatures readily inactivate the virus [31]. Survival times of more than 75 days
were reported for salami [41] and over 120 days for Iberian loins or shoulders [42].

2.3. Genetic Diversity and Virulence Factors

Classical swine fever virus strains can be divided into three genotypes with three to four
sub-genotypes. The most recently added sub-genotype 1.4 was only very recently described for
CSFV strains from Cuba. These strains had so far been placed into sub-genotype 1.2 but formed a
distinct cluster when compared based on longer genome fragments, e.g., full-length E2, Npro, C, E1,
and Erns [43]. Further divisions that have been proposed concern sub-genotypes 2.1 and 2.3 [44–47].
However, these systems of clusters or clades were not further harmonized and did not enter routine
use. The genetic diversity does not result in true serotypes and does not impact vaccine efficacy.
In general, CSFV is highly stable, especially for an RNA virus [48].

Up to very recently, phylogenetic studies were mainly based on two short fragments, namely
a 150 nucleotide (nt) fragment of the 5′NTR and a 190 nt fragment of the E2 encoding region [49].
Moreover, a 409 nt fragment of the region coding for the polymerase gene NS5B was employed [50].
With the advent of affordable sequencing technologies for longer fragments or even full genomes,
in-detail analyses are now more often based on more than the traditional fragments. The European
Union (EU) Reference Laboratory for CSF nowadays recommends using full-length E2 encoding
sequences for reliable CSFV phylogenies [51]. The latter resulted, e.g., in the designation of
the above-mentioned new sub-genotype 1.4. Full-length sequences are being employed for
quasispecies analyses, investigation of virulence determinants but also high resolution molecular
epidemiology [52–55].

The distribution of genotypes shows a distinct geographical pattern [50,56]: Whereas isolates
belonging to group 3 seem to occur solely in Asia, all European CSFV isolates of the 1990s and later
belonged to one of the subgroups within group 2 (2.1, 2.2, or 2.3) [45,51,57–64] and were clearly
distinct from former CSF reference viruses, which belong to group 1 [50,65]. On the global scale, the
most prevalent genotype over the last decades was undoubtedly genotype 2 [66]. However, all field
isolates from the American continent belong to genotype 1 with only 1.1 strains from Argentina,
Brazil, Colombia, and Mexico; 1.3 strains from Honduras and Guatemala; and the above-mentioned
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sub-genotype 1.4 strains from Cuba [43,67–69]. Little is known about the CSF situation in Africa and
the Middle East. Exceptions are the 2005 outbreak in South Africa and the 2009 outbreak in Israel
that were both caused by 2.1 CSFV strains [70,71]. Reports from India are increasingly detailed and
demonstrate that sub-genotypes 1.1, 2.1, and 2.2 are co-circulating [72–79]. This changes the historical
situation where genotype 1.1 strains predominated. From Nepal, strains of sub-genotype 2.2 were
reported [80]. The situation in China is characterized by high variability of strains that belong mainly
to sub-genotypes 1.1, 2.1, 2.2, and 2.3 [81–84]. Taiwan is also experiencing a change in sub-genotypes.
It seems that the historical 3.4 strains are replaced by the Chinese 2.1 strains [85]. However, Taiwanese
reports include all the above-mentioned sub-genotypes [85–87]. Sub-genotype 2.1 and 2.2 strains are
also reported from Laos [88,89]. From Korea, strains of sub-genotypes 3.2 and 2.1 were reported [44],
and, for Japan, indications exist that genotype 3 is found [90]. Generally, endemicity is accompanied
or driven by strains of moderate or low virulence. These strains have been found in several regions
with long-term circulation of CSFV (e.g., Cuba [91]), and mathematical models have shown that these
strains may represent the viral optimum for long-term persistence [92]. An overview of the genotype
distribution is provided in Figure 1.

Figure 1. Global distribution of classical swine fever virus (CSFV) sub-genotypes (map based on Global
Administrative Areas (GADM database 2.8; November 2015)).

European CSFV sequences were collected and made available through the semi-public
CSF-database (DB) at the EU and OIE reference laboratory for CSF in Hannover, Germany [49,93–95].
Since the Institute of Virology became European Reference Laboratory for CSF more than 30 years
ago, the virus isolates involved in European outbreaks but also other accessible sequence data were
collected and stored. The database includes the above-mentioned fragments and also partial NS5B,
full E2, and full-length CSFV sequences. It also allows automated typing and retrieval of sequences for
in-detail analyses [95].

The search for virulence markers indicated a role of the Npro [96], the E2 [97], the ribonuclease
activity and dimerization of the Erns [98,99], and NS4B [100]. Furthermore, glycosylation of structural
proteins was shown to affect virulence [101–105]. However, these determinants are still far from being
understood and do not seem to be transferrable among strains. Even the direct comparison of vaccine
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strains and their virulent ancestors did not reveal clear pattern [100,106]. Investigations into the role of
quasispecies composition did not lead to the establishment of a clear correlation between variability
and virulence [52]. There were also no predictors for different disease courses found [107].

3. Clinical Signs and Pathomorphological Lesions

Classical swine fever can be divided into the following forms of the disease: an acute (transient
or lethal), a chronic and a persistent course, which usually requires infection during pregnancy [65].
In general, the same clinical signs are seen in both domestic pigs and wild boar, and show up after an
incubation period of four to seven (seldom 10) days after the infection. The progression is dependent
on strain virulence, host responses, and secondary infections and may vary considerably. However,
infection of young pigs (weaners) with a moderately virulent CSFV strain may serve as an example for
the acute disease course: During the first two weeks upon infection, the acute phase is characterized
by unspecific (often referred to as “atypical”) clinical signs like high fever, anorexia, gastrointestinal
symptoms, general weakness, and conjunctivitis [108]. Around two to four weeks after infection
neurological signs can occur including incoordination, paresis, paralysis and convulsions. At the same
time, skin hemorrhages or cyanosis can appear in different locations of the body such as the ears, limbs,
and ventral abdomen. These late signs are the textbook cases and are therefore referred to as “typical”
CSF signs. Examples of clinical signs can be found in Figure 2.

In acute-lethal courses, death usually occurs 2–4 weeks after CSFV infection. Mortality can reach
up to 100% from 10 to 30 days depending on the age of the animal and the virulence of the virus
strain [65,109–111]. Due to the immunosuppressive character of CSF infection, severe respiratory and
gastrointestinal secondary infections can complicate the disease course and overlay the CSF signs. This
is particularly important for clinical diagnosis. Infections with highly virulent CSFV strains such as
“Margarita” or “Koslov” (the ones that are often used for vaccine testing) show a less age-dependent
clinical course and may result in 100% mortality in all age classes of animals and severe neurological
signs within 7 to 10 days (see, e.g., [112]).

Chronic course occurs when an infected pig is not able to mount an adequate immune response.
In general, only non-specific clinical signs are observed in infected animals like remittent fever,
depression, wasting and diffuse dermatitis (see Figure 3). It is acknowledged opinion that all
chronically infected animals will eventually die. However, they can live for month in which they
constantly shed high amounts of virus. Affected animals may develop antibodies that are in some cases
only intermittently present and do not effect viral clearance. This, together with persistent infection,
can play a role especially for affected wild boar populations [113–115], but also in endemically affected
regions with constant virus circulation. Host rather than viral factors seem to play a role for the
establishment of chronic infection [107].

When infection occurs during pregnancy, the virus can also infect the fetus in the womb due
to its ability to pass the placental barrier which in turn might lead to persistent infection in the
piglets. While the sows often show only mild clinical signs, an infection depending on the stage of
gestation, leads to absorption or mummification of the fetuses and to abortions or stillbirth [114,116–123].
When infected between days 50 and 70 of pregnancy, an immunotolerance phenomenon can be induced
and persistently infected offspring are born. The problem is that those piglets seem to be healthy and
survive for several months but die due to the so-called late onset form of CSF. During that period
they shed high viral loads which are sufficient for transmission. Recent studies discuss that persisting
infection can also be induced when infecting newborn piglets within the first eight hours of life
or even 48 h after birth [124,125]. This was shown to impact on the efficacy of vaccines and may
complicate control in endemically affected countries.
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Figure 2. Acute CSFV infection with moderately virulent strains. The incubation period in most
cases is from 7 to 10 days. Atypical clinical signs range from one to two weeks. Typical clinical signs
occur around 2 to 4 weeks. The convalescent period is from 3 to 4 weeks. Death can occur as late as
five weeks post-infection. (a) Swine are huddling, 10–15 days post-infection; (b) swine are presenting
with hunched back; (c) severe conjunctivitis; (d) severe cyanosis of the skin around the face, ears, and
limbs; (e) neurological signs, swine was unable to stand; and (f) dead swine with classic cyanosis
of the ears.
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Figure 3. Chronic CSFV infection. The incubation period is the same as with the acute course. However,
it may take up to a month until they are truly recognized. Atypical clinical signs can be present
throughout and until death, occurring up to three months or even later after the infection. Antibodies
can be detected at low levels after two weeks or later but do usually not persist. Viral shedding is
observed from about four days post infection till the death of the animal. (a) Pigs are depressed,
hunched over, and anorexic; (b) pig with petechial bleedings and ecchymosis in the anogenital region;
(c) stunted and wasting pig beside a normally developed one of the same age; and (d) pig with diarrhea,
shedding high viral loads until death.

The pathological findings (Figure 4) depend on the course of the viral infection. In the acute
course of CSF, pathology often reveals enlarged lymph nodes, hemorrhages and petechiae on serosal
and mucosal surfaces of different organs such as the, lungs, kidneys, intestines and urinary bladder.
Tonsillitis, necrotic ulcers in the intestines, lesions in the lymphoreticular system, and non-purulent
encephalitis can be observed [126] Splenic infarctions can occur and are considered pathognomic for
CSF [127]. Infected piglets develop leukopenia, thrombocytopenia and immunosuppression, which
increases the risk for secondary infections and thus to diseases of the gastrointestinal and respiratory
system [128]. In the chronic form, pathological lesions include atrophy of the thymus, depletion
of the lymphoid organs, necrosis and ulceration of the small intestine, colon, and ileocecal valve.
It is important to consider that these clinical signs and pathological lesions should be considered as
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differentials for a number of swine pathogens. These unspecific clinical signs and lesions can vary
among animals depending on host factors and the virulence of the CSFV strain. Often, the age, breed
and immune status play a role in the outcome of the disease [65,108,129].

Figure 4. CSF related lesions: (a) Diphtheroid-necrotizing enteritis; (b) hemorrhages on the epiglottis;
(c) severe secondary infections of the lung (Actinobacillus pleuropneumoniae); (d) necrotic tonsillitis with
an ulcer; (e) gallbladder edema; (f) hemorrhagic lymph node; (g) necrotizing ileocecal valve; and
(h) splenic infarcts.

4. Pathogenesis and Immune Responses

As mentioned above, clinical signs of CSFV infections can vary considerably from peracute
deaths to unapparent courses depending on virulence of the virus strain involved and different
(partly unknown) host factors [65]. Unspecific clinical signs predominate, and differentiation from
several other infectious diseases of swine is only possibly based on laboratory diagnosis. Acute-lethal
forms can be viral hemorrhagic fever-like with severe thrombocytopenia, pulmonary edema, petechial
bleedings, and increased vascular leakage [130]. Cytokine involvement is discussed for many lesions
observed in acute CSF [131].

Infection with CSFV is followed by primary replication in the tonsils and subsequently spread to
surrounding lymphoid tissues [132]. The virus reaches the regional lymph nodes through lymphatic
vessels. Here further replication takes place and the virus is spread via blood to secondary replication
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sites such as spleen, bone marrow, and visceral lymph nodes [133–135]. Apoptotic reactions as well
as phagocytic and secretory activation can be observed in several macrophage populations [136–144].
These activated macrophages seem to play a crucial role in (immuno-)pathogenesis while direct
damage by the virus could be almost excluded for many lesions occurring in the course of CSFV
infection. Moreover, dendritic cells are targeted and disturbance of the interferon system contributes
to the pathogenesis [136–140]. There seems to be a correlation between high interferon (IFN)-α in the
serum and disease severity and virulence of the strain involved [140,141]. High IFN-α concentrations
are found as early as two days post infection, prior to the onset of clinical symptoms [112]. These
findings are confirmed by microarray analyses of peripheral blood monocytic cells derived from
CSFV-infected pigs [142].

Especially in the acute-lethal course, CSF is accompanied by severe lymphopenia and resulting
immunosuppression as well as granulocytopenia [143–146]. Moreover, a marked thrombocytopenia
starts very early after infection [147–149]. The mechanisms leading to this platelet decrease are not
yet understood but disseminated intravascular coagulation (DIC), degeneration of megakaryocytes,
bone marrow lesions, and accelerated deterioration have been discussed [130]. In addition,
massive activation and subsequent phagocytosis of platelets has been discussed as an etiological
factor [147] while DIC related correlates were not observed upon infection with a genotype
2.3 CSFV strain [150]. At least in vitro, endothelial cells are also activated and expression
levels of pro-inflammatory and pro-coagulatory factors are increased [151]. The pathogenic
mechanism involved in hemorrhagic lesions include damage of endothelial cells, causal involvement
of thrombocytopenia (and DIC), erythrodiapedesis, and capillary vasodilatation and increased
permeability [146,148,149,152,153]. However, several factors remain unclear and studies with different
strains have given conflicting results.

Despite the immunopathogenesis of most CSF-related lesions, pigs recovering from CSFV
infection mount an effective immune response with E2-specific antibodies detectable after
10–14 days. The E2 antibodies are able to neutralize CSFV in vitro and induce protective immune
responses [154,155]. These antibodies and protection against re-infection persist probably livelong.
In addition to E2, antibodies are raised against the Erns and the non-structural protein NS3 [156,157].
Immunization with live attenuated CSFV can be efficient as early as 3–5 days post vaccination [158–160].
Thus, protection is possible without neutralizing antibodies and even before specific T-cell responses
can be seen. Despite the fact that this very early protection is far from being understood, IFN-γ
secreting T-cells seem to play a role [161–163].

5. Epidemiology

Susceptible hosts are different members of the Suidae family, particularly domestic pigs
(Sus scrofa domesticus) and European wild boar (Sus scrofa scrofa) [113,164]. Moreover, the susceptibility
of common warthogs (Phacochoerus africanus) and bushpigs (Potamochoerus larvatus) was recently
demonstrated [165].

Classical swine fever virus can be transmitted both horizontally and vertically. Horizontal
transmission takes places through direct or indirect contact between infected and susceptible pigs.
Important indirect routes include feeding of virus contaminated garbage/swill and mechanical
transmission via contact to humans or agricultural and veterinary equipment [127]. Aerogenic
transmission was reported under experimental conditions [166–168], and it can probably play a
role for within herd transmission [169].

Upon contact, infection usually occurs through the oronasal route, or less frequently via
conjunctiva, mucus membranes, skin abrasions, insemination, and the use of contaminated
instruments [170–173]. Infected pigs show high-titer viremia and shed virus at least from the beginning
of clinical disease until death or specific antibodies have developed. The main excretion routes are
by saliva, lacrimal secretions, urine, feces, and semen [127,135,173]. As mentioned above, chronically
infected pigs shed the virus continuously or intermittently until death [65]. Vertical transmission from
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pregnant sows to fetuses is possible throughout all stages of gestation and can lead to persistently
infected offspring (see above).

Classical swine fever affected wild boar populations can serve as reservoir of the virus and present
a constant risk for domestic pigs. Fritzemeier et al. [2] could show that almost 60% of the primary
CSF outbreaks in Germany between 1993 and 1998 were linked to infected wild boar. This link was
particularly important for holdings with low biosecurity or problems in biosafety management.

Over the last decades, a decreasing virulence was observed for the CSFV strains involved in many
outbreaks among wild boar and domestic pigs. In Europe, the most prevalent genotype 2.3 strains
showed moderate virulence with a highly age-dependent clinical picture and rather unspecific clinical
pictures in older animals (see above). These strains showed potential to establish endemicity in affected
wild boar populations rather than showing the self-limiting behavior of the historical highly virulent
CSFV strains. It was discussed whether these strains are somewhat the ideally adapted variants of
CSFV for long-term perpetuation in wildlife [92].

In endemically affected countries with official but imperfect vaccination, circulation of less virulent
CSFV strains is often masked by partial protection. In combination with management and biosecurity
issues (swill feeding, contacts, shared equipment), the virus is maintained over prolonged periods in
the domestic pig population.

6. Diagnosis

Rapid and reliable diagnosis is of utmost importance for the timely implementation of control
measures against CSF. On the international level, laboratory methods as well as sampling and shipping
guidelines can be found in the OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals
and the respective EU Diagnostic Manual (European Commission Decision 2002/106/EC).

For CSFV, primary detection is performed using well established real-time reverse transcription
polymerase chain reaction (RT-qPCR) systems [174–183], of which many are available commercially.
Recently, field applicable RT-PCRs [184] but also alternatives have been designed such as loop-mediated
isothermal amplification (LAMP) assays [185–190], primer-probe energy transfer RT-qPCR [191,192] or
recently insulated isothermal RT-qPCR [193]. Moreover, CSFV can be isolated on different permanent
cell lines such as porcine kidney cell lines PK15 or SK6 (Technical Annex to Commission Decision
2002/106/EC). In addition, detection of antigen on fixed cryosections of tissues is possible using
fluorescence antibody or immune-peroxidase assays [194,195]. The available antigen ELISAs are
recommended for the use with herd-based testing only. While the sensitivity of panpesti-specific
assays (based on the Erns) is usually at least comparable with virus isolation, most CSF specific assays
lack sensitivity [196]. Serological screening can be performed using different commercially available
E2 antibody enzyme-linked immunosorbent assays (ELISAs). In addition, neutralization assays allow,
to a certain extent, differentiation of pestivirus antibodies and are used for confirmation [197].

Reliable DIVA (differentiation of infected and vaccinated animals) assays are needed when using
DIVA vaccines. Commercially available tests that can accompany both E2 subunit vaccines and
chimeric vaccines such as “CP7_E2alf”, target the detection of antibodies directed against glycoprotein
Erns [196,198,199]. Recently, additional diagnostic tests have been developed. One is a double-antigen
ELISA format that was recently commercialized [200], another is an ELISA with a screening and a
confirmation part [201]: Moreover, a microsphere immunoassay was also developed as a confirmatory
test [202].

Due to the increased sensitivity of diagnostic tools (especially RT-qPCR), vaccine virus detections
are quite common in oral vaccination campaigns of wild boar and vaccination programs of domestic
pigs. For this reason, different RT-qPCR systems have been developed and tested, these allow
differentiation between vaccine and field viruses (genetic DIVA) [203–208].

Sampling can be the bottleneck of swine fever diagnosis, especially in the case of wild boar, but
also in remote areas. For this reason, alternative sampling strategies and sample matrices have been
tested for CSF (often combined with African swine fever sampling) especially for wildlife specimens

10



Viruses 2017, 9, 86

and under rural conditions [209–212]. However, most of them are not yet in routine use and need
further validation.

7. Vaccination

Highly efficacious and safe live-attenuated CSF vaccines have existed for decades [160].
The underlying virus strains (e.g., the C-strain of CSFV, the Lapinized Philippines Coronel, the
Thiverval or the Japanese guinea-pig exaltation negative GPE strain) were attenuated through serial
passages in animals (rabbits) or cell culture. These vaccines have been implemented in mandatory
control programs that led, together with strict hygiene measures, to the eradication of CSF from
several regions of the world [213]. At this time, they are still in use in several Asian countries
including China [84], countries of South and Central America, Trans-Caucasian Countries, and Eastern
Europe (see Table 1). In 2016, 22 countries officially reported mandatory vaccination campaigns (OIE
WAHIS [214]).

In addition, these vaccines were also adapted to a bait format for oral immunization of wild
boar [6,215,216] and were recently explored for the vaccination of domestic pigs under backyard
conditions [217–219]. While these vaccines usually have outstanding virtues in terms of onset,
spectrum and duration of immunity [158,220–223], the main drawback is the lack of a serological
marker concept [160] that would allow differentiation of field virus infected from vaccinated animals
(DIVA concept). This is usually less important in endemically affected countries where prophylactic
vaccination is carried out to reduce the disease burden and to ensure product safety. In general, there
are also no legal obligations to use a certain type of vaccine for an emergency vaccination scenario.
However, due to the trade restrictions that are imposed on pigs vaccinated with conventional live
attenuated vaccines, only DIVA vaccines are considered a feasible option for domestic pigs [224]. Up to
very recently, only E2 subunit marker (DIVA) vaccines were available on the market (at present, one
E2 marker vaccine is commercially available, Porcilis® Pesti, MSD Animal Health, Unterschleißheim,
Germany). These vaccines are safe and were shown to provide clinical protection and limit the spread
of CSF [225–235]. However, they show drawbacks especially in terms of early protection [160,236] and
protection against transplacental transmission [237]. Due to these problems, emergency vaccination
was hardly implemented in domestic pigs (one exception being Romania). Several research groups
have therefore sought to develop a next-generation marker vaccine candidate that would ideally
answer all demands with regard to safety, efficacy, DIVA potential, and marketability [238]. Among the
concepts that have been investigated are different vector vaccines based on vaccinia virus, pseudorabies
virus or adenoviruses. Other vaccine designs include recombinant attenuated vaccines with chimeric
constructs, subunit vaccines based on different expression systems, and RNA/DNA vaccines (recently
reviewed by Blome et al., [239]. In 2014, the European Medicines Agency (EMA) licensed one of
the chimeric marker vaccine candidates, “CP7_E2alf”, after extensive testing in the framework of an
EU-funded research project [159,240–257]. This new marker vaccine is still under investigation and
could be a powerful tool for both emergency vaccination of domestic pigs and also wild boar.

Oral emergency vaccination of wild boar with baits has proven to be a potent tool to control the
disease in wildlife and to safeguard domestic pigs [3]. For this purpose, the above-mentioned C-strain
formulations have been used in several European countries including Germany and France. To further
optimize the strategy, a DIVA vaccine such as “CP7_E2alf” could be used. The latter was already
tested for use in wild boar under both laboratory and field conditions and could be a medium term
option [241,246,251].
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Table 1. CSF vaccination: Countries that reported official vaccination campaigns through World
Organization for Animal Health (OIE) in 2016 (their last reported outbreaks are presented in brackets;
no reports for some countries since 2005) (WAHIS Interface [214]).

Country Last reported CSF outbreak

Albania no reports
Armenia 2006

Azerbaijan no reports
Belarus no reports

Bosnia and Herzegovina 2007
Bulgaria (wb) 2009 wb

China 2015
Colombia 2016

Cuba 2016
Dominican Republic 2016

Ecuador 2016
Macedonia 2008

Georgia no reports
Hong Kong 2005
Madagascar 2016

Moldova (no reports)
Mongolia 2016
Myanmar 2015

Peru 2016
Philippines 2016

Russia 2016
Ukraine 2015

Wb: Wild boar.
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Abstract: Hepatitis E virus (HEV) and porcine reproductive and respiratory syndrome virus (PRRSV)
and are both globally prevalent in the pig population. While HEV does not cause clinical disease in
pigs, its zoonotic potential has raised concerns in the food safety sector. PRRS has become endemic
in the United Kingdom (UK) since its introduction in 1991, and continues to cause considerable
economic losses to the swine industry. A better understanding of the current prevalence and diversity
of PRRSV and HEV in the UK, and their potential association, is needed to assess risks and target
control measures appropriately. This study used plasma, tonsil, and cecal content samples previously
collected from pigs in 14 abattoirs in England and Northern Ireland to study the prevalence of several
pathogens including PRRSV and HEV. The diversity of PRRSV strains detected in these samples was
analyzed by sequencing open reading frame 5 (ORF5), revealing no substantial difference in PRRSV
strains from these clinically unaffected pigs relative to those from clinical cases of disease in the UK.
Despite the potential immuno-modulatory effect of PRRSV infection, previously demonstrated to
affect Salmonella and HEV shedding profiles, no significant association was found between positive
PRRSV status and positive HEV status.

Keywords: porcine viruses; PRRSV; HEV; evolution and molecular epidemiology; co-infections

1. Introduction

Hepatitis E virus (HEV) is the cause of hepatitis E in humans, typically a self-limiting hepatitis but
more serious in those with pre-existing liver conditions and in the immunocompromised [1]. In pigs,
HEV infection alone does not cause clinical disease. HEV genotypes HEV-3 and HEV-4 are the cause
of sporadic cases of hepatitis E in developed countries, and are ubiquitous in the pig population
worldwide [2]. Hepatitis E is a foodborne zoonosis, for which pork or pork products from infected
pigs is one of the risks identified in Europe [1,2] and consumption of processed pork products in the
United Kingdom (UK) has been shown to be associated with an increased risk of acquiring HEV [3].
Hence, there is a need to better understand factors influencing HEV entering the food chain.

Porcine reproductive and respiratory syndrome virus (PRRSV) was first confirmed in the UK
in 1991 and is now considered endemic [4]. The economic and welfare impacts of the disease are
considerable, as both the breeder and grower segments of the pig industry are affected [5]. All
PRRSV infections in the UK characterized to date have been identified as being caused by genotype 1
virus, but the genetic diversity of the virus is continually increasing [6]. The phylogenetic analyses
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of UK PRRSV sequences have previously been based on data from samples submitted for diagnostic
purposes, originating from clinical cases of PRRS, thereby possibly introducing a bias in our coverage
of circulating strains. It is therefore possible that PRRSV strains circulating in apparently healthy pigs
in the UK may represent a different subset from those causing disease.

PRRSV infection has been suggested to modulate pig immune responses, thereby rendering
pigs more susceptible to other infections [7–9]. For example, previous studies have shown significant
associations between PRRSV presence and Salmonella shedding [10]. Salines et al. [11] reported that
experimental co-infection of HEV and PRRSV affected the dynamics of HEV infection. However,
a direct immune-regulation in infected pigs could not be confirmed for genotype 1 PRRSV [12],
rather suggesting a role for co-infection viruses influencing each other more directly. Moreover,
less pathogenic strains of genotype 1 PRRSV seem to cause a more persistent infection than highly
pathogenic ones which are better resolved by the immune response [13]. Notably, viruses closely
related to the modified-live vaccine used in the UK have previously been found circulating on farms
with clinical PRRS [6].

In 2013, an abattoir-based study was undertaken to estimate the prevalence of various pathogens
including HEV and PRRSV in UK-reared pigs at slaughter and seroprevalence for PRRSV was 58.3%
(362/621) [14], while HEV seroprevalence was 92.8% (584/629). Approximately 5.7% of pigs were
HEV viremic (36/629) and around one in five pigs had evidence of an active HEV infection (129/629),
with HEV RNA detected in serum or cecal contents [15]. To follow up these studies, we report here on
(1) the investigation of PRRSV active infection (RNA in tonsil) using the same 2013 abattoir survey
sample-set and (2) an analysis of the correlation of PRRSV and HEV infection in these pigs, which
could be of significance for the control of both diseases and in informing farming practices for reducing
HEV in the food chain.

2. Materials and Methods

The overall study design for the abattoir survey has been described previously [14]. Briefly,
626 qualifying pigs were sampled at 14 abattoirs in England and Northern Ireland, between January and
May 2013. These pigs originated from 439 farms, with between 1 and 10 pigs from each. The majority
of pigs were from farms in England (81.7%), followed by Northern Ireland (13.4%), Scotland (4.5%),
and Wales (0.3%), which is representative of the UK pig population [16]. Of the samples collected from
each selected carcass along the processing line, those relevant for the investigation of HEV and PRRSV
were a blood sample (whole blood with ethylenediaminetetraacetic acid (EDTA)), tonsil, and the
whole cecum.

Antibody to PRRSV had been detected in 362 of 621 plasma samples, with 11 additional samples
being inconclusive [14]. Only 610 of these plasma samples were also analyzed for the presence
of antibodies to HEV, with 354 of these being sero-positive for PRRSV. Tonsil samples from all
seropositive or inconclusive pigs were then tested by a real-time reverse transcription polymerase
chain reaction (RT-PCR) to detect PRRSV nucleic acid. The tonsils of four other pigs for which
plasma samples—and hence enzyme-linked immunosorbent assay (ELISA) results—were missing
were also tested by PCR, while for five seropositive animals the tonsil samples were not available,
so a total of 372 tonsil samples were analyzed; only 358 of these animals also had matching HEV
PCR data. RNA was extracted from the tonsil samples using the MagNA Pure LC DNA Isolation kit
II (Tissue) following the manufacturer’s instructions (Roche Diagnostics, Burgess Hill, UK), setting
the sample volume to 110 μL and the elution volume to 200 μL. A real-time RT-PCR assay targeting
the nucleocapsid (ORF7) gene of PRRSV and differentiating genotypes 1 and 2 was used [17] with a
Stratagene Mx3000P QPCR System (Agilent Genomics, Wokingham, UK). Sequencing of the PRRSV
open reading frame 5 (ORF5) gene was subsequently performed on nucleic acids from tonsil samples
testing positive in the diagnostic PRRSV PCR to characterize the viruses present [6]. The PCR amplicons
were purified using the Beckman AMPure solid phase reversible immobilisation (SPRI) technique
(Beckman Coulter Ltd., High Wycombe, UK). Cycle sequencing was performed using forward and
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reverse primers and ABI BigDye chemistry (Applied Biosystems Ltd., Warrington, UK) at the end
of which the dye terminators were removed using Beckman CleanSEQ SPRI (Beckman Coulter Ltd.,
High Wycombe, UK). Samples were sequenced on an ABI capillary electrophoresis DNA analyser
(Applied Biosystems Ltd., Warrington, UK) and the raw data analysed by ABI SeqScape software
(Applied Biosystems Ltd., Warrington, UK). The resulting sequences were aligned with 48 reference
sequences from GenBank, and with 431 other UK PRRSV ORF5 sequences from samples submitted
to the Animal and Plant Health Agency (APHA) for PRRS diagnostic testing between 1991 and 2014,
using the ClustalW algorithm [18] in MEGA6 [19]. The phylogenetic tree was generated in MEGA6
using the neighbour-joining method [20], with the evolutionary distances being computed using the
maximum composite likelihood method [21]. The sequences obtained were deposited in GenBank
with accession numbers MF043094 to MF043116.

Existing data for PRRSV seropositivity [14] and HEV seropositivity and active infection [15] were
collated with data obtained in this study for PRRSV active infection. Associations between the two
viruses, or antibodies to them, in the same carcasses were investigated using χ2 tests, with Stata v.12
(StataCorp, College Station, TX, USA). Collated data for PRRSV seropositivity and HEV seropositivity
and active infection (RNA in plasma and/ or cecal contents) were available for 610 pigs. Collated
data for PRRSV active infection (RNA in tonsil) and seropositivity and active infection for HEV were
available for 358 pigs.

3. Results

3.1. Detection of Active PRRSV Infection at Slaughter Age

PRRSV RNA was detected in 31 of 372 tonsil samples. This corresponds to 8.3% of the PRRSV
seropositive finisher pigs showing active PRRSV infection at slaughter. Importantly, all PCR-positive
samples were of genotype 1 (European), which is endemic in the UK, and no genotype 2 virus, which is
exotic to the UK, was detected. While the ELISA-positive pigs tested by PCR originated from farms
in 24 counties, PCR-positive pigs were only identified from farms in eight of those counties. Almost
two-thirds of the PCR-positive pigs were from farms in East Anglia or East Riding and North Lincolnshire.
While seropositivity had been found to vary significantly between age groups (p = 0.002) with the highest
level found in pigs aged less than six months (68.5%) and lowest in those aged >12 months (32.1%) [14],
the prevalence of PRRSV RNA-positive tonsils was similar across the age groups (Table 1).

Table 1. Porcine reproductive and respiratory syndrome virus (PRRSV) polymerase chain reaction
(PCR) results for 372 tonsil samples from PRRS seropositive or inconclusive animals, by age.

Age Number Tested Number Positive % Positive

<6 months 34 4 11.8%
6–12 months 312 25 8.0%
>12 months 19 2 10.5%
Not known 7 0 0%

3.2. PRRSV Genetic Characterization

Sequencing of the ORF5 PRRSV gene was undertaken on 29 of the 31 tonsil samples from which
PRRSV RNA was detected. Two PCR-positive tonsils were not suitable for sequencing as there was
insufficient viral nucleic acid in the samples. Six samples did not yield useable sequence data. All of
the sequences confirm that the viruses belong to PRRSV genotype 1. Only three of the sequences may
be considered to possibly originate from the currently licensed attenuated vaccine, with greater than
99% similarity between the sample and vaccine strain ORF5 sequences (99.2%, 99.8%, and 100%).

The phylogenetic trees (Figure 1) illustrate the genetic diversity of the ORF5 genes from
the 23 samples in this study in comparison to the vaccine virus licensed in the UK at the time
and 48 published reference sequences representing the different genotypes and subtypes (Figure 1A)
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and in more detail, in the context of 431 previously sequenced viruses specifically from UK pigs
between 1991 and 2014 (unpublished data) (Figure 1B). In the within-UK analysis, there is no clear
association between geographic origin and the clade in which the PRRSV strains belong. All of
the 23 sequences are found in clades where other UK strains were already identified, and no distinct
clustering is observed.

 
(A)

(B)

Figure 1. Diversity of porcine reproductive and respiratory syndrome virus (PRRSV) ORF5 sequences.
Alignment of the sequences was performed with the ClustalW algorithm [18], and phylogenetic
analyses (neighbour-joining method with bootstrap test) were conducted using MEGA software
version 6 [19]. (A) Worldwide: The 23 ORF5 sequences obtained from the polymerase chain reaction
(PCR)-positive samples (red triangles) are shown in the context of 48 worldwide reference ORF5
sequences from different genotypes and subtypes, and the modified-live vaccine sequence. The color of
the markers indicates the genotype and subtype of the viruses. The scale bar represents five nucleotide
change per 100; (B) United Kingdom (UK): The 23 ORF5 sequences obtained from the PCR-positive
samples (colored circles) are shown in the context of 431 other UK ORF5 sequences dating from 1991
to 2014, and the modified-live vaccine sequence. The black triangles indicate samples that were also
positive for hepatitis E virus by PCR. The color of the markers indicates their geographic origin.
The scale bar represents 1 nucleotide change per 100.
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3.3. PRRSV and HEV Co-Infections

Analyses were performed to identify potential associations between PRRSV serology or PCR
status (PRRSV RNA detected in tonsil sample) and HEV serology or PCR status (HEV RNA detected
in serum or cecal contents). These are summarized in Tables 2 and 3. Of the six animals that were PCR
positive for both HEV and PRRSV, one was less than six months old, three were six months of age,
and two were greater than six months of age.

Table 2. Association of hepatitis E virus (HEV) with porcine reproductive and respiratory syndrome
virus (PRRSV) seropositivity (from 610 plasma samples where both tests were performed).

Pathogen Serology Status HEV

Seropositive n (%)
RNA + Plasma

and/or Cecum n (%)
RNA + Plasma

n (%)
RNA + Cecum

n (%)

PRRSV
Seronegative (n = 256) 235 (91.8) 62 (24.2) 20 (7.8) 50 (19.5)
Seropositive (n = 354) 333 (94.1) 60 (17.0) 14 (4.0) 52 (14.7)

p = 0.31 p = 0.03 p = 0.05 p = 0.13

Table 3. Association with porcine reproductive and respiratory syndrome virus (PRRSV) active
infection (RNA detection in tonsil) (from 358 animals where PCR results for both PRRSV and hepatitis
E virus (HEV) were available).

Pathogen RNA Status HEV

Seropositive n (%)
RNA + Plasma

and/or Cecum n (%)
RNA + Plasma

n (%)
RNA + Cecum

n (%)

PRRSV
PCR negative (n = 327) 311 (95.1) 55 (16.8) 12 (3.7) 48 (14.7)
PCR positive (n = 31) 26 (83.9) 6 (19.4) 2 (6.5) 5 (16.1)

p = 0.01 p = 0.73 p = 0.45 p = 0.83

There was no evidence from this study that PRRSV infection, as detected by serology or PCR,
increased the likelihood of HEV infection in pigs at the time of slaughter. The only associations
identified suggested that for the pigs in this study, PRRSV seropositive animals were less likely
(17.0% vs. 24.2%, p = 0.03) to be HEV PCR positive in plasma or cecum (Table 3); PRRSV seropositive
animals were less likely (4.0% vs. 7.8%, p = 0.05) to be HEV PCR positive in plasma (Table 2); PRRSV
PCR positive animals were less likely (83.9% vs. 95.1%, p = 0.01) to be HEV seropositive (Table 3).

4. Discussion

It has been suggested that infection with PRRSV renders pigs more susceptible to secondary
bacterial [7,8,10,22] or viral [9,23] infections. In this study, we further investigated the active PRRSV
infection at slaughter age and the association between PRRSV infection and an active HEV infection
in pigs entering the food chain in the UK. Since the majority of UK pig farms that vaccinate against
PRRSV use a live vaccine [24] it was considered that PRRSV in both the vaccinated and naturally
infected pigs may modulate HEV infection.

The 2013 abattoir survey had found a prevalence of antibodies to PRRSV in slaughter-age pigs
of 58.3% [14]. Antibody to vaccine and field PRRSV cannot be distinguished but vaccination of rearing
pigs is less common than that of breeding pigs in the UK and is generally performed when there is an
expectation of field PRRSV challenge during the rearing period. Therefore, seropositivity in finishers
is considered a reasonable indicator of the presence of PRRSV infection on the respective rearing units.
From the PRRSV seropositive pigs in the study, the prevalence of PRRS viral RNA in tonsils, where
PRRSV may persist up to 130 days post infection [25], was 8.3%. As tonsils from most seronegative
pigs were not tested by PCR, it is possible that detection of a few PRRSV-positive pigs in the early
stages of infection were missed, although PRRSV RNA was not detected in any of the 28 tonsils from
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seronegative pigs in a pilot study (data not shown). As the pigs were not showing obvious clinical
signs, this is a significant finding, highlighting that a proportion of healthy pigs from PRRSV-infected
units may be infectious at slaughter, and if still shedding virus, may be able to transmit the virus on to
other farms, for example through contaminated vehicles [26], underlining the need for good biosecurity
during and after transport to slaughter. These findings triggered the genetic characterization of the
viruses in order to further evaluate the potential risks associated with their presence.

Overall, the sequences from the abattoir samples did not cluster separately from those from
clinical cases submitted for diagnostic testing, and they appear to be representative of the overall
diversity of PRRSV strains circulating in the UK. None of them was from an Eastern European subtype
of genotype 1 PRRSV. Of the 23 successfully-sequenced viruses, three showed greater than 98.5%
similarity to the modified-live vaccine used in the UK at the time. These ‘vaccine-like’ viruses may
derive from vaccine virus, and have been identified in previous years, although at a lower rate [6],
possibly because most samples previously sequenced were from disease outbreaks, whereas these were
detected in clinically normal pigs. The other 20 viruses showed between 88.4% and 98.3% similarity
to the vaccine sequence. Although the degree of genetic difference of a field PRRS virus from the
vaccine strain cannot alone predict the degree of protection that would be afforded by the vaccine to
infection by the field virus, nor allow for a determination of the strain’s pathogenicity, these results
further illustrate the diverse nature of field PRRSV in the UK. Interestingly, some of the viruses from
this study are sufficiently similar to one another to be potentially linked epidemiologically, even when
they originate from pigs from different geographic regions. Conversely, for two pigs from the same
farm, the viruses detected in them did not show a great degree of similarity. There was no relation
between four PRRSV sequences from animals co-infected with HEV (no sequence data was available
for the other two), as they each grouped into different clusters in the phylogenetic analysis, one being
homologous with the Porcilis PRRS vaccine strain sequence. The sequences from the abattoir samples
did not cluster separately from those from clinical cases submitted for diagnostic testing, and they
appear to fit within the overall diversity of PRRSV strains previously found to be circulating in the UK.
The existence of infected slaughter-age pigs with the potential, if shedding, to transmit the virus to
susceptible pigs is thereby confirmed.

We found no evidence in this study that exposure to, or infection with PRRSV enhanced HEV
infection rates in pigs entering the food chain. Indeed, pigs exposed to PRRSV were less likely to
be viremic (p = 0.05). The age-range of the six co-infected pigs identified reflected that of the overall
population sampled. The calculated virus load in plasma for HEV showed no association with either
PRRSV serology or PCR status (data not shown). Several other studies have specifically investigated
PRRSV and HEV co-infection [11,27,28], some by experimental infection. One report of an association
of co-infection with disease was restricted to investigation of a single pig [27]. Martelli et al. [28] found
no association between these pathogens in an investigation of diagnostic submissions. The 2013 abattoir
survey had investigated the presence of a number of other pathogens in clinically healthy pigs, but no
evidence was found that the PRRSV-seropositive pigs were more likely to carry Salmonella or Yersinia or
have antibodies to Toxoplasma [14]. Interestingly, Salines et al. [11] reported that experimental PRRSV
and HEV co-infection did affect the HEV infection dynamics in five-week old pigs with no maternal
antibody for these two endemic viruses. The simultaneous co-infection resulted in delays to both the
latent period (13.4 vs. 7.1 days with HEV alone) and the humoral response (43.1 vs. 26.3 days) to HEV,
as well as increasing the infectious period (48.6 vs. 9.7 days), in association with an increased HEV
viral load. In contrast, several other studies have failed to demonstrate any association between PRRSV
infection and the dynamics of other viral infections [13,28,29]. While the present study failed to show
any positive association overall between PRRSV and HEV infections, this may be an age-dependent
effect, and variation in the timing of the respective infections may also affect their outcomes. Future
investigations of natural PRRSV and HEV co-infections should perhaps be directed towards younger
pigs, since these were under-represented in this study, and may provide different outcomes. A field
study showed that the majority of pigs were infected by 15 weeks of age [30]. Experimental infections

31



Viruses 2017, 9, 110

to further characterize PRRSV and HEV co-infections must consider non-simultaneous infections,
as they may be more relevant to the situation in the field. Other viral co-infections such as porcine
circovirus type 2 (PCV-2) and PRRSV or HEV also remain to be investigated, with at least one report of
fatal disease associated with HEV and PCV-2 [31].

An active HEV infection in pigs entering the food chain is a potential risk to public health and
there is a need to better understand factors that may influence this. The UK abattoir survey had found
that one in five pigs had an active HEV infection as they entered the food chain [15]. This same finding
of active HEV infections in slaughter-age pigs is found worldwide [32–35]. There was no evidence
from the current study that PRRSV infection adversely affected the proportion of HEV infected pigs
entering the food chain. Further studies are needed to investigate factors influencing the dynamics of
HEV infection in the pig and within farms and that may then be used to inform means of reducing
infection in slaughter-age pigs.

5. Conclusions

No association was found between PRRSV and HEV infections in the slaughter age pigs sampled.
In addition, there was no difference in strain diversity of PRRSV sampled from clinically unaffected
pigs in this study relative to those identified from clinical cases of disease in the UK.
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Abstract: African swine fever (ASF) is a highly contagious viral disease of swine which causes high
mortality, approaching 100%, in domestic pigs. ASF is caused by a large, double stranded DNA virus,
ASF virus (ASFV), which replicates predominantly in the cytoplasm of macrophages and is the only
member of the Asfarviridae family, genus Asfivirus. The natural hosts of this virus include wild suids
and arthropod vectors of the Ornithodoros genus. The infection of ASFV in its reservoir hosts is usually
asymptomatic and develops a persistent infection. In contrast, infection of domestic pigs leads to a
lethal hemorrhagic fever for which there is no effective vaccine. Identification of ASFV genes involved
in virulence and the characterization of mechanisms used by the virus to evade the immune response
of the host are recognized as critical steps in the development of a vaccine. Moreover, the interplay of
the viral products with host pathways, which are relevant for virus replication, provides the basic
information needed for the identification of potential targets for the development of intervention
strategies against this disease.

Keywords: African swine fever virus; ASFV; virus entry; endocytosis; endosomal pathway; host cell
targets; cellular responses; ER stress; apoptosis; autophagy; A179L

1. Introduction

African swine fever (ASF) is a viral disease of swine that leads to a high mortality in domestic
pigs while being asymptomatic in the natural suid reservoir hosts [1–3]. It causes important economic
losses that are unavoidable in the absence of an effective vaccine and the available methods of disease
control are the quarantine of the affected area and the slaughter of the infected animals [4]. ASF is
caused by the ASF virus (ASFV), a double-stranded DNA virus with a complex molecular structure.
It is the only member of the Asfarviridae family [5] and the only DNA virus transmitted by arthropods,
soft ticks of the Ornithodoros genus [3,6]. Soft ticks (Ornithodoros moubata) are involved in the sylvatic
transmission cycle of the virus in Africa and O. erraticus in Europe. The wild boar that suffers an acute
disease similar to the domestic pig appears to be relevant in the transmission cycle in Europe.

The disease caused by this virus was first identified in Kenya in the 1920s [7]. Then, it was
confined to Africa until it spread to Europe in the middle of the last century, and later to South America
and the Caribbean. The disease was eradicated from Europe (except of Sardinia) at the 1990s via
drastic control and eradication programs. However, in 2007, the disease spread again out of Africa
into the Caucasus, especially Georgia, and in 2014 it reached the eastern territory of the European
Union. The latest reports of the disease include an increasing list of EU countries, Poland and the three
Baltic republics [8,9] and very recently Moldova [10]. Due to the absence of vaccines with protective
efficacy, ASF represents a serious threat to all European countries. The epidemiological complexity
of ASF has been clearly demonstrated in eastern and southern Africa, where genetic characterization
of ASFV based on sequence variation in the C-terminal region of the B646L gene encoding the major
capsid protein p72, revealed the presence of 22 genotypes [11,12]. Recently, a new genotype, genotype
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XXIII, that shares a common ancestor with genotypes IX and X, which comprise isolates circulating
in Eastern African countries and the Republic of Congo, has been described [13]. This review paper
summarizes the current state of knowledge about ASFV.

2. African Swine Fever Virus

ASFV is a large, enveloped virus with icosahedral morphology and an average diameter of 200 nm.
The viral genome consists of a single molecule of linear, covalently close-ended, double stranded DNA.
The genomes of different isolates vary in length between 170 and 190 Kbp and encode between 151
and 167 open reading frames. ASFV replication cycle is mainly cytoplasmic, but the nucleus is also a
site of viral DNA synthesis at early times [14,15]. The disassembly of the lamina network close to the
sites where the viral genome starts its replication and the redistribution of several nuclear proteins
suggests the existence of sophisticated mechanisms to regulate the nuclear machinery during viral
infection [16].

Transcription of viral genes is strongly regulated. Four classes of mRNAs have been identified
by their distinctive accumulation kinetics—including immediate–early, early, intermediate, and late
transcripts. Immediate–early and early genes are expressed before the onset of DNA replication,
whereas intermediate and late genes are expressed afterwards. The presence of intermediate genes
suggests a cascade model for the regulation of ASFV gene expression [17,18]. Enzymes required
for DNA replication are expressed immediately after virus entry into the cytoplasm from partially
uncoated core particles and using enzymes and other factors packaged in virus particles [17–20].
Virus morphogenesis takes place in the viral factories where the main late phase of DNA replication
also occurs.

3. Virion Structure

The ASFV particle has an icosahedral morphology composed of several concentric domains: the
internal core formed by the central genome contains the nucleoid, which is coated by a thick protein
layer named core shell; an inner lipid envelope surrounding the core; and finally the capsid, which is
the outermost layer of the intracellular virions [21]. The extracellular virions possess an additional
external envelope that is obtained when the virus buds out through the plasma membrane [22].
However, the importance of this envelope is unclear as it is not required for infectivity [23].

4. Viral Entry Mechanisms

The ASFV infectious cycle starts with the viral adsorption and entry into the host cell. Early
studies on ASFV entry characterized this event as a low pH- and temperature-dependent process
consistent with saturable and specific receptor-mediated endocytosis in Vero cells and porcine
macrophages [24–27]. However, the receptor(s) for the virus still remain unknown. The limited
cell tropism of ASFV suggests that a macrophage-specific receptor is required for infection. Successful
infection of porcine macrophages and monocytes by ASFV correlates to the expression of the CD163
scavenger receptor, a hallmark of macrophage maturation. It was previously suggested as a potential
virus receptor, as monoclonal antibodies against this molecule were able to block infection of primary
alveolar macrophages [28]. However, more recent studies have demonstrated that CD163 is not
necessary for infection with the Georgia 2007/1 virus isolates. Gene-edited pigs possessing a complete
knockout of CD163 produced using the CRISPR/Cas9 system showed no differences in clinical
signs, mortality, pathology, or viremia [29]. One conclusion from these studies was that CD163 may
be necessary but insufficient for infection, suggesting that other macrophage surface proteins may
participate in the infection process.

While there is support for receptor-dependent mechanisms of viral entry, such as
clathrin-mediated dynamin-dependent endocytosis [30,31], there is also evidence that ASFV exploits
other mechanisms, such as phagocytosis [32] and macropinocytosis [33,34]. Also, cholesterol is required
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for a successful entry. These mechanisms occur both in the macrophage target cell and in Vero cells
using viral isolates adapted to this cell line.

In addition, some ASFV proteins are involved in the entry mechanism such as p30, important for
viral internalization, while other proteins such as p12 and p54 have been identified as potential viral
attachment proteins [35–37].

5. ASFV Enters the Endosomal Pathway

ASFV infection by either pathway of entry should finally reach the endocytic pathway [38]. Once
the virus has entered the endocytic pathway, it must pass through different endosome populations
to achieve a successful infection (Figure 1). Endocytic pathway maturation is carefully orchestrated
by proteins and lipids that are recruited to the endosomal membrane. Rab GTPase protein family
is the major regulator of the endosomal maturation pathway, where each member of the Rab family
is specifically located to a different endosomal compartment [39]. Incoming viruses are found in
early endosomes (EE) labeled with Rab5 and EEA1 markers from very few minutes after adsorption.
In fact, complete encapsidated virions are only found at the level of EE but not in other mature
acidic compartments [38]. The inhibition of endosomal acidification with bafilomycin A1 prevents
viral decapsidation and only under this condition it is possible to observe complete viruses inside
multivesicular endosomes positive for CD63 and late endosomes expressing Rab7. In normal
conditions, late endosomes harbor only viral cores lacking the capsid protein [38].

 

Figure 1. ASFV enters the host cell through a complex process involving dynamin- and clathrin-mediated
endocytosis and macropinocytosis. Only few seconds later, ASFV progresses through the endocytic
pathway and reaches mature endosomal compartments where viral decapsidation and fusion of the
inner viral envelope with the endosomal membrane occurs. Newly synthesized virions are assembled
in the viral factory and will exit the cell either by exocytosis budding at the plasma membrane or
through the formation of apoptotic bodies.

Viral decapsidation occurs at the acidic intraluminal pH in mature endosomal compartments
between 30 and 45 min post infection (mpi). Mature endosomal compartments are multivesicular

37



Viruses 2017, 9, 103

bodies expressing CD63 that are characterized by the presence of intraluminal vesicles and also, late
endosomes expressing Rab7. Dependence on the endosomal maturation for sequential viral uncoating
and penetration has been also described for other viruses [40,41]. Once decapsidated, virus particles
expose the inner envelope which allows their interaction and subsequent fusion of this viral membrane
with the limiting membrane of the endosomes and naked cores can be released into cytosol in order
to start replication. This process is strongly dependent on the cholesterol efflux at the endosomal
membrane. In fact, blocking cholesterol transport at this level causes retention of virions inside
endosomes, inhibiting infection progression [42]. The inner envelope viral protein pE248R is also
involved in viral fusion. This protein shares sequence similarity with some members of the poxviral
entry/fusion complex [34].

Other inhibitors of endosome maturation such as wortmannin, a phosphatidylinositol 3
(PI3)-kinase inhibitor that blocks early endosome fusion, and nocodazole, an inhibitor that disturbs
microtubule-dependent endosomal transport also prevent ASFV infection [38].

6. ASFV Gene Expression and DNA Replication

Incoming ASFV virions should reach their replication site in the perinuclear area close to the
microtubule organizing center (MTOC) [43]. Immediate early and early genes are expressed before the
onset of DNA replication. Both DNA chains are alternatives used as the coding strand. This is possible
due to the action of several enzymes involved in viral transcription that are packed in the viral core.
Following DNA replication, the transcription of intermediate and late genes begins. ASFV commits
approximately 20% of its genome to encode genes involved in the transcription and modification of its
mRNAs. This transcriptional machinery gives to ASFV a relative independence from its host and an
accurate positional and temporal control of its gene expression [44]. The existence of a nuclear stage
in the replication of ASFV DNA has been determined by in situ hybridization and autoradiography
in thin sections of infected cells, although the precise role of the nucleus in viral replication remains
unclear. Sedimentation analysis of replicating viral DNA in alkaline sucrose gradients has shown
that small DNA fragments are pulse-labeled in the nucleus at early times in the replication of the
viral DNA, whereas larger molecules are synthesized in the cytoplasm at later times. The replicative
intermediates that are synthesized both in the nucleus and cytoplasm of ASFV-infected cells consist
of head to head concatemers. It is possible that the nucleus may provide small transcripts or other
factors required for priming virus replication or that an early stage of virus DNA replication should
take place [15].

7. Formation of the Viral Factory

Microtubules are required for the transport of the virus to perinuclear area, where replication takes
place. Integrity of microtubules is required for the formation of viral factories [45] and virus particles
are found associated to stabilized microtubules at entry [46]. Also, nocodazole, which interferes with
the polymerization of microtubule filaments, prevents the correct formation of factories [43,47–49].
Structural protein p54 interacts with the dynein motor protein during virus infection and could
constitute a molecular mechanism for microtubule-mediated virus transport [43].

The viral factory, localized in the cytoplasm close to the nucleus, can be described as a single
and large perinuclear area at the MTOC. On this site, viral proteins and DNA are accumulated and
newly synthesized virions are assembled. A cage made of intermediate filament vimentin surrounds
the viral factory likely to prevent the sensing of viral components into the cytoplasm and concentrate
structural proteins at sites of assembly [50]. There are many features shared between aggresomes
and VFs. However, neither HDAC6 nor Bag3 are required for factory formation, suggesting that
aggresomes and viral factories are not the same structures [51].

Formation of viral replication sites depends on several cellular determinants. For example, Rho
GTPase inhibitors produce an abnormal viral factory size with the accumulation of envelope precursors
and immature virions [46]. This specialized site at the MTOC, contains viral DNA, most of the viral
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proteins, immature and mature virions, and also abundant virus-induced membranes. Viral factories
contain precursors that develop into icosahedral intermediates by the assembly of the icosahedral
capsid and the core shell domain. The last step of virion morphogenesis will be the encapsidation
of DNA giving rise to mature virions. Finally, the newly formed virus leaves the factory and is
transported to the cell surface by kinesin where it is released by budding [50]. Extracellular virus is
covered by an additional external envelope that is acquired during this budding process [22].

8. ER Stress and Unfolded Protein Response

The virus modifies and interacts with cellular pathways in response to infection. The endoplasmic
reticulum (ER) is an essential organelle for ASFV replication and maturation and a large number of
viral proteins are synthesized in infected cells and accumulated in the ER during the viral life cycle.
This process can trigger ER stress and the unfolded protein response (UPR) of the host cell as the
induction of caspase 12 indicates [52]. Viruses have evolved various mechanisms to counteract these
cellular responses that would limit or inhibit viral replication. This response is a regulatory program
that upregulates a large number of genes, such as ER chaperones and ER-associated degradation
(ERAD) components, which increase the folding capacity of the ER. ASFV induces the upregulation of
the chaperones calnexin and calreticulin, but not ERp57, PDI [52], or BiP/Grp78 [52,53]. Moreover,
ASFV induces selectively the transcription factor 6 (ATF6) signaling pathway of the UPR, but not the
protein kinase-like ER kinase (PERK) or the inositol-requiring enzyme 1 (IRE1) pathways. Thus, the
capacity of ASFV to regulate the UPR signaling cascade may prevent the effects that are detrimental to
the infection, while maintaining those that are beneficial. Importantly, viral protein DP71L is involved
in ATF4 downregulation and in CHOP inhibition [54]. DP71L, homolog of the neurovirulence factor
ICP34.5 of HSV-1 and the cellular gene GADD34, binds to catalytic subunit of protein phosphatase
1 (PP1) and causes the dephosphorylation of eukaryotic translation initiation factor 2 alpha (eIF2 α),
thereby preventing the inhibition of protein synthesis produced by ER stress and the UPR [55].

9. ASFV and Apoptosis

ER stress after ASFV infection is reflected by the activation of caspase 12, which follows similar
temporal dynamics to the activation of mitochondrial caspase 9 and effector caspase 3 [52]. Apoptosis
represents an important innate cellular mechanism to prevent virus infection, and many viruses
have developed strategies for inhibiting or delaying this cellular response in turn [56]. Thus, ASFV
A179L gene encodes an homolog of antiapoptotic Bcl-2 protein to prolong host cell survival until
the replication of the viral genome is completed [57]. This viral Bcl-2 is expressed both at early and
late times after infection and inhibits the action of several pro-apoptotic BH3-only proteins, known
to be rapid inducers of apoptosis, such as activated Bid, BimL, BimS, BimEL, Bad, Bmf, Bik, Puma,
and DP5 [58]. Another ASFV gene, A224L, encodes a member of the family of apoptosis inhibitors
known as IAP proteins and is able to inhibit caspase activation and to promote cell survival [59,60].
Viral IAP not only blocks caspase-3 activation but also activates NF-κB [61]. It is interesting that the
virus encodes an IκB-like molecule (A238L) that interferes with NF-κB activation [62]. A238L and
A224L are expressed at different times during ASFV infection, this suggests that ASFV requires a
low NF-κB activity at early times of infection to avoid immune responses but a higher activity at
late times, probably to prevent apoptosis as the cellular systems are abused [61]. At very late stages
of ASFV infection, infected cells undergo apoptosis [63] and show the characteristic morphological
changes of programmed cell death, including typical membrane blebbing of the infected cell that led
to the formation of numerous vesicles containing virus [45] and this could be an efficient system for
virus spread.

10. ASFV and Autophagy

A179L, the viral Bcl2 homolog of African swine fever virus, not only interacts with pro-apoptotic
Bcl2 family proteins to inhibit apoptosis but also inhibits autophagy by interacting with Beclin1
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through its BH3 homology domain. ASFV is armed to counteract elimination by autophagy as other
DNA viruses. An example of that is the HSV-1 ICP34.5 protein, which inhibits autophagy by targeting
Beclin1 [64]. ASFV encodes a protein homologous to ICP34.5, which exerts other functions. ASFV
DP71L inhibits the ER stress response activating PP1/protein phosphatase 1 [55]. However, in contrast
to HSV-1 ICP34.5, it does not interact with Beclin1 [65].

In fact, ASFV infection does not induce LC3 activation or autophagosome formation in Vero
cells [65]. Autophagy is a relevant cellular defense mechanism that allows the orderly degradation
and recycling of cellular components. Autophagy eliminates intracellular pathogens and has a crucial
role for innate and adaptive immune responses. Some DNA viruses, such as ASFV and HSV-1, have
developed strategies to keep this cellular response under control to prevent the degradation of newly
assembled virions. In contrast, most RNA viruses have been reported to induce autophagy in infected
cells, and in several cases autophagy may enhance viral replication [66].

11. ASFV Egress

The mature particle is transported from the virus factories to the cell surface through a
microtubule-mediated mechanism [48] depending on the motor protein conventional kinesin [67] and
on the capsid protein pE120R [68]. Once on the cell surface, particles exit the host cell by budding at
the membrane, acquiring an additional envelope [22]. Both intracellular and extracellular viruses are
infectious but structurally and antigenically different [68], and this could have important implications
in the host immune response against ASFV.

12. Potential Vaccines and Antivirals

Previous attempts to develop vaccines against ASFV have failed to induce protective immunity.
Currently, there are several reports of the protection elicited by experimental vaccines based in live
attenuated ASFV (LAV) containing single or double gene deletions in the genome [69] and other
different approaches, including DNA vaccines [70,71]. Some of them might turn into successful
vaccine candidates. Nowadays, a vaccine to be used in the field should meet a number of requirements.
Any potential ASFV vaccine should include markers for differentiation between infected or vaccinated
animals that allows for DIVA diagnostics. Also, vaccine production could not be possible because
of the lack of a cell line supporting the replication of attenuated vaccine viruses without modifying
the virus virulence. At present, wild boars were found to be major players of disease spread in both
the Baltics and Poland. Hence, a live vaccine given as bait for these animals could be crucial to limit
disease spread. In the current scenario, a vaccine would make possible to eradicate the disease together
with infection surveillance by diagnostics. Available diagnostic methods allow both virus detection
and also detection of antibodies for identification of survivors and asymptomatic carriers [72].

Until an effective vaccine is developed, the possibility of using antivirals remains. Antiviral
strategies have been extensively applied in human infections but can be used in animal health.
Antivirals are useful for an early control of virus spread after an outbreak. In addition, the
combination of antivirals with vaccination protocols could be applied to elicit the immune response
required for effective protection against the disease. Here, we have reviewed potential molecular
targets to be considered as targets for antivirals. Antivirals against ASFV described include
resveratrol and oxyresveratrol [73], microalgae [74], cholesterol lowering drugs [46] or inhibitors
of cholesterol transport [42], antitumoral lauryl-gallate [75], anticonvulsivant valproic acid [75],
dynamin inhibitors [38], fluoroquinolones [76], serine protease inhibitors [52], specific peptides [77],
and miscelanea [32]. These could be eventually applied in a quick response to reduce susceptible
animals in order to create ‘safe areas’ around the outbreaks and thus control the spread of the infection.
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Abstract: The Japanese encephalitis virus (JEV) is responsible for zoonotic severe viral encephalitis
transmitted by Culex mosquitoes. Although birds are reservoirs, pigs play a role as amplifying
hosts, and are affected in particular through reproductive failure. Here, we show that a
lentiviral JEV vector, expressing JEV prM and E proteins (TRIP/JEV.prME), but not JEV infection
induces strong antibody-dependent enhancement (ADE) activities for infection of macrophages.
Such antibodies strongly promoted infection via Fc receptors. ADE was found at both neutralizing
and non-neutralizing serum dilutions. Nevertheless, in vivo JEV challenge of pigs demonstrated
comparable protection induced by the TRIP/JEV.prME vaccine or heterologous JEV infection. Thus,
either ADE antibodies cause no harm in the presence of neutralizing antibodies or may even have
protective effects in vivo in pigs. Additionally, we found that both pre-infected and vaccinated pigs
were not fully protected as low levels of viral RNA were found in lymphoid and nervous system
tissue in some animals. Strikingly, the virus from the pre-infection persisted in the tonsils throughout
the experiment. Finally, despite the vaccination challenge, viral RNA was detected in the oronasal
swabs in all vaccinated pigs. These latter data are relevant when JEV vaccination is employed in pigs.

Keywords: Japanese encephalitis virus; antibody-dependent enhancement of infection; Fc receptor;
lentiviral vector vaccine; vaccine-induced protection; persistence; mucosal virus shedding

1. Introduction

Japanese encephalitis (JE), a mosquito-borne zoonotic viral disease endemic in parts of East
Asia, Southeast Asia and Australasia, is considered the most important human viral encephalitis
associated with fatality and severe sequelae [1–4]. Every year, 50,000 to 175,000 clinical JE cases in
humans are reported, but it is estimated that less than 1% of infected people develop encephalitis [3,5].
Nevertheless, lethality in these cases can be up to 30%, and approximately 50% of surviving patients
present long-term neurologic sequelae [3,5]. In addition, for pigs, JEV infection is of high relevance in
endemic regions. Although the infection in adult swine is asymptomatic, it represents a significant
cause of reproductive problems. Infection of pregnant sows can result in abortion, still-birth and birth
defects. Furthermore, infected piglets can display fatal neurological disease [6].
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The JE virus (JEV) is a positive single-stranded RNA virus belonging to the genus flavivirus, and
encodes a polyprotein processed into three structural proteins being the capsid (C), the precursor
membrane (prM), the envelope (E), and seven non-structural proteins (NS1-NS5) [4]. After virus
assembly, virions undergo a maturation, in which prM is cleaved to generate M, and this process is
required for viral entry into cells [4]. JEV is classified in five different genotypes G1–G5 [7,8]. In the last
century, G3 was the dominant genotype and is now being replaced by G1 [9,10]. Recently, G5 strains
have also re-emerged in China and South Korea [11,12].

Neutralizing antibodies targeting the E protein play a central role in immunological protection
against JEV [13–16]. On the other side, antibodies have also been suspected to enhance disease
in certain flavivirus infection, in particular, Dengue virus infection leading to severe hemorrhagic
fever [17,18]. The proposed mechanism of antibody-dependent enhancement (ADE) of infection is
based on virion-antibody complexes binding to FcγR expressing cells such as macrophages, resulting
in enhancement of infection rather than neutralization [19]. In vivo ADE has also been described for
flaviviruses closely related to JEV such as Murray Valley encephalitis virus in a mouse model [20].
There is also evidence that antibodies can enhance JE under certain conditions in a murine model [21].

Mosquitoes belonging to the Culex genus act as main vectors for JEV, while wild water birds
represent the main vertebrate reservoir. Nevertheless, as pigs are highly susceptible to JEV infection
and develop a relatively high viremia for several days, they can play an important role in the ecology
of the virus as amplifying hosts [1,3,8,22]. This contrasts with horses and humans which may develop
fatal disease but do not contribute to further transmission of JEV to mosquitoes or other species [3].
Considering this situation, vaccination of pigs against JEV is and has been widely practiced in certain
countries such as Japan and South Korea [6].

Up to now, JEV remained endemic mainly in Southeast Asia but climate warming, globalization
and virus adaptation to new arthropod vectors could result in the emergence of JEV in other parts
of the world, as it has occurred for West Nile virus and Zika virus. Furthermore, we have recently
shown that, under experimental conditions, the virus can transmit between pigs by contact and is
secreted in oronasal fluids for a prolonged period of time [23]. This indicates a potential of JEV to
spread and circulate even in areas with a climate unfavorable to the virus transmission by mosquitos.
An additional concern is that JEV has a particularly high tropism for the tonsils and can persist in this
tissue for several weeks [23,24], providing a possible mechanism of virus overwintering in the pig
population. For these reasons and because vaccination represents an efficient countermeasure against
JEV, we have recently developed a novel vaccine based on a lentiviral TRIP/JEV which expressed JEV
G3 prM and E proteins (TRIP/JEV.prME) [25].

Considering the possible involvement of ADE during flavivirus infections, the present study
investigated ADE activities of sera from TRIP/JEV.prME-immunized compared to JEV-infected pigs.
To our surprise, we found particularly high levels of ADE with sera following TRIP/JEV.prME
vaccination. This in vitro ADE of infection was found with macrophages and an Fc receptor (FcR)
expressing kidney cell line. However, despite these responses, the TRIP/JEV.prME vaccine was found
to induce protective immunity as demonstrated in a heterologous challenge infection in pigs.

2. Materials and Methods

2.1. Monocyte-Derived Macrophages

Blood was obtained from specific pathogen free (SPF) Swiss Large White pigs. The blood sampling
was approved by the cantonal ethical committee for animal experiments, license #BE88/14. Peripheral
blood mononuclear cells (PBMC) were isolated using ficoll-paque density centrifugation (1.077 g/L;
GE Healthcare Life Sciences, Dübendorf, Switzerland). Monocytes were sorted as CD172a+ cells
using monoclonal antibody (mAb), clone 74-22-15A (hybridoma kindly provided by Dr. A. Saalmüller,
Veterinary University of Vienna, Austria) and magnetic cell sorting with LS columns and the MACS
(magnetic cell sorting) system (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). Macrophages
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were generated as previously described [26]. Briefly, monocytes were cultured at 5 × 105 cell/mL in
Dulbecco’s modified Eagle’s medium (DMEM) containing Glutamax (ThermoFisher Scientific, Zug,
Switzerland) supplemented with 10% of specific pathogen-free porcine serum (produced in-house),
seeded in 24-well culture plates and incubated for three days at 39 ◦C and 5% CO2.

2.2. Generation of CD16 Expressing SK6 Cells

For generation of CD16 expressing SK6 cells, a lentivirus (LV) expression system using plasmids
obtained from the laboratory of Dr. Didier Trono (Ecole Polytechnique Federale de Lausanne,
Switzerland) or through Addgene (Cambridge MA, USA) [27,28] was employed to co-express FcγRIIIa
and the common γ-chain. This is required for stable expression of CD16 on the cell surface (unpublished
results). Porcine FcγRIIIa (FCGR3A, GenBank AF372453.1) and porcine FcR common γ-chain (FCER1G;
NCBI NM_001001265.1) were cloned into the lentiviral transfer plasmid pWPT-GFP. FCGR3A and
FCER1G were amplified from cDNA obtained from porcine PBMCs using the oligonucleotides
pCD16_F (5′-CTACCTACGCGTCACCATGTGGCAGCTGCTGTCACC-3′) and pCD16_R
(5′-TGCCGTCGACTTATCCTCCTTTGTCCTGCGG-3′) or pFceRI_F (5′-CTACCTACGCGTCAC
CATGATTCCAGCAGTGGTCTTGC-3′) and pFceRI_R (5′-TGCCCTCGAGTTACTGTGGTGGTTTCTC
ATGC-3′). The MluI and SalI fragment containing FCGR3A and the MluI and XhoI fragment
containing FCER1G were cloned into the MluI and SalI sites of the pWPT-GFP vector, resulting
in pWPT-FCGR3A and pWPT-FCER1G. The nucleotide sequences of the plasmid inserts were
verified by automated DNA sequencing using the ABI 3130 Genetic Analyzer (Life Technologies,
Zug, Switzerland).

In order to generate two different lentiviruses (expressing FCGR3A or FCER1G), HEK293T cells
were transfected with the envelope plasmid (pMD2.G), the packaging plasmid (pCMV-R8.74) and the
pWPT-FCGR3A or pWPT-FCER1G plasmids using standard calcium phosphate precipitation. Medium
was changed after overnight incubation at 37 ◦C and the supernatant harvested after 48 h, centrifuged
(350× g, 10 min) and filtered. The virus was purified and enriched by centrifugation on a 20% sucrose
cushion at 100,000× g for 90 min at 4 ◦C. SK6 cells were transduced twice with 1:100 dilutions of
the purified lentiviruses in 1 mL serum free medium of a T25 cell culture flask followed by culture
overnight at 37 ◦C and medium change between the transductions. After 5 days, cells were stained with
anti-CD16 mAb G7 (Becton Dickinson, Basel, Switzerland) and sorted by flow cytometry (FACSAria,
Becton Dickinson) to obtain >95% pure CD16+ SK6 cells. The cells termed SK6-CD16 were then
expanded and stored in liquid nitrogen for further proliferation. CD16 expression was found to remain
stable over at least five passages.

2.3. Viruses

The following JEV strains were used: JEV Laos (G1; CNS769_Laos_2009; [23,29]) kindly provided
by Prof. Remi Charrel, Aix-Marseille Université, Marseille, France; JEV Nakayama strain (G3; National
Collection of Pathogenic Viruses, Salisbury, UK); JEV S-g5/NS-g3, which represents a chimeric G3/G5
expressing the structural proteins of the G5 strain XZ0934 fused to the nonstructural proteins of JEV
G3 RP-9 [25], was kindly obtained from Dr. Philipp Despres, Université de La Réunion, France).
All JEV strains were propagated in Vero cells in G-MEM BHK-21 medium (ThermoFisher Scientific)
supplemented with 2% fetal bovine serum (FBS; Biowest, Nuaillé, France) and cultured at 37 ◦C
and 5% CO2. Virus titrations were determined using Vero cells. Infected cells were detected using
immunoperoxidase monolayer assay (IPMA) with the anti-flavivirus E mAb 4G2 (ATCC). Titers were
calculated and expressed as 50% tissue culture infective dose per mL (TCID50/mL).

2.4. Antibody-Dependent Enhancement of Infection

A collection of sera from previously published work was employed (Table 1). This included
sera from pigs vaccinated with the lentiviral vector-based vaccine expressing prM and E of G5 strain
XZ0934 (TRIP/JEV.prME) [25]. In addition, we also used sera from pigs infected with JEV G1 Laos
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and G3 Nakayama strains and collected at 11 days post infection (p.i.) [24]. As negative control,
naïve serum from SPF pigs was included.

Table 1. Sera collection employed for antibody-dependent enhancement (ADE) experiments.

Serum JEV Strain FRNT50

JEV G1 antisera
G1 1:80
G3 1:320

G3/G5 1:160

JEV G3 antisera
G1 1:20
G3 1:320–640

G3/G5 1:80

TRIP/JEV.prME antisera
G1 1:40
G3 1:160

G3/G5 1:60

JEV: Japanese encephalitis virus; FRNT50: focus 50% reduction neutralization test.

To test the ADE of these sera, different serum dilutions were incubated during 30 min at 37 ◦C
with an equal volume of viral suspension at a dose of 0.1 TCID50/cell, followed by addition to porcine
macrophages or SK6-CD16 cells. To verify JEV strain-dependent differences, ADE of infection mediated
by the anti-flavivirus E protein mAb 4G2 was tested using the murine J744A.1 macrophages cell line
(ATCC, cultured in DMEM supplemented with 10% FBS). After incubation for 1 h at 37 ◦C, the cells
were washed and fresh medium was added. After 24 h, the cells were then analyzed for expression
of JEV E protein using flow cytometry. To this end, cells in suspension were fixed with 4% (w/v)
paraformaldehyde during 10 min at room temperature, followed by washing and permeabilization
with 0.3% (w/v) saponin in PBS in presence of anti-flavivirus E protein mAb 4G2 for 15 min on ice.
After washing, anti-mouse Alexa 647 fluochrome conjugate (ThermoFisher Scientific) was added
for 15 min and the cells were acquired on a FACSCantoII (Becton Dickinson). For analysis, Flowjo
V.9.1 software (Treestars, Inc., Ashland, OR, USA) was used. Dead cells were excluded by electronic
gating in forward/side scatter plots, followed by exclusion of doublets.

2.5. Vaccination Challenge Experiment

The pig immunization/challenge experiment was conducted according to Swiss animal welfare
regulations and approved by the cantonal ethical committee of Bern (approval number BE 118-13).
Five-week-old SPF Swiss Landrace piglets from our own in-house breeding were randomly allocated
into three different groups of three animals each. Prior to the first immunization, the animals were
left one week for adaptation. The first group was immunized with the TRIP/JEV.prME lentiviral
vector produced as previously described [25]. These pigs received 105 transduction units (TU) diluted
in 0.5 mL in DMEM intramuscularly, followed by booster immunization after three weeks. The second
group was intradermally inoculated with JEV G1 Laos at 105 TCID50 diluted in DMEM. The third
group of animals was intradermally inoculated with DMEM as control. The sera were collected before
vaccination/infection, and then once a week. Thirty-six days after the first TRIP/JEV.prME vaccination
or JEV Laos infection, all pigs were challenged with JEV G3 Nakayama at 103 TCID50 using oro-nasal
administration. Thereafter, clinical signs and body temperature were checked and blood taken daily
until the end of the study at 10 days post-challenge.

2.6. Virological Analyses

For reverse transcription quantitative polymerase chain reaction (RT-qPCR) based quantification
of viral RNA, 1.5 mL tubes were filled with 500 μL of minimum essential medium (MEM; ThermoFisher
Scientific) and weighed before and after filling of the organs samples. Samples were lysed with a
BulletBlender (Next Advanced Inc., Averill Park, NY, USA), and after centrifugation, the supernatants
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were transferred into new tubes and immediately frozen at −80 ◦C for storage. After thawing, each
sample was spiked with a defined amount of enhanced green fluorescent protein (eGFP) RNA. Then,
RNA extraction was performed using the QIAmp viral RNA extraction kit (Qiagen AG, Hombrechtikon,
Switzerland) following the manufacturer's instructions. RT-qPCR of the highly conserved 3′ NTR of the
JEV genome was performed as previously described [30]. With the aim to discriminate between JEV G1
Laos and JEV G3 Nakayama strains, specific sets of primers and probes were designed and RT-qPCR
conditions optimized (Table 2). RT-qPCR used the SuperScript III Platinium One-Step qRT-PCR system
(ThermoFisher Scientific) with ROX (carboxy-x-rhodamine) reference dye according to manufacturer’s
instructions, and where run in a 7500 Applied Biosystems Real-time PCR machine (ThermoFisher
Scientific). The thermal cycling setup was 30 min at 50 ◦C for the RT step, then qPCR steps which
included 2 min at 95 ◦C for enzyme activation, and 50 cycles of denaturation at 95 ◦C during 15 s,
annealing at 60 ◦C for 30 s and extension at 72 ◦C for 30 s. Samples were taken as positive only with the
cycle threshold (CT) value of the internal eGFP control was lower than 28. Viral load was quantified
relatively by using RNA from a stock of Nakayama JEV with a known titer as a standard. The stock
was serially diluted tenfold, RNA was extracted, and CT values were determined to draw a standard
curve (correlation coefficient R = 0.99). CT values above 40 were defined as negative. The CT value
corresponding to 1 TCID50 was defined as 1 RNA unit (U). Using this standard, the CT values of our
samples were transformed into relative quantities as RNA U/mL. Organ samples were corrected for
their weight and data calculated as relative RNA quantities in U/mg.

Table 2. Primer and probe sets employed for JEV reverse transcription-quantitative PCR (RT-qPCR).

Specificity Primer and Probe Sequence (5′-3′) Concentration (nM)

3′ NTR JEV
forward GGTGTAAGGACTAGAGGTTAGAGG 200
reverse ATTCCCAGGTGTCAATATGCTGTT 200
probe FAM-CCCGTGGAAACAACATCATGCGGC-BHQ-1 100

JEV G1 Laos
forward GACAGGATAAAGTCATGTGCGT 200
reverse CCTGACGTTGGTCTTTCAAC 200
probe FAM-CCGTCTCGGAAGCAGGTCCC-BHQ-1 100

JEV G3 Nakayama
forward CAGGGTCATCTAGTGTGATTTAAGG 1600
reverse CAGTCCTCCTGGGACTGAGA 1600
probe FAM-TGCTGGCCTGACTCCATATGCA-BHQ-1 200

Infectious virus quantification was determined by titration on Vero cells as previously described [23].

2.7. Serum Neutralization Assay

Neutralizing antibodies against JEV were determined by focus reduction neutralization test
(FRNT) on Vero cells as previously described [25]. Briefly, pig sera were two-fold serially diluted
starting in 1:5 serum dilution, and incubated with 100 focus-forming units (FFU) of JEV for 30 min
at 37 ◦C and then added to Vero cells for 1h at 37 ◦C. After removal of the inoculum and washing
once, DMEM supplemented with 2% FBS was added and culture at 37 ◦C. Infected cells were fixed,
permeabilized and stained as described above using the 4G2 mAb. The highest serum dilution which
reduced the FFU by 50% was defined as the end-point titer and expressed as FRNT50/mL.

2.8. Statistics

Statistical analyses for the ADE of infection were tested using two-way ANOVA followed by
Dunnets’s multiple comparison test (variables were serum dilution and serum origin). For neutralizing
antibodies, data was Log2 transformed and p-values determined using two-way ANOVA and Sidak’s
multiple comparison (variables were time p.i. and serum origin). All tests were made with GraphPad
Prism 7 (GraphPad Software version 7.0b, La Jolla, San Diego, CA, USA). Alpha was set to 0.05;
* p < 0.05, ** p < 0.002, *** p < 0.001.
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3. Results

3.1. TRIP/JEV.prME Induces ADE of Macrophage Infection

To test a possible ADE of infection in macrophages, sera from TRIP/JEV.prME-immunized and
JEV-infected pigs were incubated at different concentrations with JEV G3 Nakayama, and infectivity
tested for monocyte-derived macrophages. Our results demonstrated that, while no statistically
significant ADE was found with the immune serum from the JEV-infected animals, sera from
TRIP/JEV.prME-immunized animals (FRNT50 1:160) strongly promoted infection by JEV, even at
high dilutions (Figure 1).

Figure 1. Antibody-dependent enhancement (ADE) of macrophage infection. Sera from piglets
immunized with lentiviral vector TRIP/JEV which expressed JEV G3 prM and E proteins
(TRIP/JEV.prME) or infected with Japanese encephalitis virus (JEV) G3 Nakayama (focus 50% reduction
neutralization test; FRNT50 1:160 and 1:320, respectively) were 10-fold diluted (from 1:10 to 1:1000)
and incubated with JEV G3 Nakayama at multiplicity of infection (MOI) 0.1 of 50% tissue culture
infective dose per mL (TCID50) per cell during 30 min at 37 ◦C, and then added to the cells.
The percentage of cells expressing JEV E protein as a measure of ADE of infection in macrophages
is shown. Statistical significance was calculated using a two-way ANOVA followed by Dunnets’s
multiple comparison. The results are representative of triplicate cultures repeated in three independent
experiments. * p < 0.05, ** p < 0.002, *** p < 0.001.

3.2. TRIP/JEV.prME-Antibodies Strongly Enhance JEV Infection of Cells Expressing FcγRIII

Considering the ADE of infection by JEV opsonized with TRIP/JEV.prME serum in macrophages,
we tested if similar observations could be made using the porcine kidney cell line SK6 engineered to
express porcine FcγRIII (SK6-CD16). To this end, we compared sera from TRIP/JEV.prME-vaccinated
pigs with sera from pigs infected with JEV G1 (Laos) and G3 (Nakayama). These sera were tested
against JEV G1 (Figure 2a), JEV G3 (Figure 2b) and against JEV G5/G3 (homologous prM/E to the
TRIP/JEV.prME vector).

The data obtained confirmed the very potent ADE activity of the TRIP/JEV.prME sera in
enhancing infection with all three JEV genotypes. Its efficiency was also demonstrated by the fact
that ADE was even seen at serum dilutions of 1:10,000 although the neutralizing titers of this serum
was 1:40 against JEV G1 Laos and 1:160 against both JEV G3 Nakayama and the chimeric G3/G5
JEV [25]. Only for the Nakayama strain was there was a clear reduction of ADE at this serum dilution
(Figure 2b).
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Figure 2. ADE of infection in SK6-CD16 cells. Sera from TRIP/JEV.prME-immunized, JEV Laos-
and JEV Nakayama-infected pigs were tested for ADE activity in the porcine kidney cell line SK6
expressing CD16. ADE of infection was tested as described in Figure 1 using (a) JEV G1 Laos; (b) JEV G3
Nakayama and (c) JEV G5/G3, representing a chimeric virus expressing a G5 prM/E. The percentage
of infected cells was determined after 24 h. Statistical significance was calculated using a two-way
ANOVA followed by Dunnets’s multiple comparison. The results are representative of triplicate
cultures repeated in two independent experiments. * p < 0.05, ** p < 0.002, *** p < 0.001.
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In contrast to this, the ADE activity of various sera from JEV-infected pigs was absent or much
lower. Anti-JEV G1 Laos serum had a moderately but statistically significant ADE activity for a
homologous virus (Figure 2a), no activity of JEV G3 Nakayama (Figure 2b), but relatively strong ADE
activity for the G5/G3 chimeric virus (Figure 2c). Anti-JEV G3 Nakayama serum had no ADE activity
for JEV G1 Laos (Figure 2a) and the homologous virus (Figure 2b), but significantly enhanced infection
by G5/G3 JEV (Figure 2c). These results were in accordance with experiments investigating the
ability of the anti-flavivirus E protein mAb4G2 to enhance infection of murine J744A.1 macrophages.
The strongest ADE activity was found with the JEV G5/G3 chimeric virus and no enhanced infection
by JEV G3 Nakayama (Figure S1).

There results indicate that also viral factors, which are independent of the antigenic relationship
to the serum, determine the infectivity of opsonized virus. On the other hand, the fact that
Laos-immunized but not Nakayama-immunized pigs developed ADE antibodies against a homologous
virus, demonstrates strain-dependent differences in the ability to induce ADE antibodies in pigs.

3.3. Antibody Responses Induced by TRIP/JEV.prME Vaccine and JEV Infection

Considering the strong ADE of infection induced by the TRIP/JEV.prME vaccine but not following
JEV infection, we decided to compare the protection induced by the vaccine to that following JEV G1
Laos infection. We selected G3 Nakayama strain as a challenge virus as ADE of infection by this virus
was only enhanced with TRIP/JEV.prME antisera (Figure 2b).

All three pigs infected with JEV G1 Laos strain became viremic as early as one day p.i. and
remained positive for viral RNA until 7–8 days p.i. (Figure 3a), comparable to previously published
results [23].

All three animals seroconverted after one week and developed serum neutralizing antibodies
against homologous and heterologous JEV G1 Laos and G3 Nakayama strains (Figure 3b). This
coincided with the end of the viremia. Between days 14 and 28 p.i., the neutralizing antibodies further
increased. Surprisingly, at these time points, titers were even higher against the heterologous JEV G3
strain. Nevertheless, at the time of challenge infection (day 36), there was no statistical significance
between the neutralization of the Laos and Nakayama strains.

Piglets immunized with TRIP/JEV.prME lentiviral vector also developed neutralizing antibodies
but at a slower and weaker rate (Figure 3c). Again, neutralization activity against the Nakayama strain
was found to be more potent than against the Laos strain. At day 36 post vaccination, titers were
between 160 and 320 with all pigs.

Figure 3. Cont.
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Figure 3. Neutralizing antibody response in piglets immunized with JEV G1 Laos or TRIP/JEV.prME.
Groups of three pigs were either infected with JEV Laos or immunized with TRIP/JEV.prME or
mock-inoculated, and serum was collected at the indicated time points (x-axis). (a) viral RNA load
determined by RT-qPCR in sera from all nine animals; (b) JEV Laos- and (c) TRIP/JEV.prME-induced
neutralizing antibody responses of sera against homologous JEV Laos (blue circles) and JEV Nakayama
(red squares). Mean and standard deviations are shown. Statistical significance was determined after
Log2 transformation of the data using two-way ANOVA and Sidak’s multiple comparison. * p < 0.05,
** p < 0.002, *** p < 0.001.

3.4. TRIP/JEV.prME Vaccine and Previous JEV Infection Induce Protection against Viremia

At day 36 post vaccination, all nine animals were challenge infected with JEV G3 Nakayama.
Only animals from the unvaccinated control group developed viremia in terms of viral RNA detection
in the serum. This started in two pigs at 3–4 days p.i. and lasted for 4–6 days. In one animal, viremia
was only found 10 days p.i. (Figure 4a). The virus infection did not induce clinical signs with the
exception of fever in one of the control animals at days 8 and 9 p.i. (Figure 4b).
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Figure 4. TRIP/JEV.prME vaccine and previous JEV infection induce protection but do not prevent
virus shedding. Groups of three pigs were either mock-inoculated (Neg. CTRL, cross), immunized
by previous infection with JEV Laos (red square) or vaccinated with TRIP/JEV.prME (green circle),
and then challenged infected with JEV G3 Nakayama. Data post challenge is shown. (a) viral RNA
loads determined by RT-qPCR in sera from all nine animals; (b) body temperature; (c) viral RNA load
in oro-nasal swabs collected daily.

3.5. JEV Immunization Does Not Completely Prevent Oro-Nasal Shedding of Challenge Virus

Considering the ability of JEV to shed through oro-nasal secretions, which can result in vector-free
transmission by contact [23], we collected oro-nasal swabs and tested them by RT-qPCR (Figure 4c).
Animals from the control group shed virus from 4 to 10 days p.i. Interestingly, we detected low but
clearly detectable JEV RNA in many oro-nasal swabs samples from all pigs previously infected with
JEV G1 Laos or vaccinated with TRIP/JEV.prME (Figure 4c).

3.6. JEV Immunization Does Not Provide Sterile Immunity

At 10 days p.i., all animals were euthanized and various tissues analyzed for viral RNA. In the
negative control group, the two viremic animals had high levels of JEV RNA in lymphoid tissues
including the tonsils, the lymph node and the continuous Peyer’s patches of the terminal ileum
(Figure 5a). Similar to previous studies [23,24], these pigs also had high viral RNA quantities in the
neocortex, the thalamus and the striatum. The third animal in this group, which only became viremic
at 10 days p.i., also had viral RNA in lymphatic tissues, thalamus and brain stem but reaching much
lower levels (blue crosses).

In the JEV G1 pre-infected group, viral RNA was found in the tonsils and ileum of all pigs and in
lymph nodes of two pigs. Furthermore, one animal also had a virus in the jejunum, the trachea, nasal
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cavity, although at very low levels (Figure 5b). In pigs immunized with TRIP/JEV.prME lentiviral
vector, low levels of viral RNA were found in the lymph node, ileum, jejunum, nasal cavity, olfactory
bulb, striatum and brain stem. One animal was negative in all tissues (Figure 5c).

Figure 5. TRIP/JEV.prME vaccine or previous JEV infection induce protection but do not prevent
organ infection. Groups of three pigs were either unvaccinated/infected (negative control; Neg. CTRL,
crosses), immunized by previous infection with JEV Laos (squares) or vaccinated with TRIP/JEV.prME
(circles), and then challenge infected with JEV G3 Nakayama. At 10 days p.i., the animals were
euthanized and organ samples tested for viral RNA by RTqPCR. (a) viral RNA load in pigs from the
Neg. CTRL group; (b) viral RNA load from the JEV Laos pre-infected group; (c) viral RNA load from
the TRIP/JEVprME-vaccinated group.

3.7. JEV G1 Persistence after JEV G3 Challenge

Considering the relatively high viral loads in the tonsils found in the JEV Laos-preinfected
group, and the previously described ability of JEV to persist for several weeks in the tonsils [23],
we re-analyzed these samples with a set of primers and probes which discriminate between JEV
G1 Laos (first infection) and JEV G3 Nakayama (challenge virus). For all three animals, these
strain-specific RT-qPCR’s were only positive for JEV G1 Laos demonstrating the long-term persistence
for least 46 days, even following challenge infection with a heterologous JEV strain. As expected, only
Nakayama-specific viral transcripts were found in the unvaccinated (Neg. CTRL) group (Table 3).
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Considering these results, we also re-tested all swabs using the strain-specific RT-qPCR.
Interestingly, only the RT-qPCR detecting JEV G3 Nakayama was positive, demonstrating that the
shed virus was originating from the challenge infection.

Table 3. JEV Nakayama and JEV Laos viral RNA loads in tonsils at 10 days post challenge

Group/Pig Number 1 Nakayama-Specific RT-qPCR Laos-Specific RT-qPCR

Neg. CTRL, #1516 5.2 × 100 negative
Neg. CTRL, #1517 4.6 × 105 negative
Neg. CTRL, #1518 2.0 × 105 negative

JEV G1, #1512 negative 3.2 × 101

JEV G1, #1513 negative 1.7 × 101

JEV G1, #1521 negative 2.9 × 100

1 groups as defined in Figure 4.

4. Discussion

In the present study, we have discovered that the TRIP/JEV.prME, in contrast to JEV infection,
induced very high levels of antibodies with ADE activity. Considering the possible importance of ADE
of disease during certain flavivirus infections, we decided to test the protective value of this vaccine
and found it to be at least as protective as a previous JEV infection.

For flaviviruses, ADE can occur through various mechanisms. Using West Nile virus (WNV) as
model, it was demonstrated that ADE may occur when antibodies concentration does not achieve
the minimum stoichiometric threshold for viral neutralization. This explains that ADE is often seen
at sub-neutralizing antibody concentrations [31]. Nevertheless, the sera from the TRIP/JEV.prME
immunized animals also strongly enhanced infection at concentrations clearly above the neutralization
titers. An alternative explanation would be that the TRIP/JEV.prME vaccine induces antibodies with a
particular specificity causing high ADE activity. For instance, antibodies against the prM protein are
known to mediate ADE [32,33]. In fact, our previous work showed that TRIP/JEV.prME immunized
animals developed antibodies against both E and prM proteins [25]. Alternatively or additionally,
the TRIP/JEV.prME vaccine may induce antibodies against the fusion loop of the E protein, also
known to cause ADE [34]. We also have no indication that the strong ADE activity could be related to
differences in antibody isotypes induced by the TRIP/JEV.prME vaccine, as these were similar to those
from JEV infected pigs [25]. Future studies would be required to identify the targets of the antibodies
induced by the TRIP/JEV.prME vaccine.

In our study, we also observed differences in the susceptibility of three different JEV virus strains
to ADE. It is well known that immature virions express prM on their surface, making them susceptible
to ADE [35]. Although the cleavage of prM is important for maturation of virions to full infectivity,
this process is often incomplete, showing substantial variability between viruses [36]. Therefore, virus
preparations are typically a mixture of immature and mature virions, and even the passage history of a
virus can have an effect on in vitro ADE [31,37]. These possible differences in virus structure between
strains also influence virus neutralization [38], which may explain why the heterologous virus was
more efficiently neutralized in the present work. For this study, we used virus preparations produced
in Vero cells, described to produce many immature virions expressing prM [39,40].

The observation that the TRIP/JEV.prME vaccine protects is in line with other studies showing
that antibodies causing ADE in vitro can be protective. This has been demonstrated for antibodies
against the fusion loop in a WNV murine model [41]. Furthermore, no association was found between
the levels of anti-prM antibodies and the severity of Dengue in human beings [42].

The in vivo trial performed in this study confirmed and complemented two important findings
related to JEV infection in pigs. First, we confirmed that JEV can persist long term in the tonsils
of infected pigs as previously described [23]. In the present study, persistence was found for at
least 46 days, even after a second heterologous challenge infection expected to boost antiviral immunity.
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This indicates that the virus is well hidden from neutralizing antibodies and cytotoxic T-cells. Second,
we also confirmed the oro-nasal virus shedding peaking clearly after the viremia. This means that the
highest degree of shedding occurs when the pigs are basically no longer viremic. We also found a low
degree of virus shedding in vaccinated animals, although these were never viremic. It appears that
the source of the virus detected in the oronasal swabs was not the tonsils. The virus detected in the
tonsil was exclusively JEV Laos G1 utilized for the first immunization, whereas only the challenge
virus (Nakayama) was found in the swabs. Clearly, more research addressing the source of the virus in
oronasal secretion, which is probably local, is required.

In accordance with our previous work, experimental JEV infection under our defined conditions
induced no or only mild signs of disease [23,24]. In the present study, the animals were also older
compared to our previous work explaining the complete lack of clinical signs. Nevertheless, similar to
previous results, JEV RNA was readily detected in CNS tissues and lymphoid tissues with the highest
viral RNA loads were found in the tonsils. An important observation was also that previous infection
or vaccination did not prevent secondary infection of pigs. Even if the oro-nasal viral shedding was
low in immunized pigs, these animals may still be able to transmit the virus to other pigs in close
contact. This is based on our work showing that 10 TCID50 given oro-nasally is sufficient to infect
pigs [23]. Future studies are required to address if transmission can occur under such conditions and
the role of contact transmission in field situations.

5. Conclusions

The present study demonstrates that a viral vector vaccine based on prM and E protein expression
induces high levels of antibodies that strongly enhance infection of FcγR expressing cells, but still
provides protection comparable to a natural infection. This has implications for vaccine design against
JEV and other flaviviruses. Furthermore, our data on virus persistence and shedding are of relevance
for JEV ecology and pig vaccination.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/9/5/124/s1,
Figure S1: ADE of infection in murine macrophages J744A.1 cells.
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Abstract: Porcine circovirus type 2 (PCV2) is an economically important swine pathogen and,
although small, it has the highest evolution rate among DNA viruses. Since the discovery of
PCV2 in the late 1990s, this minimalistic virus with a 1.7 kb single-stranded DNA genome and
two indispensable genes has become one of the most important porcine pathogens, and presently
is subjected to the highest volume of prophylactic intervention in the form of vaccines in global
swine production. PCV2 can currently be divided into five different genotypes, PCV2a through
PCV2e. It is well documented that PCV2 continues to evolve, which is reflected by changes in the
prevalence of genotypes. During 2006, commercial vaccines for PCV2 were introduced on a large
scale in a pig population mainly infected with PCV2b. Since 2012, the PCV2d genotype has essentially
replaced the previously predominant PCV2b genotype in North America and similar trends are
also documented in other geographic regions such as China and South Korea. This is the second
major PCV2 genotype shift since the discovery of the virus. The potential increase in virulence of
the emergent PCV2 genotype and the efficacy of the current vaccines derived from PCV2a genotype
against the PCV2d genotype viruses has received considerable attention. This review attempts to
synthesize the understanding of PCV2 biology, experimental studies on the antigenic variability, and
molecular epidemiological analysis of the evolution of PCV2 genotypes.

Keywords: PCV2; epidemiology; pigs; vaccination

1. Introduction

Infectious disease plays an important role in pig production and prevention is often essential to
minimize economic losses. Since the discovery of porcine circovirus type 2 (PCV2) in 1998 [1,2], this
small, circular, non-enveloped DNA virus is recognized as one of the most important pathogens of
the pig population worldwide. Porcine circovirus (PCV) was first observed as a contaminant in pig
kidney cell line in 1974, and in 1982 the 17-nm single-stranded DNA virus with a circular genome
was described in more detail [3,4]. The initial name of the virus, PCV, was changed to PCV type 1
(PCV1) in 1998 [5] to differentiate this non-pathogenic virus type from its pathogenic variant PCV2.
For many years, PCV1 was considered widespread as antibodies to this virus were found in farmed
pigs as well as wild boars, however, no disease association was noted [6,7]. A number of field surveys
and experimental inoculations of PCV1 were reported from Canada, the UK and continental Europe,
which all showed the absence of pathogenesis in pigs infected with PCV1. In the mid-1990s, the
novel PCV2 with a restriction fragment length pattern (RFLP) of 422 was identified and subsequently
associated with post-weaning multi-systemic wasting syndrome (PMWS) in Canada [1]. PMWS is
characterized by poor weight gain, wasting and general symptoms such as dyspnea, pallor, diarrhea
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and icterus [8]. These initial finding led to the almost simultaneous identification of PCV2 in diseased
pigs in different geographical regions including North America, the UK and France [2]. All these
viruses had more than 95% genetic similarity, but were different from PCV1 and hence were named
PCV2 [5]. Subsequent studies on the prevalence of PCV2 in the wild pig population indicated its
ubiquitous nature [9,10]. A picture of PCV2 as a pig pathogen commonly present in association with
other viruses or bacteria became obvious [11,12]. Apart from PMWS, many PCV2 infection-associated
clinical conditions such as respiratory symptoms, congenital tremors, enteritis, dermatitis, nephropathy
and reproductive issues were described and later grouped as porcine circovirus-associated diseases
(PCV-AD) in North America [13] and porcine circovirus diseases (PCVD) in Europe [14]. High
PCV2 viremia and viral load in tissues, granulomatous inflammation, depletion of lymphocytes
and dysfunction of the lymphoid system causing immunosuppression were characterized as the
hallmarks of severe PCV2 infection [15–18]. Defying Koch’s postulates, experimental reproduction
of PCV-AD proved to be difficult and inconsistent and PCV2 was acknowledged, amidst skepticism,
as necessary but not sufficient to elicit PCV-AD [12,19,20]. The importance of co-infection or at least
a mitogenic trigger to host lymphocytes was understood to be an essential part of the development
of severe PCV-AD [21,22]. Experimental co-infection of pigs with PCV2 along with other common
swine pathogens consistently resulted in PMWS [12,23–26]. The first commercial vaccines became
available in 2004 in Europe and in 2006 in North America, and have since received wide acceptance
among pig farmers worldwide. The decrease in morbidity and improved production efficiency after
the adoption of PCV2 vaccines unambiguously emphasized the adverse impact of PCV2 on the health
of pigs [27]. PCV2 vaccines are now the single most-selling prophylactic agent in porcine husbandry.
Besides clinical disease, the impact of sub-clinical infection of PCV2 on the health of farmed pigs
and production parameters has been documented [28]. A wealth of knowledge of various aspects
of PCV2 such as its evolution and phylogeny, immune response, interaction of viral proteins with
host cellular proteins, and efficacy of its vaccines has been accumulated. This review will focus on the
recent developments in antigenic variability, molecular epidemiology and diagnosis of PCV2 infections
as well as current challenges in controlling PCV2 infections.

2. Virus Replication and Genes

The genome architecture of PCV1 and PCV2 is very minimalistic; among the seven predicted
open reading frames (ORFs), only ORF1 and ORF2, which encode for the replicase (Rep) proteins and
the capsid (Cap) protein, respectively, are indispensable for virus propagation [29,30]. The ORF1 gene,
essential for the replication of the circoviral genome, is present on the sense strand of the encapsulated
single-stranded DNA (ssDNA) genome and produces several splice variants of which Rep and Rep’
are the largest [31–34]. The genome of PCV2 has a conserved stem loop structure present in diverse
ssDNA viruses that infect eukaryotes [35]. The Rep and Rep’ proteins bind to a octanucleotide motif on
the genome, near the stem loop structure present proximal to the ORF1 gene, and mediates the genome
replication through their nicking and joining enzymatic activity [33,36,37]. However, the Rep proteins
do not have any polymerase activity and recruit host DNA polymerases and factors, expressed by host
cells during the S-phase of cell cycle, to mediate PCV genome replication by rolling circle replication
mechanism [38,39]. The ORF2 gene of PCV2 is transcribed from the complimentary strand in the
replicative form of the virus to produce a 233 amino acid capsid protein [32,40,41]. PCV1 and PCV2
are icosahedral virions without envelope, and 60 capsomeres form the virus. Porcine circoviruses are
thought to have originated from a recombination event between a plant nanovirus and an animal
picornavirus, deduced by the conserved stem loop structure at the origin of replication of circovirus
and the homology of Rep proteins [42,43].

Despite its minimalistic design, the search for a specific genetic determinant of pathogenicity or
virulence of PCV2 has been elusive. Chimeric viruses with ORF1 from the nonpathogenic PCV1 and
ORF2 from the pathogenic PCV2 are not pathogenic and elicit protective immune response against a
subsequent challenge with PCV2 [44–47]. The ORF3 gene, encoded on the antisense strand of the PCV2
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genome, potentially encodes a 105-amino acid protein implicated in inducing apoptosis of infected cells
and has been ascribed to have a role in PCV2 pathogenesis amidst opposing views [48–51]. Recently,
an interesting study has depicted latent and productive PCV2 infection in the corticomedullary junction
of the thymus, leading to the dysregulation of T cell maturation [52]. The study suggests that early life
PCV2 infection of the thymus could lead to the recognition of PCV2 as self, later leading to a negative
selection of PCV2-specific T cells. In addition, the study also suggests the development of adaptive
tolerance in peripheral T cells to PCV2 antigens. Overall, the role of the capsid protein in enhancing the
fitness of PCV2 replication at the cellular level and the spread of the virus in the host population, with
widespread preexisting seroconversion against PCV2, is arguably an important factor in determining
the pathogenicity and virulence of the virus. Experimental evidence shows that subtle changes in the
PCV2 capsid protein can increase its fitness at the cellular level and increase its virulence in infected
pigs [53,54]. Recent field observations have brought the role of the capsid protein in the molecular
epidemiology of PCV2 into light [55–59].

3. Molecular Epidemiology

Analysis of PCV1 and PCV2 evolutionary trends estimates the time to most recent common
ancestor (TMRCA) approximately to the later part of the nineteenth century or the beginning of the
twentieth century, as well as subsequent independent evolution in spite of co-circulation [55–60].
A convention on the sub-classification of PCV2 into genotypes was accepted in 2008 based on the then
prevalent diversity in the ORF2 nucleotide and a p-distance of 0.035, which was the criteria used to
delineate the PCV2 genotypes [61]. To date, studies of PCV2 genomes based on the above criteria
identify three major genotypes; PCV2a, PCV2b and PCV2d, and two genotypes; PCV2c and PCV2e,
with low prevalence [55,58,62–65]. Examination of archived tissue revealed that PCV2 was circulating
among domesticated pigs as early as the 1960s in the US and Germany, the 1970s in Northern Ireland
and Switzerland, and from 1980s in the UK and Denmark [53,66–69]. Since its discovery, two major
changes in the prevalence of circulating genotypes of PCV2 have been observed, which are described
as “genotype shifts” [55]. The prevalent PCV2a genotype was replaced by the PCV2b genotype in the
mid-2000s, with a purported increase in virulence [55,57,70–72]. In recent years, the PCV2d genotype
(earlier known as mutant PCV2b) has been increasing in prevalence in major pork producing areas,
including the United States, Europe, China, Korea and South America [55,56,58,73]. It is interesting
that the first genotype shift slightly predates the widespread vaccination against PCV2, while the recent
genotype shift is noticed in the presence of widespread vaccination. The PCV2 is recognized for its
estimated evolutionary rate of 1.2 × 10−3 substitutions/site/year, the highest among comparable DNA
viruses [58,60,74]. It should be noted that ORF2 has a higher rate of evolution than the whole genome
of PCV2 [58,65], which could be due to the constraints imposed by deleterious mutations in the ORF1
gene with its alternately spliced variants. Interestingly, the evolutionary rate for PCV1, which displays
very low genetic diversity, is estimated to be around 1.15 × 10−5 substitutions/site/year [75]. Studies
to estimate the putative temporal origin of the major PCV2 genotypes are summarized in Table 1.

Table 1. Estimated time of origin of the main porcine circovirus type 2 (PCV2) genotypes and earliest
specimen retrieved.

Genotype
Estimated Time of Divergence

(Reference)
Earliest Archived Tissue Identification

PCV2a
1966 (1945–1983) [60]

1962 [68]1964 (1948–1974) [55]

PCV2b
1989 (1980–1995) [60]

1979 [69]1973 (1952–1996) [55]

PCV2d 1986 (1971–1996) [58] Genbank Accession Number JX512856, 1999 from a healthy herd [52,58]

Global trade in breeding pigs, semen and pork products have contributed to the worldwide
dissemination of PCV2 [55,60] to the extent that PCV2c, for long considered to be confined to Denmark,
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and PCV2d, thought to be a newly divergent genotype, have been isolated in wild boars in the Brazilian
Pantanal [76] and are speculated to have be transmitted to the wild boars by peccaries, which are also
documented to harbor the PCV2 virus [77].

The patterns in PCV2 genome evolution could have been driven by factors such as natural
mutational bias, restraints on genetic variability owing to the topology of its transcripts and genes
in overlapping arrangements [34,40,41], evolution for enhanced replication and transmission fitness
at the cellular level [53,54], and evolution under immune selective pressure [59,74], either natural or
vaccine-induced [78]. As a related point of much practical implications, some reports indicate that
the virulence of the different genotypes is similar, while others contend this view [79–82]. Isolation
of recombinant PCV2 genomes, which must have arisen from co-infecting PCV2 genotypes, is a
common event in domestic pigs and wild boars [55,83–86]. Interestingly, recombination breakpoints
are found more frequently in the intergenic regions and to a lesser extent in the ORF1 and ORF2 genes.
The ORF2 encoded capsid protein is the primary target for the immune system, hence it is naturally
under selective pressure from the immune system, as observed by the higher rate of mutation in this
gene [58,61]. The case for PCV2 evolution under vaccine pressure, discussed in the next section, is
made by comparing the ORF2 amino acid content of PCV2 isolates from pig populations prior to
and after the introduction of vaccines, and also by comparing the isolates from unvaccinated farmed
pigs, wild boars, and free ranging pigs [74,87–89]. The latter comparison is potentially confounded by
limited dataset owing to the scarcity of farms not vaccinating against PCV2 and the free transmission
of PCV2 from vaccinated pigs and unvaccinated pigs [74].

4. PCV2 Vaccines

The main commercial vaccines available to date are derived from the PCV2a genotype or its
capsid protein [13], and are acknowledged as highly successful in decreasing the disease burden found
prior to the introduction of the vaccine. The current vaccines are efficient in inducing humoral and
cell-mediated immunity against PCV2 [90–92]. In North America, the PCV2a genotype has gradually
been replaced by the PCV2b genotype since 2005 [72], followed by the recent replacement of the
PCV2b genotype by the PCV2d genotype as the most prevalent [59]. Despite the health benefits
and production parameter improvements associated with the current PCV2 vaccines and its almost
universal use in the United States, PCV2 infection is yet widespread among the vaccinated population.
An epidemiological study of serum and tissue samples in 2012 showed 7.7% positive for PCV2a and
8.4% positive for PCV2b viral DNA [89], and approximately one in four pigs showed detectable PCV2
viremia, with a break up of 11.3% PCV2a, 29% PCV2b and 71.8% PCV2d, in a recently published
study [59]. Another recent study reports a decrease in the prevalence and viremia level of PCV2a
and PCV2b in field pig serum collected from 12 states in the United States in 2012 compared to data
from the pre-vaccination period of 2006 [93], indicating that vaccines are effective in controlling the
virus load in individual pigs and the PCV2 prevalence on a per site basis. The distribution of PCV2
genotypes continues to evolve in the vaccinated population, as reflected by the change in genotype
prevalence to PCV2d [59]. Concurrent infection with PCV2a and PCV2b genotypes is thought to be a
potentiating factor in the development of clinical disease and PCV-AD cases, with concurrent PCV2a
and PCV2b infections also being observed in the field [94].

The immuno-dominant epitopes on the 233 amino acid capsid protein of PCV2, recognized by
antibodies from PCV2-infected pigs, are characterized into distinct A, B, C and D regions, which
approximately correspond to amino acid segments 65–87, 113–139, 169–183 and few C-terminal amino
acids, respectively [95,96]. Signature motifs on the capsid protein can distinguish between PCV2
genotypes, with the emerging PCV2d genotype harboring an extra lysine residue at the C-terminal
end at position 234, and PCV2e coding for 238 amino acids with an additional five amino acids at
the C-terminal end [59,97]. The characterization of the atomic structure of the PCV2 virus enabled a
better understanding of the previously deduced antigenic domains of the viral capsid protein [98].
The immuno-dominant region spanning amino acids 163–180 in the capsid protein of PCV2 is
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implicated to function as a decoy epitope, resulting in the production of non-neutralizing antibodies
against PCV2 [82,99]. Non-neutralizing antibodies against this epitope region were not elicited by
PCV2 vaccines but found in serum from PCV-AD-diagnosed pigs, and this epitope has been suggested
as a basis to develop serological assays to predict the protective capacity of antibody response against
PCV2. Another study demonstrated the existence of antigenic differences in the virus particle structure
between PCV2 genotypes, utilizing panels of neutralizing mouse monoclonal antibodies against
epitopes in the capsid [100]. The variation of a single amino acid between PCV2a and PCV2b was
able to abolish the neutralizing activity of a monoclonal antibody against the PCV2b genotype [101],
and a similar effect was observed in another study [102]. These findings highlight the potential of
minor variations in the capsid protein that can cumulatively lead to escape from a vaccine-induced
immune response. In line with this, PCV2d, which varies from PCV2a by 23 amino acids, most of
which fall in or near the epitope A and the decoy epitope regions, was isolated in many apparent
vaccine failure cases worldwide [103–107]. Variations in PCV2d capsid protein were found in the
conformational epitope regions, loop BC (epitope A) and loop CT, by in silico analysis, and are thought
to cause changes in the antigenic structure on the viral surface, enabling improved binding of the
PCV2d virus to the host cell and enabling it to escape preexisting immunity [108]. Earlier experimental
evidence also showed that the C-terminal epitope D, which is located on the viral surface, is a target for
neutralizing antibodies and, interestingly, the PCV2d genotype has an extra lysine residue at its very
C-terminal end [95]. Assuming proper vaccination practices are followed in every instance, the current
predominant prevalence of PCV2d, which is estimated to have diverged before the introduction of
widespread PCV2 vaccines, could potentially reflect the lack of a thorough immunological protection
against this genotype by current vaccines. Molecular epidemiological studies to analyze the evolution
of PCV2 strains under vaccine pressure have surmised that the capsid protein amino acids in field
isolates display divergence from the antigenic determinants in the PCV2a-based vaccine strains, clearly
in the case of PCV2a and less so in the case of PCV2b and PCV2d [74,87,88]. These studies also
show that the PCV2 population is shrinking in genetic diversity after the introduction of vaccines,
mirroring their decrease in prevalence. However, controlled experimental studies and field trials
show that PCV2a-based vaccines and a PCV2b-based vaccine confer adequate cross protection against
clinical disease upon challenge with PCV2a, PCV2b and PCV2d genotype viruses and improve average
daily weight gain [104,109–115]. These observations show that the current vaccines are adequate in
preventing clinical disease in most instances; however, they may represent a “leaky vaccine” situation.
This is a terminology used in the field of vaccinology to refer to vaccines which tend to decrease
the transmission rate and infection rate on a per exposure basis, such as in a vaccine trial or in the
presence of good biosecurity, but may not confer protection under conditions of repeated exposure
and the influence of other cofactors [116]. Therefore, current vaccines may be able to minimize PCV2d
replication but not abolish it. Experimental evidence from controlled studies also suggest that a
homologous vaccine for PCV2b may be better than a heterologous vaccine in decreasing the viremia
after concurrent PCV2a and PCV2b challenge, even if both vaccines prevent the development of
lesions [78]. Similar differential viremia or viral shedding upon heterologous genotype challenge
following PCV2a- or PCV2b-based vaccination has also been recorded in other studies, which are
summarized in Table 2 [109,117].

The current situation warrants more long-term experimentation with homologous vs heterologous
PCV2 vaccines and even multi-genotype vaccines with an aim to simultaneously control the emergence
of the PCV2d genotype and the reemergence of PCV2a and PCV2b genotypes.

64



Viruses 2017, 9, 99

Table 2. Comparison of viral load inhibition by heterologous PCV2 genotype vaccines.

Study
No.

Vaccine
Genotype

Challenge
Genotype

Co-Infecting
Agent, If Any

Comments on Viremia

1 PCV2b
PCV2a None Viral load in lymph nodes of vaccinated pigs at 21 days after

challenge with PCV2a was higher compared to pigs challenged
with PCV2b (statistical significance not known) [109]PCV2b None

2
PCV2a

PCV2b PRRSV, PPV
Compared to unvaccinated control pigs, the inhibition of serum
viral load after challenge was 25% with the PCV2a vaccine and
100% with the PCV2b vaccine [78]PCV2b

3
PCV2a

PCV2d PRRSV
92.2% inhibition of serum viral load with a PCV2a vaccine and
100% inhibition of serum viral load with a PCV2d vaccine on day
49 after challenge [113]PCV2d

4 PCV2a PCV2b None

Vaccinated challenged and vaccinated contact pigs displayed
approximately one log decrease in viral load; however, the viral
load was higher than 104 genome copies per mL of serum until
42 days after inoculation [115]

5
PCV2b

PCV2b None
One out of the five pigs vaccinated with a PCV2d vaccine
displayed detectable viral load at 21 days after challenge,
compared to none in the PCV2b vaccine group [118]PCV2d

6 PCV2a PCV2d None
Viral load after PCV2d challenge was reduced by one log or more
in vaccinated pigs; however, serum viremia and shedding of virus
were observed at 21 days after challenge in vaccinated pigs [110]

PRRSV: Porcine reproductive and respiratory syndrome virus; PPV: Porcine parvovirus.

Notable among recent efforts in improving the current vaccines against PCV2 is the development
of marker vaccines, which will allow the differentiation of infected and vaccinated pigs, with
engineered foreign epitopes at the C-terminal end of the capsid protein and vaccines incorporating the
PCV2b capsid protein [70,109,119]. A recent novel vaccine candidate, probably the most innovative
PCV2 vaccine candidate yet, was developed by the molecular breeding of ORF2 genes of many PCV2
genotypes and the creation of a mosaic ORF2 gene with 234 amino acids which was cloned into
the backbone of PCV1 ORF1 [120]. The selected chimeric virus candidate in this study, PCV1-3cl14,
displayed wide heterologous immune response and conferred good protection upon heterologous
challenge [120]. However, this study lacks information on how the novel chimeric vaccine candidate
compares with other commercial and experimental PCV2a or PCV2b vaccines in eliciting neutralizing
antibody response and the prevention of viremia and lesions. In addition, further experiments in this
direction, perhaps with a directed engineering of a mosaic virus instead of the traditional random
molecular breeding approach, used in the above study, would be very interesting. An improvement of
current models of vaccine evaluation strategies, similar to the views of Ragonnet et al. [121], should
also be seriously considered in light of factors such as the enzootic nature of PCV2, concurrent
multi genotype infections, other immuno-suppressing co-infections such as porcine reproductive and
respiratory syndrome virus (PRRSV), classical swine fever virus (CSFV) and the presence of feral
and wild reservoirs. The reservoir population is a niche where PCV2 diversification could be still
ongoing without vaccine-induced immune pressure. Many other factors which may influence the
efficacy of a vaccine such as host genetics, inherent difference among the commercial vaccines, time and
frequency of vaccine administration, and interference from maternal antibodies are not commented
upon here [119,122].

5. Diagnosis

Diagnosis of PCV2 as the principal etiology of disease has been centered on the detection of
hallmark histopathological lesions of histiocytic infiltration, lymphoid depletion and associated PCV2
antigens/PCV2 genome [13]. Analysis of histological sections for the amount and distribution of
PCV2 in suspected tissues by immunohistochemistry and in situ hybridization is considered the gold
standard for a diagnosis of PCV-AD. Currently, many commercial enzyme-linked immunosorbent
assay (ELISA) kits to detect PCV2 antigens and PCV2-specific antibodies are available and routinely
utilized in diagnostic labs. The ELISAs to detect antibodies against PCV2 are of two types, indirect
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ELISAs and competitive blocking ELISAs [13]. Prior to the advent of these kits, immunofluorescence
assay and immune peroxidase monolayer assay were widely used to detect PCV2-specific antibodies
and to identify infective PCV2 viruses [13]. Serological assays to detect PCV2-specific antibodies have
been adapted to various platforms including microbead-based assays such as Luminex, which allow
for the detection of antibodies against other pathogens simultaneously [123]. As PCV2 infection is
considered ubiquitous, and since most pigs are vaccinated against PCV2 at an early age, majority of
the farmed pigs in developed countries have antibodies against PCV2.

Neutralization assay to detect PCV2-specific antibodies is a technique of high utility, but it is
prolonged and laborious and requires fluorescent labelled antibodies and a cell culture capable
laboratory to perform the assay. For the routine and rapid diagnosis of samples, conventional
polymerase chain reaction (PCR) assays followed by RFLP is helpful. The discovery of PCV2 as
a pathogen, and that of PCV2b as an emergent genotype, were triggered by variations in RFLP
patterns [1,72]. The latter was a change from RFLP type 422 to RFLP type 321. PCR followed by
Sanger sequencing has greatly contributed to the accumulation of the current wealth of knowledge on
the molecular epidemiology of PCV2. However, similar to seroconversion to PCV2, the ubiquitous
and enzootic nature of PCV2 makes this assay redundant in the current setting. The PCR assay has
been superseded by quantitative PCR (qPCR) assays to estimate the viral genome copy numbers
as a measure of the viral load in body fluids and tissue samples. The qPCR is of high utility in
detecting the etiology during laboratory disease investigation, especially in cases of reproductive
failure where the viral load in fetuses is a very useful indicator. Another variation of this technique is
based on fluorescent probe-based PCRs, such as Taqman probes, which enable to specifically detect
PCV2 genotypes and also allow for the detection of multiple genotypes of PCV2 and other pathogens
in a single reaction. Automated sample processing and fluorescent probe-based PCR assays have
revolutionized the diagnostic capacity and information available to investigate clinical cases. Unlike
PCR-based assays, which need prior sequence information and primers, next generation sequencing
techniques (NGS) have made it possible to obtain information on PCV2 molecular epidemiology along
with co-infecting pathogens and also have enabled the unmasking of any potential associations not
hitherto known. The PCV2 research community is yet to catch up with this technology, reflected by
the scarcity of reports in the public domain utilizing this technique [87].

In light of the current scenario, where the genotype prevalence switch from PCV2b to PCV2d
is thought to be occurring worldwide, it is important to develop assays capable of detecting and
measuring changes in the immune response. ELISA-based assays to differentially identify the genotype
of infecting PCV2 would be of high utility. Current methods of utilizing sequence information to study
the molecular epidemiology do not enable the direct understanding of changes in immunological
parameters of the emerging genotype(s). Developing serological assays to study changes in the
neutralization profiles in the serum of PCV2 infected or vaccinated pigs, such as immune response
against the decoy epitope [82], is essential. Utilization of PEPSCAN, phage display or protein
array-based serological assays at a sufficient resolution to quantify immune response against specific
epitopes of the PCV2 capsid protein could improve our understanding of the interplay between
different PCV2 vaccines and genotypes [74,95,96,108]. Development of competitive blocking ELISA
with panels of specific peptide epitopes from the capsid protein of different PCV2 genotypes and
complimentary monoclonal antibodies would enable precise monitoring of the shifts in epitope-specific
immune responses. Accumulation of more knowledge on neutralization profiles of the different PCV2
genotype capsids will help this effort. Establishment of a dedicated, peer-reviewed, curated database
for PCV2, similar to the PRRSV and influenza virus databases, is essential to bolster the efforts of the
PCV2 research community.

6. Conclusions

PCV2 made a dramatic appearance towards the end of last century and soon became recognized as
the most important pig pathogen, which was followed by the rapid development of successful vaccines,
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utilizing multiple approaches ranging from inactivated PCV2 vaccines to baculovirus expressed
recombinant capsid protein-based vaccines. Until a few years ago, PCV2 was considered a successfully
controlled emergent pathogen. However, the worldwide second genotype shift to PCV2d and a debated
increase in associated virulence and vaccine failures has raised alarm. As a biological problem, PCV2
is a fascinating puzzle of minimal dimensions, which is not yet completely unraveled. Unambiguously
deciphering its molecular evolution and epidemiology is a daunting task, given its ubiquitous nature
and expanding genetic spectrum. Understanding the forces behind the emergence of PCV2d as the
most prevalent genotype is of prime importance. The recent report of porcine circovirus 3 (PCV3) in
the US [124,125], with a 2000 bp genome, is probably an indication of the plasticity of the circoviral
genomes. The use of vaccines in PCV2 is perhaps one of biggest success stories in veterinary vaccines;
however, it is clear that vaccines are no replacement for good biosecurity programs in intensive
pig husbandry.
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Abstract: The adaptive immune response is necessary for the development of protective immunity
against infectious diseases. Porcine reproductive and respiratory syndrome virus (PRRSV), a genetically
heterogeneous and rapidly evolving RNA virus, is the most burdensome pathogen of swine health
and wellbeing worldwide. Viral infection induces antigen-specific immunity that ultimately clears the
infection. However, the resulting immune memory, induced by virulent or attenuated vaccine viruses,
is inconsistently protective against diverse viral strains. The immunological mechanisms by which
primary and memory protection are generated and used are not well understood. Here, we summarize
current knowledge regarding cellular and humoral components of the adaptive immune response to
PRRSV infection that mediate primary and memory immune protection against viruses.

Keywords: PRRSV; T cell; B cell; NK cell; neutralizing antibody; porcine; memory; adaptive
immune response

1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is the most severe enemy of porcine
health and wellbeing. The highly mutable, enveloped, RNA virus was discovered nearly 30 years ago
but, while extensive research has been carried out and many vaccines have been developed, there is
still no reproducible immunological intervention that develops a broadly protective immune response
against virulent PRRSV.

PRRS disease was first described on farms in North Carolina in the USA at the end of the 1980s.
Outbreaks were marked by reproductive losses, post-weaning pneumonia, and increased mortality in
growing pigs. Initial efforts to identify an etiological agent responsible for the new disease syndrome
were unsuccessful, leading to the disease being temporarily designated mystery swine disease (MSD)
in North America. Koch’s postulates for MSD were fulfilled in 1991 with a previously unidentified
RNA virus discovered in Europe, named Lelystad virus [1,2]. The discovery was quickly followed by
isolation of the virus, initially referred to as swine infertility and respiratory syndrome virus or SIRS
virus, in North America [3].

The name PRRSV was introduced in 1992 and encompasses PRRSV-1 (genotypes first isolated in
Europe) and PRRSV-2 (genotypes first isolated in North America) [4,5]. Today, both virus types are
globally distributed, with PRRSV-1 viruses predominantly in Europe and PRRSV-2 viruses largely
in North America, Asia and South America [6]. Recent discovery of multiple arteriviral nucleotide
sequences in nonhuman primates has led to a reclassification of PRRSV as two distinct viruses, PRRSV-1
and PRRSV-2 [7]. Here, we use the generic PRRSV to refer broadly to both viruses when evidence
indicates that are equivalent, and the specific PRRSV-1 and PRRSV-2 is used when a distinction is
desired. The reasoning is based on the many similarities of the two viruses in fine details of genome
structure and organization, transcriptional strategy, host preference, clinical signs of disease, and
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anti-viral immunity [7–11]. In particular, chimeric PRRSV consisting of PRRSV-1 open reading frames
(ORFs) 2–5 in a background of PRRSV-2 are fully viable, showing as well that the molecular signals for
transcription and translation are preserved [12].

PRRSV has a positive-sense, single-stranded RNA genome of approximately 15 kb designated to
the Arteriviridae family. The virus encodes at least 10 functional ORFs. ORF1a and 1b encode two large
polyproteins which are cleaved into 14 non-structural proteins [13]. There are eight known structural
proteins encoded by ORF2a, ORF2b, ORF3–7 and ORF5a [14–16]. PRRSV is one of the most rapidly
mutating RNA viruses known, with considerable genetic variation within both PRRSV-1 and PRRSV-2,
based on ORF5 phylogenetic analysis [10,17]. This impressive genetic diversity makes the development
of a broadly protective immune response to vaccination difficult to achieve. After infection, the virus
can endure and replicate in the host, depending on immune status and PRRSV strain, for a period of at
least 150 days [18]. Therefore, contrary to being labeled repeatedly as a persistent pathogen, animals are
capable of eventually clearing PRRSV. However, the components of the immune system responsible for
the development of sterilizing immunity are not completely understood or have yet to be discovered.
Here, we will discuss several aspects of PRRSV antigen-specific and protective immunity which have
yet to be elucidated while focusing on potential areas of further investigation. Readers interested in
additional reviews of PRRSV literature related to immunity are directed to the following articles [11,19].

2. The Targets of Infection

PRRSV infects cells of the macrophage/monocyte lineage, including dendritic cells [20–23].
Permissive cells express Cluster of Differentiation (CD)163, a hemoglobin-haptoglobin scavenger,
which is the necessary receptor for PRRSV infection and replication [24–26]. Macrophages and dendritic
cells are common members of the mononuclear phagocyte system that plays a varied, and important,
role in many aspects of tissue remodeling, development, immunity and immunopathology [27].
Classically designated as part of the innate immune system, these leukocytes are critical for the
development of a productive adaptive immune response. Macrophages and, particularly, dendritic
cells take up and present antigen to T cells and B cells, thus initiating an adaptive immune response
against the presented antigen [28,29]. If a pathogen is able to infect and destroy, manipulate, or maintain
itself within macrophages or dendritic cells, it then has the potential to modulate the immune response
into a favorable situation for its own replication and survival.

Therefore, many pathogens employ strategies for macrophage infection as a way to make
the host more amenable to infection. Recent research into Mycobacterium tuberculosis (Mtb) has
shown that, after phagocytosis, the bacterium arrests phagosome maturation and intra-phagosome
lipolysis resulting in Mtb survival and an increased supply of nutrients for growth [30,31]. Human
immunodeficiency virus (HIV) infects macrophages to establish reservoirs within the host for the
chronic stage of the disease when CD4+ T cells are largely depleted and neutralizing antibodies may
be present [32–34]. Leishmania major is a protozoan which infects phagocytes to subvert the immune
system. The parasite expresses glycoprotein (gp)63, a multifaceted surface-expressed pathogenicity
factor that is responsible for preventing antigen presentation and killing by natural killer (NK)
cells [35–37]. Indeed, there are many more examples of burdensome pathogens which target phagocytic
cells, especially macrophages and dendritic cells, in an attempt to gain a foothold within the immune
system and allow for unchecked survival and replication [38–40]. PRRSV is one of these pathogens.

The ability of PRRSV to subvert the immune system has not been investigated as extensively as
more prominent pathogens of humans, such as HIV. PRRSV has been shown to inhibit the production,
or the downstream effects, of type 1 interferons, particularly interferon (IFN)-α, on intracellular
signaling [41–48]. Interestingly, multiple PRRSV proteins (nonstructural protein (nsp) 1, nsp2, nsp4,
nsp5, nsp11 and nucleocapsid) have been reported to possess interferon inhibiting abilities.

In addition, a number of in vivo experiments have reproduced earlier in vitro findings showing
that interferon-α is inhibited during the early stages of PRRSV infection [47,49,50]. While the impact
of type 1 interferon suppression is likely to create a favorable environment for the virus to replicate
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and survive in phagocytic cells, it is still unclear what effect, if any, suppression of type 1 interferon
activity has on the adaptive immune response to infection [51]. Future investigations could clarify the
relative contributions of viral proteins on modulation of interferon production and their impacts on
viral growth, survival, and the subsequent development of the adaptive immune response.

Apart from interfering with interferon expression, PRRSV has also displayed the in vitro ability
to subvert the immune system by spreading from cell to cell. Recent work has uncovered the ability of
the virus to spread infectious viral RNA, several replicases, and certain structural proteins between
cells via intercellular nanotubules [52,53]. While this activity theoretically allows for PRRSV to avoid
neutralizing antibodies, the presence and significance of this mechanism in PRRSV pathogenesis has
yet to be fully elucidated. Future studies are needed to determine if this process operates in naturally
permissive macrophages and dendritic cells, if it can be interrupted, for example by intracellular
antibodies, and what effect it might have on viral propagation [54,55].

Vaccines depend upon innate immune stimulation to promote effective adaptive immune response
to antigen, resulting in production of antibodies and cytotoxic T cell responses. The ability of a pathogen
to successfully infect and replicate within innate immune cells makes the development of a protective
immune response more difficult. As a result, the generation of effective vaccines against pathogens
that target immune cells is fraught with challenges. Extensive variation in viral genetics, primary
immune responses, and cross-protection indicates that much remains to be learned about cellular
pathogenesis in order to arrive at better immunological solutions.

3. Immunosuppression

Immunosuppression refers to suppression of the immune system and its ability to fight infection.
HIV and infectious bursal disease virus are examples of viral infections that destroy entire lymphoid
cell populations that ablate or disable adaptive immune responses. Lymphoproliferative cancers
block cellular differentiation and deprive the body of mature, effector lymphocytes, thus causing
immunosuppression in a different manner. PRRSV does neither; infection does not lead to severe
lymphoid depletion or ablation, and it does not interfere profoundly with lymphocyte differentiation
or maturation. Leukocyte perturbations in lymphoid tissues are associated with PRRSV infection,
suggesting that adaptive immunity might be weakened, though not destroyed [56–61].

The immune system also maintains peripheral tolerance to self and commensal bacteria
through immunosuppressive mechanisms that include regulatory T cells (Tregs), characterized as
CD4+CD25+Forkhead box p3 (Foxp3)+ T lymphocytes [62]. Treg suppressive properties were discovered
when thymectomized or Treg-depleted mice succumbed to autoimmune reactions [63,64]. Tregs
suppress effector and effector memory T cell proliferation by cytokine deprivation leading to polyclonal
apoptosis, and by suppression of antigen presenting cells by cytotoxic T lymphocyte-associated
antigen-4 (CTLA-4) and other mechanisms [62]. Studies in PRRSV infections give an ambiguous
picture about the role of Tregs. PRRSV-2 strains are reported to induce a strong Treg response which
included transforming growth factor (TGF)β-1 secretion in vitro as well as in vivo [65,66]. Other studies
did not show Treg responses to infection with either PRRSV-1 or PRRSV-2 [67,68]. Interleukin-10 (IL-10),
an immunosuppressive cytokine expressed by various cell types including Tregs, was induced by
PRRSV-2 vaccination in weaned pigs in one study, but was not induced in weaned or adult pigs in
another study [69]. Additional in vitro and in vivo studies reported IL-10 mRNA transcription and
cytokine production after PRRSV infection [70–72]. However, kinetic analysis in serum of viremic
pigs of various ages showed that elevated IL-10 levels were primarily a function of age and were not
associated with infection status [69]. The only exception was in weaned pigs infected with a virulent
virus, in which a transient increase was associated with viral pathogenesis [69].

On balance, the immunological evidence for PRRSV inducing a state of immunosuppression
does not appear to be compelling. Secondary infections following PRRS disease outbreak in swine
herds, suggesting a reduced ability to fight infection, is an alternative indicator of immunosuppression.
An early study showed concurrent pulmonary bacterial infections in 58% of 221 PRRS cases [73].
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However, the study did not determine if bacterial infections were present before the PRRS outbreaks.
The immunosuppression question also was addressed in more controlled settings using dual infection
models with PRRSV and various bacterial species. A summary of published literature in 2003 showed
no predisposition to bacterial disease in 8 of 15 coinfection models, three ambiguous outcomes, and four
cases in which severity of disease was increased [74]. More recent studies found a positive association
between PRRSV infection and replication of porcine circovirus 2 (PCV2) or swine influenza virus [75,76].

It is possible that bacterial infections in swine herds increase following PRRS outbreaks due
an increased burden of viral infection on host resilience to pathogen burden. Subclinical viral
and bacterial infections are common, with PCV2, Salmonella enterica, Haemophilus parasuis, various
Mycoplasma species, Leptospira, and Escherichia coli being examples. Control of infection is maintained
by a combination of immune resistance to microbial replication and tissue tolerance to damage.
In a coinfection model of influenza virus and Legionella pneumophila, it was clearly demonstrated
that L. pneumophila infection was subclinical in healthy mice, but was lethal in the presence of
influenza virus [77]. Overwhelming disease was due to loss of tissue resilience, since the bacterial
load was unchanged [77]. This model might account for mortalities observed in experimental
swine following PRRSV exposure [78]. Given the variable results of PRRSV coinfection models
in swine and an alternative mechanism for increased disease in PRRSV-infected herds, generalized
immunosuppression does not appear to be a key feature of PRRSV pathogenesis.

PRRSV, like many viruses, has developed countermeasures to host immune responses that
enable it to survive and replicate for extended periods of time before the infection is resolved.
PRRSV modulation of intracellular antiviral defense mechanisms has been reviewed extensively [79].
The effects of PRRSV infection on adaptive immune response, i.e., antigen-specific T cell, B cell,
and antibody responses, are less well characterized. The antiviral response of T cells to PRRSV,
examined primarily by the IFNγ enzyme-linked immunospot (ELISPOT), appears to develop slowly
over a period of weeks, and is not associated with changes in viral loads in blood or in infected lung and
lymphoid tissues [80,81]. Peripheral blood mononuclear cells (PBMC) from young, weaned pigs show
limited IFNγ responses even when stimulated by phytohemagluttinin, which might account for the low
anti-PRRSV responsiveness after re-stimulation in vitro [69]. However, PBMC from growing pigs and
mature sows, which showed higher levels of IFNγ sensitivity, still showed limited responsiveness [69].
These findings indicate that PRRSV may interfere with specific cell-mediated immunity, but more
direct evidence is needed for a fuller understanding.

By contrast, the interaction of PRRSV with pigs does not appear to retard or attenuate the
development of humoral immunity or B cell differentiation. Induction of antibody responses to PRRSV
proteins, both structural and non-structural, occurred in the same time frame as antibody responses to
keyhole limpet hemocyanin (KLH), an irrelevant protein antigen [51]. The antibody response to KLH
was also the same in the presence or absence of PRRSV infection [51]. Similarly, PRRSV infection did
not inhibit cellular or humoral immune protection in response to pseudorabies virus vaccination [82].
Thus, the adaptive B cell response is not delayed or suppressed by PRRSV.

An extended viremia and prolonged survival in lymphoid tissues is characteristic of PRRSV infection.
These features show that PRRSV has mechanisms of immune avoidance that are not present in viruses
such as influenza virus and foot and mouth disease virus, in which sterilizing immunity is achieved
within 10–14 days. It appears from the findings of field observations and experimental investigations
that some type of PRRSV-specific T cell interference is present, whereas specific B cell inhibition or
a generalized state of immunosuppression are not immunological hallmarks of PRRSV infection.

4. Antibody Response

4.1. Neutralizing Antibody Response

The antibody response to PRRSV typically dominates discussions of PRRSV immunity,
as neutralizing antibodies are the crucial component of immune-mediated protection against most
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viral infections [83,84]. As a result, shortly after the identification of PRRSV as the causative agent of
Mystery Swine Disease, there was a strong push to identify the presence and dynamic response of
neutralizing antibodies against PRRSV and then to characterize their specificity for PRRSV variants.
Early work suggested that neutralizing antibodies against homologous PRRSV could be found
as early as 9–11 days after inoculation [85]. However, this was likely the non-affinity matured
immunoglobulin (Ig)M response, as anti-swine IgM ablated the previously observed neutralizing
activity. Subsequent research showed that the high affinity neutralizing IgG response, detected at
around 28–42 days post-inoculation, is specific for the inoculating virus with partial neutralizing
activity against heterologous viruses [86–90].

Following the identification of PRRSV neutralizing antibodies, the effectiveness of immunoglobulins
in protecting against infection was evaluated with passive transfer studies. These experiments
displayed the effectiveness of neutralizing antibodies at preventing clinical infection and disease against
homologous challenge [91,92]. However, these studies also showed that immune protection can be
quite limited, especially between PRRSV-1 and PRRSV-2 [93]. Within PRRSV-1 or PRRSV-2, protection
against homologous inoculation is consistently solid, whereas protection against heterologous challenge
is variable for unclear reasons [93–95]. However, genetic similarity, based primarily on ORF5 sequence
comparisons, shows no relationship with degree of protection [96]. These results appeared to explain
the potential field problem, in which vaccinated or live virus inoculated animals become infected with
a variant PRRSV genetically different enough from the inoculating strain to evade the immune system,
propagate, and then cause disease. Hence, ever since the mutability, antigenic variability, and resultant
immunological elusiveness of PRRSV were first appreciated, a broadly neutralizing antibody response to
PRRSV has been coveted by immunologists and practitioners [97].

Recent research shows that there are animals capable of developing a broadly neutralizing
antibody response to genetically disparate viruses [9,98]. However, this immune capability has only
been found in a proportion of animals in groups of similar genetics age, sex, and exposure history [9].
The seemingly random ability of some animals to develop broadly neutralizing antibodies suggests
that the inherent variation of the adaptive immune response may play a role in conferring broadly
neutralizing capabilities to certain animals. Investigations into this ability are needed at the lymphocyte
level and while the obvious target is the B cell, T cells cannot be overlooked, as the induction of
a humoral immune response requires antigen-specific T cell driven help [99,100]. Therefore, animals
able to develop a strong neutralizing antibody response would require both B cells and T cells that are
capable of recognizing neutralizing epitopes.

The conditions needed to achieve cross-neutralizing antibody production are not known, but may
involve multiple exposures to the same or different virus isolates. Sows with high titered, broadly
neutralizing antibodies were found in herds with multiple exposures to virulent field viruses [9].
In an experimental study, cross-neutralization was reported in animals exposed first to a PRRSV
vaccine strain followed by homologous or heterologous virus challenge [86]. However, the majority
of data analyzed were below the neutralization assay cutoff. Duration of viremia, up to 42 days,
was linked with increased breadth of neutralizing antibodies following a single viral infection [101].
However, since cross-neutralization activity and titer data were not presented, it was not possible to
further interpret the results. The animals were not subsequently challenged, so it is not known if the
cross-neutralizing activity in serum was predictive of protection. Other studies showed that significant
neutralizing antibody responses are not commonly observed during viremic infection of young pigs,
as well as in adult sows [69,102–104].

Recently, vaccinology research in HIV has shown that sequential immunizations, tailored
for specific stages of the immune response, may be useful for inducing broadly neutralizing
antibodies [105–107]. The approach is based on the finding that early immune responses to HIV
resulted in neutralizing antibodies against the circulating virus which quickly led to immune escape of
the virus and the ineffectiveness of generated antibodies. The antibody-resistant virus then stimulated
a secondary antibody response which again selected for antibody resistant virus. This virus-antibody
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hide and seek continued, eventually resulting in the selection of several neutralization targets of
the virus as well as the generation of broadly neutralizing antibodies [108–110]. Cloning of the
antibodies showed that somatic mutations are generally necessary for antibody neutralizing capabilities
against HIV-1 [111,112]. These findings have shown that the B cell response of the host adapts in the
germinal center as the virus evolves, suggesting that tailored sequential immunization could lead to
the development of a broadly neutralizing antibody response [113].

The consistent generation of a broadly neutralizing antibody response to PRRSV on the herd
level has evaded the swine health industry since the emergence of PRRSV. There are multiple
proposed mechanisms by which PRRSV may evade or inhibit the development, or the effectiveness,
of a neutralizing antibody response, such as glycan shielding of envelope glycoprotein (GP)3
or GP5 [114,115], the existence of decoy epitopes in GP5 [116], lymphocyte dysregulation [79],
and inhibition of the innate immune response [117]. Comprehension of defense mechanisms employed
by PRRSV makes the development of a broadly neutralizing immune response appear to be a daunting
task. However, as previously shown, some animals are capable of developing such a response. Simply,
the key to adapting the immune phenomenon of some animals to a vaccine capable of inducing broadly
protective immunity in many animals lies in identifying conserved epitopes on surface proteins which
are necessary for infection.

While the purported targets of neutralization have been extensively discussed in recent reviews,
it is worth noting that several epitopes on the membrane (M) protein, GP5, GP2, GP3, and GP4, have
been shown, or implicated, to harbor neutralizing activity [114,116,118–124]. However, knocking
out only CD163 in the pig is sufficient to render animals non-susceptible to PRRSV infection and
replication [24,25,125]. It is proposed that following endocytosis, CD163 associates with the virus
within the endosome, resulting in uncoating of the virus and the release of the viral genome into the
cellular cytoplasm [126]. Since CD163 is necessary for viral infection and replication, the logical next
step is to identify the conserved regions of viral surface proteins, most likely the minor glycoproteins
(GP2, GP3, and GP4), that interact with CD163 [124,127].

4.2. Non-Neutralizing Antibody Response

Traditionally, the non-neutralizing antibody response to PRRSV has been considered useful
only for its ability to identify if an animal had been exposed and seroconverted to virus. Indeed,
there are many structural and non-structural proteins of PRRSV which make this possible through their
ability to induce a robust humoral immune response [15,80,102]. However, recent research on other
pathogens has shown that non-neutralizing antibodies may play a much larger role in immunity than
was previously appreciated [128–131]. Alternative antibody functions, such as antibody dependent
cell-mediated cytotoxicity (ADCC), antibody-dependent complement-mediated cytotoxicity (CDC),
and antibody-dependent complement-mediated virolysis may be important in the clearance of virus
and virally infected cells from an animal. To our knowledge, there are only two published papers
investigating non-neutralizing antibody functions in the context of PRRSV infection [59,132]. Both of
these in vitro studies utilized a PRRSV-1 virus and failed to find an effect of ADCC and CDC on infected
cells. However, experiments focused on PRRSV-2 viruses with extended time points beyond 12 h are
warranted. A more extensive review of non-neutralizing antibody functions can be found in the cited
review [133].

5. The B Cell Response

If antibodies are the most important effectors of the immune system against viral infection,
then B cells that make the antibodies are the most important cells. Previous research on the interaction
between PRRSV and the porcine B cell is contradictory. It has recently been suggested that PRRSV
infection results in lymphocyte apoptosis and immune impairment [61]. Several sources have
shown that PRRSV largely or exclusively induces a specific humoral response to infection [51,134].
Other studies report that PRRSV infection results primarily in polyclonal B cell activation leading
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to hypergammaglobulinemia and the development of immune complexes [135–138]. The majority
of work describing infection leading to polyclonal activation and hypergammaglobulinemia was
performed in germ-free isolator piglets. This model is very effective for comparing B cell and
antibody repertoire development in the fetus, as the germ-free status of the pigs removes many
of the variables present when experiments are performed on conventionally reared animals [139].
However, these animals are deprived of the microflora and maternal antibodies to which conventional
animals are exposed. As a result, the translation of immunological outcomes observed in isolator pigs
to conventional pigs must be performed with caution. Studies in mice show that the immune systems
of specific-pathogen free laboratory mice are similar to neonatal human immune systems, whereas
feral mice displayed immune systems more comparable to adult humans. Effectively, the immune
systems of germ-free animals may not display “normal” immune system phenotypes due to the lack
of exposure to microflora [140,141].

The development of protective humoral immunity, after vaccination or exposure to a pathogen,
is dependent upon two lines of defense. The first immune defense is secreted antibodies, first from
short-lived and then from long-lived, plasma cells residing somewhere in the body (Figure 1). The second
line of defense is memory B cells (Figure 1). Memory cells are sentinels against reinfection which are
activated upon antigen recognition to proliferate and differentiate into antibody secreting plasma cells,
thus rapidly boosting circulating antibody titers with high affinity class switched antibodies [142].

 

Figure 1. Development of systemic humoral immunity. Naive B cells move through the B cell follicles
of the secondary lymphoid organs searching for antigens specific for their B cell receptors (BCR, surface
immunoglobulin). Upon antigen recognition, the BCR is endocytosed, the antigen is degraded and
then presented on the surface of the cell via Major Histocompatibility Complex (MHC)II. The B cell
then migrates to the periphery of the B cell follicle searching for a Cluster of Differentiation (CD)4+ T
cell specific for the same antigen. Upon T cell recognition of the MHCII presented antigen, the T cell
stimulates the B cell by cytokine driven proliferation. The B cell proliferates and differentiates, some
cells become immunoglobulin (Ig)M producing plasma cells, and other cells migrate into the B cell
follicle where, with the help of cytokines from CD4+ follicular helper T cells and follicular dendritic
cells, a germinal center is formed. In the germinal center, B cells proliferate and undergo somatic
hypermutation and isotype switching. Affinity matured B cells then leave the germinal center as either
IgG+ plasma cells or IgG+ memory cells. These cells constitute the first two lines of defense against
reinfection: (1) affinity matured antibodies produced by plasma cells; and (2) memory cells which
boost antibody titers upon antigen recognition. For an in depth review of this process based on data
in humans and mice, please refer to Taylor et al. [143]. APRIL: a proliferation-inducing ligand; BAFF:
B-cell-activating factor of the TNF family; IL: interleukin.
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Currently, there is scant research on the memory B cell response to PRRSV. Strong memory
responses have been shown against nsp2, nsp7, N, and the 3′ end of GP5 [51,144]. The specific memory
B cells are abundant in tonsil, lymph nodes draining the lungs and reproductive tract, and spleen.
Unfortunately, there are many questions about the porcine memory response to PRRSV which have
yet to be answered, including if memory cell kinetics closely mimic antibody kinetics, the response of
PRRSV-specific memory pools upon homologous or heterologous viral challenge, and the importance
of these cells in conferring protection against challenge. The development of sensitive and specific
reagents, such as B cell tetramers, is a first step in being able to answer these critical questions.
Additionally, it is possible that the key to understanding the broadly neutralizing response to PRRSV
lies within circulating or lymphoid organ resident memory B cells. The potential to investigate
these cells for identification of heavy and light chain antibody sequences is reviewed in Rahe and
Murtaugh [133].

Plasma Cells

Plasma cells are terminally differentiated B cells responsible for making antibodies. Apart from the
immature plasmablast, two types of plasma cells have been defined in the mouse and human [145,146].
Short-lived plasma cells quickly boost antibody titers while long-lived plasma cells maintain circulating
antibody titers in the face of continual antibody degradation. Mulupuri et al. identified PRRSV-specific
plasma cells in several secondary lymphoid organs, such as the spleen, tonsil, sternal lymph node,
and inguinal lymph node [51]. Interestingly, no PRRSV-specific or KLH-specific plasma cells were
found in the bone marrow of immune pigs [51]. This was surprising, as the bone marrow has been
long considered as the reservoir for long-lived plasma cells in both mice and humans [147–149].
It then begs the question, do pigs have long-lived plasma cells and, if so, where do they reside?
Mulupuri et al. found PRRSV and KLH specific plasma cells in secondary lymphoid organs 120 days
after inoculation [51]. However, these cells may not be “long lived” as the prolonged viremia of PRRSV
may result in a somewhat continuous stimulation of memory B cells resulting in the appearance of this
plasma cell population in secondary lymphoid organs.

It seems unlikely that pigs do not have long lived plasma cells, as the half-life of porcine antibodies
in serum is, on average, approximately nine days [150,151]. Therefore, without long lived plasma
cells, pigs would quickly lose humoral protection as antibody titers waned. The identification
of the anatomic location as well as the understanding of mechanisms for inducing a strong long
lived plasma cell response may be important for future vaccine design as well as comprehending
host–pathogen interactions.

6. T Cell Response

Interestingly, even though neutralizing antibodies have historically garnered the majority
of attention in PRRSV immunology, it is well-known that pigs readily control infection in the
absence of neutralizing antibodies. Furthermore, viremia is reported in the presence of neutralizing
antibodies [152,153]. Therefore, there must be other facets of the immune system which effectively
function to control infection and eliminate PRRSV from the host. While some of this activity may be
attributed to non-neutralizing functions of antibodies, the T cell response to infection demands further
investigation. A recent PRRS immunity review summarized previous research on functional T cell
subsets, and PRRSV epitope targets, as well as gaps in T cell immunity [11]. Here, we provide context
for the understanding of novel results that have not been comprehensively reviewed.

Early research on the T cell response to PRRSV identified a large, transient decrease in the
CD4+/CD8+ T cell ratio early, usually within the first week, in the course of infection [154]. The change
in this ratio could have been due to a temporary loss of CD4+ cells through apoptosis or to an increase
in CD8+ cells due to antigen-specific proliferation [154]. The importance of these findings for clearance
of PRRSV or protection from infection were not known at the time, and other explanations, such as
fluxes in cell populations between spleen, other lymphoid tissues, and blood could not be discounted.
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Experiments to address the helper T cell type 1/helper T cell type 2 (Th1/Th2) paradigm in the
pig showed that PRRSV induced a strong Th1 response, as expected, identified in vivo by an increased
expression of Th1-specification factor Tbx21(T-bet) in CD4+ cells [155]. However, the finding is at odds
with previously reports indicating that PRRSV infection results in the production of IL-10, a cytokine
classically associated with a Th2 phenotype. Similarly, monocyte-derived dendritic cells (Mo-DCs)
infected with PRRSV down regulate swine leukocyte antigen (SLA)-I, SLA-II, CD40 and CD80 as
well as promote IL-10 secretion over IL-12 secretion [156]. Delineation of the Th1/Th2 response to
PRRSV, elucidation of Th1/Th2-specific cytokine markers in swine, as well as identifying associated
cytokine responses of dendritic cells within secondary lymphoid organs where T cell proliferation and
differentiation is most likely to occur, would help to resolve these outstanding questions [157].

The Th17 cell has classically been identified, in mouse and human, as playing an important
role in extracellular bacterial immunity through the production of the pro-inflammatory cytokines,
IL-17A, IL-17F, and IL-22 [158,159]. IL-17 producing Th17 cells are known to exist in the pig [160].
The importance of this T cell subset in the context of PRRSV infection has recently been investigated.
A strain of Chinese highly pathogenic PRRSV (HP-PRRSV) appeared to suppress Th17 cells in the
peripheral blood and lungs of pigs, resulting in an increased susceptibility to secondary bacterial
infections [56]. Remarkably, the effect was PRRSV strain-specific, as a non-HP PRRSV strain failed
to elicit the same response. Future research into the T cell response to PRRSV, especially with T cell
tetramers and functional ELISPOTs, will be essential for the characterization of both CD4+ and CD8+

antigen specific T cells. Understanding how antigen-specific T cells interact with both infected and
uninfected antigen presenting macrophages and dendritic cells will be helpful for advancing the field
of PRRSV immunity.

7. Natural Killer Cell Response

The natural killer cell is an innate lymphoid cell which can have a profound impact on adaptive
immunity, but is also able to induce an early and rapid innate response against pathogens through
a variety of mechanisms. NK cells produce cytokines, such as IFNγ, show cytotoxic activity against
infected cells not expressing MHCI, can induce dendritic cell maturation, and effect the destruction
of infected cells in ADCC [161]. However, NK cells may deploy even more extensive and important
functions in porcine immunity than are currently realized.

An early clue that NK cells were involved in innate responses to PRRSV was a sharp peak in
serum IFNγ shortly after infection [162]. The acute response was attributed to NK cells, as the result
was deemed too early for a T cell response, and suggested that decreased viral burdens in the lung
prior to humoral or T cell responses could be due to the function of NK cells. However, it is known that
porcine macrophages are also capable of producing IFNγ in the presence of PRRSV infection [163,164].
Furthermore, PRRSV appears to suppress the NK cell response without significantly affecting NK cell
numbers [165–168]. The cause of this suppression has yet to be determined, although viral proteins,
rather than soluble factors from cells, may be responsible [59]. Potential roles of additional NK cell
functions, such as ADCC, in PRRSV immunity are poorly understood [133].

8. Conclusions

PRRSV has tormented the health and wellbeing of swine worldwide since its discovery in the late
1980s. Unfortunately, after almost 30 years of research into the porcine immune response to PRRSV,
there is still no effective means for inducing a broadly protective immune response at the herd level.
The reasons for this failure are not completely known, but presumably include mechanisms by which
the virus subverts the immune system. The ability of the virus to rapidly mutate while not losing
fitness challenges the host immune system to keep pace. At the same time, infection of macrophages,
a key player in immunoregulation, challenges both innate and adaptive immune cell mobilization
as well as induction of a coordinated response that is needed for effective control and elimination of
the virus.
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Fortunately, foundational advances in the understanding of viral pathogenesis and immunity are
enabling more informative investigations. The identification of CD163 as the necessary and sufficient
receptor for infection supports the implications of broadly neutralizing antibodies that a conserved
target is present on all PRRSV. Understanding how PRRSV surface glycoproteins interact with CD163
should lead to the identification of conserved epitopes which are necessary for infection. If, as appears
to be the case, there is only one conserved way into the cell, then there must be a conserved viral
sequence, or structure, which enables viral entry. Furthermore, the knowledge that pigs eventually
develop sterilizing immunity, if given enough time, supports the concept that conserved epitopes
exist on the virus. Therefore, the study of mature animals, which have cleared the virus, may provide
the key to understanding how the immune system eventually gets the upper hand on the virus and
cures infection.

Even with seminal advances in several aspects of the study of PRRSV, there remains much to
be understood and clarified. Currently, the published literature presents conflicting views on many
aspects of PRRSV adaptive immunity, especially related to T and B cell responses and the production,
or inhibition, of cytokines in the face of infection. The continued development of antigen-specific
reagents, of high sensitivity and specificity, is needed for understanding how the host responds to
PRRSV infection. Furthermore, it is important that future PRRSV studies focus on the relevant host
animal, the conventional pig. While the study of this outbred animal species is perhaps challenging
at times, it affords the ability to study the host–pathogen interaction in the only species in which the
virus naturally interacts. Additionally, knowledge gained about the immunology of conventional pigs
will accelerate immunological elucidation of other pig–pathogen interactions.

In conclusion, PRRSV continues to be the most burdensome pathogen of pigs worldwide, due to
its propensity for immune evasion and manipulation. However, the continued study of the porcine
immune response to infection, with improved reagents and methods, will illuminate those aspects of
the host–pathogen interaction that are now hidden. It is through these discoveries that the complex
question that is PRRSV will finally be answered.
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Abstract: Influenza A virus infections are a global health threat to humans and are endemic in
pigs, contributing to decreased weight gain and suboptimal reproductive performance. Pigs are also
a source of new viruses of mixed swine, avian, and human origin, potentially capable of initiating
human pandemics. Current inactivated vaccines induce neutralising antibody against the immunising
strain but rapid escape occurs through antigenic drift of the surface glycoproteins. However, it is
known that prior infection provides a degree of cross-protective immunity mediated by cellular
immune mechanisms directed at the more conserved internal viral proteins. Here we review new
data that emphasises the importance of local immunity in cross-protection and the role of the recently
defined tissue-resident memory T cells, as well as locally-produced, and sometimes cross-reactive,
antibody. Optimal induction of local immunity may require aerosol delivery of live vaccines, but it
remains unclear how long protective local immunity persists. Nevertheless, a universal vaccine might
be extremely useful for disease prevention in the face of a pandemic. As a natural host for influenza
A viruses, pigs are both a target for a universal vaccine and an excellent model for developing human
influenza vaccines.

Keywords: Swine influenza; local lung immunity; lung tissue resident memory T cells; universal
influenza vaccines; heterosubtypic immunity

1. Introduction

Influenza A virus infection is a global health threat to livestock and humans, causing substantial
mortality and morbidity. H1N1 and H3N2 influenza viruses are endemic in pigs and humans in
addition to H1N2 in pigs. Since human origin viruses, or viruses containing human origin gene
segments, frequently adapt to transmit efficiently in pigs [1,2], the pig is a source of new viruses
capable of initiating epidemics or pandemics in humans of mixed swine, human, and avian origin [3].
As both pigs and humans are readily infected with influenza A viruses of similar subtype, the pig is a
robust and appropriate model for investigating both swine and human disease. Like humans, pigs are
outbred, and physiologically, anatomically, and immunologically similar to humans. The porcine lung
also resembles the human in terms of its tracheobronchial tree structure, lung physiology, morphology,
and distribution of receptors bound by influenza viruses [4,5].

Swine influenza virus (SI) infection exhibits a spectrum of clinical signs, ranging from inapparent
disease to fever, with overt respiratory signs and disease severity is increased significantly by secondary
bacterial infection. SI contributes to sub-optimal reproductive performance and is occasionally
associated with fever-induced abortion in sows. Immunisation may be a cost effective control
measure to combat SI, but the rapid evolution of the virus is a major obstacle SI diversity is reviewed
in [1,6,7]. Not all countries with SI use vaccines to control disease. Current UK policy does not involve
immunisation against SI, although it is used in some European countries and widely in the US. While
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it will be difficult to convince government and livestock keepers to invest in control measures for
a disease causing insidious losses without providing clear economic and welfare benefits, with pig
production intensifying worldwide it is likely that an improved immunisation strategy for SI would
result in more countries relying on vaccines to control disease.

Parenterally-administered inactivated vaccines against SI, widely used in the US, are strain-specific
and protection correlates with the presence of neutralising antibodies. The most commonly used are
whole inactivated virus (WIV) administered with oil-in-water adjuvants, non-replicating alphavirus
RNA particle, or autogenous vaccines. For autogenous vaccines the vaccine organism(s) must come
from the herd in which the vaccine is to be used, and they accounted for more than half of all SI vaccine
doses released for sale in 2008. Recent reviews by Sandbulte et al. [8] and Vincent et al. [6] provide
comprehensive information on currently used vaccines in the field in the US. In Europe, RESPIPORC
FLU 3 (IDT Biologika, Dessau-Rasslau, Germany) and Gripovac (Merial, Lyon, France) against H1N1,
H1N2, and H3N2 circulating SI viruses are used in approximately 5–25% of the pig farms in Belgium,
Denmark, France, Spain, Italy, Poland, and Germany.

However, these vaccines do not protect against new viral strains and show poor efficacy in the
field because of the evolution of the virus [9]. This lack of efficacy against mismatched strains has
two consequences: (1) it requires frequent reformulation and production of influenza vaccines based
on the prediction of strains that may circulate. While virological surveillance for human influenza A
and B viruses is the cornerstone of the World Health Organisation vaccine selection process, a similar
strategy for pig (and other) animal influenza vaccines is still lacking; and (2) in the event of the
emergence of a completely novel reassortant virus, there is little or no efficacy leaving both swine
and humans at high risk of infection with potential for pandemic spread. A further problem of
WIV with oil-in-water adjuvants is enhanced respiratory disease and increased pathology, associated
with immune complexes of low avidity or non-neutralising antibodies. Vaccine-associated enhanced
respiratory disease (VAERD) has been observed in pigs when heterologous SI infection occurs after
immunisation with mismatched WIV [10–13]. WIVs are also commonly used in pregnant sows to
prevent SI infection in piglets [14]. In these circumstances, maternally derived antibodies can be
detected in piglets up to 14 weeks after birth and levels correlate with protection against homologous
infections [12]. However, after heterologous challenge WIV induced maternally-derived antibodies
were associated with enhanced clinical signs [15].

2. Universal Influenza Vaccine/Heterotypic Immunity

A cross-protective “universal vaccine” would be an enormous advantage in preventing SI in pigs
and reducing the zoonotic threat. The development of a “universal” or broadly protective influenza
A vaccine depends on inducing immune responses to conserved components of the virus that either
prevent infection or limit replication of virus after infection has occurred. The classical broad immunity
detected in convalescent animals and humans is dominated by the latter, mediated by cross-reactive
CD4 and CD8 T lymphocytes [16]. The phenomenon was first observed after the isolation of human
influenza in the 1930s when ferrets that had recovered from swine influenza were immune to the human
virus but did not make detectable cross-neutralising antibodies [17,18]. The term “partial heterotypic
immunity” (also called “heterosubtypic”) was introduced by Schulman and Kilbourne in 1965 who
observed that mice infected with a H1N1 strain and subsequently challenged with a lethal H2N2 virus,
had reduced viral titers in the lung, milder lung pathology, and decreased mortality in the absence
of neutralizing antibodies [18]. Since then, studies in multiple animal models including non-human
primates have observed reduction in viral load, lung pathology, weight loss and decreased mortality,
but not infection, in the absence of detectable cross-neutralizing antibodies (reviewed in [19,20]).

Experimental infection and recovery from SI infection in pigs has also been shown to completely
or partially protect against infection with another type of SI [21–24]. Post-infection immunity to H1N1
and/or H3N2 viruses conferred cross protection against H1N2 in pigs [23], in the absence of detectable
haemagglutination inhibition and virus neutralising antibodies, although inhibitory anti-neuraminidase
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(NA) antibodies were detected prior to infection with H1N2. In contrast a double vaccination
with an inactivated H1N1 and H3N2 based vaccine did not confer significant cross-protection [25],
highlighting the importance of active virus replication for the induction of heterosubtypic immunity in
pigs, directed towards the conserved internal proteins [26]. In line with these findings partial protection
was observed in pigs with infection-induced immunity against avian-like H1N1 upon challenge with
H3N2, whereas pandemic (pdm)H1N1-immune pigs were not protected because the pdmH1N1 has
a different set of internal genes from the challenge strain [22]. In another study pigs previously infected
with H1N1, and subsequently challenged with H3N2, did not get fever, showed reduced virus shedding,
and showed no transmission to contact pigs [21]. The observed heterosubtypic protection occurred in the
absence of cross-reactive haemagglutination inhibition antibodies after primary infection, but correlated
with increased serum immunoglobulins (Ig)G antibody levels against the conserved extracellular domain
of matrix protein 2 (M2) and nasal nucleoprotein (NP)-specific IgA antibodies. In addition, increased
numbers of CD8 T cells were observed in the lungs of pigs previously infected with H1N1 and challenged
with H3N2. The extent of heterosubtypic protection varies greatly between studies partly because of
the immunisation/challenge strategies used, as well as the degree of conservation of the internal genes
between the strains used for immunisation and challenge.

In this review we shall discuss the importance of local lung immunity and the feasibility of
making an effective SI universal vaccine.

3. Respiratory Tract Immunisation

For optimum induction of heterotypic immunity in experimental animals, virus infection of the
lung is required, as opposed to infection of the upper respiratory tract or other peripheral sites [27,28].
Immunisation via the respiratory tract has been shown to be a highly effective means of immunising
against influenza. A recent murine study that evaluated the capacity of inactivated influenza vaccine
or live attenuated influenza vaccine (LAIV) to induce protective lung response showed that site specific
productive infection is required. Interestingly intra-nasal administration of inactivated vaccine or
parenteral administration of LAIV failed to elicit protective T cell responses, confirming the requirement
for respiratory targeting of LAIV to establish cross-protection [29]. Experimentally, immunisation
via the respiratory tract is also highly protective against several other pulmonary diseases in livestock,
including bovine tuberculosis [30,31], respiratory syncytial virus in cattle [32] and porcine reproductive
and respiratory syndrome virus [33].

Although it is clear that local mucosal immunity is critical for protection against respiratory tract
diseases in most cases it is not known what part of the respiratory tract should be targeted to induce
optimal protection. Even in non-human primates and humans, where a common respiratory mucosal
system has been postulated [34,35], so that immunisation of any part of the respiratory tract might
be expected to protect the whole tract, it is not clear whether immunisation of the upper (URT) or
lower respiratory tract (LRT) is more effective. A number of studies in mice and ferrets with influenza
vaccines show that the LRT is the best target for inhaled influenza vaccination [36,37]. Targeting the
LRT and URT by inhalation with the candidate universal influenza vaccine S-FLU (a non-replicating,
pseudotyped influenza virus where the viral RNA (vRNA) encoding the haemagglutinin (HA) was
inactivated by suppression of the HA signal sequence) resulted in a high degree of cross-protection
against H1 and H3 influenza strains in mice [38]. This confirms the studies of Lau et al. [27] showing
that protection of mice from H5N1 influenza by LAIV requires delivery of vaccine to the lung as
opposed to the URT alone. Neutralising Ab were not induced by S-FLU immunisation of mice, ferrets,
or pigs [38–40], but strong local lung cellular immune responses were detected, which correlated with
protection against challenge. S-FLU coated with H1 or H5 HA has also been administered to pigs to the
LRT by aerosol or intra-tracheal methods [40]. The aerosol method was the most efficient in reducing
virus titre in nasal swabs and lung tissue after live virus challenge with pandemic H1N1 virus in
pigs [40]. Similar comparisons between intra-tracheal and aerosol delivery have been performed with
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adenoviral vectored TB [30] or Ebola vaccines [41] in non-human primates and, in both cases, aerosol
delivery offered superior protection compared to other mucosal routes.

4. Live Attenuated Influenza Vaccines

Currently, cold-adapted LAIVs administered by nasal spray, targeting the URT, have been
approved for equine (FluAvert, MSD Animal Health, Milton Keynes, UK) and human species
(FluMist/Fluenz, MedImmune Gaithersburg, MD, Maryland, US). Studies in young children suggest
that LAIV is more protective than inactivated influenza vaccines in those not previously exposed
to influenza or influenza vaccines, due to increased vaccine-induced T cell and/or secretory IgA
responses. In adults with extensive and partially cross-reactive pre-existing influenza immunity, LAIV
boosting of secretory IgA reactive with HA and non-HA antigenic targets expressed by circulating
influenza strains, may be an important additional mechanism of vaccine-induced immunity [42].
FluMist was introduced for infants in the UK in 2013, although because of troubling results of recent
effectiveness studies, it will not be used during the 2016–2017 vaccination season in the US. The reason
for the apparent decreased effectiveness of LAIV as compared with the efficacy shown in the original
studies is unclear [43], but it could be related to repeated immunisations and increased baseline
immunity, which might interfere with vaccine-virus replication [44].

Experimental LAIV vaccines delivered by the intranasal route have been shown to be protective
in pigs [45–48]. Eight segment SI virus harbouring two different HA (H1 and H3) was generated by
replacement of the ectodomain of the NA with the ectodomain of a second HA (H3), thus creating
a virus displaying two different HAs (H1 and H3) on the surface [49]. The resulting vaccine was
attenuated in pigs and conferred reduction of fever and other clinical signs as well as decreasing
gross lesions in the lungs after challenge with both H1 and H3 SI viruses. LAIVs carrying an elastase
cleavage site [50,51], NS1 truncations [24], or temperature-sensitive mutations in the polymerase basic
protein (PB) 2 and PB1 segments [45,47] all provide degrees of cross-protection after challenge with
antigenically distinct viruses but from the same subtype. Sterilizing immunity with no transmission to
naïve pigs, was achieved with the temperature sensitive LAIV as opposed to the NS1 truncated LAIV
where transmission was not prevented [45]. Considerably high IgA antibody responses in nasal washes
and bronchoalveolar lavage (BAL) against whole virus were found in LAIV-immunised pigs compared
to inactivated vaccine groups. The elevated IgA levels alone did not determine sterilizing immunity
as both tested LAIV vaccines induced equal titers, but only one prevented transmission, suggesting
additional requirements for protection, such as induction of cell-mediated immunity [45]. Partial
heterosubtypic protection with the LAIV vaccine carrying the elastase cleavage site was observed
when the vaccine was administered in a prime/boost regime and challenged either intratracheally [50]
or intranasally [46]. As in other studies with LAIV vaccines, cross reactive IgG in serum and IgA in BAL
and nasal mucosa were detected. IFNγ secretion by lymph node cells could be induced by exposure
to the heterologous challenge strain, suggesting that cell-mediated immunity was also involved in
the cross protective effect. Similarly, in NS-1-truncated LAIV immunised animals, heterosubtypic
T cell priming against the challenge strain was observed [24], however immune responses waned
at 7–8 weeks post immunisation and recall responses of LAIV-immunised pigs were in general lower
when compared to wild type-infected pigs or not different from naïve pigs. These results suggest that
although LAIV offer partial cross-protection it is less efficient than infection with a live virus.

Clearly the route of delivery is very important for induction of local immunity. Intranasal delivery
of a LAIV vaccine was more efficient in inducing mucosal antibodies when compared to intramuscular
delivery [48]. It may also be that intra-nasal delivery in pigs is effective because a small proportion of
the administered dose reaches some of the lung lobes, albeit most of the material delivered intra-nasally
is deposited in the stomach and oesophagus [52]. Whether LAIVs will have much enhanced protective
efficacy if deliberately delivered to the LRT requires thorough investigation to determine whether
this is more efficient in inducing both homologous and heterologous protection against SI in pigs.
However, despite major advances in aerosol vaccine delivery in humans [53] and some examples of
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local delivery to livestock, no practical devices for aerosol delivery are yet available for farm animals
in the field.

5. Safety and Danger of Re-Assortment of LAIV

LAIV given as a large droplet aerosol to the URT in humans still requires updating to keep
pace with antigenic drift, implying that type specific antibody is the main mechanism of protection.
By contrast when administered to the LRT in mice and ferrets it can act as a “universal” influenza
vaccine by inducing a multi-component response that is cross-protective between group I (H5N1)
and group 2 (H7N9) influenza viruses [39,54]. However, administration of LAIV by small droplet
aerosol to the lung in humans (or other species) is strongly discouraged by the manufacturer [55], due
to concerns that replication is not completely restricted at 37 ◦C. In addition pre-pandemic versions
of LAIV contain full length versions of vRNAs encoding potentially pandemic HAs, which could
reassort into seasonal influenza viruses in cases of dual infection. Similarly reassortment of LAIVs with
wild-type swine strains is possible. Furthermore, mixing of different vaccines from different sources is
common in the field and if two LAIV vaccines were to be mixed prior to administration to pigs, there
is a chance that a wild type SI will be generated with gene segments derived from unmodified gene
segments in each LAIV vaccine. This might lead to even more diversity of swine IAV strains or strains
with increased zoonotic potential [6].

The universal vaccine candidate, S-FLU was designed to overcome these objections. It is based
on the suppression of HA signal sequence, most of the coding sequence of the HA viral RNA is
deleted. HA protein is provided from a transfected cell line by pseudotyping. This design allows
infection by S-FLU to occur once only and replication of vaccine in the lung or nose is prevented, but
all of the conserved viral proteins are expressed in the cytosol of S-FLU infected cells and available
for antigen presentation to T lymphocytes [56]. S-FLU cannot replicate in the lung due to lack of
a viable HA vRNA, and cannot donate a viable vRNA encoding HA because it does not contain any
genetic information from the potentially pandemic virus, being only coated in HA protein. Another
single-replication cycle universal vaccine candidate RedeeFlu (FluGen Inc, Madison, WI, USA) is based
on the partial deletion of the M2 gene [57] and shown to elicit humoral, mucosal, and cell mediated
immunity. The vaccine induced sterilising immunity to homosubtypic challenge, but although it
protected mice against lethal heterosubtypic challenge it did not prevent viral replication in nasal
turbinates and lung.

6. Immunological Mechanisms of Heterotypic Protection

Investigation of the immunological mechanisms mediating the cross protective heterotypic
immunity in animal models revealed the role of CD8 and CD4 T-cells and has been reviewed in [20].
The specificity of the protective effect correlates with the conserved viral core antigens recognised by
T cells [16,58,59] and protection can be transferred in mice with core protein-specific T cells, particularly
class I restricted cytotoxic T lymphocytes [60,61]. A recent prospective study in humans also showed
this correlation between cross-reactive CD8 T cell responses and protection from symptomatic infection
during the H1N1 influenza pandemic [62,63], confirming earlier work from experimental challenges
with influenza virus in humans [59,64].

Similar CD8 systemic responses against the internal NP and M proteins were induced in both
pigs and humans after intra-muscular immunisation with a candidate universal Modified Vaccinia
Ankara vaccine encoding NP and M1 proteins [65]. This vaccine has been tested in co-administration
regimes with either HA protein or following prime boost with a chimpanzee adeno vector also
expressing NP and M1 and was shown to induce T cell responses to NP and M1 in pigs. However, no
challenge was performed. Whether CD8 cells induced by parenteral immunisation would have the
same protective effect as CD8 cells induced by local pulmonary infection or immunisation remains
to be established, although there are ongoing efforts to induce mucosal responses through systemic
parenteral immunisation in other diseases [66,67]. Alternatively harnessing simultaneously both local
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and systemic immunity might be an optimal strategy as immunisation against tuberculosis in mice
and non-human primates has demonstrated [68,69].

However, despite the wealth of evidence for both CD4 and CD8 T cell mediated cross-protection
in mice and humans, studies in pigs are very scarce. An immunoinformatic tool for predicting swine
T cell epitopes identified highly conserved class I and class II epitopes among seven SI strains prevalent
in US pig herds. The class I peptides were restricted to the external proteins, while responses to class
II peptides were focused on epitopes derived from the internal proteins [70]. This is in contrast to
humans in whom most cross-reactive CD8 and CD4 T cell epitopes are derived from internal influenza
virus proteins. SI class I epitopes were also identified and tetramers developed in pigs following
four repeated immunisations with different SI strains in incomplete Freund’s adjuvant [71]. Further
studies will be needed to evaluate whether epitope based vaccines will be able to reduce viral burden
and morbidity.

The only studies analysing local and systemic immune responses following infection with SI by the
pulmonary route, albeit intra-tracheal infection with high dose H1N2, revealed multifunctional T cells
with diverse cytokine profiles and in vitro reactivity against heterologous influenza strains, supporting
their potential to combat heterologous influenza virus infections in pigs [72,73]. Low frequency SI
specific IFNγ producing CD4 and CD8 cells were detected in the lungs four days post-infection,
reaching a peak at nine days post infection. At six weeks post-infection CD4 and CD8 memory
T cells had accumulated in the lung tissues, but it is not known which epitopes these cells are
targeting. Neither is it known whether natural infection induces cells which recognise the informatically
defined epitopes.

7. Tissue-Resident Memory T Cells

T cell memory was previously considered to be mediated by recirculating memory cells able to
pass from the blood to tissues and back to the blood via the lymph. It was not thought that the cells
remained in tissues for more than few hours, nor that they divide in non-lymphoid tissues. However
recent overwhelming evidence indicates the importance of local tissue-resident memory T cells (TRM)
in protective immunity. TRM are a newly-defined subset of memory T cells generated following primary
infection in tissues such as the respiratory tract, gastrointestinal tract and skin and they persist at these
sites after the pathogen has been cleared by the immune response [74,75]. Upon subsequent infection,
pathogen-specific TRM cells mount a rapid local response that is independent of T cell recruitment
from the blood. Surprisingly, sessile TRM greatly outnumber recirculating T cells within non-lymphoid
tissues [76]. They express homing molecules such as the integrin CD103 and the activation marker
CD69, the latter indicating that these cells are dividing and likely express effector function. However,
there is some phenotypic heterogeneity and overlap of phenotype with cells in blood and lymphoid
tissues, so that TRM are best defined by their inaccessibility from the blood stream. This has been
elegantly demonstrated by the intravenous administration of labelled antibody, which identifies all
intra-vascular, but not tissue-resident cells [76] and by experiments which prevent efflux of cells from
lymph nodes so that recirculating cells cannot reach the tissues [77,78].

It is increasingly evident that lung TRM play a major role in protective immunity against
respiratory tract infections. In mice both CD4 and CD8 lung TRM, induced by immunisation via the
respiratory tract, mediate immunity against heterosubtypic influenza strains, enhancing viral clearance
and survival after lethal challenge [29,77,79,80]. Influenza-specific TRM are also present in most healthy
humans [81,82]. After pneumonectomy for isolated tumours, histologically normal human lung tissue
far from the tumours contains both CD4 and CD8 cells with diverse T cell receptors (TCR) that express
CD69, produce TNFα and IFNγ and proliferate in response to influenza virus. TRM were also found in
a large survey of human tissues [83] and in BAL after respiratory syncytial virus infection [84].

The effector functions of TRM remain incompletely understood, but may involve: (1) direct
killing of pathogen-infected cells; (2) release of cytokines that render the surrounding environment
non-permissive for pathogen replication; and (3) promoting recruitment of infection-fighting cells
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from the circulation [75]. The only studies on the duration of cross reactive immunity mediated by
TRM have been performed in mice and have shown that heterosubtypic immunity was substantially
reduced after seven months [77].

The few studies that have investigated how TRM cells are induced and maintained have used
mouse models. Factors necessary for the induction of TRM are not currently well understood but
both the route of antigen encounter and the nature of the antigen itself may play a crucial role [29].
However, despite these advances in mice and although TRM cells have been identified in the human
lung, we currently understand very little about the role of TRM in any other species, how they are
generated in response to infection or vaccination, or how best to induce them. There is no information
on TRM in pigs or other livestock, but it is to be expected that they play an important role in protection
against SI in these species.

8. Mucosal Associated Invariant T Cells

Although conventional T cells are clearly important, the mucosal immune system contains other
cell populations whose functions are less clear. One such population is the recently discovered mucosal
associated invariant T cells (MAITs), which exhibit properties of both innate and adaptive cells, as
do natural killer T cells and gamma delta T cells (reviewed in [85–87]). They are highly enriched
in mucosal sites, including lungs, intestines and liver, but are also present in the periphery where
they can make up between 1–10% of the total circulating lymphocytes. In humans, MAITs express
the Va7.2-Ja33 chain of the T cell receptor, make up to ~10% of blood CD8 cells and detect riboflavin
metabolites bound to the non-polymorphic major histocompatibility complex (MHC) class-I related
protein, MR1.

MAITs are associated with protection from bacterial infections, but recently were shown to be
activated by influenza virus through mechanisms independent of MR1-TCR engagement and mediated
through IL-18 combined with IL-12, IL-15, and/or interferon-α/β, which are expressed by a range
of antigen presenting cells and monocytes [88]. The importance of MAITs in influenza is suggested
by the correlation of patient survival with a ~2.5 fold increase in total MAITs cell numbers. Here too,
MAIT activation was highly dependent on secondary cytokine stimulation derived from monocytes
and activation is primarily, but not entirely, IL18-dependent [89]. MAITs have been identified in sheep
and cattle, but there is no published data on pigs, nor has the role of MAITs in SI been defined.

9. Antibody Mediated Cross-Protective Immunity

Protective humoral responses to influenza are usually associated with antibodies against its
surface glycoproteins HA and NA and in the last decade many laboratories identified broadly
cross-protective antibodies directed against the highly-conserved HA stalk domain that showed
different levels of cross-reactivity towards group 1 [90–92], group 2 [93–95] or both group 1 and
2 viruses [96–99]. Multiple studies have shown that in vivo efficacy of broadly cross neutralising
anti-stalk antibodies is dependent on Fc-dependent mechanisms, like antibody-dependent cytotoxicity,
antibody-dependent cellular phagocytosis, and complement-dependent cytotoxicity. A problem related
to the development of anti-stem antibodies is their variable neutralising potency against viruses
belonging to different subtypes and the existence of natural escape mutants, although some exhibit
unprecedented breadth and potency [100]. Vaccine strategies targeting antibodies to the conserved
stalk region of HA involve “headless” HA although responses were suboptimal, probably because
removal of the head domain destroyed important conformational epitopes, or destabilized the stem
domain in such a way that it was no longer able to elicit protective antibody responses. An alternative
approach uses a vaccine consisting of a chimeric HA structure made of the conserved HA stem domain
of an H1 or H3 strain of influenza, capped with the HA head domain from an exotic zoonotic influenza
strain that has not been previously encountered by the human population, most likely directing the
recall responses to stimulate pre-existing stem-reactive memory B cells (reviewed in [101,102]).
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A recent mouse study suggests that memory B cells specific for broadly neutralizing epitopes
may reside in the lungs instead of in circulation or in secondary lymphoid organs. These lung-resident
memory B cells were highly mutated, and were generated as a result of local persistent germinal centres
that are responding to prolonged exposure to viral antigens found in the lung. These tissue-resident
memory B cells provided robust protection against a drifted virus in a secondary challenge model,
confirming their importance in generating a cross-reactive, broadly neutralizing antibody response
against influenza [103]. Although these findings have not yet been confirmed in humans or livestock,
it does suggest a role for tissue-resident memory B cells in providing broadly-neutralizing responses.

IgA has been implicated in host protection against influenza in several studies [104,105]. Polymeric
forms of IgA in nasal washes from adults vaccinated intranasally with a WIV are very potent in
neutralizing influenza virus [106]. Interestingly IgA can also intercept antigen within epithelial
cells [107] and for example, in that way NP-specific IgA in the nasal mucosa in pigs after SI infection
may contribute to virus clearance [21]. HA-specific IgA antibody responses in the nasal washes have
been detected as early as four days after intranasal or intratracheal inoculation with SI in 50% of
pigs [108]. Cells isolated from the nasal turbinates and lymphoid tissue of the soft palate were tested
for their ability to secrete influenza virus-specific IgA or IgG [109]. Notably those cells produced IgA,
whereas significantly less cells produced IgG. Most likely IgA-producing cells can also be isolated
in pigs from the lungs as high titres of IgA were found in the BAL fluid. In mice protection from
influenza correlated with influenza-specific IgA and IgG antibody secreting cells in the lung at the
time of challenge [110]. Therefore, it is quite likely that a major contributor to the protective efficacy of
LAIV vaccine is IgA produced in the local mucosa.

Recently the breadth and magnitude of Ab response directed against HA and NA has been
determined in mice, guinea pigs and ferrets following sequential infections with H1N1 or H3N2
influenza viruses [111]. Guinea pigs developed high titres of broadly cross-reactive antibodies,
while mice and ferrets exhibited narrower responses. When these were compared to the antibody
responses after infection of humans with H1N1 or H3N2 a markedly broad response was found,
with the cross-reactivity profiles dependent on the viral strain first encountered during childhood
(original antigenic sin). Re-analysis of the Cleveland Family Study which monitored families before
and during the pandemic of 1957 where a subtype shift from H1N1 to H2N2 occurred, did show
significantly lower incident rates during the pandemic in adults that contracted symptomatic influenza
before, compared to children [112]. Recently it was shown that childhood hemagglutinin imprinting
conferred lifelong protection against severe infection and death from novel HA as long as the virus
belonged to the same phylogenetic group as the one encountered first in an individual’s life [113].
Better understanding of cross-reactive immunity in humans is important for the development of
universal vaccine strategies that are designed to boost pre-existing antibodies to protective levels.
However, there is surprising lack of information about the landscape of the antibody response in
pigs, which are exposed to multiple SI and very often are infected with one or more different SI
subtypes without overt disease, a situation that may reflect better the immune responses in humans
with pre-existing immunity and a complicated history of exposure to influenza viruses.

However, the role of antibodies in protection needs further evaluation and caution, because of
some evidence for enhancement of disease by antibody. VAERD was associated with the presence
of high titre cross-reacting non-neutralizing antibodies targeting the conserved stem HA2 domain
at a site adjacent to the fusion peptide. In the absence of neutralizing antibodies against the HA1
globular head of pdmH1N1, HA2 antibodies increased virus infection of MDCK cells in vitro and
enhanced membrane fusion [114]. However, VAERD is mainly associated with WIV administered with
oil-in-water adjuvant parenterally, and has not been reported after LAIV administration by the mucosal
route [115]. Although an immune response against mismatched HA protein alone was enough to
cause VAERD [116], it has been shown recently that NA inhibiting antibodies to the homologous NA
were sufficient to abrogate it [117]. There clearly is a need to determine the relative contribution of all
types of anti-influenza antibodies, rather than focusing only on those to the HA stem.
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10. Conclusions

The global influenza community is in urgent need of a universal influenza vaccine capable of
inducing durable cross-protection against a broad spectrum of influenza virus strains. Harnessing
local T cell immunity is essential for the development of a practical and effective universal influenza
vaccine. Vaccines that induce T cell mediated immunity reduce disease severity and may reduce or
prevent transmission, but do not prevent infection. The evaluation, licensure and deployment of
a vaccine not designed to prevent infection, but to limit the severity of disease, will be challenging,
as it must show comparable or better efficacy than current vaccines. However, universal vaccines
might substantially reduce the severity of infection and limit the spread of disease during outbreaks
and could be used ‘off the shelf’ early in an outbreak or pandemic, before strain-matched vaccines
are available. In contrast a universal vaccine based on antibody responses would prevent infection
and broadly-neutralizing antibodies specific for the conserved stem domain of the HA have shown
promise both from a therapeutic perspective, as well as for guiding vaccine design efforts. Since
most studies of human broadly-neutralizing monoclonal antibodies have focused primarily on B cells
isolated from blood samples, a focus on lung-resident memory B cells may provide greater insight
into how to generate broadly neutralizing antibodies. Future delivery strategies must consider how
to best boost lung-resident memory B cells to elicit potent broadly protective responses. Combining
both approaches would be a viable strategy and only field trials will show whether a universal vaccine
could induce sufficient herd immunity to be useful. It is important to be aware of the limitations of the
animal models used to study universal vaccines. It is challenging to scale up from 25 g mice to 70 kg
humans. Pigs of 10 to 60 kg approach the weight of humans and, therefore, have great potential as
a translation tool for therapeutics, such as antibodies and vaccines. Swine are also natural hosts of
influenza viruses and play a critical role in the emergence and epidemiology of novel and potentially
zoonotic influenza viruses. They are, therefore, a powerful model to study immunity to influenza.
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Abstract: Rotaviruses (RVs) are a major cause of acute viral gastroenteritis in young animals and
children worldwide. Immunocompetent adults of different species become resistant to clinical
disease due to post-infection immunity, immune system maturation and gut physiological changes.
Of the 9 RV genogroups (A–I), RV A, B, and C (RVA, RVB, and RVC, respectively) are associated
with diarrhea in piglets. Although discovered decades ago, porcine genogroup E RVs (RVE) are
uncommon and their pathogenesis is not studied well. The presence of porcine RV H (RVH), a newly
defined distinct genogroup, was recently confirmed in diarrheic pigs in Japan, Brazil, and the US.
The complex epidemiology, pathogenicity and high genetic diversity of porcine RVAs are widely
recognized and well-studied. More recent data show a significant genetic diversity based on the VP7
gene analysis of RVB and C strains in pigs. In this review, we will summarize previous and recent
research to provide insights on historic and current prevalence and genetic diversity of porcine RVs
in different geographic regions and production systems. We will also provide a brief overview of
immune responses to porcine RVs, available control strategies and zoonotic potential of different RV
genotypes. An improved understanding of the above parameters may lead to the development of
more optimal strategies to manage RV diarrheal disease in swine and humans.

Keywords: Porcine rotavirus; group A, B, C, E and H rotaviruses; rotavirus vaccines; epidemiology;
genetic variability; prevalence; active and passive immunity; swine; zoonotic potential

1. Introduction

Rotavirus (RV) is well established as a major cause of acute gastroenteritis in young children and
animals, including nursing and weaned piglets [1]. The name “rotavirus” comes from the wheel-like
virion appearance observed by electron microscopy. The virus is transmitted by the fecal–oral route and
the infection results in destruction of mature small intestinal enterocytes [2]. RV-mediated damage is
characterized by shortened villi with sparse, irregular microvilli and by mononuclear cell infiltration of
the lamina propria [2]. Several mechanisms are suggested to contribute to the development of diarrhea
including malabsorption due to the destruction of enterocytes, villus ischaemia, neuro-regulatory
release of a vasoactive agent from infected epithelial cells. Also the RV non-structural protein 4 (NSP4)
induces an age- and dose-dependent diarrheal response by acting as an enterotoxin and secretory
agonist [2] (Figure 1) to: (i) stimulate Ca2+-dependent cell permeability and (ii) alter the integrity of
epithelial barrier.
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Figure 1. Potential mechanisms of rotavirus (RV) pathogenesis. RV replication inside enterocytes
induces osmotic diarrhea. RV also increases the concentration of intracellular calcium (Ca2+), disrupting
the cytoskeleton and the tight junctions, increasing paracellular permeability. In addition, RV produces
non-structural protein 4 (NSP4), an enterotoxin that induces Ca2+ efflux from endoplasmatic reticulum
via the phospholipase C dependent (PLC) mechanism further contributing to electrolyte imbalance
and secretory diarrhea. RV can also stimulate the enteric nervous system (ENS, via NSP4 dependent
mechanism), further contributing to secretory diarrhea and increasing intestinal motility. Agents that
can inhibit the ENS could be useful in alleviating RV diarrhea in children. Following, tryptic cleavage of
viral protein 8 (VP8) from VP5, the VP8 fragment alters the localization of claudin-3, ZO-1 and occludin
leading to the disruption of the barrier integrity of tight junctions (TJ) [3–6]. Late in the infectious
process, RV destroys mature enterocytes, further contributing to malabsorptive or osmotic diarrhoea.
RV antigens, genomic RNA and infectious particles have been found in the blood of children and blood
and systemic organs in animals [7,8]. The role of systemic RV translocation in disease pathogenesis is
currently unknown. DLP: double-layered particles.

RVs represent a genus in the Reoviridae family of double-stranded RNA (dsRNA) viruses, with
a genome of 11 segments of dsRNA encoding six structural viral proteins (VP1–VP4, VP6 and VP7)
and five nonstructural proteins (NSP1–NSP5/6). RVs are classified into 10 groups (A–J) based on
antigenic relationships of their VP6 proteins, with provisional I and J species recently identified in
sheltered dogs in Hungary and in bats in Serbia, respectively [9–12]. The outer capsid proteins,
VP7 and VP4, induce neutralizing antibodies and form the basis for the G and P dual typing
system [9]. The most common groups that infect humans and animals are groups A, B and C
(RVA, RVB and RVC), with the highest prevalence of RVA strains that represent one of the most
significant causes of acute dehydrating diarrhea from public health and veterinary health perspectives.
To date, 27 different G- and 37 P-genotypes have been described in both humans and animals for
RVAs [13,14]. For highly genetically diverse RVA strains, the dual (G/P) typing system was extended
in 2008 to a full-genome sequence classification system, with nucleotide percent identity cut-off values
established for all 11 gene segments, with the notations Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx used for
the VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6 encoding genes, respectively [15].
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Subsequently, a Rotavirus Classification Working Group (RCWG) was formed to set the RVA
classification guidelines and maintain the proposed classification system [16] to facilitate complete
classification of novel RVA strains. Currently, only RVA classification has been developed and is being
maintained by the RCWG, while much less is known about the epidemiology and disease burden
associated with infection by non-RVAs. However, RVB, RVC, RVE, RVH and RVI have been detected
in sporadic, endemic or epidemic infections of various mammalian species, whereas RVD, RVF and
RVG are found in poultry, such as chickens and turkeys [14,17–24]. RVs of groups A, B, C, E and H
have been described in pigs [25–32].

In 1969, bovine RV was the first group A RV isolated in cell culture and confirmed as a
cause of diarrhea in calves [33,34]. Human RV was discovered soon after, in 1973, by Bishop and
colleagues [35]. Subsequent studies documented the widespread prevalence of RVA infections in
young animals, including calves and pigs, and their association with diarrhea in animals <1 month of
age [20,28,30,36,37]. Group C RVs were first isolated in piglets in 1980 [31] and were subsequently
identified in other animals and humans [30,38–41]. Porcine RVB was first described as an RV-like
agent identified in a diarrheic pig in the 1980s [29,42]. In addition to pigs, RVB strains have been also
detected in cattle [43–46], lambs [47], and rats [48]. In contrast to human RVA and RVC that were
described worldwide, human RVB strains have been described only in China [49–52], India [53,54],
and Bangladesh [55–59]. An atypical group E porcine RV was only reported in UK swine, where a
serological survey indicated a widespread distribution of antibodies to this virus in pigs older than
10 weeks [25,60]. Most recently, RVH strains were described in pigs in Japan, Brazil and in the US,
where they were reportedly circulating since at least 2002 [27,61,62].

2. RV Genogroup/Genotype Classification and Prevalence in Swine

Infections by RVAs are confirmed in pigs worldwide with or without association with
diarrhea [63–74]. RVA prevalence rates in pigs vary from 3.3% to 67.3% without evidence of seasonality,
but with spatio-temporal fluctuations and re-emergence of certain genotypes, including G9 and
G1 [67,71,75–87], with farm-level prevalence reaching 61%–74% [73,74]. Twelve G genotypes (G1 to
G6, G8 to G12, and G26) and 16 P genotypes (P[1] to P[8], P[11], P[13], P[19], P[23], P[26], P[27], P[32],
and P[34]) of RVA have been associated with pigs [65,67,70,72–74,84,88–91]. However, G3, G4, G5,
G9 and G11 were historically considered the most common G genotypes in swine and were usually
associated with P[5], P[6], P[7], P[13] and P[28] [16,89,92].

Similar to RVA, porcine RVCs are reported in most parts of the world [32,39]. Diarrhea outbreaks
associated with RVCs have been documented in nursing, weaning and post-weaning pigs [31,32,93],
either alone or in mixed infection with other enteric pathogens [1]. In addition, the antibody prevalence
in pigs (58%–100%) shows that RVC infection may be very common and has circulated for many
decades in swine herds in developed countries [32]. Recent studies on US and Canadian porcine
samples demonstrated a 46% prevalence of RVC which was higher in very young (78%, ≤3 day old)
and young (65%, 4–20 day old) piglets [94]. RVC genotypes G1 and G3 were initially assigned to
the prototype porcine RVC Cowden and HF strains, respectively [95]. Further efforts to classify RVC
strains into sequence-based genotypes resulted in identification of a total of nine G genotypes (G1–G9),
seven P genotypes (P1–P7) and seven I genotypes (I1–I7) [94,96–100]. Additional attempts were
made to extend RVC classification based on the sequencing of all 11 genes [101,102]; however, only
limited genomic sequences are currently available. Porcine RVCs belong to G1, G3, G5–G9 genotypes
and a newly described G10 genotype [103], while bovine and human RVCs are classified as G2 and
G4 genotypes, respectively [94,96,97,104]. Additionally, two provisional G genotypes (G12 and G13
based on the 86% nucleotide identity cut-off value) are proposed by Niira et al. based on their recent
results [105].

Rapid molecular characterization of RVB strains is hampered by the difficulty of adapting RVB
strains to cell culture [32,58]. Additionally, limited and variable fecal shedding and instability in
feces were shown for RVBs [44]. Complete genome sequences were obtained for several human RVB
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strains from Southeast Asia [55,106–108] and partial genome sequencing was done for several rat
and bovine RVB strains [43–46,48,53,57,109]. Kuga and colleagues analyzed sequences of the VP7
gene of 38 porcine RVB strains from Japan (2000–2007) and the five genotypes proposed were further
divided into 12 clusters, using 67% and 76% nucleotide cut-off values (66% and 79% on the amino
acid level, respectively) [110]. Recent results by Marthaler et al. suggested a broader diversity of
porcine RVBs based on sequencing of the VP7 gene of 68 RVB strains (collected in 2009 from 14 US
states and Japan) defining 20 G genotypes based on an 80% nucleotide identity cut-off value and
providing the first evidence that porcine RVB genotypes may be host species- and region-specific [111].
Therefore, porcine RVB strains of genotypes G1, G2 and G3/G5 are only found in rats, humans and
bovine species, respectively, while genotypes G4, G7, G9, G13, G15 and G19 are only confirmed in pigs
in Japan, and a small number of porcine RVB strains of genotypes G10 and G17 are only found in the
US. An additional G genotype, G21, was detected in pigs in India [112].

Three human RVH strains from Asia (ADRV-N, J19, B219) [113–116] and a porcine RVH strain
(SKA-1) were identified during 1997–2002 [27]. In 2012, three more porcine RVH strains BR63, BR60,
and BR59 from Brazil were identified [62]. Surprisingly high prevalence (15%) of porcine RVH strains
was recently demonstrated by Marthaler and colleagues mostly in older (21–55 days old) piglets [18].
Their data suggested that porcine RVH strains circulated in the US herds since at least 2006 and that
they are evolutionarily distinct from those of humans, as well as from porcine RVH strains in Brazil
and Japan [18]. Complete genome analyses of a porcine RVH identified in South Africa showed that
the novel RVH strain MRC-DPRU1575 clustered together with the SKA-1 strain and known porcine
RVH strains from Brazil and the USA (only for available genome segments) [117]. However, it was
only distantly related to human RVH strains from Asia and an RVH-like strain recently detected in
bats from Cameroon [117].

Additional data is needed to evaluate the epidemiological importance of porcine RVE strains,
because porcine RVE has only been identified in the UK approximately 3 decades ago and has not
been reported to expand its geographic or host range since [25].

3. Porcine RV Distribution, Genotype Prevalence and Spatio-Temporal Variations
in the Americas

3.1. North America

A high prevalence of porcine RV strains of groups A, B and C among samples from diarrheic
piglets collected in 2009–2011 in the US, Canada and Mexico was reported by Marthaler et al. (2014) and
Homwong et al. (2016) [69,71]. The highest overall prevalence of porcine RVs of 82.1% (90%–100% for
UT, PA, VA and NC, and 5%–90% for the rest of the states) was observed in the US, and similar values
of 79.7% and 73.3% are reported for Canada and Mexico, respectively. In the US, the highest proportion
of RVA positive samples (70.1%) was in the Southeastern states, whereas the highest detection rate of
RVB and RVC samples was found in the South-central states (34.2% and 62.2%, respectively); however
no genotyping results were reported. The historic prevalence of porcine RVA, RVB and RVC strains
in the US was reported as 67.8%, 10.0% and 11.1%, respectively [26]. A systematic review by Papp
and colleagues [72] summarized genotype prevalence and distribution for porcine historic samples
collected/analysed between 1976 and 2011 from both diarrheic and non-diarrheic animals. The most
prevalent G type of porcine RVA in the Americas was G5 (71.4%), followed by G4 (8.2%), G3 (3.57%), G9
(2.31%) and G11 (1.9%) [68,72,82,118] (Figure 2). The frequencies of infections by other RVA genotypes
found in pigs (G1, G2, G6, G8 and G10) were ~1% or less. P[7] genotype was the most common in
the Americas (77.2%), while other P-types represented less than 1% of the identified RVA strains [72].
Finally, G5P[7] was the single most prevalent combination. In contrast, the analysis of more recent US
RVA strains (2004–2012) conducted by Amimo and colleagues demonstrated that the dominant G-P
combination was G9P[13] found in 60.9% of positive samples [from Ohio (OH) North Carolina (NC)
and Michigan (MI)], followed by G9P[7] (8.7%), G4P[13] (8.7%), G11P[13] (4.3%), and G11P[7] (4.3%),
while no G5 strains were detected [67]. Additionally, despite the relatively low overall prevalence of
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porcine RVA strains in samples from US diarrheic and non-diarrheic animals of 9.4%, Amimo et al.
reported that there was an increase in RVA detection from 5.9% in 2004 to 13.8% in 2012 [67], which
may be due to the increase in the prevalence of novel or re-emerging genotypes (such as G9) because
of lack of herd immunity against them.

Figure 2. Global genotype distribution of porcine RVA strains reported in historic (1976–2011, blue
figure arrows) and current (after 2000, pink figure arrows) studies. Porcine RVAs are also detected in
Germany and Russia, but no genotyping data is available.

An earlier study by Kim et al. (1999) identified porcine RVC strains associated with diarrheal
outbreaks in feeder pigs in the US [93]. Although the porcine RVC prevalence was not evaluated in
this study, phylogenetic analysis demonstrated that the identified strains were more closely related
to Cowden (G1) and more distant to HF (G3) strains. Recently, Amimo et al. reported a higher
overall prevalence of porcine RVC strains compared to that of porcine RVA strains (19.5% versus
9.4%) in diarrheic and non-diarrheic piglets collected from several farms in the US (OH, NC and MI)
in 2004–2012 [119]. In this study, the frequency of porcine RVC identification in the samples from
diarrheic was higher than that in non-diarrheic piglets. The porcine RVC strains were confirmed as G3
and G6 in this study (Figure 3). Further, Marthaler analyzed 7520 porcine fecal samples (collected in
2009–2011 in the US and Canada) and identified RVC in 46% of the samples tested [94]. The porcine
RVC prevalence was 16% in very young pigs (<3 days old), 21% in young pigs (4–20 days old), 42% in
post-weaning pigs (21–55 days old), 13% in older pigs (455 days old), and 8% in pigs of unknown age.
However, single porcine RVC infection prevalence was highest in very young (<3 days), and young
pigs (4–22 days) in 78% and 65% of the RVC positive samples, respectively, whereas this percentage was
much lower (6%–39%) in the older age groups. The most common VP7 genotype detected in this study
was G6 (70%), followed by G5 (17%), G1 (12%), and G9 (1%); however, unlike in the study conducted
by Amimo et al., no G3 strains were identified. These data suggest that despite the limited genotyping
information available for porcine RVC strains, there was a possible shift in their prevalence from G1
and G3 genotypes associated with the prototype Cowden and HF strains to G6 and G5 genotypes.

The current knowledge of the genetic diversity of porcine RVB strains is mostly from two studies:
Kuga et al. (2009) and Marthaler et al. (2012) from Japan and the US, respectively. They classified the
existing porcine RVB strains into 20 G genotypes [110,111] (Figure 3). Due to the limited information
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on porcine RVB epidemiology, it is hard to provide an accurate statistics on the temporal fluctuations
in porcine RVB prevalence and porcine RVB genotype distribution in the North and South Americas.
However, the new findings reported by Marthaler suggest an increased porcine RVB prevalence
(46.8%) in the US that was previously observed by others elsewhere and in the US [67,104,110,112],
and demonstrate that remarkably diverse porcine RVB genotypes (10 G genotypes: G6, G8, G10, G11,
G12, G14, G16, G17, G18 and G20 associated with various I genotypes) are currently circulating in the
US, with G8, G12, G16, G18 and G20 genotypes being most prevalent [111].

 

Figure 3. Global genotype distribution of porcine RVB (pink figure arrows) and RVC (blue figure
arrows) strains and porcine RVE (bolded, orange circle)/RVH (bolded, purple circles) occurrence in
different countries reported in historic (1976–2011) and current (after 2000) studies. Porcine RVCs are
also detected in Germany and China, and porcine RVB is confirmed in Germany and Czech Republic,
but no porcine RVC/RVB genotyping data is available for these countries.

3.2. South America

As reported for the US, G5, G4 and G9 genotypes of porcine RVA were most prevalent in Brazil
and Argentina, with G5P[7] being the single most prevalent combination [68,72,82]. Similar to findings
by Marthaler and Amimo, recent findings by Molinari (on samples collected from a single diarrheic
outbreak in Brazil in a G5P[7] vaccinated herd in 2012) demonstrated that porcine RVC (78%) was the
most prevalent group found in single (34%) and mixed (44%) infections, followed by porcine RVA (46%),
RVB (32%), and RVH (18%) [112]. The porcine RVA genotypes detected were G5P[13] and G9P[23],
that differed from the G5P[7] found in the vaccine. Another recent study from Brazil (2011–2012)
demonstrated co-circulation of G3, G5, G9, and P[6], P[13]/P[22]-like, and P[23] genotypes [120],
but with no indication of the historic G5P[7] genotype combination. These findings may indicate
that application of the G5P[7] based porcine RVA vaccines in North and South America might have
contributed to the previously reported increased prevalence of the G5P[7] strains, while subsequently
developed herd immunity and selective pressure against the G5P[7] strains, resulted in their recent
decline (or disappearance) and emergence of the G9 or reassortant variants. Similar to the findings by
Marthaler [94], Molinari reported an increased prevalence of porcine RVC strains in Brazil in diarrheic
piglets in a herd vaccinated with porcine RVA G5P[7] vaccine [112]. The VP6 gene sequence analysis
demonstrated that the RVC strain possessed an I1 genotype like Cowden; however, G and P types
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were not determined. Another study from Brazil, confirmed the presence of three I genotypes (I1, I5,
and I6) in the samples from diarrheic piglets (2004–2010) suggesting that diverse porcine RVC strains
circulate in different Brazilian states [98]. Additionally, Molinari et al. reported porcine RVB genotype
G14 in diarrheic pigs in Brazil, as also reported by Kuga and Marthaler [110–112].

4. Global Porcine RV Distribution and Genotype Prevalence: Africa, Europe, Asia and Australia

4.1. Africa

The presence of group A, B, C and H porcine RVs has been confirmed in several African
countries [65,117,121–123]. The prevalence of porcine RVA in Kenya and Uganda reported in the
recent study by Amimo et al. of 26.2% [65] was higher compared to the prevalence rates of 6.5%–25.7%
reported for samples collected in 2004–2011 in the USA [65], several European countries [75,84,85],
Thailand [89], and India [124], but however, lower (32.7%–38.3%) to those observed in Vietnam [74],
Brazil [80] and Korea [76]. It was lower than that reported for samples collected in the US in
2009–2011 [69], in asymptomatic pigs in Italy (71.5%) [70] or previously reported for South Africa
(84.6%) [123]. This study provides the first evidence that porcine RVA infections are widespread
and likely endemic in East African pig herds. The 18 characterized African porcine RVA strains
were classified into three different P-types including P[6], P[8] and P[13] that were associated with
G5 and G23 G-types [65] (Figure 2). An increased prevalence of porcine RVA strains in diarrheic
and asymptomatic suckling and weaned piglets of 41.8% was also reported in Tanzania (2014),
but the identified porcine RVA positive samples were not genotyped [125]. Interestingly, although
previous attempts to characterize porcine RVA strains from piglets in Nigeria by classical serotyping
methods demonstrated the presence of G4 and G5 types, substantial numbers of the strains from that
study was non-typeable [122]. These findings indicate that phylogenetically distinct porcine RVA
genotypes/strains may circulate in African countries together with the historically common (G4 and
G5) genotypes and warrants further epidemiological investigation.

Apart from some data on porcine RVB and RVC prevalence in Africa reported by Geyer et al.
nearly three decades ago [123], the absence of surveillance programs and adequate diagnostic facilities
have resulted in a lack of data on porcine RVB and RVC prevalence and genetic composition [65];
however, recently Amimo and colleagues demonstrated 8.3% (37/446) prevalence of porcine RVC in
swine populations in Kenya (8.8%) and Uganda (7.7%) (Amimo et al., 2014, unpublished data).

A recent discovery and characterization of a porcine RVH strain from diarrheic piglets in South
Africa confirmed that it was closely related to Japanese, Brazilian and the US porcine RVH, but not
human RVH or bat (RVH-like) strains [117,121].

4.2. Europe

Diarrhea associated with RVA, RVB and RVC infections in pigs is an important cause of increased
mortality, growth impairment, and economic losses in Europe [73,85,126,127]. porcine RVA strains
of G2, G3, G4, G5, G9 and G11 and P[6], P[7], P[13], P[23] and P[27] genotypes were isolated from
feces of diarrheic and non-diarrheic Belgian piglets in 2012 [128] (Figure 2). A wide range of G/P
genotype combinations including; G3P[6], G4P[6], G5P[6], G4P[7], G5P[7], G9P[7], G9P[13] and
G9P[23] was commonly detected in stool samples of diarrheic and non-diarrheic pigs in Belgium.
Additionally, uncommon genotypes/genotype combinations were reported; G2P[27], G11P[27] and
G4P[11]. During a large surveillance study in Italy (2003–2004), a total of 751 fecal samples were
collected from nursing and weaned pigs involved in outbreaks of diarrhea [70]. Porcine RVA prevalence
of 16.1% was identified by electron microscopy or by a commercial immunoenzyme assay. Upon
either PCR genotyping or sequencing, the porcine RVA strains displayed a broad spectrum of VP7
and VP4 types, including G2-like, G3, G4, G5, G6, G9, P[6], P[7], P[13], P[23], and P[26] [70,129,130].
However, an earlier study by Martella et al. (2001) demonstrated that porcine stool samples collected
in Northern Italy during a massive diarrheal outbreak in 1983–1984 contained porcine RVA strains of
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G6P[5] genotype combination [127]. Furthermore, Midgley et al. (2012) analyzed a total of 1101 fecal
samples from pigs collected from 134 swine farms in four European countries (Denmark, Hungary,
Slovenia and Spain) in 2003–2007 [85]. The results demonstrated that porcine RVA prevalence in
Danish swine was only 10% although all samples were collected from diarrheic animals. In contrast,
in Slovenia where the majority of swine were asymptomatic, the porcine RVA detection rate (20%)
was significantly higher than that in swine with diarrhea in Denmark. This is consistent with the
results by Amimo et al. [67] showing that unlike porcine RVC [119], there was no strong association
between diarrhea and porcine RVA prevalence in nursing and suckling piglets in the US. However, in
Spain, porcine RVA infections were significantly more frequent in animals with diarrhea (27%) than in
asymptomatic animals (7%) [75]. Among these porcine RVA positive samples, ten different G types,
G1–6 and G9–12, and nine different P types, P[6], P[7], P[8], P[9], P[10], P[13], P[23], P[27], P[32], were
detected. No single G type was found to be dominant across the participating countries. In Slovenia
G3, G4, and G5 were all common genotypes detected in 19%–30% of the samples. In Denmark, G4 was
the most common genotype (44%). G9 was only detected in Spain, where it was the most prevalent
genotype (33%). Among the various P types, only P[6] was detected in all four countries, which was the
most common type in both Slovenia (41%) and in Denmark (56%). Otto et al. (2015) reported a porcine
RVA prevalence of 51.2%, but no genotyping data was available from this study [126]. Finally, of the
three positive porcine RVA samples identified in the Netherlands in 1999–2001, two were determined
to possess G4P[6] and one G3P[7] genotype constellations [131]. Collins et al. tested 292 fecal samples
collected from 4–5- to 8–9-week-old asymptomatic pigs in Ireland (2005–2007) and showed that 6.5%
samples were positive for porcine RVA [84]. By sequence analysis of the VP7 and VP4 (VP8*) genes, the
Irish porcine RVA strains were identified as G2, G4, G5, G9 and G11 and P[6], P[7], P[13], P[13]/[22],
P[26] and P[32] genotypes, respectively [84]. The G5 and G11 strains were closely related to other
human and porcine G11 strains, while the G2 and G9 strains resembled porcine G2 viruses detected
recently in Europe and southern Asia. However, the G4 strains were only distantly related to other G4
human and animal strains, constituting a separate G4 VP7 lineage. Winiarczyk et al. (2002) identified
G3, G4 and G5 types in combination with P6 and P7 types circulating in Poland [118]. Thus, in
most European countries no dominant porcine RVA genotype/genotype constellations or temporal
fluctuations in their prevalence was identified; however, the findings by Martella from different
years suggest some epidemiological changes over time in Italy: disappearance of G6P[5] genotype
constellation in more recent compared to historic studies [70,127]. A study conducted in England
between 2010 and 2012 on samples from diarrheic pigs also revealed the presence of a wide range of
porcine RVA genotypes: six G types: G2, G3, G4, G5, G9 and G11 and six P types: P[6], P[7], P[8], P[13],
P[23], and P[32] [132]. G4 and G5 were the most common VP7 genotypes, accounting for 25% (16/64)
and 36% (23/64) of the strains, respectively, while P[6] (33%, 21/64) and P[32] (27%, 17/64) were
the most common VP4 genotypes, respectively. Overall, the most common genotype combinations
were G4P[6] and G5P[7], similar to those detected in the historic US samples emphasizing the current
unique epidemiology of porcine RVA in England compared to other European countries.

Porcine RVC strains have been detected in feces of asymptomatically infected 4–5 week old Irish
pigs (in 2005–2007) and of diarrheic piglets from the Czech Republic at low rates of 4.4% (of 292 samples)
and 4.6% (of 329 samples) [104,133]. In comparison 29% and 31% of diarrheic piglets in Belgium (2014)
and Germany (1999–2011), respectively, were porcine RVC positive in recent studies [73,126]. All Belgian
porcine RVC strains characterized in the study belonged to genotype G6, except for one strain
possessing the G1 genotype, while the VP4 genes were genetically heterogeneous, but were classified
in the genotype P5 [73] (Figure 3). The majority of the Irish porcine RVC strains were identified as
G1 genotype, while only two strains belonged to the genotype G6 [104] and the German porcine
RVC strains were not typed [126]. A higher genetic heterogeneity was reported among Czech porcine
RVC strains that were grouped into six G genotypes (G1, G3, G5–G7, and a newly described G10
genotype) based on an 85% nucleotide identity cutoff value [103]. Analysis of the VP4 gene revealed
low nucleotide sequence identities between two Czech strains and other porcine (72.2%–75.3%), bovine
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(74.1%–74.6%), and human (69.1%–69.3%) RVCs and was tentatively classified as a novel RVC VP4
genotype, P8 [103]. Martella et al. (2007) characterized 20 porcine RVC strains collected from distinct
diarrheal outbreaks in 2003–2005 in Northern and Central Italy [97]. They belonged to G1, G5 and G6
genotypes, similar to those identified in Ireland.

A very low prevalence rate of porcine RVB was reported in Germany in samples collected between
1999 and 2013, with no genotyping data available [126]. Additionally, Smitalova et al. (2009) reported
that porcine RVB was detected in 0.6% of samples from diarrheic pigs in Czech Republic [133]; but
they were not genotyped. Apart from the above information, no data for porcine RVB prevalence,
pathogenic potential and genetic characteristics are available for Europe. Additionally, no reports
of porcine RVH are available and only one historic study confirmed circulation of porcine RVE in
England [25], requiring further evaluation and verification that pigs in fact serve as natural reservoir
for porcine RVE strains.

4.3. Asia

Numerous prevalence studies conducted in Asian countries demonstrated the presence of
uncommon RVA genotypes in humans suspected to originate from animal sources [134–137] and
reassortants of human-animal origin [83,138] including the G9 strains emerging globally or regionally
in pigs and humans and the need of careful monitoring of animal RVs. Teodoroff et al. (2005)
reported that genotype G9 of porcine RVA was dominant in a survey among porcine RVA strains
associated with outbreaks of diarrhea in young pigs in Japan between 2000 and 2002 [139] (Figure 2).
Similarly, Miyazaki et al. (2011) demonstrated that G9P[23], G9P[13]/[22], G9P[23], G3P[7], G9P[23],
G5P[13]/[22], and P[7] combined with an untypeable G genotype caused four different diarrheal
outbreaks in Japan in 2009–2010 that affected almost all suckling pigs born to 20% to 30% of lactating
sows [90]. Further, this study provided evidence that the untypeable G genotype was a novel
porcine RVA G26 genotype [90], which was confirmed by the Rotavirus Classification Working Group.
A large-scale surveillance study of smallholder pig farms in the Mekong Delta, Vietnam, was conducted
in 2012 and demonstrated an overall animal-level and farm-level porcine RVA prevalence of 32.7%
(239/730) and 74% (77/104), respectively; however, no significant association with clinical disease was
observed [74]. The study also identified six different G types and four P types in various combinations
(G2, G3, G4, G5, G9, G11 and P[6], P[13], P[23], and P[34]) [74]. Additionally, one G26 strain was
detected. A novel genotype P[27] in combination with G2 was identified in Thailand in samples
collected in 2000–2001 [140]. Saikruang et al. (2013) reported an overall prevalence of porcine RVA of
19.8% (of 207 samples) in diarrheic samples of piglets in Thailand (2009–2010) and identified a wider
variety of G-P combinations [78]. In this study, G4P[6] was identified as the most prevalent genotype
(39.0%), followed by G4P[23] (12.2%), G3P[23] (7.3%), G4P[19] (7.3%), G3P[6] (4.9%), G3P[13] (4.9%),
G3P[19] (4.9%), G9P[13] (4.9%), G9P[19] (4.9%), G5P[6] and G5P[13] each of 2.4%. Furthermore, G5 and
G9 in combinations with P-nontypeable strains were also found as 2.4% (n = 1) of the collection. Among
the diverse porcine RVA strains, novel genotype combinations of G4P[19] and G9P[19] were detected
for the first time. Further corroborating the emergence and widespread prevalence of non-classic G
and P genotypes of porcine RVA in Asia, 92.9% of porcine RVA containing stool samples collected
from piglets with diarrhea in northern Thailand (2006–2008) belonged to the rare P[23] genotype
combination with G9 or G3 genotypes [89]. The G9P[23] combination was reported to circulate in
pigs in China as well [141]. Porcine RVA strains of the G9 genotype in combination with the P[7] and
P[23] genotypes were isolated and identified as the third most important genotype in the diarrheic
pigs in South Korea, after G5P[7] and G8P[7] [93]. A review by Malik and colleagues summarized the
results of various surveillance studies (using ELISA-, PAGE- and PCR-based typing) suggesting the
presence of G4, G6, G9, G12 and P[6], P[7], P[13] and P[19] genotypes in different regions in India [124].
Although there are no documented large-scale surveillance programs in China, the presence of porcine
RVA G9P[7] in piglets with diarrhea was confirmed in Jiangsu Province, China [142], suggesting that
various G9 combinations circulate in most if not all Asian countries.
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Despite somewhat scarce information on porcine RVC prevalence in Asian countries,
there are several reports describing different porcine RVC genotypes circulating in Japan and
South Korea [99,100,105]. The genotypes described in Japan include G1, G5, G6, G9, G12 and G13 G
genotypes found in combination with P1, P4–P6 P genotypes, while G3, G5, G6 and G7 G genotypes
were shown to circulate in South Korea [100,105] (Figure 3). There is also a report of porcine RVC
circulation in China with a prevalence rate of 16.65% among diarrheic and asymptomatic piglets
(2007–2008); however, no genotyping data is available [143].

Similar to porcine RVC data, very limited information on porcine RVB prevalence and dominant
genotypes circulating in most Asian countries is available. A high prevalence of porcine RVB and
porcine RVB specific antibodies in porcine fecal and serum samples, respectively, are reported in
several studies in Japan [110,144]. Furthermore, at least G3–G6, G8, G9, G11, G12–G15 and G18–G20
genotypes with distinct sub-clusters within the genotypes were identified in porcine samples collected
in Japan between 2000 and 2007 [71,110] (Figure 3). Additional evidence of remarkable porcine RVB
diversity is highlighted in a report from India that demonstrates that at least G7, G19, G20 and tentative
novel G21 genotypes (associated with H4 and H5 genotypes) circulate in the Northern and Western
regions of India [145].

4.4. Australia

Apart from several reports on circulation of porcine RVA G3, G4 and G5 ~3 decades ago [146–148],
there is no epidemiological data for porcine RVs in this region (Figure 2).

5. Zoonotic Potential of Porcine RV Strains

Historically, RVs were believed to be host-specific; however, recent and growing evidence
challenges this postulation. Diverse animal reservoirs of zoonotic RVs are suggested to include
at least porcine, bovine, ovine, pteropine, rodent, avian and insectivore species [17,85,149–151]. The
widely documented zoonotic potential of RVA strains is best exemplified by globally emerging human
RVs, such as G9 and G12, likely originating from porcine species by gene reassortment because similar
G9 and G12 VP7 specificities are often observed in piglets [139,152–154]. Additionally, numerous
reports have described interspecies transmission leading to sporadic cases of human disease with
RVs from different animal species origin [72,155–158]. Table 1 summarizes common (G1–G4, P[6]
and P[8]) and uncommon human RV G and P genotypes (suggestive of possible emergence via
re-assortment) and G/P combinations (indicating possible direct transmission) that likely originated
from swine. A total of 10 G genotypes (G1–5, G9–G12 and G26) and 7 P genotypes (P[4], P[6],
P[8], P[13], P[14], P[19] and P[25]) of porcine origin have been identified in humans to date, with
some genotypes including G10, G11, G12, G26, P[13], P[14], P[19] and P[25] displaying regional
characteristics (found only in Asian or African countries), whereas the rest were found more commonly
or emerging globally (Table 1). The recent discovery showing that different P-genotypes of RVA strains
interact with distinct histo-blood group antigens (HBGA, ABOH, Lewis) and sialic acids via VP4 may
provide insights into regional prevalence and increased zoonotic potential of some RVAs of swine
origin [159–162]. While only a few animal RVs (of P[1], P[2], P[3], and P[7]) are sialidase sensitive,
cellular attachment of human and the majority of animal RVs are sialic acid independent and use
HBGAs as attachment factors or (co)receptors [161]. Further, RVs bearing different P-types recognize
polymorphic HBGAs in a strain-specific manner, leading to variable host-specific susceptibility among
different populations. Further, a stepwise-biosynthesis of HBGAs may represent one of the mechanisms
regulating age-specific susceptibility to RV infection in early life [161]. Similar polymorphic HBGAs
are also observed in many animals, including pigs (A and H antigens) [163]. The latter may provide an
explanation why RVA strains of the P[6] genotype (that recognize H antigen) are commonly found in
and transmitted between humans and pigs in different countries, while P[19] strains in humans of
potential porcine origin appear to be restricted to India, Asian and African countries coinciding with
distinct polymorphisms in Lewis antigens associated with Caucasian and other populations [164].
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Unlike porcine RVA strains which are commonly demonstrated to possess zoonotic potential [17],
there is currently little evidence in support of porcine RVC interspecies transmission. Identification of
porcine RVC-derived genes in human and bovine RVC strains was reported in Brazil [199]. In addition
to identification of bovine RVC strain WD534tc of likely porcine origin [203], whole genome analysis
of porcine RVC strains from Japan has suggested a close phylogenetic relations between the human
and some of these porcine RVC strains [100]. Additionally, a possible zoonotic role of animal RVCs
has also been hypothesized based on increased seroprevalence rates to RVC in human populations [7]
and the high prevalence of RVC infections in some geographic areas where they may cause <5% of
gastroenteritis-associated hospitalizations in childhood [204]. However, it is important to note that the
limited genetic variability of RVCs in humans contrasts with the high genetic diversity currently seen
in pigs [97].

More recently, RVB strains were identified from sporadic cases of infantile diarrhea in Bangladesh
as opposed to adult diarrhea cases associated with RVB in China and India. These recent strains
differed genetically from the Chinese strain [53,55], suggesting that diverse RVB strains are circulating
in humans. Limited evidence for the zoonotic potential of some porcine RVB strains was provided by
Medici and colleagues demonstrated a high nucleotide identity between the NSP2 gene sequences of
human and porcine strains [198].

Overall, these data indicate that frequent surveillance of porcine RVA and additional research on
porcine RVB/RVC diversity in swine are needed to control their regional and global zoonotic spread.

6. Passive and Active Immunity

Immune responses and correlates of protection against RVs in humans and different animal
species (mostly against RVA) are reviewed elsewhere [205,206]. Much of the knowledge of RV immune
responses has been generated using a gnotobiotic (Gn) pig model and human RV infection/vaccines.
In this review, we will briefly summarize passive and active immune responses in pigs induced by
human RVA strains (Figure 4), since piglets can be infected with porcine and human RV strains, and
develop clinical disease [206]. In terms of innate immunity, our recent studies have demonstrated that
decreased severity of human RV clinical disease and infection was associated with enhanced function
and frequencies of plasmacytoid dendritic cell (pDC) and natural killer (NK) cells evident systemically
and locally and systemic IL-12 responses [207], similar to observations in humans and mice [208].
Although the role of interferon (IFN)-α in protection against homologous/heterologous RV infections
is debated [209–211], earlier we demonstrated that an imbalanced IFN-α production coincided with
increased human RV disease/infection severity [212]. Additionally, increased expression of toll-like
receptor 3 (recognizes double-stranded RNA) was associated with improved protection against human
RV infection and disease in Gn piglets, suggesting it could be an attractive target for therapeutic
development [213]. Finally, reduced human RV replication in Gn piglets in our recent studies was
associated with increased total Ig responses in systemic and local tissues [214].

The correlates of oral human RV vaccine induced protection against challenge with human RV
(G1P[8]) were the presence and concentration of RV-specific IgA antibodies or antibody-secreting-cells
(ASC) in serum or intestine, and frequencies of IFN-γ producing CD4+ T cells, but not the
concentration of intestinal or systemic RV-neutralizing antibodies [215–217] or VP6-specific IgA
antibodies [205,206,218] (Figure 4).

Priming orally with an attenuated human RV vaccine conferred protection in piglets that was
augmented by a booster with VP 2/6 virus–like particles (VLPs) [218]. This protection was correlated
with immune responses to VP4 and VP7 [206]. However, systemic and intestinal immune responses to
human RV NSP4 alone did not correlate with protection of Gn piglets against human RV challenge [219].
While maternally derived circulating RV-specific antibodies mediated high levels of passive protection
against human RV disease, active immune responses to replicating and non-replicating human RV
vaccines were suppressed, as evident by reduced numbers of ASC in the intestine which decreased
protection upon experimental challenge [220,221].
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Figure 4. Immune responses to RV infection in pigs. Intestinal RV VP4/VP7 secretory immunoglobulin
A (sIgA) neutralizing antibodies can prevent viral binding to enterocytes and penetration (early
post-infection), while viral replication can be partially inhibited by anti-VP6 sIgA during transcytosis
across enterocytes. In addition, a number of immune cells contribute to RV innate and adaptive immune
responses: plasmacytoid dendritic cells (pDCs) produce antiviral (IFN-α) and pro-inflammatory (IL-12)
cytokines which can inhibit RV replication or induce other immune cell subsets, including natural
killer (NK) cells that produce granzymes, perforins and TNF-α and can lyse RV-infected cells. After
antigen presentation by conventional dendritic cells (cDCs) to T cells, cytokine-secreting (IFN-γ in
particular) RV-specific Th cells can also inhibit viral replication and activate IgA production by B cells.
Additionally, RV-specific CD8 cytotoxic IFN-γ producing T cells contribute to the lysis of RV infected
cells. RV induces apoptosis of intestinal epithelial (enterocytes) and immune cells; however, it is unclear
whether this decreases (by eliminating infected cells) or promotes (via dissemination of the infectious
particles) RV replication. Although high levels of systemic RV-neutralizing antibodies may coincide
with improved protection against RV challenge, they are not correlated with protection in most studies.
TJ: tight junctions. DLP: double-layered particles.

7. Porcine RVA Vaccines and Control Strategies: Potential Impact of Vaccines on Porcine RVA
Genetic Diversity

Although following worldwide application of human RV vaccines, child mortality due to diarrhea
declined, RV remains the most common cause of severe dehydrating diarrhea among children <5 years
of age [222]. In livestock, vaccination strategies were focused on the induction of active or passive
immunity, however, oral administration of attenuated RV vaccines to piglets and calves often lacked
efficacy in the field [223]. The endemic porcine RV infections and the ubiquitous presence of porcine
RV antibodies in swine revealed a need for strategies to boost lactogenic immunity in sows to provide
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passive antibodies to the neonate with colostrum and milk. The variable success of maternal RV
vaccines in the field is influenced by vaccine dose, strain, inactivating agent, adjuvant, route of
administration, and porcine RV exposure levels. The use of genetically engineered VLP vaccines to
boost antibodies in mammary secretions showed promise because they are replication independent
allowing circumvention of maternal antibody interference. However, although the immunogenicity of
such VLP vaccines was high, the protective efficacy they induced was insufficient demonstrating the
need for priming with live attenuated RV vaccines [224]. Nevertheless, field application of ProSystem
porcine RV vaccine (which contained modified live porcine RVA strains of G4P[6] and G5P[7] genotype
combinations) or G5P[7] (porcine RVA OSU) based vaccines could have resulted in the widespread
circulation of porcine RVA of these genotypes for several decades and their more recent substitution
by G9 and G11 genotypes or reassortant G4 and G5 variants discussed in detail in Section 3 of this
review. Alternatively, they could generate herd immunity gradually decreasing the prevalence of the
historic G4/G5 porcine RVA genotypes and allowing for the spread of novel emerging porcine RVAs.

8. Concluding Remarks

The remarkable diversity and genetic plasticity of porcine RVs indicate a need for further research
on molecular characterization and spatio-temporal prevalence and fluctuations of endemic and
emerging porcine RVs. The recent emergence of unusual G and P genotypes of porcine RVA strains
worldwide, the discovery of novel porcine RV groups in different geographic regions, as well as
the growing evidence of increased porcine RV prevalence and genetic diversity compared to that
previously estimated suggest that porcine RV epidemiology is very complex and highly dynamic.
These observations lead to at least two conclusions: (i) molecular diagnostic and characterization
toolkits should be frequently updated and expanded to include novel porcine RV variants to ensure
accurate epidemiological monitoring (especially for the countries where such information is lacking:
African countries, Russia, Australia, etc.); (ii) a better understanding of the molecular pathogenesis
and immunity to porcine RV is needed to optimize and update classical vaccine approaches to
control porcine RV infections and spread. Although not highly efficacious in the field, attenuated
replicating porcine RVA vaccines may be contributing directly to the genetic diversity of porcine
RVs (via reassortment of vaccine strains with wild type strains and their subsequent spread) and the
emergence of novel genetic variants that can evade herd immunity against the vaccine strains, as
observed with human RVA vaccines, RotaTeq and Rotarix, that generate within vaccine (RotaTeq)
and vaccine-wild type strain re-assortants capable of further spread in susceptible populations [225].
Alternative or additional approaches (to live attenuated vaccine use) may include wide-scale probiotic
use or therapeutic applications that target the virus replication cycle to enhance innate or anamnestic
immune responses, to decrease RV shedding and environmental contamination, and to alleviate
porcine RV-mediated intestinal damage. Finally, although not previously well recognized, the zoonotic
potential of various porcine RV genogroups/genotypes should be carefully and extensively evaluated
by conducting simultaneous epidemiological studies of human and porcine RVs in the same geographic
regions. Additional studies to understand the higher propensity of some genogroups/genotypes
to generate re-assorted variants and cross interspecies barriers are needed, including the potential
interactions of different porcine RV genotypes with HBGAs as shown for human RV strains [159–162].
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Abstract: A genogroup 2b (G2b) porcine epidemic diarrhea virus (PEDV) Taiwan Pintung 52
(PEDVPT) strain was isolated in 2014. The pathogenicity and host antibody responses elicited by
low-passage (passage 5; PEDVPT-P5) and high-passage (passage 96; PEDVPT-P96) PEDVPT strains
were compared in post-weaning PEDV-seronegative pigs by oral inoculation. PEDVPT-P5-inoculation
induced typical diarrhea during 1–9 days post inoculation with fecal viral shedding persisting
for 26 days. Compared to PEDVPT-P5, PEDVPT-P96 inoculation induced none-to-mild diarrhea and
lower, delayed fecal viral shedding. Although PEDVPT-P96 elicited slightly lower neutralizing
antibodies and PEDV-specific immunoglobulin G (IgG) and immunoglobulin A (IgA) titers,
a reduction in pathogenicity and viral shedding of the subsequent challenge with PEDVPT-P5
were noted in both PEDVPT-P5- and PEDVPT-P96-inoculated pigs. Alignment and comparison
of full-length sequences of PEDVPT-P5 and PEDVPT-P96 revealed 23 nucleotide changes and
resultant 19 amino acid substitutions in non-structure proteins 2, 3, 4, 9, 14, 15, spike, open reading
frame 3 (ORF3), and membrane proteins with no detectable deletion or insertion. The present study
confirmed the pathogenicity of the PEDVPT isolate in conventional post-weaning pigs. Moreover,
data regarding viral attenuation and potency of induced antibodies against PEDVPT-P5 identified
PEDVPT-P96 as a potential live-attenuated vaccine candidate.

Keywords: cell culture-adapted virus; conventional pig; neutralizing antibody; porcine epidemic
diarrhea virus; viral shedding

1. Introduction

Porcine epidemic diarrhea (PED) is caused by the PED virus (PEDV), which belongs to the
Alphacoronavirus genus of the family Coronaviridae. PEDV contains a positive-sense, single-stranded
RNA genome of approximately 28 kb in size, which encodes four structural proteins, namely, spike (S),
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envelope (E), membrane (M), and nucleocapsid (N) proteins as well as three non-structural proteins
(NSP), namely, replicases 1a and 1b and open reading frame 3 (ORF3). The first outbreak of PED was
recognized in England in 1971. During the 1980s and 1990s, PED caused severe economic losses in the
swine industry in Europe and Asia, but it later turned into a sporadic disease [1]. However, since late
2010, devastating outbreaks of PED that affect all pigs, regardless of their age, with a mortality rate of
up to 95% among suckling pigs, regardless of their vaccination status, have been reported in China [2].
The disease has rapidly spread to Asia and, subsequently, to North America, and has resulted in the
death of millions of pigs, and has severely affected the swine industry [3,4].

Compared to traditional and CV777-based vaccine strains, the high genetic diversity of the
genogroup 2b (G2b) PEDV suggests that PEDV CV777- or DR13-based attenuated vaccines may not
completely protect pigs against the infection or control the disease progression [2,5]. Therefore, a new
generation of PEDV vaccine against G2b PEDV is urgently required. In the past, successful attenuation
of traditional PEDV strains such as SM98 [6], 83P-5 [3], KPED-9 [7], and DR13 [8] by in vitro serial
passages in Vero cells has been achieved [9]. It has been demonstrated that conventional 11-day-old
pigs orally inoculated with 2.55 × 105 fluorescent focus forming units of the highly-passaged cell
culture strain CV777 presents transient or no fecal viral shedding without clinical symptoms [10].
In addition, sows intramuscularly immunized with 107 50% tissue culture infective dose (TCID50)/mL
of the highly cell culture-adapted CV777 strain twice every two weeks induces serum and colostrum
antibody titers and reduces the mortality rate from 100 to 20% in neonatal piglets born to these
vaccinated sows challenged with 10 50% lethal dose (LD50) of wild PEDV compared with those
born to unvaccinated sows [7]. By using the cell culture passage strategy, evident attenuations of
a high-passage PEDV YN Chinese strain (passage 144; YN-144) in 10-day-old conventional pigs [11] or
highly-passaged PC21A-derived strains (passage 120 and passage 160) in 4-day-old, caesarian-derived,
colostrum-deprived (CD/CD) or conventional suckling piglets [12] have been established. However,
the detailed immune responses or the efficacy of cross-protection induced by these attenuated G2b
PEDV strains against the parental virus or heterologous viruses are either unknown or only partially
effective [12].

In Taiwan, new strains of PEDV have been detected since late 2013. Phylogenetic analysis of these
field strains indicate that their S gene sequences are highly identical to each other and are closely related
to those of G2b PEDV strains [5,13]. In the present study, a Taiwan PEDV Pingtung 52 (PEDVPT) strain
was successfully isolated from a suckling pig during a farm outbreak in 2014 and serially passaged in
Vero cells. To evaluate and compare the pathogenicity of the G2b Taiwan PEDVPT field isolate with its
cell culture-adapted strain, we orally inoculated 5-week-old, PEDV-seronegative conventional pigs
with a low-passage (passage 5; PEDVPT-P5) or high-passage (passage 96; PEDVPT-P96) PEDV strain.
After confirming complete viral clearance in feces, these pigs were then challenged or re-challenged
with PEDVPT-P5 to compare the efficacy of immune protection between the groups previously
inoculated with PEDVPT-P5 or PEDVPT-P96.

2. Materials and Methods

2.1. Virus Isolation and Serial Passage of PEDVPT Strain

The parental PEDVPT strain (GenBank Accession No. KP276252) was isolated in early 2014 from
the intestinal homogenate of a 7-day-old suckling pig in Taiwan and adapted to Vero cells as previously
described [7,14]. Viral infection and propagation were confirmed by daily observation of cytopathic
effects (CPE), real-time reverse transcription quantitative PCR (RT-qPCR), immunofluorescence assay
(IFA), and immunocytochemistry (ICC) staining. In brief, Vero C1008 cells (American Type Culture
Collection (ATCC) No. CRL-1586) were cultured overnight (O/N) to 80% confluence and were washed
twice with modified post-inoculation medium (PI medium) containing Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, Grand Island, NY, USA) supplemented with tryptose phosphate broth (0.3%),
yeast extract (0.02%), and 10 μg/mL of trypsin. After two blind passages, PEDV-inoculated Vero
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cells showing CPE, characterized by cell fusion, syncytial cell formation, and cell detachment, were
subjected to three rounds of plaque purification. PEDV-infected Vero cells showing more than 90%
CPE were subjected to one freeze-and-thaw cycle, and the supernatants were harvested. Viral stocks
of the low-passage PEDV (passage 5; PEDVPT-P5) strain and the high-passage PEDV (passage 96;
PEDVPT-P96) strain were prepared by serial passaging of the culture supernatants in Vero cells.
The virus stocks were titrated by performing a 10-fold serial dilution of the supernatants in 96-well
plates in triplicates for each dilution. The viral titers of the PEDVPT-P5 and PEDVPT-P96 stocks were
105 and 106 TCID50/mL, respectively.

2.2. Detection of PEDV Antigens by IFA and ICC

Supernatants of the virus-inoculated Vero cells showing typical CPE were eluted, 200 μL of 80%
ice-cold acetone (Sigma-Aldrich, St. Louis, MO, USA) was added to each well, and the cells were
fixed at −20 ◦C for 10 min. After fixation, acetone was removed, and the plate was air dried at
room temperature for 30 min. The air-dried cells were then incubated with an in-house anti-PEDV N
protein monoclonal antibody diluted 1000-fold (for ICC stain) or with PEDV hyperimmune pig serum
diluted 200-fold (for IFA) and incubated at room temperature for 1 h. After incubation, the wells were
washed three times with phosphate-buffered saline (PBS). For IFA, 100 μL of fluorescein isothiocyanate
(FITC)-labeled goat anti-mouse immunoglobulin G (IgG) (Bethyl Laboratories, Montgomery, TX, USA)
diluted to 200-fold in PBS was added to each well and incubated in dark at room temperature for 1 h.
For ICC, a polyclonal anti-rabbit/mouse immunoglobulin EnVision-DAB+ system (Dako, Carpinteria,
CA, USA) was used according to the manufacturer’s protocol. After incubation with the secondary
antibody, each well was washed three times with PBS. For ICC staining, the labeled cells were exposed
to 3,3′-diaminobenzidine (DAB) chromogen using a peroxidase DAB substrate kit (Dako, Carpinteria,
CA, USA), according to the manufacturer’s instructions. For IFA, the labeled cells in the 96-well plate
were mounted with 1% glycerol (Sigma-Aldrich) in PBS. The stained cells were detected using an
inverted light/fluorescence microscope.

2.3. Comparative Pathogenicity and Assessment of Immunogenicity in PEDVPT-P5 and
PEDVPT-P96-Inoculated 5-Week-Old Conventional Pigs

Eighteen 5-week-old, PEDV-seronegative, PEDV-fecal RNA-negative, Large White × Duroc
crossbred pigs were selected from a conventional pig farm. Selected pigs were negative for porcine
circovirus type II, porcine respiratory and reproductive virus, porcine rotavirus, transmissible
gastroenteritis virus, porcine respiratory coronavirus, and porcine deltacoronavirus as tested by
routine conventional or real-time PCR detection. These pigs were randomly assigned to four groups,
viz., the mock-inoculated group with PEDVPT-P5 challenge (pigs A1 to A3; n = 3), mock-inoculated
group without PEDVPT-P5 challenge (pigs A4 to A6; n = 3), the PEDVPT-P5-inoculated group with
PEDVPT-P5 challenge (pigs B1 to B6; n = 6), and the PEDVPT-P96-inoculated group with PEDVPT-P5
challenge (pigs C1 to C6; n = 6). All pigs were labeled with ear tags. Three pigs of the same group
were housed in a separate room. Each pig in the PEDVPT-P5- and PEDVPT-P96-inoculated groups
was orally inoculated with 5 mL of 105 TCID50/mL of the respective virus diluted in PI medium.
Each pig in the mock-inoculated group received 5 mL of PI medium orally. Rectal swabs were collected
every day to monitor the duration of viral shedding, and clinical signs were recorded and scored
daily. To monitor seroconversion and mucosal immunity, 10 mL of ethylenediaminetetraacetic acid
(EDTA)-anticoagulated blood and fecal swabs were collected from inoculated pigs every two weeks
for detecting PEDV-specific plasma IgG and mucosal IgA, respectively. All experiments procedures
performed on the animals were reviewed and approved by the Institutional Animal Care and Use
Committee of National Taiwan University (Taipei, Taiwan, NTU105-EL-00087).
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2.4. Re-Challenging with PEDVPT-P5 to Assess the Protection in PEDVPT-P5- and
PEDVPT-P96-Inoculated Pigs

After confirming that all PEDVPT-P5- and PEDVPT-P96-inoculated pigs were seroconverted
and negative for fecal virus shedding by RT-qPCR, all pigs were orally inoculated with 5 mL of
105 TCID50/mL of PEDVPT-P5 to evaluate immune protection. At this time point, all pigs were
9-weeks old.

2.5. Scoring for Clinical Signs of Infection

After each inoculation, animals were monitored daily for clinical signs of infection until the end
of the experiment. PEDV-associated diarrhea was scored based on the fecal consistency as follows: 0,
normal; 1, loose; 2, semi-fluid; and 3, watery [15]. The weight of individual pigs in each group was
monitored and recorded weekly.

2.6. RNA Extraction, cDNA Synthesis, and SYBR Green-Based Quantitative Real-Time PCR

Fecal swabs were diluted with 700 μL of PBS, and RNA was extracted using a QIAamp Viral
RNA Mini Kit (Qiagen, Chatsworth, CA, USA), according to the manufacturer’s instructions. The total
amount of feces contained in each fecal swab ranged from 0.25 to 0.35 g [15,16]. Complementary DNA
(cDNA) synthesis was performed by reverse transcription using the QuantiTect Reverse Transcription
Kit (Qiagen), according to the manufacturer’s instructions. The synthetized cDNA was amplified
by real-time qPCR using SYBR Advantage qPCR Premix (Clontech, Palo Alto, CA, USA) under the
following conditions: 45 cycles of 95 ◦C for 5 s, followed by 60 ◦C for 30 s. The primers used for
detection of PEDV in the fecal samples have been previously published [17]. All real-time qPCR
reactions were performed in duplicates, and the results were expressed as genomic equivalents (GE), as
previously stated [17]. Ten-fold serial dilutions of a known amount of plasmid (pCR-XL-TOPO DNA;
Thermo Fisher Scientific, Waltham, MA, USA) containing the PEDV N gene was used as the positive
control to generate a standard curve. According to this standard curve, the detection limit of RT-qPCR
was approximately 60 GE of DNA (data not shown). The amplification product for each reaction
was also confirmed by performing the melting curve assay. Samples with a melting temperature of
84.7–86.1 ◦C were considered PEDV positive. The efficiency of the qPCR ranged from 90.42 to 96.92%.

2.7. Antibody Responses

For concentration and purification of PEDV virions, the cell component of the supernatants
collected from PEDV-infected Vero cells was first freeze–thawed three times, and the cell debris was
eluted by centrifugation at 6000× g for 30 min. To concentrate the virions, viral supernatants were
pelleted by centrifugation at 75,000× g for 2.5 h using an Avanti J-25 centrifuge (Beckman, Fullerton,
CA, USA) and were resuspended in PBS. Viral protein concentrations were determined using a Pierce
BCA (bicinchoninic acid) Protein Assay Kit (Thermo Fisher Scientific Inc.). Ninety-six-well, flat-bottom
plates (Corning Life Sciences, Corning, NY, USA) were coated O/N with 2 μg/well of concentrated
PEDV virions. The PEDV-coated plates were washed six times with 100 mL of PBST (PBS containing
0.05% Tween 20), and wells were incubated for 1 h at room temperature with plasma samples diluted
to 20-fold in PBS or with syringe-filtered (0.22 μm pore size) fecal samples, which was diluted two-fold
in PBS; each fecal swab was diluted in 700 μL PBS. Each sample was added to the plate in duplicates.
After incubation with samples, the wells were washed six times with PBST, and antibodies were
detected using horseradish peroxidase (HRP) conjugated goat anti-pig IgG (Kirkegaard & Perry
Laboratories, Gaithersburg, MD, USA) diluted to 1:1000 or goat-anti-pig IgA (Abcam, Cambridge, UK)
diluted to 1:5000. After washing six times with PBST, 100 μL of tetramethylbenzidine (TMB) substrate
solution (Kirkegaard & Perry Laboratories) was added to each well and incubated at room temperature
for 20 min. The reaction was stopped using TMB stop solution (Kirkegaard & Perry Laboratories), and
the optical density (OD) at 405 nm was recorded on an enzyme-linked immunosorbent assay (ELISA)
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reader. Antibody titers were expressed as sample-to-positive control ratio (S/P ratio) values. Using
a panel of positive and negative controls, the cutoff values of plasma IgG and fecal IgA detection
were 0.1 (95% confidence level) and 0.3 (95% confidence level), respectively.

2.8. Neutralizing Antibody Assay

For neutralization assay, 100 μL of Vero cell suspension at a density of 3 × 105/mL were seeded
onto 96-well culture plates (Corning Life Sciences) and incubated at 37 ◦C, 5% CO2 overnight to reach
70% confluence. Prior to performing neutralizing antibody assay, plasma samples were heated in
water bath at 56 ◦C for 30 min to inactivate the complement and diluted at 1:10, 1:20, 1:40, 1:80, and
1:160 in PI medium. Fifty microliters of diluted plasma samples were admixed and incubated with
200 TCID50/mL PEDVPT-P5 at 37 ◦C and 5% CO2 for 1 h. After removing the medium from the 70%
confluent Vero cells and washing the cells twice with PI medium, mixtures containing PEDVPT-P5 and
different diluted plasma were added to Vero cells in duplicates and were incubated at 37 ◦C, 5% CO2

for 1 h. After 1 h of incubation, the supernatants were replaced by fresh PI medium. The cells were
maintained at 37 ◦C and 5% CO2, and the CPE were monitored for the next three days. The neutralizing
titer was determined as the last dilution without CPE.

2.9. Complete Viral Genome Sequencing and Full-Length Sequence Analysis

Viral RNA extraction and subsequent reverse transcription of both PEDVPT-P5 and PEDVPT-P96
were performed as previously described [5] using sequence-specific reverse primers (see
Supplementary Table S1). The complete genomes of both viruses were obtained by using seven
pairs of oligonucleotide primers that flank different regions of the novel strains of PEDV genome with
at least 200-base pair overhangs (see Supplementary Table S1). The PCR amplicons of each fragment
were gel-purified, cloned into plasmid vector (pJET1.2; Thermo Fisher Scientific), and subjected for
sequencing after plasmid isolation. To acquire sequences of the extreme 3′ and 5′ ends, SMART RACE
cDNA Amplification Kit was used according to the manufacture’s instruction (Clontech, Tokyo, Japan).
Sequence assembly and comparison of complete genomes of both PEDVPT-P5 and PEDVPT-P96 were
performed by using Lasergene 7.1 (DNASTAR, Madison, WI, USA) and MEGA7 [18] , respectively.

2.10. Statistical Analysis

The results of body weights, antibody titers, and fecal viral shedding were analyzed statistically
using SAS 9.4 (Statistical Analysis System, SAS Institute Inc., Cary, NC, USA). The variables among
groups were compared using one way analysis of variance (ANOVA) combined with Scheffe’s method.
A p-value of <0.05 was interpreted as statistically significant.

3. Results

3.1. Viral Isolation of the PEDVPT Strain

After two blind passages in Vero cells, the intestinal homogenate of inoculated cells at passage
three showed typical PEDV-associated CPE [19] characterized by enlarged cells, cell fusion, and
syncytial cell formation (Figure 1A). Positive, PEDV-specific cytoplasmic signals in cytopathic syncytial
cells were detected by IFA using pig hyperimmune serum (Figure 1B) and by ICC using a monoclonal
anti-PEDV N antibody (Figure 1C). No CPE and positive PEDV antigen signals were detected in Vero
cells not inoculated with media containing PEDVPT (Figure 1D).
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Figure 1. Detection of porcine epidemic diarrhea virus strain Pintung 52 (PEDVPT) infection in Vero
cells. Typical PEDV-induced cytopathic effects (CPE) characterized by enlarged cells, cell fusion, and
syncytia formation was present in cultures of PEDVPT passage 3-inoculated Vero cells (A). Positive
signals located in the cytoplasm of typical syncytial cells were detected by immunofluorescence assay
using PEDV hyperimmune pig serum (B) or by immunocytochemistry (ICC) using an anti-PEDV N
protein monoclonal antibody (C). Non-PEDV infected Vero cells stained by ICC as negative control (D).

3.2. Pathogenicity of PEDVPT-P5 and PEDVPT-P96 in Conventional Pigs

The results of clinical scoring for all pigs are shown in Table 1. In the PEDVPT-P5-inoculated
group, all pigs (6/6) presented with typical PEDV-associated, loose-to-watery diarrhea. With the
exception of two pigs, most pigs in this group presented with loose diarrhea (score = 1) at 2–3 days
post-inoculation (DPI) that worsened to watery diarrhea (score = 3) at 3–7 DPI and eventually
ameliorated to loose diarrhea (score = 1) again at 6–9 DPI. Pig B5 exhibited only mild loose feces
(score = 1) for three days during the study. Moreover, pig B6 presented with severe watery diarrhea
(score = 3), severe dehydration, and electrolyte imbalance at 1 DPI. The animal was diagnosed with
a poor prognosis and was immediately euthanized according to the guidelines of Institutional Animal
Care and Use Committee of National Taiwan University (Taiwan, Republic of China). Most pigs in
the PEDVPT-P96-inoculated group showed no obvious clinical signs of infection with the exception
of two pigs (C3 and C4), which presented with transient loose feces (score = 1) at a few time points
during the experiment. In the mock-infected groups, no clinical signs of infection were observed before
challenge with PEDVPT-P5.

To evaluate the clinical effects of PEDV-associated diarrhea in post-weaning pigs, the mean value
of the body weight in each group was also calculated (Figure 2). Although PEDVPT-P5-inoculated pigs
showed a relative decrease in body weight gain compared to the other groups in the first two weeks
post-inoculation, no significant differences in weight gain were observed among all groups in the study.
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Table 1. Clinical scoring of fecal consistency.

Age (Weeks) 5 6 7 8 9 10

DPI 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17–21 22–27

DPC 0 1 2 3 4 5 6 7 8–11

Mock group
A1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 3 3 2 1 0
A2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 0 0 0
A3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 3 0 0 0 0
A4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PEDVPT-P5 group
B1 0 1 1 2 3 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B2 0 2 3 3 2 3 2 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0
B3 0 0 2 3 3 3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B4 0 0 2 2 2 3 3 2 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B5 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

B6 2
†

PEDVPT-P96 group
C1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C3 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0
C5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
C6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

The scores were graded as follows: 0, normal; 1, loose diarrhea; 2, semi-fluid diarrhea; and 3, watery diarrhea. Pigs
of each group were orally inoculated with post-inoculation (PI) medium, porcine epidemic diarrhea virus strain
Pintung 52 (PEDVPT)-P5, or PEDVPT-P96 at 5-weeks old and later re-challenged or challenged with PEDVPT-P5 at
9-weeks old (27 days after the first inoculation). DPI: days post-inoculation; DPC: days post-challenge; PEDVPT-P5:
low passage PEDV strain; PEDVPT-P96: high passage PEDV; mock: PI medium control. † Euthanized due to severe
clinical signs and poor prognosis.

Figure 2. Weekly change in the body weight of 5-week-old pigs after porcine epidemic diarrhea virus
strain Pintung 52 (PEDVPT)-P5 or PT-P96 inoculation. The weekly differences in mean body weight for
each group are shown as mean ± standard error of the mean (SEM). The black, gray, and dashed lines
illustrate the values obtained for the PEDVPT-P96-inoculated group, PEDVPT-P5-inoculated group, and
mock-infected group, respectively. The arrow indicates the time point when the pigs were challenged
with the low passage PEDVPT-P5 (27 DPI or 0 DPC) strain. P5: low passage virus, PEDVPT-P5; P96:
high passage virus, PEDVPT-P96; mock: PI medium control; DPC: days post-challenge.

3.3. Fecal Viral Shedding in PEDVPT-P5- and PEDVPT-P96-Inoculated Pigs

The changes and the length of fecal viral shedding in PEDVPT-P5- and PEDVPT-P96-inoculated
pigs were determined using RT-qPCR and are presented as mean values in Figure 3. In the
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PEDVPT-P5-inoculated group (gray line in Figure 3), viral shedding was detected starting at 1 DPI,
and it reached the peak viral load (6.73 log10 GE) at 4 DPI and was continuously detected until
17 DPI, after which intermittent low levels (1.93–2.07 log10 GE) were detected during 18–24 DPI.
Fecal shedding in this group terminated at 26 DPI. The fecal viral shedding increased significantly
(p < 0.05) in the PEDVPT-P5-inoculated group during the initial five DPI compared to the mock
and the PEDVPT-P96-inoculated groups. Pigs in the PEDVPT-P96-inoculated group exhibited
a delayed shedding pattern and lower peak viral loads compared to the PEDVPTP5-inoculated
group. The average viral shedding in the PEDVPT-P96-inoculated group started at 4 DPI, exhibited
a lower peak viral load (4.57 log10 GE) that was continuously detected until 21 DPI, after which
intermittent viral shedding was observed until 22–23 DPI. Except the time point of 8 DPI, no significant
difference was noted in fecal viral shedding between the mock and the PEDVPT-P96-inoculated groups
during the study. No viral shedding in the mock-inoculated group was detected before challenged
with PEDVPT-P5.

 

Figure 3. Fecal shedding of PEDV in 5-week-old pigs after porcine epidemic diarrhea virus strain
Pintung 52 (PEDVPT)-P5 or PEDVPT-P96 inoculation. Changes in the mean values of genomic
equivalents (GE)/mL are shown as log10 values ± SEM. The threshold indicates the limitation of
detection for the SYBR Green-based real-time PCR (RT-PCR). The black, gray, and dashed lines
illustrate the results obtained for the PEDVPT-P96-inoculated group, PEDVPT-P5-inoculated group,
and mock-infected group, respectively. *: significant difference with the mock group (p < 0.05); a, b:
significant difference between groups labeled with different alphabets (p < 0.05).

3.4. Antibody Responses Induced in Pigs after Inoculation with PEDVPT-P5 or PEDVPT-P96

To evaluate the plasma IgG and fecal IgA antibody responses induced by PEDVPT-P5 and
PEDVPT-P96 inoculations in conventional pigs, a whole PEDV particle-based ELISA was performed.
The levels of plasma IgG (Figure 4) and fecal IgA (Figure 5) were measured in pigs at 0, 14, and 28 DPI.
Elevated PEDV-specific IgG level was detected in all PEDVPT-P5- and PEDVPT-P96-inoculated pigs
at 14 DPI, which reached a plateau at 28 DPI. In the PEDVPT-P96-inoculated group, PEDV-specific
plasma IgG mean values (reported as the S/P ratio) ranged from 0.41 to 0.60. These values were
significantly lower than those of the PEDVPT-P5-inoculated pigs, which ranged from 0.88 to 0.91 at
14–28 DPI, and were significantly higher than those of the mock-inoculated groups at 28 DPI. As for
mock-infected pigs, no seroconversion was detected before the challenge with PEDVPT-P5 at 28 DPI
(Figure 4). For the induction of mucosal IgA (Figure 5), a weak but detectable elevation of the mean
S/P ratios for PEDV-specific IgA (0.31) was observed in both PEDVPT-P5 and PEDVPT-P96-inoculated
pigs as early as at 14 DPI. No detectable mucosal IgA was noted in the mock-infected group during
the study.
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Figure 4. Changes in PEDV-specific immunoglobulin G (IgG) levels in plasma after PEDV strain
Pintung 52 (PEDVPT)-P5 or PEDVPT-P96 inoculation and after PEDVPT-P5 challenge in all pigs.
Plasma samples from ethylenediaminetetraacetic acid (EDTA)-anticoagulated blood were collected
biweekly and diluted 20-fold. The levels of PEDV-specific IgG were detected by ELISA with PEDV
particles as coating antigen and expressed as sample-to-positive control ratios (S/P ratio). S/P ratios
were defined as the difference between the optical density (OD) values of sample and negative control
divided by the difference between OD values of positive and negative controls. PEDV-specific plasma
IgG levels are represented as mean ± SEM. The arrow indicates the time point when pigs were
challenged with the low passage PEDVPT-P5 (27 DPI or 0 DPC) strain. The black, gray, and dashed
lines illustrate the results for the PEDVPT-P96-inoculated group, PEDVPT-P5-inoculated group, and
mock-infected group, respectively. *: significant difference with the mock group (p < 0.05); a, b:
significant difference between groups labeled with different alphabets (p < 0.05).

 
Figure 5. Changes in PEDV-specific mucosal IgA levels obtained from fecal swabs after PEDV strain
Pintung 52 (PEDVPT)-P5 or PEDVPT-P96 inoculation of pigs. Each fecal swab was diluted with 700 μL
PBS and filtered; the supernatants were diluted two-fold, and the levels of PEDV-specific IgA were
detected by ELISA with PEDV virions as the coating antigen. The results obtained were expressed as
sample-to-positive ratios (S/P ratio), which were defined as the difference between the OD values of
sample and negative control divided by the difference between the OD values of positive and negative
control, with SEM. The black, gray, and dashed lines illustrate the results of the PEDVPT-P96-inoculated
group, PEDVPT-P5-inoculated group, and mock-infected group, respectively.
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3.5. Neutralizing Antibodies Detection

To evaluate the neutralizing antibody titer, PEDVPT-P5 was used as the challenging virus for the
neutralization assay. The mean values of PEDV-specific neutralizing antibody titers in PEDVPT-P5-
and PEDVPT-P96-inoculated pigs at 0 and 27 DPI are presented in Figure 6. The neutralizing antibody
titer in all animals harbored a background titer of <20-fold at 0 DPI. Elevations in the mean value
of neutralizing antibody titers in PEDVPT-P5- and PEDVPT-P96-inoculated pigs at 27 DPI ranged
from 24- to 58-fold and from 18.3- to 58.3-fold, respectively, and were relatively higher (although not
statistically significant) than those of mock-inoculated pigs, which ranged from 17.5 to 7.5-fold.

 

Figure 6. Changes in plasma PEDV neutralizing antibody levels after inoculation with PEDV strain
Pintung 52 (PEDVPT)-P5 or PEDVPT-P96. The plasma samples were collected from 5- and 9-week-old
(0 and 27 DPI) pigs, and neutralizing antibody assay was performed. Values are represented as
mean ± SEM. The black, gray, and dashed lines illustrate the results of the PEDVPT-P96-inoculated
group, PEDVPT-P5-inoculated group, and mock-infected group, respectively.

3.6. Immune Protective Efficacy Induced in Pigs after PEDVPT-P5 or PEDVPT-P96 Inoculation

To evaluate whether PEDVPT-P5 and PEDVPT-P96 inoculation induced immune protection
against PEDVPT-P5, three pigs (A1–A3) in the mock-infected group and all pigs in both PEDVPT-P5-
and PEDVPT-P96-inoculated groups were challenged with 5 mL of 105 TCID50/mL of PEDVPT-P5 at
27 DPI. The three pigs in the mock group (A1–A3) challenged with PEDVPT-P5 started to develop
loose diarrhea at 2 DPC that worsened to watery diarrhea at 3–5 DPC and terminated or ameliorated
to loose diarrhea at 5–7 DPC (Table 1). Fecal viral shedding (Figure 7) was detected in these pigs
starting at 1 DPC with a mean peak value of 7.56 log10 GE at 4 DPC and was continuously detected
until 9 DPC. Furthermore, an elevated level of PEDV-specific plasma IgG (mean S/P ratio = 0.69)
was detected in all three pigs (A1–A3) at 14 DPC (Figure 4). The clinical signs of infection, fecal
viral shedding, and plasma IgG values of the other three pigs in mock group (A4–A6) not challenged
remained undetectable during the experiment.

In PEDVPT-P5-inoculated pigs, no diarrhea was observed after the subsequent PEDVPT-P5
challenge, but a single time point of low-level of fecal viral shedding was detected at 9 DPC. In the
PEDVPT-P96-inoculated group, three out of six pigs showed clinical loose feces (score = 1) at one time
point and a transient detectable fecal viral shedding of 1.83–2.67 log10 GE during 1–4 DPC, whereas the
other three pigs in the group showed no clinical signs of infection during 11 days of monitoring after
PEDVPT-P5 challenge (Table 1). In all PEDVPT-P96- and PEDVPT-P5-inoculated pigs, no detectable
increases in the mean values for plasma PEDV-specific IgG S/P ratios were noted after the challenge.
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Figure 7. Fecal shedding of porcine epidemic diarrhea virus (PEDV) in PEDV strain Pintung
52 (PEDVPT)-P5- or PEDVPT-P96-inoculated pigs following PEDVPT-P5 challenge. Changes in the
mean values GE/mL are shown as log10 values ± SEM. The threshold indicates the limitation of
detection by the SYBR Green-based RT-PCR. The black, gray, and dashed lines illustrate the results
for the PEDVPT-P96-inoculated group, PEDVPT-P5-inoculated group, and mock-infected group,
respectively. *: significant difference in the mock group (p < 0.05).

3.7. Sequence Comparison of PEDVPT-P5 and PEDVPT-P96 Strains

To gain a deeper understanding of the potential molecular mechanisms of viral attenuation
of the high passage PEDVPT-P96 strain, we performed full-length sequencing of both PEDVPT-P5
and PEDVPT-P96 strains, and the sequence data were deposited in GenBank under accession Nos.
KY929405 and KY929406, respectively. The complete genome sequence of both PEDVPT-P5 and
PEDVPT-P96 were 28,038 nucleotides (nt) in length, excluding the 3′ poly(A) tail. After sequence
alignment, no deletion or insertion was detected on comparing PEDVPT-P5 with PEDVPT-P96. In total,
23 nucleotide changes and the resultant 19 amino acid (aa) substitutions were revealed (Table 2). The S
and M genes appeared to be the most variable, and each contained nine (T144I, F554S, S887R, S968A,
I1021S, R1026K, L1252R, C1354F, C1358F) and three (I12V, S79A, F145L) aa changes, respectively. In the
S gene, most mutations (7/9) were located in the S2 region. Moreover, many mutations were notably
found in the functional regions, viz., the F554S in the CO–26K equivalent neutralizing epitope (COE)
and C1354F as well as C1358F in the transmembrane domain. Among other genes encoding structural
proteins, both the E and N genes were highly conserved and they retained 100% amino acid homology
between these two viruses. For NSP, nine nucleotide changes were found in the ORF1a/b gene, but only
five of these mutations resulted in aa substitutions, located at NSP2 (K159N and T510I), NSP3 (F669S),
NSP4 (E421A), and NSP15 (M252I) genes. The ORF3 gene also harbored one aa substitution (Y170H).

Table 2. Changes in nucleotides and amino acid between PEDVPT-P5 and PEDVPT-P96.

Gene
Nucleotide Change

Amino Acid Substitution
Position PEDVPT-P5 PEDVPT-P96

NSP2 1099 G T K159N
NSP2 2151 C T T510I

NSP3 3172 T C —
NSP3 4983 T C F669S

NSP4 8518 T C —
NSP4 9102 A C E421A

NSP9 11951 C T —

NSP14 17065 T A —

NSP15 19471 G T M252I

146



Viruses 2017, 9, 121

Table 2. Cont.

Gene
Nucleotide Change

Amino Acid Substitution
Position PEDVPT-P5 PEDVPT-P96

S 21064 C T T144I
S 22294 T C F554S
S 23292 A C S887R
S 23535 T G S968A
S 23695 T G I2021S
S 23710 A G R1026K
S 24388 T G L1252R
S 24694 G T C1354F
S 24706 G T C1358F

ORF3 25301 T C Y170H

E 25517 C T —

M 25720 A G I12V
M 25921 T G S79A
M 26119 T C F145L

—: silent mutation.

4. Discussion

In the present study, we successfully isolated and characterized the pathogenicity of a new Taiwan
PEDVPT strain, PEDVPT-P5. We have demonstrated that this G2b PEDVPT-P5 strain can induce
typical watery diarrhea in 5-week-old pigs but milder symptoms and a shorter viral shedding period
in 9-week-old pigs. By serial passaging of PEDVPT in Vero cells, a PEDVPT-P96 viral stock was also
prepared. Compared to PEDVPT-P5-inoculated pigs, PEDVPT-P96-inoculated pigs showed a delayed,
mild, and transient diarrhea, or in some cases undetectable, providing evidence of viral attenuation.
Of importance, inoculation of both PEDVPT-P5 and PEDVPT-P96 induced PEDV-specific plasma IgG,
mucosal IgA, and neutralizing antibodies and elicited protection against a subsequent challenge with
the low passage PEDVPT-P5 strain. This study provides valuable information regarding the viral
shedding period, immunogenicity, and pathogenicity of different passaged PEDV in conventional
post-weaning pigs. Moreover, the evidence of viral attenuation and the efficacy of protection induced
by PEDVPT-P96 in conventional pigs highlights PEDVPT-P96 as a potential, live-attenuated PEDV
vaccine candidate.

It has been shown that PEDV can infect seronegative pigs of all ages. However, the susceptibility
to PEDV infection is age-dependent and is significantly higher in neonatal pigs than in weaning
pigs [20]. In the present study, we demonstrated that compared to 5-week-old pigs, which exhibited
PEDV-associated clinical signs for 7–9 days and long viral shedding period of 26 days, older 9-week-old
pigs exhibited milder clinical symptoms for a shorter period lasting of 4–7 days and viral shedding
lasting for only nine days. Furthermore, we demonstrated that even without displaying clinical signs,
the viral shedding periods could be longer than three weeks in PEDV-infected post-weaning pigs.
It has been reported that oral fluid samples are suitable for screening PEDV in commercial growing
pig herds [21]. These findings suggest that routine screening for oral and fecal PEDV shedding in
clinically healthy pigs when purchasing feeder pigs from swine producers is necessary to reduce the
risk of disease transmission from farm to farm.

In the present study, we demonstrated that 5-week-old conventional pigs inoculated with the
PEDVPT-P5 strain exhibited fecal viral shedding, peaked at 2–4 DPI, and persisted for 26 days.
An increase in PEDV-specific IgG titer in these pigs started at 14 DPI and reached a plateau at 21 DPI.
The result is similar to a previous finding in 4-week-old conventional pigs challenged with 1.42 × 105

TCID50 of a USA/KS/2013 PEDV isolate. In this study, USA/KS/2013 isolate-inoculated pigs displayed
fecal viral shedding primarily during the first two weeks with a peak at 5–6 DPI and fecal swabs that
were positive for PEDV nucleic acid at 21 and 28 DPI in some pigs. Seroconversion was also noted at
14 DPI and reached a peak level at 21 DPI [22]. When the spike sequence of the USA/KS/2013 isolate
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was compared to the Taiwan PEDVPT isolate, we found that these two viruses share high sequence
identity (99%).

In Asia, the attenuated CV777-based and DR13-based PEDV vaccines have been used for decades
and, as a consequence, PED in Asia has been generally under control with low prevalence and mortality
rates in the past [9]. These live-attenuated vaccines are derived from cell culture-adapted PEDV strains
and have proven to be effective in controlling PED by reducing the severity and duration of diarrhea,
shortening the period of viral shedding, stimulating the immune response of sows, and protecting
the delivered piglets through elevated maternal antibodies [7,23,24]. Unfortunately, the exposure
to traditional PEDV strains or the above-mentioned live-attenuated vaccine strains provide limited
cross-protection against the epidemics of the novel virulent PEDV strains [15]. Therefore, a novel
vaccine against these new strains is urgently needed. In the present study, we have developed a
high passage PEDVPT-P96 viral stock by serial passaging in Vero cells and have provided evidence
of its viral attenuation. In addition, PEDVPT-P96 inoculation of pigs induced plasma IgG, mucosal
IgA, and neutralizing antibodies and provided complete immunization against a subsequent low
passage PEDVPT-P5 challenge, suggesting that PEDVPT-P96 may serve as a potential live-attenuated
vaccine candidate.

By comparing the sequences of the parental virulent PEDVPT-P5 and attenuated PEDVPT-P96
strains to identify potential genetic determinants for viral attenuation, we demonstrated that most
non-silent mutations are located in the S gene. On comparing the result of sequence analysis with
other previous studies, two mutations (S887R and C1354F) identified in the attenuated late passages of
YN1 strain were also identified in our PEDVPT-P96 strain. However, the deletion at the position of
aa 144 of the S gene, suggested by the same study as a potential attenuation marker for PEDV [10]
was not found in PEDVPT-P96; alternatively, an aa substitution (T144I) occurred in this particular
region. The clinical significance of these mutations requires further elucidation. Of note, one unique aa
substitution (F554S) was observed in the COE neutralizing domain in PEDVPT-P96, but the mechanism
of how it interferes with antibody recognition remains to be elucidated. However, the results of in vivo
animal challenge performed in this study suggest that this mutation does not result in the loss of
the cross-protection against the parental PEDVPT-P5 strain. In the present study, aa substitutions of
F669S in the NSP3 gene and M252I in the NSP15 gene were identified in PEDVPT-P96. The NSP of
coronaviruses are well known to be responsible for viral replication, and many of them are reported to
be interferon (IFN) antagonists. In PEDV, NSP1, NSP3, NSP7, NSP14, NSP15, and NSP16 have been
demonstrated to suppress the IFN-β and IRF3 promoter activities [23]. The effects of mutations in
NSP3 and NSP15 genes of PEDVPT-P96 on immune modulation need further investigation. Unlike
other reports wherein the NSP3 and ORF3 genes tend to comprise more mutations through PEDV
attenuation, only one non-silent mutation was observed in each gene in the present study. To date,
many studies have been conducted aiming to map attenuating mutation(s) [10,11,24]; however, there
is little consistency among different studies, indicating that different strains may harbor different
mutation patterns, thereby suggesting that the attenuation may be multifactorial and introduction
of attenuating mutation(s) may have implications in generating a safe live attenuated vaccine. This
information is invaluable for further quick and rational development of effective and genetically stable
vaccines via reverse genetics.

It has been reported that the gut–mammary secretory IgA axis is the most promising and effective
pathway against enteric diseases, including PED. For PEDV vaccine development, it is crucial for
neonatal piglets to receive sufficient maternal antibodies against PEDV via colostrum or milk from
previously immunized sows [8,25]. Furthermore, the amount and the duration of maternal antibodies
is closely related to the antibody titers of the immunized sows [9]. Immune protection against PEDV
infection, including pathogenicity, immunogenicity, and fecal viral shedding, in nursing pigs born to
PEDVPT-P96-inoculated sows as well as the potential for reversal of virulence of the PEDVPT-P96
strain by serial animal passages will be further evaluated.
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5. Conclusions

In conclusion, our study describes a PEDV challenge model using conventional post-weaning pigs
to simulate the actual immune situation in the field and provides a model for the preclinical evaluation
of vaccines and other interventions aiming to prevent PEDV infection. A high passage PEDVPT-P96
strain has also been demonstrated as a potential live-attenuated PEDV vaccine candidate. The present
study provides insights into the pathogenicity, length of viral shedding, and immunogenicity of
different passages of cell-adapted PEDV in conventional pigs.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/9/5/121/s1,
Table S1: List of sequencing primers.
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Abstract: African swine fever virus (ASFV) infection causes endosomal reorganization. Here, we
show that the virus causes endosomal congregation close to the nucleus as the infection progresses,
which is necessary to build a compact viral replication organelle. ASFV enters the cell by the
endosomal pathway and reaches multivesicular late endosomes. Upon uncoating and fusion, the virus
should exit to the cytosol to start replication. ASFV remodels endosomal traffic and redistributes
endosomal membranes to the viral replication site. Virus replication also depends on endosomal
membrane phosphoinositides (PtdIns) synthesized by PIKfyve. Endosomes could act as platforms
providing membranes and PtdIns, necessary for ASFV replication. Our study has revealed that ASFV
reorganizes endosome dynamics, in order to ensure a productive infection.

Keywords: african swine fever virus (ASFV); ASF viral factory; endosomes; endosomal pathway;
phosphoinositides; phosphatidylinositol kinases; microtubules

1. Introduction

Endocytosis is a common entry pathway for nutrients, receptors and pathogens to get into
cells that converges on early endosomes (EE). From EE, cargo can be sorted back to the plasma
membrane (PM) through the recycling pathway. Alternatively, it can be directed to the trans-Golgi
network or to late endosomes (LE), and finally targeted to lysosomes for degradation [1]. LE is
a major cargo-sorting compartment. In contrast, lysosomes are the end-point of the degradative
pathway. Endosomal maturation from EE to LE is a dynamic process. Starting on the cytosolic
face of the EE, invaginations of the limiting membrane into the lumen of the endosome give rise
to the intraluminal vesicles (ILV). Then, EE matures into multivesicular bodies (MVB), and as the
pH decreases more ILV are generated [2]. The systematic maturation of this pathway depends on
endosomal membrane signaling that is tightly regulated by both proteins and lipids [3]. In fact,
the heterogeneity of lipid distribution in endosomal membranes is an organizing principle for the
distribution of membrane-associated proteins. Sequential transport from EE to LE involves the switch
of GTPase Rab5 to Rab7. Rab proteins and their effectors are recruited by phosphoinositides by specific
lipid-binding domains. Short-lived phosphatidylinositol-3-phosphate (PtdIns3P) synthesized by PI3K
controls EE functions and is a substrate for the generation of PtdIns(3,5)P2 at the LE membrane by the
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kinase PIKfyve. Other PtdIns, and their respective converting enzymes, are molecular signatures of
the PM and the recycling and secretory pathways.

The endocytic pathway ensures a highly dynamic and controlled sorting of cargoes, discriminating
the ones that are targeted for degradation from those destined to other cellular locations and functions.
Indeed, endocytosis can be exploited by many viruses to infect mammalian cells [4–6] and they have
adapted to this precise molecular machinery to complete their viral replication cycle successfully.

African swine fever virus (ASFV) is a double-stranded DNA (dsDNA) virus that kills wild and
domestic pigs [7,8]. There is currently no effective vaccine, but new experimental approaches to elicit
protection have been found [9,10]. From the economic perspective, ASFV is an important pathogen, as
it has spread from Africa into east Europe, and currently there is an epidemic outbreak in the Caucasus
and eastern European countries [8,11]. African swine fever virus enters the host cells by a complex
process involving dynamin and clathrin-mediated and cholesterol-dependent endocytosis [12,13] and
macropinocytosis [14,15]. These entry mechanisms, either acting independently or combined, lead the
virus to traffic through the endosomal pathway [16]. Endosomal intraluminal acidification [16] and
the activity of the GTPase dynamin are the most consistent pre-requisites for ASFV infectivity [13].
Within a few minutes of infection, ASFV is found in LE compartments [16]. Viral decapsidation is
the first step of the uncoating process and occurs in the acidic pH of LE. Rab7 is essential for ASFV
infection to progress [16]. Then, the cholesterol efflux from endosomes, which is regulated by lipid
transporter proteins, is required for further fusion and endosomal exit [17].

Once the uncoated virions are in the cytosol, ASFV replication starts at a single site called viral
factory (VF) or viral replication organelle [18] where DNA and proteins accumulate in a microtubule
dependent manner. Microtubules (MTs) are cytoskeleton components that are important for ASFV
transport [19]. Our group previously reported that ASFV virions interact with dynein motor proteins
that move along MTs towards the MT organizing center (MTOC) [19]. Interestingly, the staining pattern
of ASFV structural proteins, such as p72 and p54, typically has very strong signals coincident with the
virus factory [20]. Additionally, some viral membranes found in VFs can be identified as endoplasmic
reticulum (ER) components [20–22] and other components such as endosomes and endosomal lipids
can also be found in these replication sites. Furthermore, newly-synthesized virions associate with
kinesin that drives movement of virions from the VFs to the cell periphery [23,24]. Once there, the new
viral progeny is released by budding. Importantly, it has been shown that treatment of cells with MTs
depolimerization drugs such as nocodazole, result in the dispersal of ASFV VFs, preventing their
correct localization at perinuclear sites [19,25,26]. These facts highlight the dependence of an intact MT
network for a successful ASFV infection [19,27].

Since its introduction in Europe through the Caucasus in 2007, African swine fever (ASF) has
spread to other neighboring countries, thus threatening porcine production worldwide. Due to the
lack of an effective vaccine, ASF control relies on early diagnosis and massive culling of animals.
In our aim to discover how ASFV surpasses host cell defenses and reorganizes cellular structures
to initiate replication, we started looking for targets occurring at the early stages of infection. ASFV
enters host cells by endocytosis, and within a few minutes after infection, viral decapsidation takes
place at the acid pH of late endosomes. Then, ASFV exits endosomes to start viral replication and
reorganizes endosomal traffic to the perinuclear replication site where VFs are built. Given this,
endosomes and endosomal lipid signaling might be adapted by ASFV entering the endosomal pathway
to promote replication.

In this work, we have examined the distribution of endosomes, upon ASFV infection, to the viral
replication site. These results add to a growing body of evidence pointing out the endosomal membrane
and its components as crucial elements at the start of viral replication in several virus models.
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2. Materials and Methods

2.1. Cells, Virus and Infections

Vero cells were purchased from American Type Culture Collection (ATCC) and grown at 37 ◦C in
a 5% CO2 atmosphere in Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 5% fetal
bovine serum (FBS), or 2% for viral infections, containing penicillin/streptomycin (P/S) and Glutamax
(G; Gibco, Gaithersburg, MD, USA). Cells were grown on chamber slides (Lab-Tek; Nunc, Roskilde,
Denmark), approximately 1.5 × 104 cells/chamber and mock-infected or infected with ASFV-Ba71V
isolate [28,29] recombinant ASFV expressing green fluorescent protein (GFP; B54GFP), or cherry
fluorescent protein (ChFP; B54ChFP) [21], at a multiplicity of infection (moi) of 1. Both recombinant
viruses showed accumulation of the fluorescent GFP or ChFP, expressed as a fusion protein of the
viral p54 in the VF, at late times after infection (9–24 h post-infection; hpi). African swine fever virus
stocks from culture supernatants were clarified and semi-purified from vesicles by ultracentrifugation
at 40,000× g through a 40% (w/v) sucrose cushion in phosphate-buffered saline (PBS) for 1 h at 4 ◦C.
Purified ASFV stocks were sonicated on ice once for 1 min and stored at −80 ◦C. When synchronization
of infection was required, cells were chilled at 4 ◦C for 20 min, and then, the virus was added.
Virus adsorption was performed for 90 min at 4 ◦C, and after cold PBS washing to remove unbound
virus, cells were rapidly shifted to 37 ◦C with fresh pre-warmed media. YM201636 (YM; Symansis,
Cell Signaling Science, Auckland, NZ) was used at 1 μM as a cell permeable inhibitor of the enzyme
PIKfyve and was added from 2 h before to 4 h after infection as below described.

2.2. ASFV Titration

Viral stocks, or infective ASFV yields from infected samples, were titrated by plaque assay in
Vero cells, as previously described [28]. Briefly, preconfluent monolayers of Vero cells in 12-well plates
were inoculated with 10-fold sample serial dilutions from samples for 90 min at 37 ◦C. The inoculum
was then removed and 3 mL of semisolid medium was added (1:1 low-melting-point agarose; Gibco),
as well as 2× minimal essential medium (MEM; Gibco). Plaque development was visualized after
10–12 days post-infection (dpi), after staining with crystal violet 1% (w/v) (Sigma-Aldrich, St. Louis,
MI, USA).

2.3. Detection and Quantitation of the ASFV Genome

The quantitation of the number of copies of ASFV genome was achieved by quantitative real-time
PCR (qPCR). The qPCR assay used fluorescent hybridization probes to amplify a region of the p72 viral
gene, as described previously described [30]. DNA from cells mock-infected or infected with ASFV
Ba71V at an moi of 1 pfu/cell was extracted at 16 hpi and purified with a DNAeasy blood and tissue
kit (Qiagen, Hilden, Germany). DNA concentration was measured with Nanodrop. The amplification
mixture was prepared on ice as follows: 250 ng template DNA to a final reaction mixture of 20 μL,
containing 50 pmol sense and anti-sense oligonucleotides, 5 pmol TaqMan probe and 10 μL PCR Premix
Ex Taq (2×; Takara Bio, Clontech, Mountain view, CA, USA) [30]. Positive amplification controls were
DNA purified from ASFV virions at different concentrations, as standards. Negative amplification
controls consisted of DNA extracted from mock-infected cells. Each sample was included in triplicates,
and values were normalized to standard positive controls. Reactions were performed using the ABI
7500 Fast Real-Time PCR System (Life Technologies, Thermo Fisher Scientific, Applied Biosystems,
Waltham, MA, USA) with the following parameters: 1 cycle at 94 ◦C for 10 min, 45 cycles at 94 ◦C for
15 s and 45 cycles at 58 ◦C for 1 min.

2.4. Proteins Detection by Western Blot

Protein extracts from Vero cells were separated by electrophoresis in 12% acrylamide–bisacrylamide
gels, or 7% to detect PIKfyve. Separated proteins were transferred to nitrocellulose membranes, and
proteins were detected with specific antibodies in each case. As a secondary antibody, anti-mouse
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IgG (GE Healthcare, Little Chalfont, UK) or anti-rabbit IgG (Bio-Rad, Oslo, Norway) conjugated to
horseradish peroxidase, were used at a 1:5000 dilution. Precision Protein StrepTactin-HRP Conjugate
(Bio-Rad) was used to reveal the ladder Precision Plus Protein WesternC (Bio-Rad). As a load control
in WB analysis, an anti-mouse antibody against β-tubulin (Sigma) 1:2000 was used. Finally, bands
obtained after development with ECL reagent were detected on the Molecular Imager Chemidoc
XRSplus Imaging System (Bio-Rad, Hercules, CA, USA). Bands were quantified by densitometry, and
data were normalized to control values using Image system software.

2.5. Antibodies

Monoclonal antibodies against the virus major capsid protein p72 (Ingenasa, Madrid, Spain) were
used at a working dilution of 1:1000 and anti-p30 antibody at 1:100 dilution [31]. African swine fever
virus p30 protein is expressed since the initial phases of the infection [32], and p72 and p54 protein are
late proteins expressed after viral replication [20]. Both p54 and p72 viral proteins are very abundant
in infection and accumulated in the viral replication organelle or VF.

Early endosomes were labeled with anti-mouse EEA1 antibody (BD Biosciences Pharmingen,
San Diego, CA, USA), EEA1 being a Rab5 GTPase effector, and anti-rabbit Rab7 (Cell Signaling
Technologies, Danvers, MA, USA) was used to label LE both at 1:50 dilution. Multivesicular endosomes
(MVE, were labeled with anti-CD63 (Developmental Studies Hybridoma Bank, University of Iowa,
clone H5C6), a tetraspanin characteristic of this compartment, at a 1:200 dilution. LY were labeled with
anti-Lamp1 (Abcam, Cambridge, UK) at 1:50 dilution. Anti-PIKfyve polyclonal antibody (1:500) was
obtained from Abnova (Taoyuan City, Taiwan). The secondary antibodies used were anti-mouse
immunoglobulin G (IgG) antibody conjugated to Alexa Fluor 594 and anti-rabbit IgG antibody
conjugated to Alexa Fluor 488. Secondary antibodies were purchased from Molecular Probes (Eugene,
OR, USA) and diluted 1:200. The specificity of labeling and the absence of signal crossover were
determined by examination of single labeled control samples.

2.6. Flow Cytometry

At 6 hpi, cells were washed with PBS and harvested by trypsinization. After washing with
fluorescence-activated cell sorter (FACS) buffer (PBS, 0.01% sodium azide and 0.1% bovine serum
albumin (BSA), cells were fixed and permeabilized with Perm2 (BD Sciences, San Jose, CA, USA)
for 10 min at room temperature (RT). Infected cells were detected after incubation with anti-p30
monoclonal antibody (diluted 1:100 in FACS buffer) for 30 min at 4 ◦C, followed by incubation with
phycoerythrin (PE)-conjugated anti-mouse immunoglobulins (1:50, diluted in FACS buffer (Dako,
Agilent Tech. Santa Clara, CA, USA) for 30 min at 4 ◦C. After extensive washing, 10,000 cells per tube
in triplicates were scored and analyzed in a FACSCalibur flow cytometer (BD Sciences) to determine
the percentage of infected cells under these conditions. The obtained infection rates were normalized
to the corresponding control.

2.7. Indirect Immunofluorescence, Conventional and Confocal Microscopy

Cells were grown on glass coverslips and fixed in PBS 4% paraformaldehyde (PFA) for 15 min
and permeabilized with PBS-0.1% Triton X-100 or saponin (Sigma) for 10 min. Following cell fixation,
aldehyde fluorescence was quenched by incubation of cells with 50 mM NH4Cl in PBS for 10 min. After
blocking with BSA (Sigma) or normal goat serum (Sigma), cells were incubated with corresponding
antibodies and nucleus and were stained with Topro3 (Molecular Probes) before mounting.

Confocal microscopy was carried out in a Leica TCS SPE confocal microscope, using a
63× immersion oil objective. Conventional fluorescence microscopy to analyze Filipin staining was
performed in a Leica DM RB microscope, through a 63× immersion oil objective. Image analyses were
performed with Leica Application Suite advanced fluorescence (LAS AF Lite) and Image J software
version 1.47v for Windows.
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2.8. Measurement of Rab7 Endosomal Aggregates

The distance of the Rab7 signal to the cellular nucleus in mock- or ASFV-infected cells was carried
out with the Image J plug-in “Distance measure”, kindly provided by Dr. Esteban Veiga and Giulia
Morlino (Institute for Health Research “Hospital Universitario La Princesa”, CNB, Madrid, Spain).

To measure the distance between two three-dimensional fluorescence distributions in independent
channels, we binarized both grey-scale stacks (the plug-in was designed to select two thresholds, thus
the region of interest is isolated in both channels). Then, the Euclidean distance between every possible
pair of voxels was computed (one in Distribution A and the other in Distribution B). This yields the
exact distribution of pairwise distances. Note that the calculation is fully computed in three-dimensions;
therefore, it calculates the actual distance between the two regions of interest. Finally, the mean distance
was computed after discarding the 5% lower and upper values. This mean is known to be a robust
estimate of the distribution mean.

2.9. Measurement of Viral Factories and Endosomal Aggregates

The area occupied by VF or endosomal aggregates was measured from immunofluorescence
representative images by drawing regions of interest in each picture. It was performed using LAS AF
confocal software. Finally, the mean ± SD (standard deviation) was calculated from these regions at
several time points.

2.10. Nocodazole Treatment

Nocodazole was used as a MT depolymerizing drug. Vero cells were seeded and infected at
an moi of 1 pfu/cell and treated with 10 μM nocodazole in DMSO 1 hour prior to infection (−1 h),
at the time of infection (0 hpi), or 2 and 4 hpi (+2 and +4 hpi). To address the effect of nocodazole
in endosome movement in this cell line, we detected acidic endosomes using lysotracker (75 nM),
a pH-sensitive dye, for 30 min at 37 ◦C. Then, confocal images were taken before and after nocodazole
treatment and after washing the drug and adding fresh media. Time-lapse microscopy was carried out
using a Leica TCS SPE confocal microscope that included a humidified incubation chamber, a CO2

controller and a heating unit. Selected stacks were recorded every 10 s using the Leica Microsystems
LAS AF program, and the movies were displayed at 1–5 frames per second. Then, 10 μM nocodazole
stopped vesicular traffic, and movement was recovered after washing, as it is a reversible drug (data
not shown).

2.11. Statistical Analysis

Differences between groups were analyzed by the Bonferroni test with GraphPad Prism 6 and
Instat 3.05 software for Windows. All experiments were performed in triplicates, and data are presented
as mean ± SD of independent experiments. Metrics were normalized to control values and represented
in graphics. Asterisks denote statistically-significant differences (*** p < 0.001, ** p < 0.01 and * p < 0.05).

3. Results

3.1. ASFV Remodels Endosomes

Immunofluorescence analysis of the endosomal distribution in ASFV-infected cells showed that
ASFV induces a profound change in the vesicular pattern at late time points (10–24 hpi). For this
analysis, we used the early endosome marker EEA1, the MVB marker CD63, the LE marker Rab7 and
lysosomal marker Lamp1 (Figure 1A), and Vero cells were infected with recombinant ASFV engineered
to express GFPs or ChFPs as fusion proteins of p54, as previously described [27], or non-infected.

Between 8 and 16 hpi, the virus establishes its site of replication or VF, which is recognized by
confocal fluorescent microscopy as recombinant fluorescent virus accumulated in the perinuclear
region. In contrast to non-infected controls, endosomes repositioned around the perinuclear VF in
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approximately 90% of the VFs in infected cells (Figure 1B). Considerably large areas of aggregated
endosomes and VF are depicted in the graphs at 16 and 24 hpi (Figure 1C). Distances to the nucleus
of Rab7-expressing vesicles were measured in the x, y and z planes to show that the LE were closer
to the nucleus in ASFV-infected cells compared to mock-infected controls (** p < 0.01; Figure 1D).
Cells with similar sizes were analyzed, and this was obtained when culture conditions were kept
constant, and cells were plated at 80% confluence and analyzed at the same time point.

Figure 1. African swine fever virus (ASFV) remodels endosomes. (A) Endosome recruitment around
the ASFV viral factory (VF) in Vero cells infected with recombinant fluorescent B54ChFP (red) at
16 hpi. Endosome markers are shown in green, on early endosomes (EE; EEA1), multivesicular
bodies (MVB; CD63), late endosomes (LE; Rab7) and lysosomes (LY; Lamp1). Above, the typical
diffuse cytoplasmic distribution of endosomes in mock-infected cells. Bar 10 μm. (B) Percentages of
VF with endosome aggregation relative to the total number of VF. (C) Cytoplasmic areas occupied
by endosomal aggregates or VF at 16 and 24 hpi. Mean ± SD from two independent experiments.
Bar 10 μm. (D) Three-dimensional distances from LE endosomes to the nucleus in control and infected
cells at 16 hpi. Mean ± SD; n = 10 cells in duplicates; significant differences are marked with asterisks
(** p < 0.01). Bar 10 μm.

The VF that ASFV builds between 8 and 16 hpi consists of a single large cytoplasmic structure with
no surrounding membrane located at the perinuclear area where viral replication and morphogenesis
occur [7]. We found that the VF was formed in close relationship or interspersed with endosomal
membranes (Figure 2A). Endosome clustering occurred in close relationship to the VF as shown in the
zoom images (Figure 2B) or sequential optical planes by confocal microscopy (Figure 2C).
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Figure 2. Endosomal membranes participate in the formation of the viral replication organelle. (A) VF
formation at sequential time points (red; 10–24 hpi). Endosomes are labeled in green (CD63, Rab7),
and DNA was stained with Topro3 (blue). Viral DNA and endosomes were first accumulated at the
perinuclear area (microtubule (MT) organizing center; MTOC), then dispersed foci of viral proteins
appeared intermingled with endosomal membranes colocalizing with viral DNA (pink) or endosomes
(yellow). (B) Detail of VF is shown in zoom areas for CD63 and Rab7. (C) Endosomal membranes
arrange together with viral DNA and proteins at the VF. Maximum (a), lateral projections (b), and
individual sequential optical planes (c) of ASFV VF, are shown at 16 hpi (B54ChFP; red and Rab7;
green). Bars: 10 μm.

3.2. Endosomal Recruitment Relies on Viral Infection Progression

Given the changes in vesicular distribution, we examined the impact of depolymerizing MT on
ASFV endosome repositioning and virus infectivity. Treatment of Vero cells with MT-depolymerizing
drug nocodazole effectively inhibited cytoplasmic vesicular traffic labelled with lysotracker. Removal
of this drug by adding fresh media restored movement (data not shown). MT depolymerization
abolished both VF formation and endosome recruitment when the drug was added at −1 hpi
(Figure 3A). Additionally, it inhibited infectivity (*** p < 0.001; Figure 3B), expression of viral p30 at
6 hpi (*** p < 0.001; Figure 3C,D) and viral replication at 16 hpi (** p < 0.01; Figure 3E). This effect
was noticeable in cells in which the drug treatment started at 1 h prior to infection. However, when
nocodazole was added at infection or at 2 hpi, VF formation (Figure 3B) and viral replication (Figure 3E)
were altered, but not p30 expression (Figure 3D).

In the few cells that did become infected under MT depolymerization-initiated post-infection,
the viral replication organelle appeared disaggregated (Figure 3A). African swine fever virus VF
formation was MT-dependent regardless of the time of nocodazole addition. In contrast, MT
depolymerization only affected early p30 protein expression when nocodazole was added before
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or at the time of infection (Figure 3D). These data suggest that endosomal membrane recruitment
occurs after virion transport to the perinuclear area and once early protein expression has taken place,
when viral replication starts. Therefore, endosomal recruitment was infection progression dependent.

 

Figure 3. (A) The MT cytoskeleton was required for VF formation. MT depolymerization
impaired viral replication and endosomal recruitment when nocodazole was added before infection.
MT depolymerization later at infection (+2 hpi) reduced the number of cells with VF, and the few
visible VF lacked cohesion with smaller endosomal aggregates at 16 hpi. B54ChFP (red) and Rab7
(green). Control cells conserved the characteristic single VF morphology surrounded by aggregated
endosomes. Bar: 10 μm. (B) Under MT-depolymerizing drug nocodazole treatment, the number of
infected cells with VF decreased over 80% as evaluated by fluorescence-activated cell sorter (FACS)
analysis at 16 hpi (*** p < 0.001). (C) Endosome dispersal and early protein p30 expression in cells
left untreated, pre-treated with nocodazole or treated after 2 hpi analyzed by confocal microscopy
at 16 hpi, using a monoclonal antibody against p30 (red) and an anti-Rab7 (green). (D) Pretreatment
with nocodazole before infection decreased viral protein p30 expression by FACS analysis at 6 hpi
(*** p < 0.001). Protein expression was not affected when treatment was started after 2 hpi. (E) Viral
replication by qPCR in cells left untreated, treated with DMSO, pretreated with nocodazole or treated
after 2 and 4 hpi (** p < 0.01; * p < 0.05).

3.3. Endosome Membrane Lipids Are Essential for a Successful ASFV Infection

The dynamic properties of the endosomal membrane are provided by its changing phospholipid
composition. PtdIns3P is a substrate for the generation of PtdIns(3,5)P2 by the action of the kinase
PIKfyve (see the schematics in Figure 4A). Inhibition of PtdIns-converting enzyme PIKfyve with the
drug YM (1 μM) from 2 h before infection to 4 hpi as described in Materials and Methods resulted
in a significant decrease in viral replication (Figure 4B). Furthermore, PIKfyve enzyme expression
increased upon ASFV infection at the time of viral replication (*** p < 0.001; Figure 4C).

Inhibition of PtdIns-converting enzyme PIKfyve with the drug YM201636 (1 μM) from 1 h before
infection to 4 hpi resulted in a significant decrease in viral replication (Figure 4B). Furthermore, PIKfyve
enzyme expression increased upon ASFV infection at the time of viral replication upon ASFV infection
(*** p < 0.001; Figure 4C).
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Figure 4. Phosphoinositide interconversion is relevant for ASFV infection. (A) Schematics of
phosphatidylinositol 3-phosphate (PtdIns3P) and 3,5-biphosphate (PtdIns(3,5)P2) interconversions
mediated by kinases PI3K and PIKfyve at the endolysosomal membranes. (B) Inhibition of PIKfyve
converting enzyme activity with YM severely impaired viral DNA replication as shown by qPCR
(*** p < 0.001). (C) PIKfyve expression was upregulated after ASFV infection at the time of viral
replication (6–24 hpi). Metrics show the mean ± SD in duplicates of WB densitometry related to
load control compared to mock-infected cells. Significant differences are marked with asterisks
(*** p < 0.001).

4. Discussion

Our observations demonstrate that ASFV is able to reorganize endosomal traffic to ensure a
successful replication. ASFV replication organelle or viral factory (VF) is a single structure lacking an
outer limiting membrane in a cytoplasmic location near the nucleus at the MTOC [7]. Fully-formed
ASFV VF is surrounded by mitochondria [33,34] and a vimentin cage [35]. We have now described
endosomal aggregation at the ASFV replication site. Endosomal membranes are part of early VFs and
are found interspersed with the accumulation of newly-synthesized viral DNA and proteins.

It was previously described that membranes used for ASF virion assembly are originated at
the ER [22] and membranes close to ASFV particles labelled with antibodies against viral and ER
proteins [21,22]. Immunofluorescence analysis shows areas of apparent exclusion of resident ER
proteins relative to the rest of the cytoplasm [21,34] where endosomal membranes are accumulated.
However, both ER and endosomal membranes could be coincident at the inner part of the VFs in
direct contact of areas of viral morphogenesis, which seems possible, but should be considered for
further studies.

Viruses hijack several host cell membranes for an efficient replication. Most of these membranes
are building elements originated from the secretory pathway, namely ER, Golgi and trans-Golgi [36,37].
However, the presence of endosomal components in a DNA virus assembly site is less frequent.
An exception to this is the case of cytomegalovirus (CMV), given that EE markers were found as CMV
VF components [38,39]. In the case of RNA virus, endosomes and lysosomes are considered the origin
of the cytopathic vacuoles (CPVs) in the Togaviridae family (Rubella virus and Semiliki Forest virus).
Cytopathic vacuoles are multiple and independent cytoplasmic structures of endo-lysosomal origin
entailing a double membrane bilayer containing nascent RNA and viral proteins. Hence, replication
and assembly in Togaviruses takes place within these modified endo-lysosomes [37]. In contrast, ASFV
exits endosomes to complete its replication cycle.
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MT-dependence for ASFV infection was previously thought to represent the first transport
step of the viral particles to the nucleus [19] and the transport of virions to exit the cell [23,24].
However, our data suggest that intact MTs are also required for viral replication and the VF formation.
The absence of MTs resulted in the lack of aggregation of the ASFV VF. Moreover, it impaired endosomal
recruitment. Early protein expression only occurred when nocodazole was added before or at the time
of infection, but not when it was added at a post-entry stage, suggesting that MTs are also required
after virion transport to the perinuclear area. Furthermore, the disaggregation found in VFs under MT
depolymerization has been previously reported [19,25,26]. This indicates a crucial role of MTs in the
cohesion of the viral replication site.

ASFV reorganizes endosomes to the VFs. Recruitment of endosomes to VFs was dependent on
infection progression. MT depolymerization affected endosome recruitment when nocodazole was
added before infection, but at late postinfection times (2 hpi) MT depolymerization was unable to
inhibit endosomal recruitment completely. ASFV infection progression correlates with endosomal
recruitment probably to ensure a successful replication. Whether these events are sequential or
simultaneous is still intriguing as the VF is built and therefore should be the subject of further studies.

Endosomal membranes could be a source of lipids that are substrates for replication. We have
previously shown that inhibition of PtdIns biosynthesis by PI3K or PIKfyve reduces ASFV
production [16]. Now, we found that reduction in viral production by the PIKfyve inhibitor was
due to the abolition of ASFV replication. Our results provide further insights in the field of ASFV
by demonstrating that the activity of PtdIns-converting kinases is essential for some intracellular
pathogens to build their replication sites/niches [40,41]. PI4KIII-converting enzyme that synthesizes
PtdIns4P is essential to build the enterovirus replication site and to form the hepatitis C virus
membranous web, in both cases by reorganization of the secretory pathway [42,43]. This was
shown by detecting modifications of the activity of this enzyme throughout the infective cycle.
Furthermore, PIKfyve, responsible for PtdIns(3,5)P2 generation at the LE, participates in the replication
of poxvirus [44] as well as in the formation of the replicative vacuole of the intracellular bacteria
Salmonella [40].

In this study, we found that the inhibition of PIKfyve greatly reduces ASFV replication, and
its expression is enhanced upon ASFV replication. In ASFV infection, PIKfyve could exert a similar
function as observed in the case of Salmonella infection, which also strongly relies on the LE [16].
In conclusion, our results suggest that ASFV replication requires endosomal membranes and PIKfyve
enzyme activity.
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Abstract: Allotransplantation and xenotransplantation may be associated with the transmission of
pathogens from the donor to the recipient. Whereas in the case of allotransplantation the transmitted
microorganisms and their pathogenic effect are well characterized, the possible influence of porcine
microorganisms on humans is mostly unknown. Porcine circoviruses (PCVs) are common in pig
breeds and they belong to porcine microorganisms that still have not been fully addressed in terms of
evaluating the potential risk of xenotransplantation using pig cells, tissues, and organs. Two types
of PCVs are known: porcine circovirus (PCV) 1 and PCV2. Whereas PCV1 is apathogenic in pigs,
PCV2 may induce severe pig diseases. Although most pigs are subclinically infected, we do not
know whether this infection impairs pig transplant functionality, particularly because PCV2 is
immunosuppressive. In addition, vaccination against PCV2 is able to prevent diseases, but in most
cases not transmission of the virus. Therefore, PCV2 has to be eliminated to obtain xenotransplants
from uninfected healthy animals. Although there is evidence that PCV2 does not infect—at least
immunocompetent—humans, animals should be screened using sensitive methods to ensure virus
elimination by selection, Cesarean delivery, vaccination, or embryo transfer.

Keywords: porcine circoviruses; transspecies transmission of viruses; xenotransplantation; virus
safety of xenotransplantation

1. Introduction

Allotransplantation can be associated with transmission of microorganisms which induce severe
diseases in the recipient [1,2]. Among the transmitted microorganisms are bacteria [3] and viruses
such as the human immunodeficiency virus-1 [4], rabies virus [5–7], and human cytomegalovirus
(HCMV) [8]. Infection with HCMV is a common complication after transplantation of different organs
and contributes significantly to morbidity and mortality, both by direct and indirect mechanisms [9].
Therefore, HCMV status has to be determined and transplantations from HCMV-positive individuals
to HCMV-negative individuals are generally avoided (for review see [8,9]). If necessary, an antiviral
treatment is available and new antiviral drugs are under development [10]. Xenotransplantation using
pig cells, tissues, and organs may also be associated with transmission of microorganisms, including
bacteria, viruses, and others from the donor pig [11]. Transmission of porcine cytomegalovirus
(PCMV) with the transplant and its increased replication, also called reactivation, on the background
of the absence of the pig immune system and of the applied immunosuppression in the non-human
primate recipient, was observed after pig kidney transplantations into baboons [12] or cynomolgus
monkeys [13]. Transmission of PCMV was also observed after pig heart transplantations into
baboons [14]. Although the virus titre in the recipients increases, it is unclear whether PCMV is
able to infect cells of the recipient or is replicating only in the cells of the transplant.

There are obvious differences between the transmission inside the human species during
allotransplantation and transspecies transmission into a new species during xenotransplantation.
Human microorganisms are adapted to humans and can be easily transmitted [1–4,8,9]. The porcine
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microorganisms are not adapted to humans, and it is clear that many of them cannot infect human
cells due to the absence of a receptor or due to cellular factors restricting replication in human
cells. In contrast to human pathogens, sensitive detection methods for porcine microorganisms were
developed only in a few specialized laboratories, and it is unclear whether commercial test laboratories
can detect low virus load infections, as shown in one case of PCMV infection [15]. Sending identical
virus dilutions to different laboratories worldwide for testing, so called round robin tests, may answer
this question. The results of the testing will indicate the sensitivity of their methods. In this context, in
a recent round robin or ring test including 11 North American laboratories, the most sensitive assay
detected DNA levels of a porcine virus about 100,000 times lower than the least sensitive assay [16].
This study demonstrated that the polymerase chain reaction (PCR) assays available in these diagnostic
labs vary considerably in their detection limits and quantification.

Even if porcine microorganisms can infect humans and replicate, it is still unclear whether they are
pathogenic. For example, hepatitis E virus (HEV) genotype 3 coming from pigs mostly induces diseases
in chronically ill and immunosuppressed humans, but not in healthy individuals [17], although the
influence of the subclinical infection on the health of the infected person is still unknown.

The porcine circoviruses (PCVs) belong to the genus Circovirus of the family Circoviridae [18].
Porcine circovirus 1 (PCV1) was first described at the Robert Koch Institute, Berlin [19]. Other
members of this family are PCV2, several avian circoviruses [18], and recently new circoviruses have
been isolated from mammals: bat [20,21], dogs [22–25], mink [26,27], and others. Circoviruses are
non-enveloped spherical (16–18 nm) particles (Figure 1) with a single-stranded and circular small
DNA genome. PCVs are the smallest viruses found to be replicating in mammalian cells. PCVs are
quite stable, the effectiveness of disinfectants for reducing PCV2 in vitro is variable and PCV2 is very
stable in the pig environment. The virus is very resistant under high temperatures and a wide range
of pH conditions (for review see [28]). Two major open reading frames (orfs) have been recognized.
Orf1 encodes the two replicases indispensable for viral replication (Rep and Rep’), and orf 2 encodes
the capsid protein Cap, which is the major structural protein [29]. Three other genes, orf 3, orf 4, and
orf 5 encode proteins not essential for virus replication, but involved in the virulence and spread of
the virus [30,31]. Cells of the monocyte and macrophage lineage have consistently been shown to be
targets for porcine circovirus replication in vivo, and appear to be important in the pathogenesis of
the postweaning multisystemic wasting syndrome (PMWS) [32–34]. Additionally, a variety of other
cell types, including hepatocytes, enterocytes, renal and alveolar epithelial cells, vascular endothelial
cells, pancreatic acinar and ductular cells, lymphocytes, smooth muscle cells, and fibroblasts, have also
been shown to contain PCV2 antigens and/or nucleic acid [35]. It was shown that heparin, heparan
sulphate, and chondroitin sulphate are attachment factors for PCV2 [36], whereas the main receptor is
still unknown [37].

PCV1 is apathogenic in pigs, but PCV2 is associated with severe diseases, among them PMWS,
which is considered the most significant PCV2-related disease (PCVD) (see Section 3). PCV2 is an
immunosuppressive virus, targeting the lymphoid tissues, which leads to lymphoid depletion and
immunosuppression in pigs. The virus resides in immune cells, such as macrophage and dendritic cells,
and modulates their functions. Upregulation of interleukin (IL)-10 and proinflammatory cytokines
in infected pigs may contribute to pathogenesis and co-infection with other pathogens. PCV2 DNA
and proteins interact with various cellular genes that control immune responses [38–40]. Although
numerous reviews summarise the impact of PCV2 on pig production and give detailed descriptions
of the pathogenesis of PCV2-induced diseases in pigs [40–43], this review is the first to analyse the
potential impact of PCV2 on xenotransplantation, and to analyse whether PCV2 may represent a
risk for xenotransplantation. PCV2 induces severe diseases in pigs, but it remains unclear whether
subclinical infections may reduce the quality of the pig transplants, particularly because the virus
is immunosuppressive. Vaccination against PCV2 is able to prevent diseases, but in most cases is
unable to prevent the transmission of the virus (for details see Section 6). Using sensitive methods
will increase the probability of detecting the virus. However, it remains unclear how sensitive these
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methods should be. At the very least, in order to prevent transmission during xenotransplantation,
the sensitivity of the detection methods should allow for the detection of the virus below the load
which is able to be transmitted and to induce zoonosis [44]. We also indicate different strategies to
eliminate the viruses from the donor pig herd in order to prevent transmission to human recipients.

Figure 1. Electron microscopy of porcine circovirus (PCV), negative staining with uranyl acetate.
The scale bar corresponds to 20 nm. Hans Gelderblom, Michael Laue, Robert Koch-Institute.

2. Diagnosis and Transmission

PCR is a sensitive method of choice to detect a circovirus infection in viremic animals and different
PCR assays, including real-time PCR or quantitative PCR (qPCR) and digital droplet PCR (ddPCR)
using specific primers for PCV1 and PCV2 have been developed and applied [45–50]. In some cases,
PCVs were detected simultaneously with other porcine viruses using multiplex PCR [51,52]. Other
detection methods are antibody-based methods such as enzyme-linked immunosorbent assay (ELISA),
Western blot analysis, and immunofluorescence [53–58]. The use of saliva for antibody detection
gained popularity because of the ease of use and associated cost-saving [59]. Serum antibodies to PCV1
and PCV2 have been demonstrated in a large percentage of pigs in different countries at a time when
vaccination had not yet been introduced [60]. PCR screening in the year 2000 of randomly collected 109
organ samples from German pigs not affected with PCVD revealed a rate of infection with PCV1 of 5%
and with PCV2 of 26.8% [46]. Seroconversion usually occurs by two to four months of age irrespective
of whether clinical signs of PCVD are observed. PCV2 is shed for a long time by different routes,
both after natural as well as experimental infection [61,62]. Therefore, it easily spreads within the
population, mainly by direct contact with contaminated respiratory, digestive, and urinary secretions.
Although PCV2 has been identified in the semen of acutely affected boars, transmission of the virus
via this route has not been documented in a field setting [63,64].

Based on phylogenetic analysis, PCV2 is divided into different genotypes (PCV2a, PCV2b, PVC2c,
PCV2d, PCV2e, PCV2f) [65]. The first three variants show 97%–100% nucleotide identity in the rep
gene and 91%–96% in the cap gene [66]. They are believed to have evolved from a common ancestor
100 years ago [67]. In recent years, evidence has accumulated for a global shift of the main PCV2
genotypes in different countries from PCV2a to PCV2b, which is generally associated with more
severe disease symptoms [68,69]. PCV2d was initially identified in Switzerland, now it appears to be
widespread in China and North America. During 2012–2013, 37% of all investigated PCV2 sequences
from U.S. pigs were classified as PCV2d, and overall data analysis suggests an ongoing genotype shift
from PCV2b towards PCV2d [70]. Recombinations and mutations have been often observed and may
result in altered fitness or phenotypic properties [71–73].
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Since changes in the nucleotide sequence of genomic regions used as targets for PCR-detection
of PCV may result in false-negative findings, the primers must be checked routinely by a Basic Local
Alignment Search Tool (BLAST) search of GenBank for their fitness to detect new variants. If no
highly conserved regions can be identified and problems related to genomic variation are anticipated,
multiplex PCRs for different viral variants using more than one primer pair or next generation
sequencing can be employed.

Recently, a new virus, PCV3, with significant differences in the sequence when compared with
PCV1 and PCV2, but more related to a bat-faeces associated circovirus, was described in pigs with
cardiac and multi-organ inflammation [74]. Since the pigs were co-infected with other porcine viruses,
the pathogenicity of PCV3 warrants further investigations. PCV3 was found to be associated with
porcine dermatitis and nephropathy syndrome (PDNS), reproductive failure, and multisystemic
inflammation in China [75,76] and in the USA [77]. Sequence analysis showed that the Chinese isolates
are the result of a recombination between bat circoviruses [76], and the closest relative of the U.S.A.
isolate is a canine circovirus [77].

3. PCV2-Related Diseases in Pigs

PCVD was first detected in the early 1990s and has since then emerged as an economically
important pig disease worldwide [61]. The main disease induced by PCV2 is PMWS [41,42].
However, PCV2 induces an entire complex of diseases now called PCVD in Europe or PCV-associated
disease (PCVAD) in North America [33]. PCVD can be subdivided into PCV2-systemic disease
(PCV2-SD, directly replacing PMWS), PCV2-subclinical infection (PCV2-SI), PCV2-reproductive
disease (PCV2-RD), and PDNS. PCV2 is necessary but not sufficient for the induction of PCVD. Some
purported risk factors include coinfection with other viruses. Porcine reproductive and respiratory
syndrome virus (PRRSV) is one of these viruses, it causes the porcine reproductive and respiratory
syndrome associated with reproductive failure in breeding stocks and respiratory tract illness in young
pigs. Co-infection with porcine parvovirus may also contribute to PCVD as well as nonspecific immune
stimulation (e.g., by vaccination).

Clinical signs of the disease include gradual wasting, fever, rough hair coat, dyspnea, pallor,
diarrhea, and occasionally icterus. PCVD is characterized by lymphoid depletion, immunosuppression,
and inflammation in affected organs. Morbidity varies from 2%–30%, but case fatality is high,
approaching 80%. Occasionally, pigs may develop purple skin lesions and nephropathy, likely as an
immune mediated sequel to viral infection, termed PDNS [78,79]. Occasionally reproductive failure is
observed as abortions, stillbirths, and mummification (PCV2-RD) [62,80,81].

4. PCV Does Not Infect Immunocompetent Humans

When trying to infect human cell lines with PCV1 and PCV2, PCV1 persisted in most cell lines
without causing any visible changes, while PCV2-transfected cells showed a cytopathogenic effect [82].
Most importantly, in both cases the infection was non-productive [82,83]. Infection with PCV1 was
observed in human 293, HeLa, and Chang liver cells, whereas PCV2 infected only human Rd cells [82].
Although it is well known that, in addition to PCV2, outbreaks of PCVD in pigs require cofactors
(e.g., PRRSV), co-infecting human cells with PCV2 and PRRSV was not yet performed. In addition to
cell lines, primary human leukocytes could also be infected with PCV1, inducing severe morphological
alterations in the infected cells [84], indicating that PCV1 may also be pathogenic.

When humans were screened for antibodies against PCV, in an early study, antibodies to PCV
were found in 30% of samples from hospitalized patients with fever of unknown etiology [85]. These
results are in striking contrast to those from another group that did not detect antibodies in serum
samples from the general population and from veterinarians working with PCVD affected animals [61].
Additional studies are necessary to confirm the latter negative results.

A large “experiment” testing the susceptibility of the human population to PCV was involuntary
conducted when two vaccines against rotaviral gastroenteritis from two different manufacturers
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were found to be contaminated with PCV1 and PCV2 [86–88]. Both contaminated vaccines had
been used world-wide for a number of years, preventing disease and saving millions of children’s
lives [89,90]. Over 105 or 106 particle-associated full-length PCV1 genomes were present in each dose of
the contaminated vaccine [83,87–89], and cell culture assays in swine testis and PCV-free porcine kidney
(PK-15) cells confirmed that PCV1 sequences in this vaccine represented infectious virus [86–88,91].
Another rotavirus vaccine contained only subgenomic PCV1 and PCV2 fragments, but no full-length
PCV genomes, and cell culture assays did not amplify PCV from this vaccine [88]. When stool samples
from children vaccinated with Rotarix, an oral live attenuated vaccine based on the human rotavirus
RIX4414 produced by GlaxoSmithKline (London, UK), were analyzed, in 4 of 40 samples PCV1 DNA
was detected [83]. PCV1 DNA was detected only soon after vaccination, indicating that viral replication
did not occur in the gastrointestinal tract. Antibodies were not detected in the sera of vaccinated
children, confirming that no replication of the virus had taken place. The pattern of adverse events
reported in vaccinated infants with PCV1 in their stool did not differ from that observed in placebo
recipients [83]. This correlated with the reports that the Rotarix vaccine in general had nearly no
adverse events [89,90].

However—and this is the main question in the context of xenotransplantation—up until now it is
still unknown whether PCV is zoonotic in severely immunosuppressed humans.

5. PCV2 and First Preclinical and Clinical Xenotransplantations

In all of the clinical xenotransplantation trials documented in Paradise et al. [92], no screening
for PCV was performed in the Large White donor pigs and human recipients. Auckland Island pigs
were used as source for the first clinical pig islet cell transplantation to human diabetic patients in
New Zealand and Argentina [93–96]. These donor animals were free of PCV1 and PCV2, and therefore
could not transmit circoviruses [94]. The sensitivity of the PCR used to detect PCV in Auckland
Island pigs was estimated to be 106 mg of DNA per reaction [97]. Islet cells from Auckland Island
pigs were also used in a prospective pig-to-primate islet xenotransplantation study, and as expected,
no PCV was transmitted [98]. In most of the reported pig-to-non-human primate transplantations,
no screening for PCV was performed, with the exception of a the just mentioned trial transplanting
islet cells from Auckland Island pigs into cynomolgus monkeys [98]. In addition, pig donors for islet
cell transplantation into mice had also been found to be PCV-negative [99]. Recently, islet cells from
Large White/Yorkshire landrace F1 pigs were transplanted into non-immunosuppressed cynomolgus
monkeys, and no PCV was detected in the recipients [100]. Testing was performed based on the
presence of PCV in the source herd, although the donor pigs had been vaccinated with CircoFLEX
(Table 1). PCV was not tested in the monthly herd screening and in the sentinel and pancreas donor
post-mortem screening, the islet cells had been encapsulated in macrobeads.

Table 1. Protective vaccines against PCV2 [101,102].

Vaccine Producer Vaccine Based on

Circumvent PCV, Porcilis PCV,
Circumvent G2 PCV

MSD/Merck Animal Health (Madison,
New Jersey, United States)

PCV2a Cap protein expressed
by baculovirus

Ingelvac CircoFLEX Boehringer-Ingelheim (St. Joseph,
Missouri, United States)

PCV2a Cap protein expressed
by baculovirus

Fostera PCV, Suvaxyn PCV Zoetis (Parsippany, New Jersey,
United States)

Inactivated recombinant PCV1
expressing the PCV2a Cap protein

(ORF2 from PCV2)

Circovac Merial (Lyon France) Inactivated whole PCV2a

ORF: Open reading frame.
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In future preclinical, as well as clinical trials, donor pigs—and, if necessary, also recipients—should
be screened for the presence of circoviruses. When PCV is not found in the donor pig, no screening of
the recipients needs to be performed.

6. Treatment and Vaccination

There is no specific treatment for pigs with PCVD. Anti-inflammatory agents and antimicrobials
may help to suppress co-factors and secondary diseases associated with PCVD. All in/all out pig
flow, thorough cleaning, and rigid disinfection between batches of pigs are measures that can help
control the disease [103]. In the case that the donor animal is PCV-infected, it may be considered to
analyze whether the xenotransplantation product (e.g., isolated islet cells) is still negative. Since PCV2
is infecting macrophages, certainly all organs are infected and it will be safer to use only negative
animals, especially since no effective antiviral treatment is available. PCV2 infection is associated
with an immune response including neutralising antibodies, and these coincide with a decrease in
serum virus load. Cell-mediated immunity has also been shown to be necessary to control PCV2
infection (for review see [102]). PCV2 vaccines became commercially available in the summer of
2006 (Table 1) [103]. The vaccines reduced the severity and incidence rate of PCVD on many farms.
Vaccination against PCV2 did not only imply a direct beneficial effect on pig productivity, but also
contributed to reduction of antimicrobial use [104]. PCV2 vaccines effectively increased average
daily weight gain (ADWG) and prevented diseases with a positive result for meat production. In all
vaccination trials a lower virus load was registered in the vaccinated animals, however, it remains
unclear whether the virus load is reduced to zero. In most reported cases, virus transmission took
place despite vaccination [102,105–107]. In a study vaccinating 28 pigs, the virus load was not reduced
to zero in any of the animals [108]. In another study, 17 of 32 vaccinated animals still showed PCV in
the serum, as measured by PCR [90]. PCV2 vaccination of sows was associated with high antibody
responses, but did not prevent fetal infections in utero or soon after birth by infectious colostrum in 29
of 100 cases [107]. When comparing four different vaccines, use of the inactivated chimeric vaccines
(Fostera PCV and Circovax) resulted in significantly lower viremia compared with use of the subunit
vaccines (Circoflex, Porcilis PCV), however, histopathological lesions and PCV antigens were still
detected in all 80 immunized animals [109]. Successful vaccination is mainly associated with induction
of neutralizing antibodies, but T cell-mediated immunity also plays a role in the reduction of the virus
load and prevention of diseases as mentioned above [102,110].

Since new PCV2 variants have emerged, the question of whether or not current vaccines can
protect against new PCV2 variants that may be more virulent for pigs becomes a serious concern.
Although it is still unclear whether the global switch from PCV2a to PCV2b and PCV2d was associated
with higher fitness of PCV2, as reported [68,69], rather than vaccine induced selection pressure, the
emergence and rapid spread of new PCV2 variants provide evidence that current vaccines need to
be updated.

7. How to Eliminate PCV

For a safe xenotransplantation, elimination programs have been proposed for porcine viruses
such as HEV [17], PCMV [111], porcine lymphotropic herpesviruses, and others [112], by isolation of
virus-free animals, treatment, and vaccination. Elimination programs in the case of circoviruses should
be based on (i) selection of animals found non-infected using highly sensitive detection methods to
avoid false-negative testing; (ii) vaccination or other strategies (see below), since treatment is not
available; and (iii) isolation of virus-negative animals to prevent de novo infection. Elimination means
elimination from the herd, elimination from a single individual is impossible, since there is no treatment
presently available. The efficacy of the vaccines should be improved and new vaccines against emerging
variant virus strains should be developed. Since PCV2 is easily transmitted through the placenta
and since colostrum was shown to be infectious, Cesarean section, and colostrum derivation are
two promising strategies to eliminate PCV [80,106,107,113]. Recent findings of PCV2 in Göttingen
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Minipigs [114], which were introduced into the facility by Cesarean delivery and are produced under
specified pathogen-free breeding conditions that are very similar to designated pathogen-free breeding
conditions [115], confirm transmission through the placenta and indicate that selection of PCV2-free
animals may be difficult. However, when 384 embryos recovered from PCV2 infected pigs 10 days
after inoculation were transferred to seronegative donors, no infection of the recipient pig and the
piglets was observed, indicating that embryo transfer can be successfully used for the elimination of
PCV2 [116].

8. Summary

PCV2 is a very small virus, it is stable and resistant to some disinfectants, pH, and heat, and it
induces severe diseases in infected pigs. PCV2 is an immunosuppressive virus and it is still unclear
whether subclinical infections of pigs may decrease the functionality of the organs required for
transplantation. Vaccination against PCV2 is able to prevent diseases, but in most cases is unable to
prevent the transmission of the virus. Although PCV2 infects human cells and induces a cytopathic
effect in vitro, no pathogenic effects were observed when PCV was transmitted by contaminated
vaccines to children. It remains unknown whether PCV may infect severely immunosuppressed
individuals. In conclusion, for all of these reasons, sensitive detection methods should be used to
screen for the virus and improved vaccination, Cesarean delivery, colostrum deprivation, and embryo
transfer should be used to prevent transmission of the virus.
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Abstract: The coronavirus membrane (M) protein acts as a dominant immunogen and is a major
player in virus assembly. In this study, we prepared two monoclonal antibodies (mAbs; 1C3 and
4C7) directed against the transmissible gastroenteritis virus (TGEV) M protein. The 1C3 and 4C7
mAbs both reacted with the native TGEV M protein in western blotting and immunofluorescence
(IFA) assays. Two linear epitopes, 243YSTEART249 (1C3) and 243YSTEARTDNLSEQEKLLHMV262
(4C7), were identified in the endodomain of the TGEV M protein. The 1C3 mAb can be used for the
detection of the TGEV M protein in different assays. An IFA method for the detection of TGEV M
protein was optimized using mAb 1C3. Furthermore, the ability of the epitope identified in this study
to stimulate antibody production was also evaluated. An immunodominant epitope in the TGEV
membrane protein endodomain was identified. The results of this study have implications for further
research on TGEV replication.

Keywords: immunodominant epitope; coronavirus; membrane protein; endodomain

1. Introduction

Coronaviruses (CoVs) are clustered in the Coronavirinae subfamily and are divided into four
genera (alpha-, beta-, gamma-, and deltacoronavirus) [1,2]. CoVs are enveloped, single-stranded,
positive-sense RNA viruses [3–5]. The CoV genomes range from 26.2 kb to 31.7 kb in size.
Four structural proteins are encoded by the CoV genomes: spike (S), membrane (M), envelope (E),
and nucleocapsid (N).

Transmissible gastroenteritis virus (TGEV) is an excellent model of CoV biology [6–12].
The M protein is the viral assembly scaffold and the most abundant protein in the viral envelope [13].
The avian infectious bronchitis virus (IBV) M protein contains Golgi-targeting information in its first
transmembrane domain [14], whereas the transmembrane domains and the cytoplasmic tail domain
of the mouse hepatitis virus (MHV) M protein play important roles in Golgi targeting [15,16]. The M
protein interacts with the E, S, and N proteins and plays an essential role in virus assembly [17–19].
M is a necessary component of virus-like particles (VLP) during viral assembly [18,20–22]. The M
proteins interact other M proteins to form homo-oligomers [23]. In MHV, the M protein interacts with
S, and deletion of the cytoplasmic tail of the M protein abolishes the effective interaction between the
two proteins [24,25]. Interactions between the M and S proteins have also been identified in IBV [26],
bovine coronavirus [27], and severe acute respiratory syndrome (SARS)-CoV [17,21].
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The CoV M protein plays an important role in virion morphogenesis [28]. The M protein is
composed of the following three regions: a small extracellular domain (ectodomain), a transmembrane
domain (Tm), and a large carboxyl terminal domain (endodomain) [29]. The signal peptide of the M
protein is located at amino acids (aa) 1–16 [30]. A single tyrosine in the M protein cytoplasmic tail
is important for efficient interaction with the S protein of SARS-CoV [13]. The M protein of SARS
CoV is localized in the endoplasmic reticulum (ER), Golgi, and ER Golgi intermediate compartment
(ERGIC) [31,32]. The cytoplasmic tail of the CoV M protein is essential for its retention in the Golgi [16].
Current diagnostic tools for TGEV detection usually rely on PCR, and a specific method of indirect
immunofluorescence assay (IFA) for TGEV detection is needed. TGEV M protein epitopes have
been reported previously [28,33], but few functional studies have examined the cytoplasmic terminal
domain (endodomain) of the CoV M protein. Monoclonal antibodies (mAbs) to the M protein are
needed to dissect the function of the CoV M protein cytoplasmic tail.

In this study, the 1C3 and 4C7 mAbs against the TGEV M protein cytoplasmic tail are described.
Two linear epitopes, 243YSTEART249 (1C3) and 243YSTEARTDNLSEQEKLLHMV262 (4C7), were
identified in the M protein endodomain. An immunodominant epitope (aa 243–262) in the TGEV
membrane protein endodomain was identified. The results of this study have implications for further
research on TGEV replication.

2. Materials and Methods

2.1. Cells, Antibodies, and Virus

Porcine kidney 15 (PK-15) cells and Vero E6 cells were grown in DMEM medium supplemented
with 10% fetal calf serum (5% CO2 and 37 ◦C). TGEV infectious strain H (Accession No. FJ755618)
was propagated on PK-15 cells. Porcine epidemic diarrhea virus (PEDV) strain CV777 (Accession
No. AF353511), the mAb against N protein of PEDV, and the mAb against N protein of TGEV were
maintained in our lab. PEDV strain CV777 was propagated on Vero E6 cells.

2.2. Recombinant Plasmid Construction and Recombinant Protein Expression

The pCold-TGEV-M plasmid was constructed using the F-GST-M and R-GST-M primers (
tab:viruses-08-00327-t001). Seven partial TGEV M genes corresponding to M protein amino acids (aa)
17–76 (nt 49–228), aa 67–126 (nt 199–378), aa 117–176 (nt 349–528), aa 167–226 (nt 499–678), aa 217–262
(nt 649–789), aa 217–246 (nt 649–738), and aa 234–262 (nt 700–789) were amplified with the primers
shown in tab:viruses-08-00327-t001, which contained the Bam
HI and Xho I restriction enzyme sites. The PCR products were cloned into the prokaryotic expression
plasmid pGEX-6p-1. The recombinant plasmids were named pGEX GST-M1 (aa 17–76), pGEX GST-M2
(aa 67–126), pGEX GST-M3 (aa 117–176), pGEX GST-M4 (aa 167–226), pGEX GST-M5 (aa 217–262),
pGEX GST-M6 (aa 217–246), and pGEX GST-M7 (aa 234–262).
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Table 1. Primers used in this study.

Name Sequence Enzyme

F-GST-M CCGCTCGAGGAACGCTATTGTGC Xho I
R-GST-M CGGAATTCTTATACCATATGTA Eco RI

F-M (49–228)-6p GTGGATCCGAACGCTATTGTGCTATGAA Bam HI
R-M (49–228)-6p GACTCGAGGAATTGAGGTCTTCCATATT Xho I

F-M (199–378)-6p GTGGATCC
ACTGTGCTACAATATGGAAG Bam HI

R-M (199–378)-6p GACTCGAGAAATGTAACAATTGCACCTG Xho I
F-M (349–528)-6p GTGGATCCTTTAGTATTGCAGGTGCAAT Bam HI
R-M (349–528)-6p GACTCGAGACCAGTTGGCACACCTTCGA Xho I
F-M (499–678)-6p GTGGATCCGTGCTTCCTCTCGAAGGTGT Bam HI
R-M (499–678)-6p GACTCGAGTGCTTTCAACTTCTTGCCAA Xho I
F-M (649–789)-6p GTGGATCCTACACACTTGTTGGCAAGAA Bam HI
R-M (649–789)-6p GACTCGAGTTATACCATATGTAATAATT Xho I
F-M (649–738)-6p GTGGATCCTACACACTTGTTGGCAAGAA Bam HI
R-M (649–738)-6p GACTCGAGCTCTGTTGAGTAATCACCAG Xho I
F-M (700–789)-6p GTGGATCCTACTATGTAAAATCTAAAGC Bam HI
R-M (700–789)-6p GACTCGAGTTATACCATATGTAATAATT Xho I

2.3. Preparation of mAbs Targeting the M Protein

Proteins were expressed in E. coli BL21 (DE3) using previously described methods [34].
The GST-M fusion protein was purified using Glutathione Sepharose 4B (GE Healthcare, Amersham,
UK) according to the manufacturer’s protocol. The mAbs against the M protein were prepared as
previously described [35]. The SBA Clonotyping System-Horseradish Peroxidase (HRP) kit (Southern
Biotechnology Associates, Inc., Birmingham, AL, USA) was used to determine the IgG subtype of
the mAbs.

2.4. Immunofluorescence Assay (IFA)

PK-15 cells were infected with the TGEV H strain at a multiplicity of infection (MOI) of 0.1 and
cultured for 36 h. The cells were fixed for 30 min with paraformaldehyde (4%) at 4 ◦C. The fixed cells
were blocked with 5% skimmed milk and then incubated with the 1C3 or 4C7 mAb for 60 min at 37 ◦C.
The cells were incubated with the anti-mouse IgG (whole molecule) Atto 488 antibody (1:1000, Sigma,
St. Louis, MO, USA) after washing three times with 0.05% Tween 20 in PBS (PBST). Nuclear staining
was performed with 4′,6-diamidino-2-phenylindole (DAPI, Sigma) [36]. The cells were washed three
times with PBST and examined using a Leica TCS SP5 laser confocal microscope.

2.5. Immunoperoxidase Monolayer Assay (IPMA)

PK-15 cells were infected with the TGEV H strain and then fixed and blocked as described above.
Then, the cells were incubated with the 1C3 or 4C7 mAb for 60 min at 37 ◦C. The cells were washed
three times with PBST and incubated with HRP-labeled goat anti-mouse IgG (1:500, Sigma, USA)
at 37 ◦C for 60 min. The cells were visualized with the 3-amino-9-ethylcarbazole (AEC) substrate and
examined by microscopy.

2.6. Immunoprecipitation of the TGEV M Protein

Immunoprecipitation was performed as previously described [34]. The lysate from TGEV-infected
or mock-infected PK-15 cells was incubated with 1 μg of the 1C3 or 4C7 mAbs at 4 ◦C. Protein A/G
PLUS-Agarose was used according to the manufacturer’s instructions, and 60 μg of cell lysates was
loaded in the gels. The immunoprecipitated proteins were analyzed by western blotting using the 1C3
or 4C7 mAbs as described previously [34].
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2.7. Polypeptide Design and Coupling

Ten peptides spanning aa 217–262 of the TGEV M protein were synthesized by GL Biotech
(Shanghai, China) ( tab:viruses-08-00327-t002). Additionally,
4 mg of the RS-15 (RGDYSTEARTGGGGS), YT-16 (YSTEARTGGYSTEART), and YV-20
(YSTEARTDNLSEQEKLLHMV) peptides coupled with KLH (RS-15-KLH, YT-16-KLH, and
YV-20-KLH) or BSA (RS-15-BSA, YT-16-BSA, and YV-20-BSA) were synthesized by GL Biotech.

Table 2. Synthesized polypeptides based on the M protein of the transmissible gastroenteritis virus (TGEV).

Residues Amino Acid Sequence Residues Amino Acid Sequence

217–236 YTLVGKKLKASSATGWAYYV 230–249 TGWAYYVKSKAGDYSTEART
243–262 YSTEARTDNLSEQEKLLHMV 234–248 YYVKSKAGDYSTEAR
243–257 YSTEARTDNLSEQEK 244–258 STEARTDNLSEQEKL
245–259 TEARTDNLSEQEKLL 246–260 EARTDNLSEQEKLLH
247–261 ARTDNLSEQEKLLHM 248–262 RTDNLSEQEKLLHMV
RS-15 RGDYSTEARTGGGGS YT-16 YSTEARTGGYSTEART
YV-20 YSTEARTDNLSEQEKLLHMV

2.8. Animal Immunization with RS-15-KLH, YT-16-KLH, and YV-20-KLH

Four BALB/c mice were immunized subcutaneously (s.c.) with RS-15-KLH, YT-16-KLH, or
YV-20-KLH (100 μg per mouse) emulsified in complete Freund’s adjuvant (Sigma). The mice were
immunized four times at two-week intervals. The sera were evaluated using ELISA plates coated with
RS-15-BSA, YT-16-BSA, or YV-20-BSA (2 μg/well).

2.9. Peptide ELISA

ELISA plates were coated with the synthesized RS-15-BSA, YT-16-BSA, or YV-20-BSA peptide
(2 μg/well) overnight at 4 ◦C and then blocked with 5% skimmed milk for 2 h at 37 ◦C. The plates
were incubated with sera from mice immunized with RS-15-KLH, YT-16-KLH, or YV-20-KLH for 1 h at
37 ◦C. HRP-labeled goat anti-mouse IgG (1:2000, Sigma) was added and incubated for 1 h at 37 ◦C.
The reaction was stopped with 2M H2SO4.

2.10. Immunohistochemistry (IHC)

The IHC assay was performed as previously described [37]. Slides were incubated with the 1C3
or 4C7 mAb (1:100) overnight at 4 ◦C, followed by incubation with HRP-labeled goat anti-mouse
IgG (1:2000, Sigma) for 1 h at 37 ◦C. The reactions were detected with 3,3′-diaminobenzidine
tetrahydrochloride (DAB) substrate.

2.11. 3D Epitope Modelling

The spatial distribution of the identified epitopes in the TGEV M protein were analyzed using
PyMOL software with the SWISS-MODEL server [38].

2.12. Animal Ethics

This study was approved by Harbin Veterinary Research Institute and was performed in
accordance with animal ethics guidelines and approved protocols. The animal Ethics Committee
approval number is Heilongjiang-SYXK-2006-032.
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3. Results

3.1. Expression and Purification of the GST-M Protein

For prokaryotic expression of the M protein, the signal peptide (aa 1–16) was removed, and the M
gene was cloned into the prokaryotic expression vector pCold GST DNA. The recombinant proteins
were expressed by induction with 1 mM IPTG in pCold-TGEV-M-transformed cells. The size of the
recombinant GST-M protein was approximately 54 kDa. The purified GST-M protein reacted with the
anti-GST mAb in the western blotting experiment (Figure 1a).

3.2. Preparation of mAbs against the TGEV M Protein

Two mAbs against the TGEV M protein (1C3 and 4C7) were prepared using the purified GST-M
protein. The 1C3 and 3D7 mAbs belonged to the IgG2b isotype. As shown in Figure 1b, the 1C3 and
4C7 mAbs specifically reacted with both the GST-M protein and the native M protein in TGEV-infected
PK-15 cells but not with GST and mock-infected PK-15 cells.

Figure 1. Preparation of monoclonal antibodies (mAbs) against the M protein of TGEV. (a) Expression
and purification of GST-M protein. The proteins were detected after western blotting with a GST
mAb; (b) Reactivity of the 1C3 and 4C7 mAbs with the GST-M protein and the TGEV M protein. PM
represents protein marker. T+ represents the cell lysates of TGEV-infected porcine kidney 15 (PK-15)
cells. T− represents the cell lysates of mock infected PK-15 cells.

3.3. Determination of the 1C3 and 4C7 mAb Epitopes

To identify the 1C3 and 4C7 mAb epitopes, five truncated M proteins (GST-M1, GST-M2, GST-M3,
GST-M4 and GST-M5) were expressed (Figure 2a). Figure 2b shows that 1C3 and 4C7 were reactive
with GST-M5. Subsequently, two truncated M proteins that covered aa 217–262 were expressed.
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The western blotting results demonstrated that both 1C3 and 4C7 reacted against GST-M7 aa 234–262
(Figure 2c).

To further define the 1C3 and 4C7 mAb epitopes, ten overlapping polypeptides were synthesized
( tab:viruses-08-00327-t002). The epitope ELISA results showed that 243YSTEART249 were the core
amino acids of the 1C3 epitope, whereas 243YSTEARTDNLSEQEKLLHMV262 were the core amino
acids of the 4C7 epitope (Figure 2d).

Figure 2. Identification of the epitopes of the 1C3 and 4C7 mAbs. (a) Scheme of the M protein and
M fragments; (b) Western blotting analysis of the GST-M1, GST-M2, GST-M3, GST-M4, and GST-M5
proteins using the 1C3 and 4C7 mAbs; (c) Western blotting analysis of the GST-M6 and GST-M7 proteins
using the 1C3 and 4C7 mAbs; (d) Five peptides were reacted with the mAb 1C3 and nine peptides with
4C7 by peptide ELISA. aa represents amino acids. PM represents protein marker.
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3.4. 3D Epitope Mapping

The TGEV M protein sequence was compared against the SWISS-MODEL template library.
The solution structure of ADP-ribosyl cyclase (SMTL id 1r15.1) [39] was selected for model building.
The identified epitope recognized by mAb 1C3 (YSTEART) formed an alpha spiral structure
(Figure 3a). Furthermore, the conservation of the M epitopes (YSTEART) in TGEV, PEDV, and
porcine deltacoronavirus (PDCoV) was compared. As shown in the sequence alignment in Figure 3b,
the epitope (YSTEART) is well conserved among TGEV, but differs greatly from the sequence in PEDV
and PDCoV.

Figure 3. Location of the identified epitope in the predicted structure of the TGEV M protein.
(a) The location of the epitope (shown in red) for mAb 1C3 (YSTEART) in the TGEV M protein
is highlighted; (b) Conservation of the M epitopes (YSTEART) in TGEV, porcine epidemic diarrhea
virus (PEDV) and porcine deltacoronavirus (PDCoV). Dots indicate identical residues.

3.5. Reactivity of 1C3 and 4C7 with the TGEV M Protein in IFA and IPMA

IFA and IPMA were used to verify the reactivity of mAbs 1C3 and 4C7 with the M protein
in TGEV-infected PK-15 cells. The 1C3 and 4C7 mAbs showed reactivity with the M protein in
TGEV-infected PK-15 cells in the IFA (Figure 4a) and IPMA (Figure 4b). The TGEV M protein was
distributed in the cytoplasm of the PK-15 cells. The reaction ability of 1C3 was superior to 4C7 in the
IFA and IPMA.
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Figure 4. Application of the generated mAbs 1C3 and 4C7 in immunofluorescence assay (IFA) and
immunoperoxidase monolayer assay (IPMA). (a) IFA analysis of the M protein in TGEV-infected PK-15
cells using 1C3 and 4C7 mAbs; (b) IPMA assay of the M protein in TGEV-infected PK-15 cells using
1C3 and 4C7 mAbs. The mAb against the N protein of TGEV was used as a positive control.

3.6. Immunoprecipitation of 1C3 and 4C7 with the TGEV M Protein

To elucidate whether the TGEV M protein could be precipitated with the 1C3 or 4C7 mAb,
an immunoprecipitation assay was performed in the TGEV-infected PK-15 cells. As shown in Figure 5a,
the TGEV M protein was precipitated from the TGEV-infected PK-15 cells by mAb 1C3 but not 4C7.

3.7. mAb 1C3 Reacted with the M Protein in the Small Intestine

The IHC assay was utilized to elucidate whether mAb 1C3 could recognize the M protein in the
small intestines of animals inoculated with TGEV. As shown in Figure 5b, the TGEV M protein was
recognized by mAb 1C3 but not 4C7 in TGEV-inoculated animal small intestines.
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Figure 5. Application of the generated mAbs 1C3 and 4C7 in IP and immunohistochemistry (IHC).
(a) Immunoprecipitation analysis of the M protein in TGEV-infected PK-15 cells using 1C3 and 4C7
mAbs. T+ represents the cell lysates of TGEV-infected PK-15 cells. T− represents the cell lysates of
mock-infected PK-15 cells. The mIgG represents mouse control IgG; (b) IHC analysis of the M protein
in the small intestines of TGEV-inoculated animals using 1C3 (1) and 4C7 (2) mAbs and an N-protein
mAb (3) as a positive control. Staining of the small intestines of mock-inoculated animals with 1C3
mAb is shown as a negative control (4).

3.8. Optimizing of the IFA Method for the Detection of the M Protein

The IgG of mAb 1C3 was purified using HiTrapTM protein G HP (Figure 6a). The IFA method
was optimized for the detection of the TGEV M protein. At 36 h, TGEV-infected PK-15 cells
(103 TCID50) were fixed with paraformaldehyde (4%) for 30 min at 4 ◦C. Then, the cells were blocked
with 5% skimmed milk at 37 ◦C for 1 h. The optimum concentration of the primary antibody (purified
1C3 IgG) was 1 ng/μL, and the dilution of the secondary antibody was 1:500. The IFA detected green
fluorescence in the TGEV-infected PK-15 cells (Figure 6b). To further validate whether 1C3 react with
PEDV, IFA was used. As shown in Figure 6b, 1C3 did not react with the PEDV.
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Figure 6. Optimization of the IFA method using mAb 1C3 for the M protein. (a) Purification of mAb
1C3 IgG. Lanes 1–7: purified IgG; (b) Optimization of the IFA method for M protein detection using the
purified mAb 1C3 IgG in PK-15 cells. PM represents protein marker.

3.9. Antibody Responses to the Identified Epitopes

To examine the ability of the two epitopes identified in this study to induce antibody responses,
arginine-glycine-aspartate [40] was added on the N-terminal side of peptide aa 243–249 (RS-15), and an
overlay of peptide aa 243–249 (YT-16) and peptide aa 243–262 (YV-20) were used to immunize mice. The
epitopes were coupled with KLH and named RS-15-KLH, YT-16-KLH, and YV-20-KLH, respectively.
BALB/c mice were immunized once every two weeks using RS-15-KLH, YT-16-KLH, or YV-20-KLH.
Sera were collected at 0, 2, 4, 6 and 8 weeks. The antibodies elicited by RS-15-KLH, YT-16-KLH,
and YV-20-KLH were detected using an indirect peptide ELISA with RS-15-BSA, YT-16-BSA, and
YV-20-BSA as the antigen, respectively. At 4 weeks, the sera collected from the three immunized
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groups showed a detectable antibody response. In contrast, the control group inoculated with PBS
did not show any significant immunity (Figure 7a). The antibody level increased with the number of
immunizations. At 8 weeks, the antibody levels of all three immunized groups reached the highest
values. Next, we examined whether the antibody was able to react with the native M protein in
TGEV-infected PK-15 cells. Figure 7b shows that only the antibody elicited by the YV-20-KLH epitope
reacted with the M protein, whereas no reaction was detected for RS-15-KLH or YT-16-KLH.

Figure 7. Antibody responses to the identified epitopes. (a) Humoral responses elicited by the aa
243-249 and aa 243–262 epitopes; (b) Reaction of antibodies elicited by epitopes with the TGEV virus in
PK-15 cells.
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4. Discussion

The mapping of CoV viral protein epitopes can promote our understanding of the structure and
function of the antigen. The CoV M protein is a major player in virus assembly [41], although its biology
has not been fully elucidated. Monoclonal antibodies against the M protein are necessary to elucidate
its various functions and mechanisms in viral replication. Some immunodominant epitopes have
been identified on the M proteins (aa 193–200) of the porcine epidemic diarrhoea virus (PEDV) [42],
IBV (aa 199–206) [43] and SARS-CoV (aa 1–31 and aa 132–161) [44]. Additionally, a few studies have
reported monoclonal antibodies against the TGEV M protein [45–47]. However, no study has reported
the TGEV M protein epitopes. In this study, two mAbs against the TGEV M protein (1C3 and 4C7)
were prepared. Two epitopes recognized by mAbs 1C3 and 4C7 corresponding to 243YSTEART249
and 243YSTEARTDNLSEQEKLLHMV262 in the TGEV M protein were identified for the first time
through a combination of experiments with truncated M proteins (M1–M7) and the peptide scanning
technique. These results may indicate that the major immunodominant domain is located in the M
protein endodomain.

Based on the peptide ELISA results, mAb 1C3 did not react with aa 244–258 and aa 234–248,
indicating that Y243 and T249 were key residues for the activity of 243YSTEART249. The mAb 4C7
did not react with aa 243–257, aa 244–258, aa 245–259 or aa 246–260, which indicated that R248 and
M261 were key residues for the activity of 243YSTEARTDNLSEQEKLLHMV262. Furthermore, by
comparing aa 247–261 and 248–262 with aa 243–262, we found that the reactive activity of aa 243–262
was significantly higher than the reactive activity of the other amino acids (Figure 2d).

The CoVs M protein is a transmembrane protein with three domains: a small extracellular
domain (ectodomain), a transmembrane domain (Tm), and a large carboxyl terminal domain
(endodomain) [29,41,48]. M protein self-interactions occur among the transmembrane domains [49,50].
The ectodomain of the CoV M protein plays an important role in interactions with other viral proteins,
such as the N protein of MHV [51–53], SARS-CoV [54–56], and TGEV [28] and the S protein of MHV [25]
and SARS-CoV [13]. TGEV M aa 233–257 (AYYVKSKAAGDYSTEARTDNLSEQEK), which contains
the epitopes recognized by the mAbs 1C3 and 4C7 (underlined), is involved in M-N binding to allow
virion morphogenesis [28]. The fact might be a problem for mAbs (1C3 and 4C7) performance in a
diagnostic test. In this study, the identified linear epitopes of mAbs 1C3 and 4C7 were located in the
TGEV M protein endodomain. Thus, this information could be widely used in future research on the
function of this domain in TGEV.

The IFA method we established has some advantages, including simple operation and easy
evaluation of the results. A specific IFA method for the detection of the TGEV M protein is still needed.
In this study, an IFA method for the detection of the M protein of TGEV was optimized. Optimization
of this IFA method will be helpful for future studies of the function of the M protein in the process of
TGEV replication. In general, coronavirus diagnostics is based on the N protein, because it is the most
abundant protein, is produced early during infection, and is highly immunogenic. For detection of
the TGEV virus, the established assay has no advantage over other N protein-based assays. Further
research is needed to establish an IFA method for the detection of TGEV based on the N protein.

CoV structural protein can induce virus-specific antibodies [57]. The CoV S protein is a class I
fusion protein involved in attachment of the CoV surface to the host aminopeptidase N [2,58].
The S protein is presented as a trimer and mediates receptor binding, membrane fusion, and virus
entry [59–61]. The S protein is the major target for neutralizing antibodies [62,63]. The M protein can
induce neutralizing antibodies, but these antibodies are weaker than those induced by the S protein.
The TGEV M protein endodomain is also exposed on the virion surface [33] and some mAbs directed
against the TGEV M endodomain are weakly neutralizing [64]. Further study is needed to evaluate
the neutralizing activity of the prepared antibodies (1C3 and 4C7). An antibody against the M protein
was induced and used to detect CoV [47,65]. In this study, mice were immunized with RS-15, YT-16,
and YV-20. The antibody induced by aa 243–262 exhibited higher activity than the antibodies induced
by RS-15 and YT-16 (Figure 7a). Furthermore, the antibody to YV-20 reacted with the TGEV M protein
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in TGEV-infected PK-15 cells in the IFA assay. However, the antibody to RS-15 and YT-16 did not react
with the M protein in TGEV-infected PK-15 cells (Figure 7b). These results indicate that the YV-20
epitope has potential for the development of a TGEV vaccine.

5. Conclusions

Two specific mAbs against the TGEV M protein (1C3 and 4C7) were prepared in this study, and
two linear B cell epitopes located in the M protein endodomain were successfully identified. The 1C3
mAb was used to immunoprecipitate the M protein from TGEV-infected PK-15 cell lysates. The 1C3
mAb is a useful tool for investigations of the antigenic properties of the M protein. These antibodies
are relevant to furthering our understanding of the mechanism of the M protein in TGEV replication.
Furthermore, an immunodominant epitope (aa 243–262) in the TGEV membrane protein endodomain
was identified.
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Abstract: Genetic diversity of porcine reproductive and respiratory syndrome virus (PRRSV)
challenges efforts to develop effective and broadly acting vaccines. Although genetic variation
in PRRSV has been extensively documented, the effects of this variation on virus phenotype are less
well understood. In the present study, PRRSV open reading frame (ORF)2–6 variants predominant
during the first six weeks following experimental infection were characterized for antigenic and
replication phenotype. There was limited genetic variation during these early times after infection;
however, distinct ORF2–6 haplotypes that differed from the NVSL97-7895 inoculum were identified
in each of the five pigs examined. Chimeric viruses containing all or part of predominant ORF2–6
haplotypes were constructed and tested in virus neutralization and in vitro replication assays. In two
pigs, genetic variation in ORF2–6 resulted in increased resistance to neutralization by autologous
sera. Mapping studies indicated that variation in either ORF2–4 or ORF5–6 could confer increased
neutralization resistance, but there was no single amino acid substitution that was predictive of
neutralization phenotype. Detailed analyses of the early steps in PRRSV replication in the presence
and absence of neutralizing antibody revealed both significant inhibition of virion attachment and,
independently, a significant delay in the appearance of newly synthesized viral RNA. In all pigs,
genetic variation in ORF2–6 also resulted in significant reduction in infectivity on MARC-145 cells,
suggesting variation in ORF2–6 may also be important for virus replication in vivo. Together, these
data reveal that variation appearing early after infection, though limited, alters important virus
phenotypes and contributes to antigenic and biologic diversity of PRRSV.

Keywords: PRRSV; genetic diversity; antigenic variation; replication phenotype; neutralization

1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is a 15-kb positive-stranded RNA
virus belonging to the family Arteriviridae, which emerged simultaneously in the United States and
Europe in the late 1980s [1,2]. PRRSV is currently classified into two major genotypes that share clinical
disease features but differ genetically and antigenically. Type I genotypes are mainly European strains,
while Type II genotypes are found primarily in North America and Asia. PRRSV causes respiratory
signs in growing pigs and spontaneous abortions in pregnant sows [3], with annual economic losses
estimated to be $664 million in the United States alone [4]. Several vaccines have been developed
against PRRSV; however, their effectiveness is limited by genetic heterogeneity among field isolates as
well as by the continual emergence of antigenic and phenotypic variants [5].
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Genetic variation can alter susceptibility to neutralizing antibody through antigenic variation in
neutralizing epitopes and/or changes in N-linked glycosylation sites that mask, or shield, neutralizing
epitopes [6–9]. Neutralizing epitopes have been identified in the major and minor PRRSV envelope
proteins, which are encoded by open reading frame (ORF)2–6 [10,11]. ORF5 and ORF6 encode
the major envelope proteins GP5 and M, respectively, which interact to form a heterodimer on the
virion surface [11] that is believed to be important for attachment [12–15]. GP5 is highly variable
and has long been thought to be the major target of neutralizing antibody [16–20]. Two regions of
GP5 have been found to be important for neutralization [16,18,21], and recent studies suggest the
neutralization epitope(s) is conformational, rather than linear [20,22,23]. A single tyrosine residue in
the highly-conserved M protein was shown to mediate resistance to broadly neutralizing antibody [24].
ORF2–4 encode the minor envelope glycoproteins GP2, GP3, and GP4, respectively, which form an
oligomer on the virion surface that interacts with the CD163 receptor [25–29]. Neutralizing antibodies
are reported to target GP3 and M in Type II isolates, and GP3, GP4 and M in Type I isolates [8,30–32].
Nested within ORF2 and ORF5 are ORF2b and ORF5a, which encode the E and the 5a proteins,
respectively [33,34]. Both proteins are minor components of the virion, but are not thought to be targets
of neutralizing antibody [34,35].

Although neutralizing antibody has been shown to be important for PRRSV clearance [23,36–38],
the mechanism(s) by which neutralizing antibody acts to inhibit productive virus replication is not
known. PRRSV appears to utilize a variety of host cell receptors and viral glycoproteins for attachment,
entry, and uncoating [15,39]. The primary site of PRRSV replication in vivo is differentiated porcine
alveolar macrophages (PAM), although the virus can be propagated in vitro in the monkey kidney
cell line MARC-145. Infection is initiated by low-affinity attachment to heparan sulfate, which is on
the surface of both PAM and MARC-145. This interaction, which is mediated by the M protein in the
GP5-M heterodimer [12,14], is neither sufficient nor necessary for productive infection. CD169, also
referred to as sialoadhesion, facilitates internalization of the virus in PAM, but not in MARC-145 cells,
which lack CD169 [14,40,41]. PRRSV is able to establish a productive infection in CD169-knockout
pigs [42], demonstrating that CD169 is also not required for virus replication in vivo. In contrast, the
scavenger receptor CD163 is absolutely required for PRRSV replication in vitro and in vivo [42,43],
and is now recognized as the primary PRRSV receptor. CD163 is expressed in both the endosome and
on the cell surface [44], interacts with GP2 and GP4 [28], and is thought to play an essential role in
the process of uncoating [45,46]. Most recently, non-muscle myosin heavy chain protein 9 (MYH9)
was reported to interact with GP5 and play an essential role at an early step in PRRSV entry [47].
The variety of viral glycoproteins reported to play key roles during the initial stages of PRRSV suggests
that, similar to flaviviruses [48], neutralizing antibody may target multiple viral glycoproteins and act
at multiple steps during the early stages of PRRSV replication.

Genetic variation in PRRSV can also lead to changes in biological phenotypes associated
with replication and/or virulence, but few studies directly link genotype and phenotype. Genetic
variation in both structural and non-structural proteins occurs during sequential passage of PRRSV
in vitro, with resultant changes in virulence, immunogenicity, and rate of replication in vivo [49,50].
Increased knowledge as to how specific genetic changes alter virus phenotype can lead to a better
understanding of the factors that shape variant selection in vivo. Towards that end, sera samples from
five experimentally infected pigs collected at early times after infection were used to characterize
ORF2–6 variation and determine the effects of variation on the antigenic and replication phenotype of
PRRSV. Limited genetic variation was observed during the first six weeks after infection. However,
predominant ORF2–6 haplotypes were identified in each pig which, using reverse genetics, were found
to vary in antigenic and/or replication phenotype. These studies indicate that genetic variation arises
early after infection and, though limited, alters important virus phenotypes that contribute to antigenic
and biologic diversity of PRRSV.
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2. Materials and Methods

2.1. Cells, Virus, and Pigs

MARC-145 cells used for virus passage and infection assays were maintained in high glucose
(4500 mg/L) Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich Co., LLC., St. Louis,
MO, USA) supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM
L-glutamine. MARC-145 cells used for electroporation were grown in low glucose (1000 mg/L) DMEM
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS, 700 mg/L sodium
bicarbonate, 100 U/mL penicillin, and 100 μg/mL streptomycin.

The inoculum virus, NVSL97-7895 (GenBank accession AY545985), was kindly provided by the
PRRS Host Genetics Consortium (PHGC). Chimeric viruses were generated in the pFL12 infectious
molecular clone backbone, which contains the genome consensus of the NVSL97-7895 inoculum
virus [51]. The experimental infections and virus load data were previously described [52,53].
Sera samples from five pigs experimentally infected with NVSL97-7895 were obtained from the
PHGC. Two of the pigs had maintained high levels of viremia throughout 35 days post-infection (dpi)
(Figure 1A), and three pigs initially cleared the virus, but experienced a rebound in viremia by 42 dpi
(Figure 1B).

Figure 1. Viremia profiles in porcine reproductive and respiratory syndrome virus (PRRSV)-infected
pigs: (A) Two pigs with prolonged viremia, as indicated by sustained virus loads >103 copies/mL
sera through 35 days post-infection (dpi). (B) Three pigs with rebound viremia, indicated by an initial
reduction of viremia, followed by greater than 100-fold increase in viremia.

2.2. Cloning and Sequencing PRRSV Variants

Viral RNA was isolated from the NVSL97-7895 inoculum and sera collected from experimentally
infected pigs at seven dpi and at a high-viremic late dpi (Table 1) using the QIAamp Viral RNA Mini
Kit according to manufacturer’s instructions (Qiagen, Hilden, Germany). Viral RNA was converted to
cDNA via random hexamer primers using the Superscript III first strand synthesis kit according to
manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). Approximately 3 kb from PRRSV ORF2–6
was amplified using PRRSV specific primers and high fidelity platinum Taq polymerase (Invitrogen).
ORF2–6 was amplified with forward primer 5′ACCAGGTACCGGCCTGAATTGAAATGAAA and
reverse primer 5′GGTTGAATTCGGTCAAGCATCTCCCCAAC. Four separate polymerase chain
reactions (PCR) from each sample were pooled, purified, TA-cloned into pGEM-T Easy vectors
(Promega, Madison, WI, USA) and transformed in Stbl2 Escherichia coli cells. Individual colonies
were screened for the correct insert size, and positive clones were Sanger sequenced at the Iowa State
University DNA Facility (Ames, IA, USA). The sequences were assembled using Phred and Phrap
algorithms in MacVector. ORF2–6 was then separated into the individual genes (E, GP2, GP3, GP4, GP5,
ORF5a, and M), and each gene was translated to the amino acid sequence. The nucleotide sequences
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were compared via multiple sequence alignment (ClustalW, MacVector) to determine average pairwise
identity and generate consensus sequences.

To visualize the variation in the sequences, we used the phyclust package (http://cran.r-project.
org/web/packages/phyclust/, version 0.1-15) function plotdots, grouping sequences by pig and dpi.
Nucleotide changes at each position relative to the consensus nucleotide in the inoculum are shown as
colored dots, making it easy to visually identify both single nucleotide variants (SNVs) that appeared
with high frequency as well as coordinated changes in variant distributions across multiple pigs.

Table 1. Summary of sequenced clones and ORF2–6 (open reading frame) variation.

Sample ID
Viremia
Classification

Day Post
Inoculation

Number Clones
Sequenced a

Pairwise
Identity b

Inoculum N/A 0 25 99.71
1134 Prolonged 7 8 99.76

28 21 99.63
3161 Prolonged 7 9 99.71

28 28 99.72
1113 Rebound 7 9 99.71

35 26 99.62
3068 Rebound 7 9 99.40

35 31 99.78
3197 Rebound 7 10 99.49

41 26 99.76
Combined 202 99.57 c

a Number of individual clones sequenced from each sample. b Average nucleotide pairwise identity across all clones
from a sample. c Average nucleotide pairwise identity across all clones sequenced from each gene region.

2.3. Identification of Viral Haplotypes

Multiple sequence alignments of the late dpi sample from each individual pig were used to
construct viral haplotypes based on the late day virus of each pig. Due to the high mutation rate
of the virus, unique single nucleotide changes occurred within most virus clones. Therefore, each
haplotype included sites with a minor variant frequency of ≥25% as well as consensus changes
from the inoculum that were shared between haplotypes within each individual pig. Each unique
combination of nucleotides across the variable sites within a single pig’s virus sample was designated a
haplotype. The number of clones within a pig containing each unique haplotype was used to calculate
the frequency of that haplotype. The haplotype within each pig present at the highest frequency was
designated Haplotype A, and the haplotype present at the second highest frequency was designated
Haplotype B. In the case where there was only a single, consensus haplotype, that haplotype is
designated Haplotype C.

2.4. Construction of Chimeric Virus

Chimeric viruses containing the predominant ORF2–6 haplotypes were generated in the backbone
of the infectious molecular clone pFL12 [51] using shuttle plasmids to facilitate swapping regions of
pFL12 and the ORF2–6 haplotypes. The ORF2–6 sequences were selected from haplotypes existing
in our library or synthesized (GeneArt, Thermo Fisher Scientific), inserted into the pFL12 backbone
and transformed in DH5α E. coli cells. Chimeric viruses (designated with a “v” prior to the haplotype
name, e.g., v3197A) were generated from the chimeric infectious clones via in vitro transcription and
electroporation into MARC-145 cells, as described in [51]. Briefly, plasmid DNA was linearized by
digestion with AclI and viral RNA was synthesized using the T7 Ultra mMESSAGE mMACHINE
in vitro transcription kit (Ambion, Life Technologies, Carlsbad, CA, USA). Five μg of in vitro transcripts
and 5 μg naïve MARC-145 cellular RNA were added to 2 × 106 MARC-145 cells in 400 μL DMEM
containing 1.25% DMSO and electroporated at 250 V and 950 uF (GenePulser Xcell, Bio-Rad, Hercules,
CA, USA). Electroporated cells were plated in a single well of a 6-well plate in 5 mL DMEM
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supplemented with 10% fetal bovine serum (FBS), antibiotics, and 1.25% dimethyl sulfoxide (DMSO).
At 18 h post transfection (hpt), media was replaced with 5 mL DMEM supplemented with 5% FBS and
antibiotics. At 96 hpt, supernatants were harvested and cells were stained by immunocytochemistry to
verify virus replication. Supernatants were passaged two to three times in MARC-145 cells to produce
high titer chimeric virus stocks. All stocks were sequenced through ORF2–6 to confirm the correct
haplotype sequence.

2.5. Virus Neutralization Assays

Neutralizing antibody assays were performed using a focus-reduction assay adapted from
Wu et al. [54]. Briefly, sera was heat-inactivated, diluted, incubated for 1 h at 37 ◦C with 200 focus-forming
units (FFU) of virus, and inoculated in duplicate or triplicate onto MARC-145 cells seeded the previous
day in a 12-well plate at 3 × 105 cells/well. Cells and virus were incubated an additional 24 h at 37 ◦C
in 5% CO2, then the cells were fixed in ice-cold acetone:methanol and stained for PRRSV N protein by
immunocytochemistry using the monoclonal antibody SDOW17 (RTI, LLC, Brookings, SD, USA) as
the primary antibody and sheep anti-mouse IgG conjugated horse radish peroxidase (HRP) (Jackson
ImmunoResearch, West Grove, PA, USA) as the secondary antibody. Following addition of the HRP
substrate, cells were rinsed with distilled water, air-dried, and foci of infected cells enumerated by
light microscopy. The percent reduction in FFU compared to a virus-only control was calculated as the
percent neutralization. Assays were done in duplicate and repeated at least twice.

Autologous sera samples from PHGC pigs were kindly provided by Drs. J.K. Lunney and R.R.R.
Rowland and Type II PRRSV broadly neutralizing antiserum was a gift from Harrisvaccines, Ames,
IA, USA.

2.6. PRRSV Binding and Entry Assays

To assess binding/attachment of PRRSV to MARC-145 cells, vFL12 was incubated in the presence
or absence of neutralizing antibody for 1 h at 37 ◦C. The antibody source was a 1:2 dilution of pooled
sera collected at 42 dpi from ~200 pigs experimentally infected with NVSL97-7895. The pooled sera
sample was found to neutralize 86% of vFL12 at 1:8 dilution. The samples were chilled on ice and
inoculated onto MARC-145 cells at a multiplicity of infection (MOI) of 1, and cells were incubated
at 4 ◦C for one hour to facilitate virion attachment, but not uptake into the cells. Following incubation,
media was removed, cells were washed six times with media and bound virus was eluted by incubating
cells in 300 μL trypsin-ethylenediaminetetraacetic acid (EDTA) (1X solution, Sigma Scientific) for 10 min
at room temperature. Following the addition of 50 μL FBS, cells and supernatant were collected and
separated by centrifugation. Virion RNA was isolated from the supernatant fraction using the QIAamp
Viral RNA Mini kit (Qiagen) and RNA was quantified by reverse transcriptase quantitative PCR
(RT-qPCR) using primers specific for PRRSV ORF7 RNA.

For entry and replication assays, PRRSV was incubated in the presence or absence of antisera and
inoculated onto MARC-145 cells at 4 ◦C as described above. Following washing to remove unattached
virions, fresh media was added and the cells were shifted to 37 ◦C, designated as time 0 h. At 1, 4, 8, 12,
or 24 h, cells were treated with trypsin and pelleted by centrifugation as described above, and total
RNA was isolated from the cell fraction with the RNeasy mini kit (Qiagen) and quantified by RT-qPCR
as above. All assays were done in duplicate and repeated 2–3 times and results are reported as mean
copy number of viral RNA/well.

2.7. Virus Replication Assays

Stocks of vFL12 and chimeric viruses were generated from p2 stocks by inoculation onto
MARC-145 cells at an MOI of 0.001. Cells and virus were incubated 1 h at 37 ◦C at which time
the inoculum was aspirated, cells washed two times and fresh media was added. Cells were washed
again at 24 h post-infection, and p3 supernatant collected at 72 h post-infection was aliquoted and
assayed for virus titer and virion copy number. Ten-fold serial dilutions of p3 stocks were inoculated
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onto MARC-145 cells that had been seeded the previous day at 3 × 105 cells per well in 12-well plates.
Following incubation at 37 ◦C for 24 h, cells were fixed in 50% acetone:50% methanol and foci of PRRSV
infected cells were detected by immunocytochemistry as described above. Each FFU corresponds to
a single infectious unit, and virus titer was calculated as FFU/mL of p3 stock. To determine virion
copy number, RNA was isolated from p3 stocks using the QIAamp Viral RNA Mini Kit (Qiagen) and
viral RNA was quantified using the VetMAX NA and EU PRRSV ORF7-specific RT-qPCR kit (Applied
Biosystems, Thermo Fisher Scientific). Infectivity of each p3 stock is reported as the particle:infectivity
ratio, calculated by dividing the least square mean for virus copy number by its corresponding least
square mean for virus titer.

2.8. Statistical Analyses

A student’s t-test was used to compare percent neutralization of vFL12 to each chimeric virus and
to analyze viral copy number at each time point in the presence or absence of neutralizing antibody.
Replication phenotypes were analyzed using SAS 9.4 (Statistical Analysis System Institute Inc., Cary,
NC, USA). Virus copy number was analyzed using a mixed model with the fixed class effects of virus,
dilution (3 levels: 1:10, 1:50, or 1:100), and their interaction. Experiment (four levels) was fitted as a
random effect to account for experimental variation. Virus titer was analyzed using a mixed model
with the fixed class effects of virus and technician (two levels) and experiment (eight levels) fitted as
a random effect. For each virus, infectivity was calculated as the ratio of virus copy number to viral
titer using least square means obtained from analysis of each trait separately. The standard error of
infectivity was calculated as the standard deviation of copy number to viral titer divided by the square
root of the number of samples collected on each virus. Pairwise comparisons between all viruses, and
comparisons of vFL12 with each chimeric virus, were then assessed using a student’s t-test.

For all analyses presented, a threshold of p = 0.05 was used to determine statistical significance.

2.9. Nucleotide Sequence Accession Numbers

The GenBank Accession numbers for the nucleotide sequences are KX286534-KX286735.

3. Results

3.1. Limited Genetic Variation at Early Times after Experimental PRRSV Infection

Sera samples from five pigs with detectable viremia at 5–6 weeks following experimental infection
with NVSL97-7895 were used to analyze genetic variation in ORF2–6 at early times after infection.
Viral RNA was isolated from the NVSL97-7895 inoculum and from sera samples collected at 7 dpi and
at a late viremic day from each pig. Approximately 3 kb of ORF2–6 were amplified, TA-cloned, and
up to 31 clones from each sample were sequenced. Multiple sequence alignments of all nucleotide
sequences were generated by ClustalW to determine the amount of ORF2–6 variation in vivo (Table 1).
In all pigs, the average pairwise identity within each sample was greater than 99%, similar to that
observed in the starting inoculum. This high level of genetic identity revealed that very little genetic
variation occurred in vivo during the six weeks following experimental PRRSV infection.

3.2. Location and Patterns of Genetic Variation in ORF2–6 at Early Times after Infection

Due to the sequential sampling times within pigs, we were able to observe changes in the
frequency of single nucleotide variants (SNVs) across sampling days. To visualize variation, the
ORF2–6 sequences from the NVSL97-7895 inoculum and each pig sample were aligned relative to the
consensus sequence of the inoculum (Figure 2A). Variation was observed in all open reading frames
and, with the exception of two changes that were observed in all pigs (Figure 2A, solid arrows), the
sites of variation differed across pigs. Within each individual pig, we identified variable sites with
dominant changes present in all clones in a given sample (Figure 2A, dashed arrows). Interestingly,
several sites of variation within a given sample appeared to be linked (Figure 2A, arrowheads), raising
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the possibility that effects of variation on viral phenotype may be influenced by epistatic interactions
between/among different viral envelope proteins. In addition to changes at highly variable sites, there
were numerous SNVs that were observed only in single clones, likely reflecting random variation.
The most striking observations from these analyses was that virus variation was largely pig-specific
and no single variant, or pattern of variation, clearly distinguished virus isolated from pigs with
rebound viremia (1113, 3068, 3197) and virus from pigs with prolonged viremia (1134, 3161).

 
Figure 2. Variation in PRRSV open reading frame (ORF)2–6 following experimental infection.
(A) ORF2–6 sequences are aligned to the consensus sequence of the inoculum (top line), with sites of
variation from the inoculum consensus indicated by a colored dots. Sequences of individual clones are
arranged vertically by inoculum and by pig (legend on the right). The dpi within a pig is separated
by dotted horizontal lines, with seven dpi sequences shaded in gray. Numbers on the left denote the
number of sequences aligned. Colors in the plot indicate nucleotide: A = green, G = blue, C = purple,
T = red, and deletion = gray. Orange ticks at the bottom of the alignment indicate sites with at least one
mutation across all clone sequences from all pigs, including possible deletions. Solid arrows denote
sites of variation common across the majority of dpi and pigs. Dashed arrows indicate sites of variation
within all clones in the late day sample from pig 3197. Arrowheads indicate linked sites of variation in
late day sample from pig 3197. (B) Schematic of predominant ORF2–6 haplotypes constructed from the
late day virus within each pig. Small colored ticks indicate sites where haplotypes differ from each
other. Longer ticks indicate sites where haplotypes differ from the inoculum, but not from each other.
Nucleotide colors are consistent with (A). The frequency of each haplotype is shown.
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3.3. Identification of Pig-Specific ORF2–6 Haplotypes within Late Day Virus Populations

The major and minor PRRSV envelope proteins interact to form oligomeric complexes on the
virion surface, and it is possible that variation at a particular site in one envelope protein may affect or
constrain variation at a second site in the same or different envelope protein. Because we utilized single
clone sequencing, where each clone represents a single viral genome, it was possible to identify linked
sites of variation across ORF2–6 (Figure 2A). Based on these linked sites, we identified unique viral
haplotypes, where a haplotype refers to the set of SNVs on an individual genome (Figure 2B). In four
of the five pigs, two predominant haplotypes co-existed at relatively similar frequencies (Figure 2B),
while a single haplotype representing the consensus sequence was found in pig 3068. In addition to
the predominant haplotypes shown in Figure 2B, all samples contained minor haplotypes that were
present at lower frequencies, and that often comprised combinations of the predominant haplotypes
(not shown). Additional SNVs and haplotypes are present in the population, but were not detected
using our sequencing strategy.

The non-synonymous SNVs and associated amino acid sequences for the predominant ORF2–6
haplotypes are shown in Tables S1 and S2 and in Figure 3. While some ORF2–6 SNVs were shared
across virus samples in different pigs, the predominant haplotypes were pig-specific. Some haplotypes
included SNVs that were detected in the inoculum and/or seven dpi samples, while other SNVs were
present in only the late dpi sample (Tables S1 and S2). It is not known if the SNVs appearing only in
late dpi samples arose de novo during the course of infection, or were present at low frequency in the
inoculum. Importantly, none of the predominant haplotypes detected in late day viremic periods were
observed in any of the inoculum clones. The fact that late day virus populations were characterized by
the predominance of distinct haplotypes suggests that, although there was limited variation overall, the
changes that did occur may be biologically important for virus replication at early times after infection.

3.4. Variation in ORF2–6 Increases Resistance to Neutralizing Antibody in Some, but Not All, Pigs

To investigate the possibility that limited genetic variation may nonetheless alter important virus
phenotypes, the predominant ORF2–6 haplotypes from each of the five experimentally infected pigs
were used to generate ORF2–6 chimeric viruses in the background of vFL12, which was derived from
the NVSL97-7895 inoculum (Figure 4A, Table S3). Chimeric viruses were tested for effects of variation
on antigenic and replication phenotypes that might contribute to virus replication in vivo. To ascertain
if genetic variation altered susceptibility to virus neutralizing antibody, we first determined if any of
the five experimentally infected pigs had developed detectable neutralizing antibody to the inoculum
virus, NVSL97-7895, by 42 dpi (Figure 4B). Although no sera was able to neutralize 100% of the
inoculum virus, three pigs (1113, 3068, and 3197) were able to neutralize over 75% of inoculum virus at
a 1:8 serum dilution. In contrast, pigs 1134 and 3161 had no detectable neutralizing activity against
the inoculum virus, even though they were both cleared of virus by 42 dpi. Of note, the pigs with
detectable neutralizing activity were those three that experienced a rebound in viremia, raising the
possibility that ORF2–6 haplotypes associated with rebound viremia could be immune escape variants.
To explore this, chimeric viruses containing predominant ORF2–6 haplotypes from the three pigs with
detectable neutralizing antibody to the inoculum virus were tested for sensitivity to neutralization by
autologous serum collected the same day that rebound viremia was detected (Figure 4C). The pFL12
infectious molecular clone represents the consensus sequence of the inoculum virus, NVSL97-7895 [51],
and neutralization of vFL12 was used as a reference in all neutralization assays. Due to the limited
amount of pig sera available, all assays were done using a 1:4 or 1:8 dilution of autologous sera, which
neutralized ~50% of vFL12.
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Figure 3. Amino acid sequence variation in the major and minor glycoproteins encoded by ORF2–6.
The amino acid sequences of predominant haplotypes in the five experimentally-infected pigs are
aligned to the consensus sequence of the inoculum. The amino acid is shown for sites where the
haplotype differs from the inoculum and/or from each other. Dots (.) indicate an identical amino acid
to the reference sequence in both haplotypes. Shaded area denotes location of reported neutralizing
epitope in GP5 [16,18]. Asterisks in GP5 indicate location of the decoy epitope [36]. Numbering at the
top of the alignment is based on translational start site of each glycoprotein.
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Figure 4. Neutralization phenotype of ORF2–6 haplotypes: (A) Schematic of chimeric viruses
containing rebound haplotypes. (B) Virus neutralizing activity of 42 dpi pig sera from each of the
five pigs against the inoculum virus. (C) Susceptibility of vFL12 and ORF2–6 chimeric viruses to
neutralization by autologous sera diluted 1:4 (1113 and 3068) or 1:8 (3197). Asterisks indicate significant
difference (p < 0.05) in neutralization compared to vFL12. (D) Susceptibility of vFL12 and ORF2–6
haplotype to neutralization by broadly neutralizing PRRSV anti-sera. Results denote the mean percent
neutralization ± SD compared to a no-serum control.

In two of the three pigs with neutralizing antibody to the inoculum virus, predominant ORF2–6
haplotypes from rebound viremia were found to confer increased resistance to neutralization by
autologous sera (Figure 4C). Chimeric viruses containing either haplotype A or haplotype B from pig
3197, designated v3197A or v3197B, were significantly more resistant to neutralization by autologous
sera than was vFL12, with average neutralization of 11% (p = 0.0002) and 7% (p ≤ 0.001), respectively.
Chimeric virus containing haplotype A from pig 1113, v1113A, was also significantly more resistant
to neutralization than vFL12 (average neutralizations of 18%, p = 0.009). Chimeric virus containing
haplotype B from pig 1113, v1113B, showed increased resistance to neutralization, however this
difference was only close to being significant (average neutralization of 29%, p = 0.059). In contrast,
chimeric virus containing the single dominant ORF2–6 haplotype from pig 3068 (v3068C) was
neutralized at levels similar to vFL12 (48%, p = 0.8). Each of the four chimeric viruses with increased
resistance to autologous sera was also tested for sensitivity to neutralization using sera with broadly
neutralizing activity against Type II PRRSV (Figure 4D). All were highly susceptible to broadly
neutralizing sera, as was vFL12. Together, these results indicate that detectable neutralizing antibody
is not required for control of viremia in PRRSV-infected pigs. However, in some, but not all pigs
with neutralizing antibody to the inoculum virus, genetic changes in ORF2–6 can alter sensitivity to
autologous, type-specific neutralizing antibody.

3.5. Variation in Either Major or Minor Envelope Glycoproteins Can Mediate Escape from Autologous
Neutralizing Antibody

To identify the envelope protein(s) that contributed to increased resistance to neutralization
by autologous sera, we generated a set of chimeric viruses in which the predominant haplotypes
from pigs 3197 and 1113 were separated into their oligomeric units (Figure 4A, Table S3). None of
these haplotypes contained amino acid changes in M (Table S1), so the chimeric virus designations
include either 2–4 or 5 (Figure 5). As before, each of the chimeric viruses was tested for sensitivity to
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neutralization by autologous sera, using vFL12 as a reference in all neutralization assays. In pig 3197,
both v3197A-5 and v3197B-5 viruses were significantly more resistant to neutralization by autologous
sera than vFL12, with average neutralizations of 29 and 6% (p = 0.035 and <0.001), respectively
(Figure 5A). In contrast, chimeric viruses containing the ORF2–4 region (v3197A-2-4 and v3197B-2-4)
were neutralized at levels similar to vFL12. Thus, increased resistance to neutralization in both
v3197A and v3197B mapped to ORF5. There are three sites in GP5 at which the 3197A and/or 3197B
haplotypes differ from vFL12: amino acid positions 27, 32, and 57 (Figure 3). An alanine is found
at position 27 in vFL12 and in the 3197A haplotype, while 3197B contains a valine at this position.
A K57E change is found in both 3197A and 3197B, and each haplotype differs from vFL12 at GP5
residue 32: 3197A contains an N32S mutation, while 3197B contains an N32K mutation. The N32K
mutation is coincident with a Q36K change in protein 5a, which overlaps GP5 (Table S1). Protein 5a is
a very minor component of the virion and previous studies found that immunization with 5a does not
elicit neutralizing antibodies [34,35].
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Figure 5. Mapping regions of ORF2–6 that confer resistance to autologous neutralizing antibody in
(A) pig 3197 and (B) pig 1113. Two hundred focus-forming units (FFU) of vFL12 or chimeric viruses
containing either ORF2–4 of ORF5 haplotypes were tested in neutralization assays using autologous
sera. Results denote the mean percent neutralization ± standard deviation (SD) compared to a no-serum
control. Asterisks (*) indicate significant reduction (p < 0.05) in percent neutralization as compared
to vFL12.

In pig 1113, haplotypes A and B differed in respect to the region that mediated increased resistance
to neutralization (Figure 5B). Chimeric virus v1113A-2-4 was neutralized at 18%, (p = 0.016) whereas
v1113A-5 was neutralized at levels similar to vFL12, indicating that resistance to neutralization in
the 1113A haplotype mapped to ORF2–4. In contrast, increased resistance of v1113B was mediated
through ORF5: v1113B2-4 chimeric virus was neutralized at similar levels as vFL12 (41%, p = 0.2), but
v1113-B-5 chimeric virus was significantly more resistant to neutralization (19%, p = 0.025) (Figure 5B).
There are three sites in ORF2–4 where the 1113A haplotype differs from vFL12: P96S and L143F in GP3
and I129V in GP4. Two of these changes, GP3 L143F and GP4 I129V, were found in all pigs, whereas
the GP3 P96S change was unique to the 1113A haplotype. The only amino acid difference between
v1113B-5 and vFL12 is the A27V substitution in GP5 (Figure 3), indicating that a single point mutation
can increase resistance to autologous neutralizing antibody.

Because of the limited variation in ORF2–6, it was of interest to determine if other single amino
acid changes conferred resistance to autologous neutralizing antibody. Viruses were generated that
contained unique amino acid changes found only in neutralization resistant haplotypes: GP3 P96S,
GP5 N32K, or GP5 K57E. Individually, none of these single amino acid changes resulted in increased
resistance to autologous neutralizing antibody (not shown). The GP5 A27V substitution was found
in predominant genotypes from all three pigs that had neutralizing antibody to the inoculum virus
(1113, 3197, 3068) (Figure 3). As noted above, the GP5 A27V substitution alone was sufficient to confer
resistance to neutralization by pig 1113 autologous sera (Figure 5B); however, this was not true for
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3197 autologous sera (data not shown). In addition, the presence of GP5 A27V in the 3068C haplotype
did not confer resistance to 3068 neutralizing sera (Figure 4C). In most cases, therefore, resistance
or sensitivity to neutralization depended on a combination of amino acid changes that were unique
to each haplotype, and to each pig. Importantly, there was no single amino acid change that was
predictive of neutralization phenotype.

Overall, results of these mapping studies revealed that variation in ORF2–4 or ORF5 could,
independently, confer increased resistance to neutralization. Because the minor and major glycoproteins
are believed to play different and/or distinct roles during early stages of virus replication [15,45,55],
these findings raise the possibility that PRRSV is susceptible to neutralization at multiple steps in the
virus replication cycle.

3.6. The Effects of Neutralizing Antibody at Early Steps in the PRRSV Replication Cycle

Mapping studies indicated that targets of virus-neutralizing antibody include both the major and
minor glycoprotein complexes. To better understand how variation in PRRSV glycoproteins contributes
to increased resistance to neutralization, we quantified the effects of neutralizing antibody at early
steps in PRRSV replication (Figure 6). For these assays, we used pooled sera collected at 42 dpi from
~200 pigs experimentally infected with NVSL 97-7895. This sera is expected to have broad specificity,
and was found to neutralize all chimeric viruses at similar titers (data not shown). Binding/attachment
of PRRSV to MARC-145 cells was significantly reduced in the presence of virus-neutralizing antibody
(p < 0.05) (Figure 6A). Following entry, detectable virus RNA decreased in both treatment groups
from 1–4 h post-entry, indicative of the eclipse phase of virus replication. In the absence of antibody,
production of new virion RNA occurred between 4 and 8 h post-entry and rapidly increased through
24 h post-entry. In the presence of neutralizing antibody, however, newly synthesized viral RNA was
not detected until after 8 h post-entry, after which time the rate of increase in viral RNA was similar
to that seen in the absence of antibody. The delayed appearance of newly synthesized RNA was not
merely a consequence of reduced virion attachment, as the cells that were infected at different MOIs
showed similar kinetics during the eclipse phase, and synthesis of viral RNA was always initiated
between 4 and 8 h post-entry (Figure 6B). In addition to blocking attachment, therefore, neutralizing
antibody also targets a post-entry step in virus replication that occurs between 4 and 8 h post-entry. It is
not clear from these data which of the viral proteins are targeted at the attachment and/or post-entry
steps in virus replication. Nonetheless, these data provide support for the mapping results indicating
that virus-neutralizing antibody may target both the major and minor glycoproteins to inhibit multiple
steps during early stages of PRRSV infection.

Figure 6. The effect of neutralizing antibody at early stages of PRRSV replication. Quantitation of
PRRSV vFL12 binding and entry: (A) in the presence and absence of neutralizing antibody; and (B) in
cells inoculated at varying multiplicity of infection (MOI). Bound represents the RNA copy number
present in attached virions after incubation at 4 ◦C, and the arrow indicates time 0, when cells were shifted
to 37 ◦C. Results denote the mean virus copy number per well ± standard error of the mean (SEM).
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3.7. The Effect of ORF2–6 Variation on PRRSV Replication Phenotype

The result of our immunological analyses indicated that variation in ORF2–6 can result in antigenic
variation and increased resistance to neutralization by autologous sera. However, this was not the case
in three of the five pigs, two of which (1134 and 3161) had no detectable neutralizing antibody to the
inoculum virus. Variation in ORF2–6 has been shown to occur during sequential in vitro passage and
attenuation of PRRSV [49,50], and it is possible that some of the observed variation in ORF2–6 altered
virus replication phenotype. To explore this, stocks of chimeric viruses were assayed for virus titer
and virion copy number (Figure S1) and the particle: infectivity ratio was calculated for each of the
chimeric viruses (Figure 7). Genetic variation in ORF2–6 resulted in significant differences in infectivity
on MARC-145 cells (Figure S1). Most notably, vFL12 was significantly more infectious for MARC-145
cells than all of the chimeric viruses that contained ORF2–6 (p < 0.0005), ORF2–4 (p < 0.05) and two of
the viruses that contained ORF5–6 (1113B-5 and 3068C-5, p < 0.05) haplotypes from experimentally
infected pigs. Within each haplotype, the least infectious viruses were usually those that contained
the complete ORF2–6 haplotype (Figure 7A). It is likely, therefore, that ORF2–6 variation early after
experimental infection includes changes that increased adaptation to replication in vivo at a cost for
replication in cell lines such as MARC-145. In support of this, the two amino acid changes shared by all
predominant haplotypes, GP3 L143F and GP4 I129V (Figure 3), occurred at sites previously reported
to vary during serial in vitro passage and/or attenuation of PRRSV field strains [49].

Figure 7. Infectivity of ORF2–6 chimeric viruses on MARC-145 cells: (A) The effect of ORF2–6
regions from different haplotypes on infectivity of MARC-145 cells. Within a haplotype, different
letter assignments significantly differ at p < 0.05. (B) Comparison of infectivity on MARC-145 cells
among chimeric viruses containing different ORF2–6 haplotypes, or regions within the ORF2–6
haplotypes. Within each group (ORF2–6, ORF2-4, and ORF5-6), viruses with different letter assignments
significantly differ at p < 0.05. Dotted line indicates the infectivity of vFL12.
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Few significant differences in infectivity were observed across the different haplotypes (Figure 7B).
Haplotypes that were predominant in pigs with rebound viremia (1113, 3068, 3197) had similar
infectivity as haplotypes from pigs with prolonged viremia (1134, 3161). The A and B haplotypes
that were predominant in pigs 1113 and 3197 showed no differences in infectivity, and differences in
infectivity among chimeric viruses were not associated with differences in the neutralization phenotype
of the virus.

4. Discussion

Genetic diversity of porcine reproductive and respiratory syndrome virus (PRRSV) confounds
efforts to develop effective and broadly acting vaccines. Genetic variation may lead to changes
in virus phenotypes that are important in replication, immune evasion, host cell tropism and/or
transmissibility; however, few studies directly link PRRSV genotype and phenotype. Here, sera
samples from five experimentally infected pigs collected at early times after infection were used to
characterize ORF2–6 variation and determine the effects of variation on the antigenic and replication
phenotype of PRRSV. Limited genetic variation was observed during the first six weeks after infection.
However, predominant ORF2–6 haplotypes were identified in each pig which, using reverse genetics,
were found to vary in antigenic and/or replication phenotype. In some but not all pigs, genetic changes
in ORF2–4 and/or ORF5 resulted in increased resistance to autologous, type-specific neutralizing
antibody. Resistance or sensitivity to neutralization depended on a combination of amino acid changes
that were unique to each pig, and there was no single amino acid change that was predictive of
neutralization phenotype. Rather, results suggest that virus-neutralizing antibody may target both the
major and minor glycoproteins to inhibit multiple steps at early stages of PRRSV replication. In all
five pigs, genetic variation in ORF2–6 resulted in significant reduction in infectivity on MARC-145
cells, suggesting variation in ORF2–6 may also be important for virus replication in vivo. Together,
these data reveal that variation appearing early after infection alters important virus phenotypes and
contributes to antigenic and biologic diversity of PRRSV.

In two of the five pigs, chimeric viruses that contained ORF2–6 haplotypes that were predominant
during a period of rebound viremia conferred increased resistance to neutralization by autologous
sera that neutralized the inoculum virus. These findings provide experimental evidence that immune
pressure by neutralizing antibody can alter the neutralization phenotype of PRRSV in vivo. Immune
escape from neutralizing antibody has been previously associated with genetic changes in GP4 and
GP5 of Type I and Type II PRRSV, respectively [9,56,57]. Costers et al. [9,56] identified amino acid
substitutions in the GP4 neutralizing epitope of Type I strains that arose during immune selection
in vitro or in vivo, and resulted in immune escape. Type II strains do not contain an analogous GP4
neutralizing epitope, but a neutralizing epitope has been identified in the GP5 ectodomain of Type II
stains [16,18]. However, strong evidence that amino acid substitutions in this epitope give rise to
immune escape variants in vivo is lacking [58]. Amino acid substitutions at positions 102 and 105 in the
C-terminal region of GP5 occur following immune selection in vivo [21,57], and it was suggested that
the GP5 neutralizing epitope may be conformational, rather than linear [23,57]. In the present study,
changes within neutralization epitopes did not always lead to increased resistance to neutralization,
and occurred in pigs that lacked detectable neutralizing antibody (i.e., pig 3161). In the three pigs
with neutralizing antibody, amino acid substitutions were found at A27 and/or N32 in GP5. These
sites are located in the GP5 ectodomain, and variation at these positions can alter GP5 peptide signal
processing or N-linked glycosylation [6,7,16,59]. In addition, a recent study identified these positions
as sites of diversifying selection early after PRRSV infection [60], suggesting these sites may be targets
of immune selection. However, amino acid substitutions A27 and/or N32 in GP5 were present in both
neutralization-resistant and neutralization-sensitive ORF2–6 haplotypes (Figure 3), indicating that
variation at these sites was not predictive of neutralization phenotype. A single A27V substitution in
GP5 led to increased neutralization resistance in the v1113B haplotype, but this was not the case with
other ORF2–6 haplotypes. Indeed, with the exception of GP5 A27V in 1113B, no single amino acid
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change analyzed was sufficient to confer increased neutralization resistance. Therefore, sensitivity or
resistance to neutralization appeared to depend on the repertoire of amino acid substitutions, rather
than the presence of a single amino acid substitution. Importantly, the repertoire and pattern of
amino acid substitutions in ORF2–6 was different in each of the five pigs and was independent of the
presence or absence of neutralizing antibody. A consequence of the unique, pig-specific patterns of
neutralization resistance is a lack of robustness. All ORF2–6 haplotypes that increased resistance to
concomitant autologous sera were easily neutralized by broadly neutralizing sera (Figure 4D), pooled
sera, or by autologous sera collected later in infection (not shown). The presence of high-titered,
cross-reacting neutralizing antibody in commercial sows [61] suggests that, over time, exposure to
increasingly diverse virus populations in vivo can result in a stronger, broader, and more effective host
immune response to PRRSV.

Models of the early steps of PPRSV replication were originally developed by analysis of
virus replication in macrophages in vitro [15]. In these models, the initial steps of attachment and
internalization are mediated by interactions between the GP5/M heterodimer and attachment factors
on the cell surface, including heparan sulfate and CD169. The initial interactions are thought to
enhance binding of the GP 2/3/4 trimer to the primary PRRSV receptor, CD163, which is located on
both the cell surface and in the endosome. Based on these models, neutralizing antibody targeted
to GP5 would be predicted to inhibit attachment and entry, whereas antibody targeted to GP2/3/4
would inhibit later steps in replication, including fusion and/or uncoating. In our studies, comparison
of PRRSV replication in the presence and absence of neutralizing antibody revealed a modest but
significant block in attachment. In addition, there was a delay in the appearance of newly synthesized
viral RNA, with significantly reduced levels of virus RNA through 24 h post-entry. The delay in
synthesis of viral RNA was not due to lower levels of attachment, indicating that neutralizing antibody
can also inhibit a second, post-entry step in PRRSV replication. The antisera used in these assays was
pooled sera collected from ~200 pigs at 42 days after infection with NVSL97-7895, the same inoculum
used in the five pigs analyzed in this study. It is expected that the targets of neutralizing antibody in
this pool would be similar to what we observed in pigs 1113 and 3197, and include both the major
and minor envelope glycoproteins. Based on models of PRRSV entry cited above, it is tempting to
speculate that antibody targeted to GP5 inhibited attachment, while the post-entry inhibition was
due to antibody targeted to GP2/3/4. A caveat to this interpretation is that MARC-145 cells do not
express CD169, and CD169 was recently shown to be dispensable for PRRSV replication in vivo [42].
It is possible that antibody targeted to GP5 blocks interaction with another cellular protein important
in virus replication. For example, a recent study reported that MYH9 interacts with GP5 and is an
essential factor in PRRSV replication [47]. Due to the limited amount of available sera, we are unable
to explore these possibilities using our panel of chimeric viruses and autologous sera. The finding that
PRRSV-infected pigs generate a neutralizing antibody response that targets both GP5 and GP2/3/4,
and one that inhibits multiple stages in early virus replication, may motivate additional studies to
delineate mechanism(s) by which neutralizing antibody inhibits PRRSV replication.

In vivo fitness of PRRSV within an individual host, or herd, depends on a number of interacting
factors, including replication fitness, immune evasion, cell tropism, and transmissibility. Experimental
analyses of replication fitness can be measured in vivo, but most studies rely on in vitro surrogates,
such as replicative capacity and/or infectivity in cell culture. An added complication is the limited
cell tropism of PRRSV. Replication of PRRSV in vitro is limited to differentiated macrophages such as
porcine alveolar macrophages (PAM) or MARC-145 and other MA104-derived monkey kidney cell
lines. Primary PAM cultures can be established in vitro, but the cultures are short lived and there is
great heterogeneity within and between different PAMs that confounds reproducibility of experimental
results. These difficulties have contributed to our limited knowledge regarding the link between
PRRSV genotype and replication phenotype. Some insight has been gained by characterizing viral
populations during sequential passage of field isolates in vitro. Sequence analysis of viral population
at different passage levels, as well as comparisons among different attenuated vaccine viruses with
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their parental strains, has revealed common sites of amino acid variation that arose during in vitro
selection [49,50]. Based on these analyses, it is likely that at least some of the ORF2–6 variation observed
in this study reflects selection for replication in vivo. Two amino acid substitutions in ORF2–6 were
observed in all five of the experimentally infected pigs: GP3 L143F and GP4 I129V. In both cases, the
change resulted in reversion to an amino acid found in field strains PRRSV [49]. Moreover, chimeric
viruses containing ORF2–6 haplotypes from each of the five pigs were found to be significantly less
infectious for MARC-145 cells than vFL12, and mapping studies revealed that changes in either or
both major and minor glycoproteins contributed to replication phenotype in MARC-145 cells. It is
not clear how the specific substitutions in GP3 and GP4 affect PRRSV replication phenotype, or what
other changes observed in ORF2–6 might contribute to virus replication in vivo. It is possible that one
selective factor is cell tropism [62]. As noted above, MARC-145 cells lack the CD169 receptor found
in PAM, and in vitro passage selects for viruses able to replicate in the absence of CD169. Although
CD169 is not required for PRRSV replication in vivo, the presence of both receptors enhances in vitro
replication of Type I PRRSV strains [45]. Some of the observed variation in ORF2–6 may reflect genetic
adaptations to virus replication in the presence or absence of CD169.

Genetic diversity is a hallmark of PRRSV infection in vivo, and it was not surprising to find SNVs
in all proteins encoded by ORF2–6. For the most part, sites of variation differed across pigs; however,
within individual pigs, we observed highly variable sites in all, or nearly all, sequenced clones. In four
of the five pigs analyzed, predominant haplotypes co-existed, indicative of the quasispecies population
structure of PRRSV in vivo. Within a quasispecies, interactions between or within variant genomes
collectively contribute to the overall characteristics that impact virus evolution and pathogenesis. In an
effort to capture potential interactions within/between PRRSV ORF2–6 genotypes, we chose to clone
and sequence individual viral genomes, rather than use high-throughput sequencing platforms that
yield shorter read lengths. An advantage of our approach was the ability to discern distinct viral
haplotypes that co-existed within an individual pig. Moreover, using reverse genetics, we demonstrated
that individual haplotypes could have different, and potentially complementary, phenotypes predicted
to enhance virus replication in vivo. It is not practical to phenotype each individual genotype within
a viral quasispecies, and we recognize the limitations of sampling and characterizing only the
predominant genotypes. It is hoped that continued progress in defining links between PRRSV genotype
and biologically significant phenotypes, together with rapid advances in high-throughput sequencing
technologies and computational tools, will increase our understanding of genetic and phenotypic
diversity in PRRSV and aid efforts to control this significant swine pathogen.
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Abstract: The new porcine epidemic diarrhea (PED) has caused devastating economic losses to the
swine industry worldwide. Despite extensive research on the relationship between autophagy and
virus infection, the concrete role of autophagy in porcine epidemic diarrhea virus (PEDV) infection
has not been reported. In this study, autophagy was demonstrated to be triggered by the effective
replication of PEDV through transmission electron microscopy, confocal microscopy, and Western
blot analysis. Moreover, autophagy was confirmed to benefit PEDV replication by using autophagy
regulators and RNA interference. Furthermore, autophagy might be associated with the expression of
inflammatory cytokines and have a positive feedback loop with the NF-κB signaling pathway during
PEDV infection. This work is the first attempt to explore the complex interplay between autophagy
and PEDV infection. Our findings might accelerate our understanding of the pathogenesis of PEDV
infection and provide new insights into the development of effective therapeutic strategies.

Keywords: autophagy machinery; PEDV replication; inflammatory responses; apoptosis

1. Introduction

The new porcine epidemic diarrhea (PED) outbreaks caused by porcine epidemic diarrhea virus
(PEDV) variant has been documented in China since late 2010 and is now distributed all over the world.
PED is characterized by acute enteric infection and high mortality in sucking piglets, causing enormous
economic losses to the swine industry [1–4]. PEDV is an enveloped, single-stranded positive-sense
RNA virus of the Coronaviridae family. The viral genome is approximately 28 kb, arranged with at
least seven open reading frames (ORFs), ORF1a, ORF1b, S, ORF3, E, M, and N. ORF1a and ORF1b are
further processed into 16 nonstructural proteins, nsp1 to nsp16. The S, E, M, and N genes encode four
structural proteins, whereas ORF3 encodes an accessory protein [5–7]. Despite the elucidation of PEDV
pathogenesis in some aspects, the underlying mechanism of PEDV replication is still largely unknown.

Autophagy is an evolutionarily highly conserved intracellular degradation process in which
double-membrane vesicles (termed autophagosomes) are generated, and the long-lived proteins and
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damaged organelles are delivered to lysosomes for degradation and recycling [8,9]. Autophagy can be
induced by diverse intracellular and extracellular stimuli, such as nutrient starvation, endoplasmic
reticulum (ER) stress, pathogen-associated molecular patterns (PAMPs), and virus infection [10].
Increasing evidence indicates that autophagy plays both anti-viral and pro-viral roles in the life
cycles and pathogenesis of a broad range of viruses [11]. Specifically, autophagy is an intrinsic host
defense mechanism that inhibits viral replication or eliminates viruses by delivering them to the
lysosomal compartment for degradation. Meanwhile, viruses develop many mechanisms to block
autophagy or even hijack it for their own benefit, such as human cytomegalovirus (HCMV) and herpes
simplex virus type 1 (HSV-1) [9,12–14]. However, autophagy is also believed to serve as a platform
for viral replication, especially for RNA viruses, such as classical swine fever virus (CSFV), porcine
reproductive and respiratory syndrome virus (PRRSV), and rotavirus (RV), utilizing the membranes of
the autophagosome-like vesicles for their replication [15–17]. These polar characteristics reveal the
complicated relationship between autophagy and viral infection.

A previous proteomic study indicated that more differentially expressed proteins were mapped
to the autophagy pathway, and the microtubule-associated protein 1B, a useful biomarker protein
for autophagy was up-regulated in PEDV-infected Vero cells [18]. In addition, our previous study
demonstrated that mTOR (the mammalian target of rapamycin) pathway, which was closely associated
with cellular autophagy, was down-regulated, and that the autophagy associated protein ATG5 was
up-regulated during PEDV infection [19]. These studies indicated that autophagy might participate in
PEDV infection, but the specific function of autophagy in the process of PEDV infection has not been
elucidated. In the present study, we demonstrated for the first time that autophagy was triggered in
Vero cells during PEDV infection to promote its replication. Moreover, autophagy might mediate the
inflammatory responses induced by PEDV infection and have a positive correlation with the NF-κB
signaling pathway.

2. Materials and Methods

2.1. Cells and Viruses

African green monkey kidney cell lines, Vero-E6 cells, were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA,
USA) at 37 ◦C with 5% CO2. The PEDV variant strain CH/YNKM-8/2013 (Accession no. KF761675)
was isolated from a sucking piglet with acute diarrhea. To obtain replication-incompetent PEDV, virus
suspension was irradiated with UV light for 1 h. The absence of virus infectivity was confirmed by
TCID50 and real-time PCR [16].

2.2. Virus Infection

For autophagy induction and inhibition experiments, Vero cells were pretreated with rapamycin
(1 μg/mL, Santa Cruz, CA, USA), 3-methyladenine (3-MA, 5 μm, Sigma, St. Louis, USA), Chloroquine
(CQ, 50 μm, Sigma), and BAY 11-7082 (10 μm, Sigma) for the indicated time, and were then infected
with PEDV at a MOI (multiplicity of infection) of 0.1. After 1 h incubation at 37 ◦C, unbound viruses
were removed by washing three times with PBS, followed by incubation with serum-free DMEM
with 8 μg/mL trypsin (Invitrogen) containing varying concentrations of rapamycin, 3-MA, CQ, BAY
11-7082, or DMSO.

2.3. Quantitative Real-Time PCR

Total RNA was extracted from Vero cells using the TRIzol reagent (Invitrogen) according to
the manufacturer’s protocol, and was then reverse-transcribed into cDNA using oligo (dT) as the
primer (Invitrogen). Relative and absolute quantitative real-time PCR were performed in an Applied
Biosystems ViiA 7 real-time PCR system as previously described [19]. The primers and probe used are
listed in Table 1.
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Table 1. Primers used for real-time real time PCR.

Primer Sequence (5’–3’)

PEDV-F CGTACAGGTAAGTCAATTAC
PEDV-R GATGAAGCATTGACTGAA

PEDV-probe-M TTCGTCACAGTCGCCAAGG
ATG5-F TTCACGCTATATCAGGAT
ATG5-R ATCTCACTAATGTCTTCTTG

Beclin1-F TGGCACAATCAATAACTTC
Beclin1-R CAAGCAGCATTAATCTCAT

IL-6-F TGTGAAAGCAGCAAAGAG
IL-6-R AGTGTCCTCATTGAATCCA

IL-1β-F GCGGCAACGAGGATGACTT
IL-1β-R TGGCTACAACAACTGACACGG
IL-8-F GGAACCATCTCGCTCTGTGTAA
IL-8-R GGTCCACTCTCAATCACTCTCAG

CCL5-F ACGCCTCGCTGTCATCCT
CCL5-R GCACTTGCCACTGGTGTAGAA
TNF-α-F CACCACGCTCTTCTGTCT
TNF-α-R AGATGATCTGACTGCCTGAG
MCP-1-F CTTCTGTGCCTGCTGCTCATA
MCP-1-R ACTTGCTGCTGGTGATTCTTCT

GAPDH-F ACATCATCCCTGCCTCTACTG
GAPDH-R CCTGCTTCACCACCTTCTTG
β-actin-F TTAGTTGCGTTACACCCTTTC
β-actin-R ACCTTCACCGTTCCAGTT

2.4. Transmission Electron Microscopy

Vero cells were mock infected or infected with PEDV at 0.1 MOI and collected at 24 h post-infection
(hpi) for ultrastructural analysis. Ultra-thin sections were viewed on a Hitachi H-7650 transmission
electron microscope (Hitachi Ltd., Tokyo, Japan). Autophagosome-like vesicles were defined as
double- or single-membrane vesicles measuring 0.3 to 2.0 μm in diameter with clearly recognizable
cytoplasmic contents.

2.5. Confocal Fluorescence Microscopy

Vero cells were seeded on coverslips and transfected with GFP-LC3 or mRFP-GFP-LC3.
After transfection for 24 h, the cells were infected with PEDV and fixed with cold 4% paraformaldehyde.
After permeabilization and blocking, the cells were then incubated with mouse monoclonal antibody
directed against the PEDV S protein (made in our laboratory), and were then inoculated with Alexa
Fluor 594 Donkey Anti Mouse IgG (H+L) antibody (Ant Gene). Cell nuclei were counterstained with
0.01% 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen). The fluorescent images were examined under
a confocal laser scanning microscope (LSM 510 Meta, Carl Zeiss, Munich, Germany).

2.6. Western Blot Analysis

Vero cells were lysed in lysis buffer containing 50 mM Tris-HCl (pH 6.8), 10% glycerol, and
2% SDS [20]. The protein concentration was quantified by the BCA protein assay kit and equal
amounts of protein samples were mixed with 5× sample loading buffer and boiled for 10 min,
and then separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
The proteins were electro-transferred to 0.45 μm PVDF membranes (Millipore, Mississauga, ON,
Canada). Membranes were blocked with 5% (w/v) skim milk-TBST at room temperature for 2 h
and then incubated overnight at 4 ◦C with primary antibodies. The blots were then incubated with
corresponding horseradish peroxidase (HRP) conjugated secondary antibodies (ABclonal, Wuhan,
China). The protein bands were visualized using the Clarity™ Western ECL Blotting Substrate (Bio-Rad,
Hercules, CA, USA). The protein blots were quantified by Image J software (National Institutes of
Health, Bethesda, MD, USA).
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2.7. RNA Interference

Vero cells grown to 60% confluence were transfected separately with Beclin1 or ATG5 and the
corresponding scrambled siRNA with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
guidelines. The silencing efficiency was determined by Western blot and real-time PCR. Twenty-four
hours after transfection, the cells were infected with PEDV as described above.

The siRNA was designed by and obtained from GenePharma (Shanghai, China). Beclin1 siRNA
sequence: 5’-CCCAGUGUUCCCGUAGAAUTTAUUCUACGGGAACACUGGGTT-3’; ATG5 siRNA
sequence: 5’-GCAACUCUGGAUGGGAUUATTUAAUCCCAUCCAGAGUUGCTT-3’.

2.8. Cell Viability Assay

The cytotoxic effects of reagents on Vero cells were determined using the MTT (3-[4,
5-dimethylthiazol-2-yl]-2, 5-diphenyl-2H-tetra-zolium bromide) assay as previously described [21].
Briefly, Vero cells were inoculated in a 96-well plate and treated with different concentrations of
pharmacological drugs. Then, the cells were inoculated with MTT and the resulting formazan
crystals were dissolved in dimethyl sulfoxide (DMSO). The absorbance was measured by a microplate
spectrophotometer at a wavelength of 490 nm.

2.9. Statistical Analysis

All experiments were performed independently three times, and variables are expressed as the
means with SEM. Statistical analyses were performed using student’s t-test. A p-value < 0.05 was
considered as statistically significant.

3. Results

3.1. PEDV Infection Increases the Levels of Autophagy in Vero Cells

Whether PEDV infection can activate the autophagy machinery was investigated by examining
the formation of autophagosome-like vesicles in Vero cells at 24 h post PEDV infection through
transmission electron microscopy (TEM). A large number of double- or single-membrane vesicles were
observed in PEDV-infected cells, which contained cytosolic components or sequestered organelles.
However, autophagosome-like vesicles were rarely observed in the mock-infected cells (Figure 1A). It is
well known that coronavirus infection can induce a large number of double-membrane vesicles (DMVs),
and the functional link between autophagic DMVs and coronavirus-induced replication-associated
DMVs remains controversial [22–24]. In this study, these two different DMVs might co-exist in
PEDV-infected cells [25].

In addition, the GFP-LC3 tandem plasmid was transfected into Vero cells to verify the response of
cellular autophagy to PEDV infection. As is well-known, the LC3, a protein, is selectively recruited
to autophagic vesicles, which can be considered as its redistribution from a diffuse cytoplasmic
localization to a distinctive punctate cytoplasmic pattern during autophagy [16]. GFP-LC3 positive
cells treated with rapamycin showed high punctate LC3 accumulation. Additionally, large amounts
of punctate GFP-LC3 proteins were observed in PEDV-infected cells at 18 hpi, while GFP-LC3 was
detected as a diffuse distribution in mock-infected cells (Figure 1B), indicating that the accumulation of
GFP-LC3 dots was induced by PEDV infection. The quantitative analysis of the percentage of punctate
GFP-LC3 cells in the total GFP-positive cells was performed and 100 GFP-positive cells were detected
in each sample. The percentage of punctate GFP-LC3 cells in PEDV infected cells was nearly 70%,
which was obviously higher than that in the mock-treated cells (Figure 1C).
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Figure 1. Porcine epidemic diarrhea virus (PEDV) infection increases the formation of autophagosome-like
vesicles. (A) TEM observation. Vero cells were mock-treated (a) or infected with PEDV at 0.1 MOI
for 24 h (b). Scale bar, 4 μm (a,b). (c) higher-magnification views of (b). Scale bar, 1 μm. (d) enlargement
of the autophagosome-like structure. Scale bar, 0.5 μm. (B) Confocal microscope. The redistribution
of GFP-LC3 was induced by PEDV infection. Vero cells were transfected with the plasmid GFP-LC3.
Twenty-four hours later, the transfected cells were infected or mock-infected with PEDV at 0.1 MOI
for 18 h. Meanwhile, cells pretreated with rapamycin for 4 h served as a positive control. PEDV infection
was detected with the monoclonal antibody against PEDV S and cell nuclei were counterstained with
4',6-diamidino-2-phenylindole (DAPI). Scale bar, 5 μm. (C) The relative number of cells with punctate
GFP-LC3 locations relative to all green fluorescent protein-positive cells. The data were presented as
mean ± SEM of three independent experiments.
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To further analyze whether autophagy was induced by PEDV infection, we examined the level of
autophagy marker proteins in PEDV-infected cells by using immunoblotting. The conversion from
LC3-I to LC3-II was monitored at 6, 12, 18, 24, and 30 h post PEDV infection. As shown in Figure 2A,B,
a significant conversion of LC3-I to LC3-II was observed during the progression of PEDV infection,
which was tracked by the PEDV N protein. Meanwhile, PEDV infection increased the expression
of ATG5 and beclin1 in Vero cells relative to the mock-infected cells (Figure 2C). The results further
supported that autophagy was induced by the PEDV infection.

Whether viral replication was required in PEDV-induced autophagy was confirmed by an
experiment with ultraviolet (UV)-inactivated PEDV. The results demonstrated that no obvious
detectable conversion from LC3-I to LC3-II was observed at 24 hpi, while autophagy was triggered
normally by native PEDV (Figure 2D). The results indicated that viral replication was required for
PEDV-induced autophagy.

Figure 2. Expression of autophagy marker proteins in PEDV infected Vero cells. (A) Western blot
analysis of the turnover of LC3-I to LC3-II in Vero cells at the indicated time points post PEDV infection
using a polyclonal antibody against LC3 or a monoclonal antibody against PEDV N. β-actin expression
was used as a protein loading control. (B) The intensity band ratio of LC3-II to β-actin was analyzed by
using ImageJ software. The data were presented as mean ± SEM of three independent experiments
(t-test, * p < 0.05, ** p < 0.01, *** p < 0.001). (C) Western blot analysis of the level of ATG5 and
Beclin1 in Vero cells at 12, 18, and 24 hpi. β-actin expression was used as a protein loading control.
(D) The turnovers of LC3-I to LC3-II were detected for mock-treated, rapamycin-treated, native PEDV,
and UV-inactivated PEDV (MOI = 0.1) infection.

3.2. PEDV Infection Can Enhance Autophagy Flux

The degradation of SQSTM1 (p62) was recognized as an indicator for assessing autophagy flux.
Whether a complete autophagic process was triggered by the PEDV infection was first determined by
the degradation of p62 through immunoblotting analysis. As shown in Figure 3A,B, p62 was slightly
accumulated during the early life cycle of PEDV infection, but degraded at the later stages. Meanwhile,
p62 showed no obvious change from 6 to 30 h in the mock-infected cells.
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The autophagy flux upon PEDV infection was further verified by measuring the levels of
LC3-II and p62 through the treatment with chloroquine (CQ), which can inhibit the fusion of the
autophagosome with lysosome. As shown in Figure 3C, CQ elevated the levels of LC3-II and p62
markedly at 24 h post PEDV infection, compared to the mock-treated cells.

Furthermore, the PEDV-induced autophagy flux was also confirmed using a tandem-reporter
construct, GFP-mRFP-LC3. GFP is sensitive to lysosomal proteolysis and may diminish quickly in
acidic pH, whereas RFP (red fluorescent protein) retains its fluorescence even at acidic pH. Our results
showed that PEDV infection resulted in a partially red fluorescence at 24 hpi (Figure 3D), indicating
the elevated level of autophagic flux. Taken together, this substantial evidence suggests that PEDV
infection can enhance autophagy flux in Vero cells.

Figure 3. PEDV infection enhances autophagy flux. (A) Vero cells were mock-infected or infected with
PEDV (0.1 MOI) for 6, 18, and 30 h. The cells were then analyzed by Western blot with antibodies
against p62 and β-actin, separately. (B) The intensity band ratio of p62 to β-actin was analyzed by
using ImageJ software. The data were presented as mean ± SEM of three independent experiments
(t-test, * p < 0.05, ** p < 0.01, *** p < 0.001). (C) Vero cells were pretreated with CQ (50 μm) for 4 h,
prior to PEDV (0.1 MOI) infection. After PEDV adsorption for 1 h, the cells were further cultured in
fresh medium in the absence or presence of CQ. At 24 hpi, cell samples were detected by Western blot
with antibodies against LC3, p62, N, and β-actin. (D) Vero cells were transfected with mRFP-GFP-LC3.
Twenty-four hours later, the cells were mock-infected or infected with PEDV (0.1 MOI), then collected
and visualized at 24 hpi, respectively. Scale bar, 10 μm.
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3.3. Pharmacological Inhibition of Autophagy Decreases Viral Yield

The specific role of autophagy machinery on PEDV replication was explored by exposing Vero
cells to 3-MA, which can inhibit autophagy at the early stage by suppressing the formation of
autophagosomes [26]. As shown in Figure 4A,C,E, when compared to the mock-treated cells, 3-MA
treatment not only reduced the level of LC3-II, but also significantly decreased the virus titer at
different time points. In addition, CQ treatment (described above) reduced the expression of N protein,
although it elevated the level of LC3-II (Figure 3C). These data indicated that autophagy inhibition
could block PEDV infection. Similar results were also found in PEDV-infected ST cells.

Meanwhile, the role of autophagy machinery on PEDV replication was confirmed by rapamycin
treatment, an inducer of autophagy through inhibition of the mTOR signaling pathway [8,17].
As shown in Figure 4B,D,F, induction of autophagy with rapamycin increased the LC3-II level and
elevated the virus titer, compared to the mock-treated cells. The results suggested that autophagy
induction could facilitate PEDV replication.

Figure 4. Pharmacological inhibition of autophagy decreases viral yield. (A,B) Vero cells were
pretreated separately with 3-MA (5 mM) (A) or rapamycin (1 μg/mL) (C) for 4 h prior to PEDV
(0.1 MOI) infection. After PEDV adsorption for 1 h, the cells were further cultured in fresh medium in
the absence or presence of 3-MA or rapamycin. DMSO was used as a control. At 24 hpi, cell samples
were detected by Western blot with antibodies against LC3 and β-actin. (C,D) The cells were collected
separately at 6, 12, and 24 hpi to determine the viral titer. The data were presented as mean ± SEM of
three independent experiments. (E,F) The cells were collected separately at 6, 12, and 24 hpi. The virus
copy number was determined by real time PCR. The data were presented as mean ± SEM of three
independent experiments.
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3.4. Silencing Endogenous Beclin1 or ATG5 Gene Reduces the PEDV Titer

The relationship between autophagy and PEDV replication was further confirmed through
gene-silencing experiments, with the endogenous Beclin1 or ATG5 gene specifically silenced, which
was verified at both the transcriptional and translational levels (Figure 5A,B). Data from Figure 5C,D
demonstrated that suppression of Beclin1 or ATG5 expression obviously decreased the viral titer and
virus copy number compared to the control group. All the aforementioned data indicated that the
autophagy mechanism was triggered by PEDV infection to facilitate its replication.

Figure 5. Inhibition of autophagy with specific siRNA targeting Beclin1 or ATG5 reduces PEDV
replication. (A,B) Vero cells were transfected with siRNA targeting Beclin1, ATG5, or negative control
(NC) for 48 h. The silencing efficiency was determined separately by quantitative real-time PCR and
Western blot. (C) At 24 h post-transfection, cells were mock-infected or infected with PEDV for another
6, 12, and 24 h. The virus titer was determined by TCID50. The data were presented as mean ± SEM of
three independent experiments. (D) The cells were treated as described in (C) and collected separately
at 6, 12, and 24 hpi, respectively. The virus copy number was determined by qRT-PCR. The data were
presented as mean ± SEM of three independent experiments.
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3.5. Autophagy Has a Positive Correlation with NF-κB Signaling Pathway

Accumulating data revealed a strong association between autophagy and the host immune
response in the progression of virus infection [27,28]. Thus, the role of autophagy in PEDV induced
inflammatory responses was investigated first by measuring the level of inflammatory cytokines under
the circumstances when autophagy was suppressed by silencing the expression of Beclin1 and ATG5
proteins. Data showed that the inflammatory cytokines (such as IL-1β, IL-6, IL-8, CCL5, TNF-α, and
MCP-1) were significantly down-regulated at 24 hpi when autophagy was inhibited in PEDV infected
cells (Figure 6A,B), suggesting the potential involvement of autophagy in PEDV induced inflammation.
It is well-known that the NF-κB signaling pathway plays a pivotal role in PEDV induced inflammatory
response and Vero cells are interferon deficient [19,29]. Therefore, the influence of autophagy on the
NF-κB pathway was determined under the deficient expression of Beclin1 and ATG5 at 24 h upon
PEDV infection by immunoblotting analysis. The level of LC3-II decreased, and the phosphorylation
of p65 was also down-regulated at the same time (Figure 6C). The results indicated that autophagy
might participate in PEDV induced inflammation through the NF-κB pathway.

To further explore the relationship between autophagy and the NF-κB pathway mediated
inflammatory response, the NF-κB pathway was attenuated by administrating BAY 11-7082, an NF-κB
inhibitor. As shown in Figure 6D,E, the administration of BAY 11-7082 abolished the elevated level of
LC3-II at 16, 20, and 24 h post PEDV infection, which was especially significantly at 24 hpi. These data
indicated that a potential positive feedback loop between autophagy and the NF-κB signaling pathway
might exist during PEDV infection.

Figure 6. Cont.
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Figure 6. Autophagy mediates the production of inflammatory cytokines and correlates with the
NF-κB signaling pathway in PEDV infected Vero cells. (A,B) The expression of inflammatory cytokines.
Vero cells were transfected with siRNA targeting Beclin1, ATG5, or negative control (NC) for 24 h,
followed by PEDV infection (0.1 MOI). The mRNA levels of cytokines were determined at 24 hpi by
quantitative real-time PCR. (C) The level of LC3-II, p65, or phospho-p65 was also examined separately
at 24 hpi with the corresponding antibodies by Western blot. The intensity band ratios of LC3-II to
β-actin and p-p65 to p65 were analyzed by using ImageJ software. (D) Vero cells were pretreated with
10 μm BAY11-7082 for 12 h, then followed by PEDV infection for 16, 20, and 24 h, separately. The cell
samples were collected for LC3-II detection by Western blot. (E) The intensity band ratio of LC3-II
to β-actin was analyzed by using ImageJ software. All data were presented as mean ± SEM of three
independent experiments. (F,G) Vero cells were transfected with siATG5, siBeclin1, or negative control.
Twenty-four hours post-transfection, the cells were treated with TNF-α for 4 h, and then the expression
of inflammatory cytokines were determined by qRT-PCR. The data were presented as mean ± SEM of
three independent experiments.

Considering that autophagy inhibition can block PEDV replication, a TNF-α induction of
inflammatory cytokines experiment in autophagy-deficiency cells was carried out to exclude the
effect of PEDV replication on cytokine production. From Figure 6F,G, it can be seen that the expression
of inflammatory cytokines induced by TNF-α in ATG5-or Beclin1-deficient cells was significantly
down-regulated, when compared to the transfected cells of the negative control. These results also
supported the potential positive relationship between autophagy and the NF-κB signaling pathway
induced by PEDV infection.

3.6. Pharmacological Regulation of Autophagy Does Not Affect Cell Viability

The effect of the autophagy regulators on the capability of PEDV replication by changing the cell
viability was tested by the MTT assay. No significant effects on cell viability were observed from the
treatment with CQ, 3-MA, rapamycin, or BAY11-7082, respectively (p > 0.05) (Figure 7), indicating that
pharmacological regulation of autophagy does not affect the cell viability.
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Figure 7. Pharmacological regulation of autophagy does not affect cell viability. The cell viability was
determined by MTT assay after treatment with CQ (50 μm), 3-MA (5 μm), rapamycin (1 μg/mL), and
BAY 11-7082 (10 μm) for 48 h, respectively. The data represent the mean ± SEM of three independent
experiments. (t-test, # p > 0.05).

4. Discussion

In recent years, autophagy has been widely investigated due to its important role in the
pathogenesis of many diseases [9,30]. The relationship between autophagy and viral infection,
including coronavirus, has attracted the attention of an increasing number of researchers [11,31,32].
For instance, the formation of double membrane-bound MHV replication complexes was found
essential for the autophagy induced by mouse hepatitis virus (MHV) infection [33]. A further study
revealed that the autophagy-like process induced by infectious bronchitis virus (IBV) infection might
not be important for virus replication [34]. In addition, autophagy was confirmed to negatively regulate
transmissible gastroenteritis virus (TGEV) replication [35]. However, the specific role of autophagy on
PEDV infection has not been reported until now. In this study, we provide the first strong evidence
that PEDV infection can trigger autophagy to facilitate its replication.

In the present study, we firstly found that PEDV infection promoted the formation of DMVs by
TEM, which is a hallmark of coronavirus replication and might potentially provide a platform for
viral RNA synthesis [23,36]. In coronavirus infection, the formation of DMVs is usually believed to be
associated with the autophagy pathway. This observation was further supported by the accumulation
of GFP-LC3 dots in virus induced syncytia and the increased expression of autophagic marker
proteins from the immunoblotting analysis. These data indicated that autophagy activity might
be triggered by PEDV infection [37]. In addition, autophagy was documented to play a role in syncytia
formation, which could further increase autophagy in multinucleated cells as well. Therefore, we
inferred that autophagy might closely associate with the syncytia formation in Vero cells during PEDV
infection [38,39]. Moreover, the UV inactivation test implied that the effective replication of PEDV
was required for autophagy induction. Previous reports indicated that autophagosome accumulation
might be attributed to their de novo formation or a block in trafficking to lysosomes for maturation.
The cellular state of autophagy can be measured by detecting the degradation of SQSTM1 (p62), using
a lysosome inhibitor, or a tandem reporter construct mRFP-GFP-LC3 [40]. Our results from these
tests indicated that a complete autophagy process might be triggered to modulate PEDV infection
in Vero cells.

Recent studies have demonstrated that the replication mechanisms may vary among different
members of the Coronaviridae family. For example, TGEV infection induces autophagy to negatively
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regulate its replication [35]. IBV can induce autophagy but does not require autophagy for its
replication [34]. The specific effect of autophagy induction on MHV infection is controversial. Prentice
et al. reported that MHV utilized the autophagy process to form DMVs to enhance its replication [33].
However, another study showed that autophagy was not important for MHV replication [41]. In the
present study, the concrete effect of autophagy upon PEDV infection was examined by administrating
pharmacological regulators. The yield of PEDV was found to be suppressed whenever the autophagy
process was inhibited by 3-MA at the early stage, or by CQ at the late stage. Additionally, the induction
of autophagy by rapamycin also enhanced the viral titer. The effect of autophagy modulation on
PEDV replication was further evaluated by silencing the two essential endogenous components
Beclin1 and ATG5 [26,42]. Beclin1 (ATG6), a critical component in the class III PI3 kinase complex
(PI3KC3), is involved in the initial step of autophagosome formation, while the ATG12-ATG5 conjugate,
a key regulator, participates in autophagosome maturation [43]. The abolishment of their expression
reduced the PEDV titer. These results suggested that autophagy induction might benefit PEDV
replication. Autophagy has also been documented to have a complex interaction with apoptosis
during viral infection [44–46]. For instance, influenza A virus was documented to induce apoptosis in
autophagy protein deficient cells [47]. Autophagy was also reported to postpone apoptotic cell death
during porcine reproductive and respiratory syndrome virus (PRRSV) infection through Bad-Beclin1
interaction [48,49]. The interplay of autophagy and apoptosis during PEDV infection needs to be
further elucidated for a better understanding of the autophagy mechanism by which PEDV benefits
its infection.

Recently, autophagy has been identified as an important component of the immune system,
functioning from the elimination of infectious agents to the modulation of inflammatory responses [50,51].
The crosstalk between autophagy and inflammation has drawn much attention from researchers in
recent years, while the relationship between autophagy and PEDV induced inflammatory responses is
largely unclear. In the present study, we showed the expression of inflammatory cytokines and the
activation of the NF-κB signaling pathway were both restrained in PEDV infected autophagy deficient
cells, implying that autophagy might participate in PEDV induced inflammatory responses, especially
for the NF-κB signaling pathway. Meanwhile, Vero cells with a NF-κB pathway deficiency exhibited a
decreased level of LC3-II after PEDV infection, suggesting that the NF-κB signaling pathway might
also have a positive role in autophagy induction. It was worth mentioning that the PEDV yield was
reduced in both autophagy deficient or NF-κB pathway deficient cells. The decreased expression of
inflammatory cytokines induced by TNF-α in autophagy deficient cells might provide new clues for
deciphering the complex relationship between autophagy and inflammation. The cause-and-effect
relationship between the restriction of PEDV yield reduction on the expression of inflammatory
cytokines and the restraint of inflammation inhibition on PEDV replication in autophagy deficient
cells needs further elucidation. A previous study reported that the positive feedback loop between
autophagy and the NF-κB signaling cascade might exacerbate the inflammation induced by H5N1
pseudotyped viral particles [28]. The inhibition of NF-κB was also documented to induce autophagy
suppression, leading to apoptosis in pancreatic ductal adenocarcinoma cells [52]. We speculate that
autophagy and inflammatory cascade reactions might be positively regulated by PEDV infection to
exacerbate inflammation. Furthermore, apoptosis might play a pivotal role in the complex relationship
between autophagy and inflammation.

In summary, this is the first report concerning the potential induction of autophagy in PEDV
infected Vero cells to facilitate its replication. Autophagy induction might be manipulated by PEDV
to mediate the inflammatory cascade responses, and have a positive feedback loop with the NF-κB
signaling pathway. Our knowledge regarding the interplay between PEDV infection and autophagy is
still insufficient. The integrated data facilitate our understanding of the pathogenesis of PEDV infection
and provide novel insights into the development of effective therapeutic strategies. Further research
can focus on the complex relationship between autophagy modulation and immune responses, as well
as apoptosis.

224



Viruses 2017, 9, 53

Acknowledgments: This work was supported by grants from the National Key Research and Development
Program of China (2016YFD0500702) and the China Agricultural Research System (CARS-36). We thank
prof. Xiang Mao from the Shanghai Veterinary Research Institute, for providing the GFP-mRFP-LC3 tandem
reporter construct.

Author Contributions: Xiaozhen Guo had full access to all of the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis; Study conception and design: Xiaozhen Guo, Mengjia
Zhang, Xiaoqian Zhang, Zhonghua Li, Meizhou Wu, Atta Muhan mMad Memon, and Qigai He; Acquisition of
data: Xiaozhen Guo, Xin Tan, Hengke Guo, Wei Zeng, Guokai Yan; Analysis and interpretation of data: Xiaozhen
Guo, Yinxing Zhu, Bingzhou Zhang, Xugang Ku, Shengxian Fan.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, W.; Li, H.; Liu, Y.; Pan, Y.; Deng, F.; Song, Y.; Tang, X.; He, Q. New variants of porcine epidemic diarrhea
virus, China, 2011. Emerg. Infect. Dis. 2012, 18, 1350–1353. [CrossRef] [PubMed]

2. Crawford, K.; Lager, K.M.; Kulshreshtha, V.; Miller, L.C.; Faaberg, K.S. Status of vaccines for porcine epidemic
diarrhea virus in the United States and Canada. Virus Res. 2016, 226, 108–116. [CrossRef] [PubMed]

3. Islam, M.T.; Kubota, T.; Ujike, M.; Yahara, Y.; Taguchi, F. Phylogenetic and antigenic characterization of newly
isolated porcine epidemic diarrhea viruses in Japan. Virus Res. 2016, 222, 113–119. [CrossRef] [PubMed]

4. Dastjerdi, A.; Carr, J.; Ellis, R.J.; Steinbach, F.; Williamson, S. Porcine epidemic diarrhea virus among farmed
pigs, ukraine. Emerg. Infect. Dis. 2015, 21, 2235–2237. [CrossRef] [PubMed]

5. Duarte, M.; Gelfi, J.; Lambert, P.; Rasschaert, D.; Laude, H. Genome organization of porcine epidemic
diarrhoea virus. Adv. Exp. Med. Biol. 1993, 342, 55–60. [PubMed]

6. Song, D.; Park, B. Porcine epidemic diarrhoea virus: A comprehensive review of molecular epidemiology,
diagnosis, and vaccines. Virus Genes 2012, 44, 167–175. [CrossRef] [PubMed]

7. Zhang, Q.; Shi, K.; Yoo, D. Suppression of type I interferon production by porcine epidemic diarrhea virus
and degradation of creb-binding protein by NSP1. Virology 2016, 489, 252–268. [CrossRef] [PubMed]

8. Kim, H.J.; Lee, S.; Jung, J.U. When autophagy meets viruses: A double-edged sword with functions in
defense and offense. Semin. Munopathol. 2010, 32, 323–341. [CrossRef] [PubMed]

9. Sun, Y.; Yu, S.; Ding, N.; Meng, C.; Meng, S.; Zhang, S.; Zhan, Y.; Qiu, X.; Tan, L.; Chen, H.; et al. Autophagy
benefits the replication of newcastle disease virus in chicken cells and tissues. J. Virol. 2014, 88, 525–537.
[CrossRef] [PubMed]

10. Kroemer, G.; Marino, G.; Levine, B. Autophagy and the integrated stress response. Mol. Cell 2010, 40, 280–293.
[CrossRef] [PubMed]

11. Kudchodkar, S.B.; Levine, B. Viruses and autophagy. Rev. Med. Virol. 2009, 19, 359–378. [CrossRef] [PubMed]
12. Dreux, M.; Chisari, F.V. Viruses and the autophagy machinery. Cell Cycle 2010, 9, 1295–1307. [CrossRef]

[PubMed]
13. Chaumorcel, M.; Souquere, S.; Pierron, G.; Codogno, P.; Esclatine, A. Human cytomegalovirus controls a new

autophagy-dependent cellular antiviral defense mechanism. Autophagy 2008, 4, 46–53. [CrossRef] [PubMed]
14. Talloczy, Z.; Jiang, W.; Virgin, H.W.T.; Leib, D.A.; Scheuner, D.; Kaufman, R.J.; Eskelinen, E.L.; Levine, B.

Regulation of starvation- and virus-induced autophagy by the eIF2alpha kinase signaling pathway. Proc. Natl.
Acad. Sci. USA 2002, 99, 190–195. [CrossRef] [PubMed]

15. Pei, J.; Zhao, M.; Ye, Z.; Gou, H.; Wang, J.; Yi, L.; Dong, X.; Liu, W.; Luo, Y.; Liao, M.; et al. Autophagy
enhances the replication of classical swine fever virus in vitro. Autophagy 2014, 10, 93–110. [CrossRef]
[PubMed]

16. Sun, M.X.; Huang, L.; Wang, R.; Yu, Y.L.; Li, C.; Li, P.P.; Hu, X.C.; Hao, H.P.; Ishag, H.A.; Mao, X. Porcine
reproductive and respiratory syndrome virus induces autophagy to promote virus replication. Autophagy
2012, 8, 1434–1447. [CrossRef] [PubMed]

17. Berkova, Z.; Crawford, S.E.; Trugnan, G.; Yoshimori, T.; Morris, A.P.; Estes, M.K. Rotavirus nsp4 induces
a novel vesicular compartment regulated by calcium and associated with viroplasms. J. Virol. 2006, 80,
6061–6071. [CrossRef] [PubMed]

18. Sun, D.; Shi, H.; Guo, D.; Chen, J.; Shi, D.; Zhu, Q.; Zhang, X.; Feng, L. Analysis of protein expression changes
of the vero E6 cells infected with classic pedv strain CV777 by using quantitative proteomic technique.
J. Virol. Methods 2015, 218, 27–39. [CrossRef] [PubMed]

225



Viruses 2017, 9, 53

19. Guo, X.; Hu, H.; Chen, F.; Li, Z.; Ye, S.; Cheng, S.; Zhang, M.; He, Q. Itraq-based comparative proteomic
analysis of vero cells infected with virulent and CV777 vaccine strain-like strains of porcine epidemic
diarrhea virus. J. Proteom. 2016, 130, 65–75. [CrossRef] [PubMed]

20. Cheng, S.; Yan, W.; Gu, W.; He, Q. The ubiquitin-proteasome system is required for the early stages of porcine
circovirus type 2 replication. Virology 2014, 456–457, 198–204. [CrossRef] [PubMed]

21. Kim, Y.; Lee, C. Porcine epidemic diarrhea virus induces caspase-independent apoptosis through activation
of mitochondrial apoptosis-inducing factor. Virology 2014, 460–461, 180–193. [CrossRef] [PubMed]

22. Reggiori, F.; Monastyrska, I.; Verheije, M.H.; Cali, T.; Ulasli, M.; Bianchi, S.; Bernasconi, R.; de Haan, C.A.;
Molinari, M. Coronaviruses hijack the LC3-I-positive EDEmosomes, ER-derived vesicles exporting
short-lived ERAD regulators, for replication. Cell Host Microbe 2010, 7, 500–508. [CrossRef] [PubMed]

23. Knoops, K.; Kikkert, M.; Worm, S.H.; Zevenhoven-Dobbe, J.C.; van der Meer, Y.; Koster, A.J.;
Mo mMaas, A.M.; Snijder, E.J. Sars-coronavirus replication is supported by a reticulovesicular network of
modified endoplasmic reticulum. PLoS Biol. 2008, 6, e226. [CrossRef] [PubMed]

24. Cottam, E.M.; Maier, H.J.; Manifava, M.; Vaux, L.C.; Chandra-Schoenfelder, P.; Gerner, W.; Britton, P.;
Ktistakis, N.T.; Wileman, T. Coronavirus NSP6 proteins generate autophagosomes from the endoplasmic
reticulum via an omegasome intermediate. Autophagy 2011, 7, 1335–1347. [CrossRef] [PubMed]

25. Chen, Q.; Fang, L.; Wang, D.; Wang, S.; Li, P.; Li, M.; Luo, R.; Chen, H.; Xiao, S. Induction of autophagy
enhances porcine reproductive and respiratory syndrome virus replication. Virus Res. 2012, 163, 650–655.
[CrossRef] [PubMed]

26. Seglen, P.O.; Gordon, P.B. 3-methyladenine: Specific inhibitor of autophagic/lysosomal protein degradation
in isolated rat hepatocytes. Proc. Natl. Acad. Sci. USA 1982, 79, 1889–1892. [CrossRef] [PubMed]

27. Shrivastava, S.; Raychoudhuri, A.; Steele, R.; Ray, R.; Ray, R.B. Knockdown of autophagy enhances the
innate i mMune response in hepatitis C virus-infected hepatocytes. Hepatology 2011, 53, 406–414. [CrossRef]
[PubMed]

28. Pan, H.; Zhang, Y.; Luo, Z.; Li, P.; Liu, L.; Wang, C.; Wang, H.; Li, H.; Ma, Y. Autophagy mediates avian
influenza H5N1 pseudotyped particle-induced lung infla mMation through NF-kappab and p38 MAPK
signaling pathways. Am. J. Physiol. Lung Cell. Mol. Physiol. 2014, 306, L183–L195. [CrossRef] [PubMed]

29. Cao, L.; Ge, X.; Gao, Y.; Ren, Y.; Ren, X.; Li, G. Porcine epidemic diarrhea virus infection induces NF-kappab
activation through the TLR2, TLR3 and TLR9 pathways in porcine intestinal epithelial cells. J. Gen. Virol.
2015, 96, 1757–1767. [CrossRef] [PubMed]

30. Ke, P.Y.; Chen, S.S. Autophagy in hepatitis C virus-host interactions: Potential roles and therapeutic targets
for liver-associated diseases. World J. Gastroenterol. 2014, 20, 5773–5793. [CrossRef] [PubMed]

31. Dreux, M.; Gastaminza, P.; Wieland, S.F.; Chisari, F.V. The autophagy machinery is required to initiate
hepatitis c virus replication. Proc. Natl. Acad. Sci. USA 2009, 106, 14046–14051. [CrossRef] [PubMed]

32. Orvedahl, A.; Alexander, D.; Talloczy, Z.; Sun, Q.; Wei, Y.; Zhang, W.; Burns, D.; Leib, D.A.; Levine, B. HSV-1
ICP34.5 confers neurovirulence by targeting the beclin 1 autophagy protein. Cell Host Microbe 2007, 1, 23–35.
[CrossRef] [PubMed]

33. Prentice, E.; Jerome, W.G.; Yoshimori, T.; Mizushima, N.; Denison, M.R. Coronavirus replication complex
formation utilizes components of cellular autophagy. J. Biol. Chem. 2004, 279, 10136–10141. [CrossRef]
[PubMed]

34. Maier, H.J.; Cottam, E.M.; Stevenson-Leggett, P.; Wilkinson, J.A.; Harte, C.J.; Wileman, T.; Britton, P.
Visualizing the autophagy pathway in avian cells and its application to studying infectious bronchitis
virus. Autophagy 2013, 9, 496–509. [CrossRef] [PubMed]

35. Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.J.; Abeliovich, H.; Acevedo Arozena, A.; Adachi, H.;
Adams, C.M.; Adams, P.D.; Adeli, K.; et al. Guidelines for the use and interpretation of assays for monitoring
autophagy (3rd edition). Autophagy 2016, 12, 1–222. [CrossRef] [PubMed]

36. Ulasli, M.; Verheije, M.H.; de Haan, C.A.; Reggiori, F. Qualitative and quantitative ultrastructural analysis
of the membrane rearrangements induced by coronavirus. Cell Microbiol. 2010, 12, 844–861. [CrossRef]
[PubMed]

37. Mizushima, N.; Yoshimori, T.; Levine, B. Methods in ma mMalian autophagy research. Cell 2010, 140,
313–326. [CrossRef] [PubMed]

226



Viruses 2017, 9, 53

38. Richetta, C.; Gregoire, I.P.; Verlhac, P.; Azocar, O.; Baguet, J.; Flacher, M.; Tangy, F.; Rabourdin-Combe, C.;
Faure, M. Sustained autophagy contributes to measles virus infectivity. PLoS Pathogens 2013, 9, e1003599.
[CrossRef] [PubMed]

39. Buckingham, E.M.; Carpenter, J.E.; Jackson, W.; Grose, C. Autophagy and the effects of its inhibition on
varicella-zoster virus glycoprotein biosynthesis and infectivity. J. Virol. 2014, 88, 890–902. [CrossRef]
[PubMed]

40. Klionsky, D.J.; Abdalla, F.C.; Abeliovich, H.; Abraham, R.T.; Acevedo-Arozena, A.; Adeli, K.; Agholme, L.;
Agnello, M.; Agostinis, P.; Aguirre-Ghiso, J.A.; et al. Guidelines for the use and interpretation of assays for
monitoring autophagy. Autophagy 2012, 8, 445–544. [CrossRef] [PubMed]

41. Zhao, Z.; Thackray, L.B.; Miller, B.C.; Lynn, T.M.; Becker, M.M.; Ward, E.; Mizushima, N.N.; Denison, M.R.;
Virgin, H.W.T. Coronavirus replication does not require the autophagy gene ATG5. Autophagy 2007, 3,
581–585. [CrossRef] [PubMed]

42. Petiot, A.; Ogier-Denis, E.; Blo mMaart, E.F.; Meijer, A.J.; Codogno, P. Distinct classes of phosphatidylinositol
3’-kinases are involved in signaling pathways that control macroautophagy in HT-29 cells. J. Biol. Chem.
2000, 275, 992–998. [CrossRef] [PubMed]

43. Wang, J. Beclin 1 bridges autophagy, apoptosis and differentiation. Autophagy 2008, 4, 947–948. [CrossRef]
[PubMed]

44. Wang, K. Autophagy and apoptosis in liver injury. Cell Cycle 2015, 14, 1631–1642. [CrossRef] [PubMed]
45. Gougeon, M.L.; Piacentini, M. New insights on the role of apoptosis and autophagy in hiv pathogenesis.

Apoptosis 2009, 14, 501–508. [CrossRef] [PubMed]
46. Xin, L.; Xiao, Z.; Ma, X.; He, F.; Yao, H.; Liu, Z. Coxsackievirus b3 induces crosstalk between autophagy and

apoptosis to benefit its release after replicating in autophagosomes through a mechanism involving caspase
cleavage of autophagy-related proteins. Infect. Genet. Evol. 2014, 26, 95–102. [CrossRef] [PubMed]

47. Gannage, M.; Dormann, D.; Albrecht, R.; Dengjel, J.; Torossi, T.; Ramer, P.C.; Lee, M.; Strowig, T.; Arrey, F.;
Conenello, G.; et al. Matrix protein 2 of influenza a virus blocks autophagosome fusion with lysosomes.
Cell Host Microbe 2009, 6, 367–380. [CrossRef] [PubMed]

48. Zhou, A.; Li, S.; Khan, F.A.; Zhang, S. Autophagy postpones apoptotic cell death in prrsv infection through
bad-beclin1 interaction. Virulence 2016, 7, 98–109. [CrossRef] [PubMed]

49. Li, S.; Zhou, A.; Wang, J.; Zhang, S. Interplay of autophagy and apoptosis during prrsv infection of marc145
cell. Infect. Genet. Evol. 2016, 39, 51–54. [CrossRef] [PubMed]

50. Valdor, R.; Macian, F. Autophagy and the regulation of the I mMune response. Pharmacol. Res. 2012, 66,
475–483. [CrossRef] [PubMed]

51. Levine, B.; Mizushima, N.; Virgin, H.W. Autophagy in I mMunity and infla mMation. Nature 2011, 469,
323–335. [CrossRef] [PubMed]

52. Papademetrio, D.L.; Lompardia, S.L.; Simunovich, T.; Costantino, S.; Mihalez, C.Y.; Cavaliere, V.; Alvarez, E.
Inhibition of survival pathways MAPK and NF-kb triggers apoptosis in pancreatic ductal adenocarcinoma
cells via suppression of autophagy. Target Oncol. 2016, 11, 183–195. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

227



viruses

Review

Update on Senecavirus Infection in Pigs

Raquel A. Leme 1,2 , Alice F. Alfieri 1,2 and Amauri A. Alfieri 1,2,*

1 Laboratory of Animal Virology, Department of Veterinary Preventive Medicine, Universidade Estadual de
Londrina, P.O. Box 10011, Paraná 86057-970, Brazil; raquelarrudaleme@gmail.com (R.A.L.);
aalfieri@uel.br (A.F.A.)

2 Multi-User Animal Health Laboratory, Molecular Biology Unit, Department of Veterinary Preventive
Medicine, Universidade Estadual de Londrina, P.O. Box 10011, Paraná 86057-970, Brazil

* Correspondence: alfieri@uel.br; Tel.: +55-43-33715876; Fax: +55-43-33714485

Academic Editors: Linda Dixon and Simon Graham
Received: 26 April 2017; Accepted: 28 June 2017; Published: 3 July 2017

Abstract: Senecavirus A (SVA) is a positive-sense single-stranded RNA virus that belongs to the
Senecavirus genus within the Picornaviridae family. The virus has been silently circulating in pig herds
of the USA since 1988. However, cases of senecavirus-associated vesicular disease were reported
in Canada in 2007 and in the USA in 2012. Since late 2014 and early 2015, an increasing number of
senecavirus outbreaks have been reported in pigs in different producing categories, with this virus
being detected in Brazil, China, and Thailand. Considering the novel available data on senecavirus
infection and disease, 2015 may be a divisor in the epidemiology of the virus. Among the aspects that
reinforce this hypothesis are the geographical distribution of the virus, the affected pig-producing
categories, clinical signs associated with the infection, and disease severity. This review presents
the current knowledge regarding the senecavirus infection and disease, especially in the last two
years. Senecavirus epidemiology, pathogenic potential, host immunological response, diagnosis,
and prophylaxis and control measures are addressed. Perspectives are focused on the need for
complete evolutionary, epidemiological and pathogenic data and the capability for an immediate
diagnosis of senecavirus infection. The health risks inherent in the swine industry cannot be neglected.

Keywords: swine; picornavirus; Seneca Valley virus; emergent disease; vesicular disease;
neonatal mortality

1. Introduction

A new virus named Seneca Valley virus was identified in 2002, and classified as the only
representative strain of the Senecavirus A species in the new genus Senecavirus. Since then, until the end
of 2014, little progress has been made regarding the virus features and infection in swine, including
its epidemiology, transmission, pathogenesis, pathology, clinical signs, and diagnosis. The disease
was considered exotic and limited in terms of geographic distribution. Senecavirus infection in swine
has not been extensively studied by North American researchers or by worldwide research groups,
even though it is a vesicular disease, likely due to the low frequency of infection, with the only reported
cases being in North American countries.

In early 2015, different isolates of senecavirus were first reported in vesicular disease outbreaks
outside of North America in Brazil, China, and Thailand. In the same year, the virus infection was
associated with novel clinical manifestations in newborn pigs. Simultaneously, new cases occurred in
the USA. These events were responsible for an increase in the number and the diversity of research
approaches based on the senecavirus infection.

More knowledge has been accumulated and more unknown points have been clarified on the
etiological agent and the virus infection, in approximately the last 24 months, than have been in all
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of the previous years. The scientific community was able to comply promptly with the demand for
objective and clear answers to issues raised by pig producers and consultant veterinarians in private
and public sectors who suddenly faced outbreaks of a completely unknown vesicular infectious disease.

The currently available data were generated in a short timeframe, which is rarely seen in similar
cases of viral diseases in animals without a public health impact. The goal of this review is to present
the step-by-step evolution of senecavirus-based studies, particularly in the last two years, and to
describe the features of the etiological agent and infection in pigs.

2. History, Classification, and Molecular Features

Seneca Valley virus was incidentally isolated in Gaithersburg, Maryland, USA in 2002 from the
PER.C6 (transformed fetal retinoblast) cell line. The virus had evidently been introduced into the cell
culture through the use of contaminated fetal bovine serum or porcine trypsin [1]. The virus was
discovered in the laboratories of Neotropix, Inc., located near Seneca Creek State Park, Gaithersburg,
MA, USA, which explains the name of the virus [2].

Until 2014, only three complete genomic sequences of Seneca Valley virus were available in public
databases (GenBank accession numbers NC_011349, DQ641257, KC667560). Therefore, few studies
were based on the complete genome of the virus, with the predominant prototype being SVV-001
(GenBank accession number DQ641257) [3–5]. These studies led to the definitive classification of Seneca
Valley virus as the single representative strain of the species Senecavirus A (SVA), genus Senecavirus
within Picornaviridae family [6].

SVV-001 has the typical genome of other picornaviruses, with the standard L-4-3-4, layout, namely
Leader—4 polypeptides of the P1—3 polypeptides of P2—and 4 polypeptides of P3. The SVV genomic
RNA consists of approximately 7200 nucleotides (nt), with additional 666 nt in the 5′UTR portion
and 71 nt in the 3′UTR portion and a poly(A) tail. The virus genome has a single open reading frame
(ORF) that encodes a polyprotein of approximately 2180 amino acids (aa) [3].

An analysis of the nt sequence within 5′UTR of the SVV-001 prototype revealed high levels
of secondary structures [3]. The 5′UTR region of the SVA genome has an internal ribosome entry
site (IRES), the function of which is to allow independent translation of the viral RNA by inhibiting
the translation of cellular RNA. The 406–625 nt sequence is 57.3% identical to the Hepatitis C virus
(Flaviviridae family), suggesting that the IRES of senecaviruses is type IV [5]. This finding corroborates
previous results, in which several secondary structures from flaviviruses and picornaviruses were
identified [7–9].

The genomic characteristics of SVA are very similar to the members of Cardiovirus genus, especially
in relation to the polypeptides P1, 2C, 3C, and 3D. However, SVV-001 differs from cardiovirus in
polypeptides 2B and 3A and the IRES type. Genomic regions 2A, 2B, 3A, and 3B of SVV-001 differ
considerably from those of all other picornaviruses [3].

Initially, senecaviruses were not associated with any specific pathology. However, many studies
have focused on the potential oncolytic activity of senecavirus in human cancer therapy [3,10]. The first
evidence that senecaviruses could be associated with porcine vesicular disease was obtained in Canada
(2008) and the USA (2012), where symptomatic pigs were detected with the viral RNA by reverse
transcription (RT)-PCR assay [11,12]. In both cases, the clinical signs were indistinguishable from
vesicular foreign animal diseases, such as foot-and-mouth disease (FMD), swine vesicular disease
(SVD), vesicular stomatitis (VS), and vesicular exanthema of swine (VES). These findings prompted
the North American animal health authorities to adopt surveillance measures immediately and invest
in new studies [13].

3. Senecavirus Infection in Swine Until 2014

Cases of vesicular diseases of unknown etiologies were reported in pigs in New Zealand [14,15],
Australia [16], and the USA [17] in the 1980s. In Europe, reports were performed in the UK in 2007 [18]
and Italy in 2010 [19]. In the cases reported in New Zealand and Australia, the occurrence of vesicular
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lesions in pigs were associated with contact with a green vegetable material infected with the fungus
Sclerotinia sclerotiorum [14,15] and the feeding of marine products [16]. In the cases that occurred
in the USA, the United Kingdom, and Italy, the diagnostic results were negative for the vesicular
foreign animal diseases, and the possible cause(s) of the vesicular disease outbreaks in those animals
remained unknown.

Senecavirus was not investigated in any of these cases. In New Zealand, Australia, and the
USA, the cases of senecavirus infection were not investigated due to the event dates, since the virus
was not known at that time. However, the reasons that the virus was not investigated in the United
Kingdom and Italy cannot be ascertained due to the limited data available on the outbreaks in these
countries [20].

In 2004, outbreaks of vesicular disease were reported in pigs of different production categories
in Indiana, USA. Clinical manifestations resembled those of vesicular foreign animal diseases, which
were investigated and not detected [21]. Since the etiology of the clinical signs could not be determined,
the syndrome was named Porcine Idiopathic Vesicular Disease (PIVD) [21].

Pasma, Davidson, and Shaw [11] in 2007 reported that approximately 80% of 187 pigs that were
being transported from Canada to the USA presented vesicular lesions that were indistinguishable of
those of vesicular foreign animal diseases. FMD, SVD, VS, and VES viruses tested negative in those
symptomatic animals. However, senecavirus RNA was detected in the biological samples and was
proposed as the etiological agent of the vesicular disease in those pigs [11]. The second detection of
senecavirus occurred in 2012 in Indiana, USA, in a single 6-month-old animal with vesicular lesions.
This finding reinforced the possible association of senecavirus infection with vesicular disease [12].

Although only two reports of senecavirus detection in symptomatic animals were available,
a 20-year (1988–2008) retrospective serological study conducted with serum samples of asymptomatic
pigs from different states in the USA showed the wide temporal and geographical distribution of
senecavirus [3], revealing the silent circulation of the virus throughout the country over the years.

Considering these studies and the indistinguishable feature of the vesicular lesions associated
to senecavirus infection with those caused by the vesicular foreign animal diseases, especially FMD,
the United States Animal Health Association elaborated a resolution in which senecaviruses and
PIVD are the main subjects, with the aim of developing and implementing plans to minimize the
consequences of vesicular lesions not associated with foreign animal diseases found in pigs of that
country [13], reinforcing the health and economic importance of these emerging pathogens and disease
in swine [20].

4. Senecavirus Infection in Swine during/after 2015

At the end of 2014 and the beginning of 2015, outbreaks of vesicular disease in weaned and adult
pigs were reported in different geographical regions of Brazil. Simultaneously, increasing mortality
rates of newborn pigs at 1 to 4 days of age were recorded in the main Brazilian pig-producing regions.
The reported clinical signs in affected piglets included lethargy, cutaneous hyperemia, diarrhea,
neurological signs, and/or sudden death [22–25]. The Animal Health Department of the Brazilian
Ministry of Agriculture, Livestock, and Food Supply (MAPA) provided official tests to screen for
foreign animal diseases, specifically FMD, classical swine fever (CSF), and porcine epidemic diarrhea
virus (PEDV), but negative results were observed [20,26]. However, other study groups detected
senecavirus in pigs with vesicular lesions of different states in the country [20,22,25,27] (Figure 1A),
and the virus was considered to be the etiological agent of the reported vesicular disease outbreaks.
Additionally, piglets that spontaneously died were submitted to diagnostic investigations and tested
negative for different infectious agents that could be associated with one or more of the reported
clinical signs, including diarrhea. Since most of the cases were from pig herds with a clinical history of
vesicular disease, senecavirus was investigated in piglet biological samples, with positive results being
observed in feces, serum, and diverse organ/tissue samples [22–25] (Figure 1B).
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Figure 1. Lesions associated with senecavirus infection. (A) Fluid-filled vesicles on the snouts of
senecavirus-positive sows. (B) Ulcerative lesions on the foot of a three-day-old piglet (left) and
diphteric gengivitis in a one-day-old piglet (right), both positive for senecavirus.

These reports were the first describing senecavirus outside of North American countries. Whether
the virus was circulating in Brazil before this period was unknown. However, a 10-year (2007–2016)
retrospective serological study conducted in Brazil from serum samples of pigs at different ages
suggested that senecavirus was not circulating in the country before 2014, the same year in which
senecavirus-associated vesicular disease outbreaks were first reported in the country [28].

Senecavirus was first reported outside of the American continent in China in 2015 [29,30]. Pigs in
herds located in Guangdong province presented vesicular lesions, and sudden death was observed
in newborn piglets. The samples derived from these outbreaks were negative for classic vesicular
diseases, but they presented positive results for senecavirus [29,30]. Later, senecavirus infection was
reported in symptomatic piglets in other Chinese provinces [31].

Since July 2015, an increased number of senecavirus-vesicular disease outbreaks was reported
in the USA [32]; but for the first time in that country, the virus infection was also associated with
pig neonatal mortality, especially in pig herds with vesicular disease-affected sows [33,34]. In 2016,
pig herds from Canada and Thailand were also affected by senecavirus infection [35,36] (Figure 2).
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Figure 2. Senecavirus global distribution from 1988 up to early 2017.

4.1. Epidemiology of Senecavirus Infection

Based on all of these events, 2015 can be considered a turning point for the epidemiology of
the senecavirus infection, with many important features of senecaviruses being identified. Until
that year, only two cases of senecavirus-induced vesicular disease were reported with a limited
number of affected pigs [11,12]. However, during/after 2015 the number of senecavirus infection
reports significantly increased and also the morbidity and mortality rates associated with the infection.
The morbidity and mortality rates of senecavirus-induced disease vary according to the affected pig
category. In a herd that is affected for the first time, the morbidity rates range from 4 to 70% depending
on the clinical signs and the pig age groups [20,23,33,34,37]. Senecavirus outbreaks presented morbidity
rates of 0.5 to 5% in weaned pigs and 5 to 30% in finishing pigs and breeders [2,20,34], which varied
according to the geographical region and the herd origin. Remarkably higher morbidity rates in sows
were reported, reaching 70 to 90% [37]. However, the mortality in these categories is very low (≈0.2%),
with pigs recovering soon after the remission of clinical signs that last for 10 to 15 days.

In newborn pigs, morbidity and mortality rates are considerably higher, especially in one- to
four-day-old piglets, with morbidity rates that can reach 70%, but the mortality rates vary from 15 to
30% [2,23,24,33,34,37]. However, the clinical manifestations and the high mortality rates in piglets last
for approximately 2 to 3 weeks in the affected herd.

To the authors’ knowledge, no re-breaks were reported in previously affected herds, but this is
not a permanent condition. The infection likely becomes endemic when most of the animals present
asymptomatically and/or with subclinical infection and when clinical manifestations occur in pigs
that have not been previously infected, are seronegative, or have low titers of senecavirus-specific
antibodies. Furthermore, the declining immunity or the introduction of naive gilts in affected herds
and the persistence of the virus in the animal and in the environment may trigger a new outbreak in
previously affected herds [2].
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After many outbreaks of senecavirus infection were reported in 2015 in the USA, an investigation
of 2033 oral fluid samples of asymptomatic pigs from herds located in 25 states of that country revealed
that only 1.2% of the samples were RT-PCR-positive for the virus RNA [38]. In contrast, senecavirus
RNA was amplified from different biological samples of finishing pigs with vesicular disease. Vesicular
fluid and/or the lesions of naturally infected pigs presented high virus loads (2 × 107 to 1.2 × 1011

genomic copies/mL) [39], suggesting that direct contact between animals with fluid-filled and/or
recently ruptured vesicles and susceptible individuals likely represents one of the most important
transmission routes of the virus.

Senecavirus shedding was demonstrated in fecal samples from piglets that presented
multisystemic clinical signs, including diarrhea [23,24], and from finishing pigs that were naturally
infected with the virus and presented vesicular lesions [39]. Additionally, immunohistochemical and
RT-PCR assays revealed the senecavirus presence in the urinary epithelium of clinically affected piglets,
suggesting that urine may represent a senecavirus dissemination route and a possible contamination
source in affected pig herds [23,24].

Senecavirus RNA and viable infective virus particles were isolated in cell cultures from fecal and
small intestine samples of mice from clinically affected pig herds in the USA. Houseflies collected
from both affected and non-affected herds tested positive for the virus [40]. The detection of the virus
genome and/or the isolation of infective senecavirus particles in houseflies and mice suggest that these
species may play a role in the epidemiology of the infection [40]. The movement of people, primarily
on-farm employee entry, and vehicles, especially those used for the disposal of dead animals and feed
delivery, farm tools and equipment, including those used for carcass removal, were also implicated
as possible means of introduction and indirect transmission routes of senecaviruses in different pig
breeding herds in the USA [37,40].

The possibility that senecavirus can be vertically transmitted was raised after the virus was
detected by both RT-PCR and immunohistochemical assays from different tissue/organ samples of
piglets aged one to two days old [24]. However, further studies are needed to confirm this route of
viral transmission.

After the occurrence and/or the increasing incidence of senecavirus-associated vesicular disease
in Brazil, China, the USA, Canada, and Thailand [22,29,30,39,41–43] complete (n = 42) and partial
(n = 15) (These numbers were determined based on the complete and partial senecavirus genomic
sequences available in GenBank during/after 2015 (Genbank accesses date: 8 June 2017)) genomic
sequences were established from senecavirus strains in most of these countries. Therefore, advances
were also possible in terms of the molecular epidemiology of the virus. The 42 complete genomic
sequences of senecaviruses from 2015 to 2016 showed high nt (95.8 to 99.9%) similarities among
each other and lower nt (93.8 to 94.6%) identities with the prototype strain SVV-001. The exception
was the Canadian 11-55910-3 strain (GenBank accession number KC667560), which shares 95% and
96–98.2% nt similarities with the prototype SVV-001 and contemporary senecavirus strains, respectively.
The grouping of senecavirus strains into three temporal clades was also observed [2,40]. Clade I
includes the initially identified senecavirus strains, including SVV-001, clade II includes the USA
senecavirus strains identified between 1988 and 1997, and clade III contains the senecavirus strains from
Brazil, Canada, China, Thailand, and the USA identified between 2001 and 2016. A phylogenetic tree
constructed with all of the currently available nt sequences of the VP1 region of senecaviruses showed
a geographical grouping within clade III, with the senecavirus strains clustering according to the
country of origin (Figure 3). Despite the divergence between historical and contemporary senecavirus
strains, whether genetic changes in the senecavirus genome have led to different biological behaviors
of the virus and/or contributed to the emergence of senecavirus infections remains unknown [32,40].
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Figure 3. Evolutionary relationships of senecavirus strains identified in the USA, Canada, Brazil, China,
and Thailand from 1988 to 2016. Phylogenetic tree constructed with 56 partial (541 bp) nucleotide
sequences of the VP1 region of senecavirus genome. Year of sample collection and GenBank accession
numbers for each senecavirus strain are presented within the tree. The evolutionary history was
inferred using the Neighbor–Joining method [44]. The percentage of replicate trees in which the
associated senecavirus strains clustered together in the bootstrap test (1000 replicates) are shown next
to the branches [45]. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed
using the Maximum Composite Likelihood method [46] and are in the units of the number of base
substitutions per site. Evolutionary analyses were conducted in MEGA7 [47].

4.2. Pathogenesis Evidence of Senecavirus

The definitive association of senecavirus with porcine vesicular disease was shown in
experimental infections of 9-week- and 4-month-old pigs with contemporary senecavirus strains [32,48].
In both studies, the incubation period of senecavirus was of 4–5 days [32,48]. The tonsils were
indicated as one of the primary sites of senecavirus replication during the acute stage of infection [32].
The viremia period was short, lasting approximately 7 days, and the peak of senecavirus genomic copies
(≈1 × 106.5/mL) was detected in serum on the third day post-inoculation (dpi) with a subsequent
progressive reduction up to the 10th dpi from when the virus was no longer detected [32].

Senecaviruses induce an acute, self-limiting vesicular disease in pigs [32]. Inoculated pigs
developed vesicular lesions on the snout, lips, and/or hooves [32,48], specifically on the coronary
bands and/or the interdigital space [48]. Other clinical manifestations reported in senecavirus
experimental infections include lethargy, lameness, and anorexia [32]. Multifocal deep ulcers and skin
erosions/abrasions that evolved to crusted lesions were observed during the infection progress [32,48].

Tissue microscopic alterations in experimentally infected pigs were restricted to the tonsils,
the spleen, lymph nodes, and the lungs and consisted of mild to moderate lymphoid hyperplasia in the
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lymphoid tissue and multifocal mild atelectasis and occasionally diffuse congestion with multifocal
mild perivascular accumulation of lymphocytes, plasma cells, and macrophages in the lungs [32].
A wide senecavirus tissue distribution was shown, with the presence of virus RNA and infectious
particles in the lungs, the mediastinal and mesenteric lymph nodes, the liver, the spleen, the small and
large intestines, and the tonsils during the acute phase of the disease. Convalescent pigs were positive
for senecavirus RNA in different organs, except for the lungs, the heart, and the liver, but viable virus
particles were not isolated from these tissues at a later infection period [32].

According to the experimental studies, senecavirus shedding lasts up to 28 days. The virus can
be shed by oral and nasal secretions and feces. The virus excretion peak occurs between 1 and 5 dpi,
especially in oral secretions, which presented higher virus loads relative to the nasal secretions and
feces [32]. Additionally, senecavirus infectious particles were successfully isolated from oral secretions
up to 21 dpi, feces up to 10 dpi, and nasal secretions up to 7 dpi [32]. The combined findings from
natural and experimental senecavirus infection suggest that the oral/nasal secretions, feces, and likely
urine [23,24] excretions of pigs infected with senecavirus may contribute to the dissemination of the
virus both directly, through contact between the animals in the same facility, and indirectly, with the
viral agent contaminating the environment. However, further studies are required to confirm the role
of these secretions/excretions in senecavirus transmission in field conditions.

4.3. Immunological Response against Senecavirus

Currently there are only a few studies that have evaluated the host immunological response against
senecavirus infection. These studies indicate that the senecavirus infection induces early immunological
response in clinically affected and non-affected sows under field conditions [34] and in experimentally
challenged finishing pigs [32,48]. Seroconvertion to the senecavirus occurs approximately 5 days after the
infection, regardless of the clinical manifestations of the disease [32,34,49]. The increasing neutralizing
antibody titers occurs simultaneously with decreasing disease severity, viral load in tissues, viremia,
and virus shedding, suggesting that antibody responses lead to the progressive clearance of senecavirus
from the circulation and most organs, excretions, and secretions [32,34].

The maximum concentration of senecavirus-specific immunoglobulin (Ig) M antibodies lasts for
approximately 10 days (from 5 to 15 dpi) followed by a decreasing serological IgM concentration
to undetectable titers by 21 dpi [49]. In contrast, the senecavirus-specific IgG response develops
later [32,49], with a strong positive response after 21 dpi [49].

Different senecavirus antibody titers have been reported in naturally infected pigs and may
vary from 160 to 2880 by indirect fluorescent antibody (IFA) or virus neutralization (VN) test [39,50];
but higher titers (≥4096) were detected by the VN test from clinically affected animals in Brazil [28].

4.4. Senecavirus Diagnosis

Many diagnostic tests are currently available for the detection of senecavirus infection
and/or its association with lesions and disease. Conventional [20,27,40,42] and quantitative
RT-PCR (qRT-PCR) [27,33,34,38–40,51–53] molecular assays are the most used tests in addition to
next-generation sequencing (NGS) technology [22,41,51,53]. Molecular assays, especially qRT-PCR,
are the gold standards for any vesicular disease, since they are rapid, sensitive, and specific methods
that enable the fast and accurate diagnosis of vesicular diseases, including senecavirus genome
detection from different biological samples. A disadvantage of senecavirus diagnosis by molecular
assay may be the inconsistent detection due to the progression of senecavirus infection, with variations
in the viral shedding and/or load in different biological samples [34]. Therefore, a variety of specimens
including serum, tonsils, feces, and oral and vesicular fluids, should be collected for senecavirus
screening by molecular assays [54].

The other diagnostic tools currently available include immunohistochemical and in situ
hybridization, which are assays that identify specific virus antigens and nucleic acid in tissue samples,
respectively. Both of these techniques have been successfully used by different study groups for
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senecavirus-associated disease diagnosis [23–25,32,55]. Although histopathological evaluation alone
is not conclusive for senecavirus infection diagnosis, findings from this technique may guide the
selection of tissue/organ samples for the immunohistochemical and in situ hybridization analyses.

The antibody detection methods available for senecavirus screening in pigs are indirect [34,49,56] and
competitive [49,50] enzyme-linked immunosorbent assay (ELISA), IFA, and VN tests [28,50]. The main
advantage of the antibody detection assays is the capability for processing large numbers of samples
in epidemiological studies, mass diagnostic programs, and/or in epidemiological surveillance [57],
indicating previous virus exposure and/or presence in a herd [56].

Regardless of the diagnostic method, senecavirus-associated disease in pigs is clinically
indistinguishable from classical viral vesicular infections, especially FMD. The clinical history and/or
the presence of lesions that indicate the possibility of vesicular disease should always lead to a complete
vesicular foreign animal disease investigation, primarily in the major pig-producing countries, since the
emergence of senecavirus infections could adversely affect the prompt reporting of FMD in swine [53].

4.5. Prophylaxis and Control Management

Currently, no vaccines or specific treatments are available for senecavirus infections. Therefore,
sanitary practices should include prophylactic and control measures that include the herd, the animals,
and the environment. Measures should be taken to avoid the introduction of the etiological agent into
the pig herds and in those where the infection is established to avoid virus dissemination among the
animals of the different pig-producing categories present in the same herd.

The introduction of senecavirus and other infectious agents can be prevented by adopting strict
biosecurity measures. The entry of vehicles, equipment, people, animals, and food into the pig
production unit must be strictly controlled [37,40,58]. Livestock trailers and carcass removal equipment
were subjectively assessed as the most likely routes of senecavirus introduction in a risk-assessment
study [37]. Therefore, the area of vehicle circulation, generally around the farm, should be limited to
areas away from the premises where the animals are housed. Preferably, pig transportation should
be performed by the same vehicle or livestock trailer, which should not have been in contact with
vehicles, personnel, or animals from senecavirus-positive herds [37].

Biosecurity measures for people movement events should also be addressed. On-farm employees
should shower-in or shower-out of the facility, change clothing and boots prior to entry, and observe
a period of downtime after contacting other swine [37]. In the case of animal replacement, pigs should
be purchased from farms that are free of the infectious agents of importance in pig health and kept in
quarantine before incorporation into the herd. Additional measures include the control of mice and
houseflies and the restriction of non-swine domestic animals’ access to the premises within a herd.

In senecavirus-positive farms, in addition to the measures previously mentioned, strict cleaning
and disinfection of the facilities and the equipment, an in-pen downtime period, and the all in-all
out system have to be adopted. The effectiveness of disinfectants against senecavirus is not yet
well-known. Since the clinical signs caused by the senecavirus infection are very similar to those
caused by the FMD virus, control measures should be adopted that consider the possibility of FMD
virus circulation, including disinfection protocols. This includes the use of sodium hydroxide (2%),
sodium carbonate (4%), citric acid (0.2%), acetic acid (2%), sodium hypochlorite (3%), potassium
peroxymonosulfate/sodium chloride (1%), and chlorine dioxide [59]. Three disinfectants based
on household bleach (Sodium hypochlorite (5.25%)), phenolic derivatives (p-tertiary-amilphenol
(4%); o-benzyl-p-chlorophenol (10%); o-phenylphenol (12%)), and quaternary ammonium-aldehyde
compounds (alkyl dimethyl benzyl ammonium chloride (26%); Glutaraldehyde (7%)) that have been
used against senecavirus were evaluated at different temperatures (4 ◦C and ≈25 ◦C) on five different
surfaces including cement, rubber, plastic, stainless steel, and aluminum. The results showed that 1:20
diluted household bleach was the most effective disinfectant for the inactivation of the virus at any
temperature and on any of the five surfaces evaluated. The disinfectant based on phenolic derivatives
was not effective against the virus at any temperature, and the results obtained from the disinfectant
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based on quaternary ammonia and aldehyde were between those of sodium hypochlorite and phenolic
derivatives [60].

Accelerated hydrogen peroxide (AHP) is another chemical compound that has been tested as
a broad-spectrum disinfectant against bacteria, fungi, and viruses. Disinfectants containing AHP
showed virucide activity against some human and animal viruses, such as bovine viral diarrhea virus
(BVDV), feline calicivirus, and poliovirus, which also belongs to the Picornaviridae family. In 2016
AHP was shown to be an effective disinfectant against FMD virus, SVD virus, and senecavirus; but its
efficacy is dependent on the dilution (1:20) and the contact period (10 min), which are greater than the
manufacturer's recommendations [61].

Monitoring of the senecavirus circulation should be performed by means of periodical diagnostic
examinations conducted on biological samples of symptomatic and asymptomatic pigs from different
sites of the production unit. In addition to serological tests, molecular, immunohistochemical, and/or
in situ hybridization tests can be performed. Depending on the laboratory methodology to be used,
a variety of biological samples such as vesicular and oral fluids and organ/tissue fragments of pigs at
different ages, especially tonsils, lymph nodes, spleen, heart, lungs, liver, kidneys, and urinary vesicles,
can be analyzed [20,24,32]. The introduction of susceptible pigs in the farm as sentinel animals can also
be adopted with great discretion. Suckling animals, especially piglets up to one week of age, should
consume adequate quantities of high-quality colostrum and be kept in an appropriate environment
that provides comfort and welfare to newborns and sows.

Importantly, the adoption of these measures does not rule out the officially recommended
procedures. In 2016, the United States Department of Agriculture (USDA) released a list of
recommendations, procedures, and responsibilities for the management of diagnosed or suspected
cases of animal vesicular diseases to ensure that investigations into exotic animal diseases occur
properly, such that precautions can be taken to prevent the spread of communicable diseases [62].
In Brazil in July 2015, the Department of Animal Health (DSA) of the MAPA published the resolution
018/2015/CGI/DIPOA/SDA with guidelines for procedures to be adopted in the case of clinical signs
of vesicular lesions in pigs. The document also guides the veterinarians of the Federal Inspection
Departments on how to proceed in the slaughter of pigs that display suspected lesions [63]. However,
in order to avoid misinterpretations regarding the conduct to be adopted, the standardization of
procedures within and between the pig-producing units is essential [58].

5. Conclusions and Perspectives

The studies focusing on the etiological agent and viral infection have considerably expanded
the knowledge related to senecavirus and its associated vesicular disease in a short period of time.
New study methodologies and tools, particularly the molecular techniques that are notable for the
speed, specificity, and sensitivity of their results, have been quickly developed and evaluated. In these
studies, some features of senecavirus infection were elucidated in adult animals, and infection in
neonates was also described, providing important information on the epidemiology of senecavirus
infection, the likely forms of transmission, the pathogenesis, clinical signs, anatomopathological
changes, immunity, and a number of suggestions for prophylaxis and control strategies. However,
many questions remain to be answered regarding the (i) specific features of the virus, including its
biological and molecular evolution, pH stability, receptors and co-receptors, cellular macromolecules,
replication cycle, environmental survival; (ii) senecavirus epidemiology, such as how the virus has
been disseminated to other countries, non-swine species reservoirs and/or vectors, likely through
vertical transmission; (iii) pathogenicity in piglets; and (iv) host immunological response, including
the protective antibody titers in colostrum.

Currently, the swine industry, specifically the pig farming sector, is increasingly challenged in
terms of animal health and biosecurity. Emerging viral diseases in swine have significantly increased in
the past two decades in the global swine population and pose risks to animal health and, consequently,
to the production chain [64]. Good examples of economically significant viral agents are porcine
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reproductive and respiratory syndrome (PRRSV), porcine circovirus type-2 (PCV-2), PEDV, swine
influenza virus, and transboundary infectious animal diseases, such as FMD, CSF, and African swine
fever [65]. Regarding senecavirus, the available data indicate that the infection is currently limited
to the USA, Canada, Brazil, China, and Thailand. The description of the infection in Asia suggests
that the senecavirus is not only restricted to a certain geographic region and that senecavirus may
well be distributed on a global scale in the future. Therefore, epidemiological investigations should be
conducted in countries where the virus has never been reported, especially in those with extensive pig
production, where senecavirus infection may have more economic relevance.

Equally important is the capability of the country to detect and diagnose the disease. The rapid
establishment of the etiological agent of a disease enables the rapid adoption of control measures,
mitigating and/or preventing the local, regional, and/or international dissemination of the infectious
agent. Despite the technological advances in the diagnostic field, weaknesses in the veterinary
infrastructure of many countries make disease control even more difficult [66].
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Abstract: Classical swine fever (CSF), caused by classical swine fever virus (CSFV), is one of the most
devastating epizootic diseases of pigs in many countries. Viruses are small intracellular parasites
and thus rely on the cellular factors for replication. Fundamental aspects of CSFV–host interactions
have been well described, such as factors contributing to viral attachment, modulation of genomic
replication and translation, antagonism of innate immunity, and inhibition of cell apoptosis. However,
those host factors that participate in the viral entry, assembly, and release largely remain to be
elucidated. In this review, we summarize recent progress in the virus–host interactions involved in
the life cycle of CSFV and analyze the potential mechanisms of viral entry, assembly, and release.
We conclude with future perspectives and highlight areas that require further understanding.

Keywords: classical swine fever virus; virus–cell interactions; attachment; entry; cell apoptosis; virus
life cycle

1. Introduction

Classical swine fever (CSF), which is caused by classical swine fever virus (CSFV), is a severe
and highly contagious disease in pigs that is listed by the World Organization for Animal Health
(OIE). The disease is distributed in many countries and areas including Asia, Eastern Europe, Russia,
and South America [1]. Currently, CSF is prevented by stamping-out (non-vaccination) and systemic
prophylactic (vaccination) policies [2]. In China, vaccines based on C-strain, a lapinized live attenuated
vaccine strain, have been widely used to control CSFV infections in the pig population. Therefore,
large-scale outbreaks have been rarely observed in the field during the past decades. However, annual
sporadic epizootics or endemics in some regions are continuously being observed. A mild, atypical
form of the disease with a long duration, atypical clinical signs, and relatively low morbidity and
mortality has been observed constantly, even in a proportion of vaccinated pigs [3]. Based on the
phylogenetic analysis of nucleotide sequences, there are three genotypes of CSFV isolates, which can
be further divided into 11 subgenotypes. So far, there is no clear correlation between specific sequence
motifs and the virulence of the different field strains [4,5].

CSFV is an enveloped, positive-sense, single-stranded RNA virus, which belongs to the Pestivirus
genus of the Flaviviridae family [6]. The genome of CSFV contains a 5′-noncoding region (5′-NCR),
a large open reading frame (ORF), and a 3′-NCR. The ORF is translated into a precursor polyprotein
of 3898 amino acids (aa), which is cleaved into four structural proteins (C, Erns, E1, and E2) and eight
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non-structural proteins (Npro, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (Figure 1) [7]. CSFV enters
the host through the mucous membranes of the oral and nasal cavities, and initially infects cells of the
tonsil, then spreads around the body via the blood and lymph circulation. CSFV has a distinct tropism
for cells of the immune system, which causes severe leukopenia that is associated with apoptosis of
leukocytes in the thymus, spleen, lymph nodes, and bone marrow of infected pigs [8,9]. The eventual
outcomes of virus infection are generally associated with complex and multifaceted host responses
to the virus.

Figure 1. The organization of the classical swine fever virus (CSFV) genome and the encoding proteins.
The positive-sense, single-stranded RNA genome of 12.3 kb contains 5′- and 3′-noncoding regions
(NCRs) important for viral RNA replication and/or protein translation and a large open reading frame
(ORF) that encodes a large polyprotein. The polyprotein is processed into four structural proteins and
eight nonstructural proteins by a combination of viral and cellular proteases.

This review aims to summarize recent progress in the virus biology and virus–host interactions at
the interface of virus replication, and highlight potential mechanisms in the CSFV life cycle. The review
concludes with future perspectives and highlights areas that require further understanding.

2. The CSFV Envelope Proteins Mediate Virus Attachment and Entry

The structural components of the CSFV virions include a capsid protein (C) and three envelope
glycoproteins (Erns, E1, and E2). The glycoproteins are processed from the precursor Erns-E1-E2 by
the host signal peptidase. The Erns protein consists of 227 aa with a molecular weight of around
48 kDa, which is glycosylated with carbohydrate moieties at seven glycosylation sites [10]. Due to the
unusual C terminus, the protein is loosely associated with mature virions and is also secreted into
the medium of cultured infected cells. In general, Erns is present as a homodimer (with a molecular
mass of about 100 kDa) [11] and a heterodimer with E2 [12] on the virion. The ectodomain of Erns

contains five α helices and seven β strands with a concave and a convex face and is stabilized by
four intramolecular disulfide bonds [13]. In addition, structural analyses of the C-terminus of Erns

show that the amphipathic α-helix is inserted slightly tilted into the membrane [14]. Erns possesses
ribonuclease activity, induces lymphocytes apoptosis, and antagonizes the response of type I interferon
(IFN) signaling. In addition, the interaction between Erns and membrane-associated heparan sulfate
(HS) [15] or laminin receptor (LamR) [16] mediates virus attachment. CSFV cultured in swine kidney
cells (SK6 cells) selects a virus variant (with S476R mutation) of Erns that attaches to the surface of cells
by interacting with HS [15].

The E1 glycoprotein consists of 195 aa with an apparent molecular mass of 33 kDa, which contains
three N-linked putative glycosylation sites and six cysteine residues. E1 is a type I transmembrane
protein with an N-terminal ectodomain and a C-terminal hydrophobic anchor that attaches E1 to
the envelope of the virus [11]. E1 and E2 form heterodimers via disulfide bridges between cysteine
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residues that are present in the CSFV virions. The formed heterodimers then mediate the process of
viral entry [17,18].

The E2 protein is a 55-kDa glycoprotein that consists of 373 aa, and contains six N-linked
and one O-linked putative glycosylation sites. E2 possesses an N-terminal signal peptide and
a C-terminal transmembrane domain that anchors E2 to the viral envelope. The CSFV E2 protein forms
disulfide-linked homodimers with molecular weights of 100 kDa. E2 is the most immunogenic of the
CSFV glycoproteins, in terms of inducing neutralizing antibodies and protection against lethal virus
challenge [19–22]. Removal of the glycosylation sites of E2 can significantly reduce the immunogenicity
of the protein [23]. Antigenic mapping of E2 has been determined that attributes to domains A to D
using a panel of monoclonal antibodies (MAbs) [24]. The antigenic epitopes of domains D/A, but not
the domains B/C, are the most conserved epitopes. A highly conserved neutralizing linear epitope in
the domain A, 829TAVSPTTLR837, which is recognized by the MAb WH303, has been identified [25].
The epitope is widely used to develop marker vaccines [26–28] and diagnostic assays [27,29]. However,
the crystal structure of the CSFV E2 protein has not been resolved so far, which renders it difficult to
map conformational epitopes on the protein. The CSFV E2 protein shares a sequence identity of 65%
with the bovine virus diarrhea virus (BVDV) E2 protein. Recently, the crystal structure of the BVDV
E2 has been resolved, which can be divided into three domains (I to III) [30]. Comparative analysis
of the E2 proteins revealed that domains I and II of BVDV correspond to CSFV antigenic domains
B/C and D/A, respectively. E2 is characterized as a class II fusion protein that harbors two fusion
peptides, 818CPIGWTGVIEC828 and 869CKWGGNWTCV878 (Figure 2). Interestingly, the peptides
exert membrane fusion activity and play critical roles in viral replication and virulence [31,32].
The mechanism of the fusion process of pestiviruses has not been fully elucidated. Based on the
crystal structure of the BVDV E2 protein, Li and his colleagues presumed three potential fusion
mechanisms for pestiviruses: (a) the aromatic residues in domain IIIc of E2 function as a fusion motif,
(b) domain I of E2 contains a fusion motif, and (c) E1 contains the fusion motif and E2 functions as a
coeffector [30]. Another study has also resolved the structure of the BVDV E2 protein and presumed
that E2 becomes disordered at low pH and exposes the fusion loop of E1, thus mediating the fusion
between viral envelope and endosome membrane [18]. In addition, several host cellular factors have
been shown to be associated with E2 and are involved in the CSFV life cycle, e.g., CD46 has been
identified as a receptor for BVDV using an anti-E2 idiotypic antibody [33], which also functions as
an important factor for the attachment of CSFV [34]. Host factors that mediate viral attachment have
been defined, but the functional receptor(s) of CSFV has not been determined, and the process of
fusion should be focused on future studies.

Figure 2. Predicted three-dimensional structure of the CSFV E2 protein. Homology modeling analysis
of the CSFV E2 protein was performed using the software PyMOL 1.7 according to the structure of the
BVDV E2 protein. Domains B/C are shown in red, domains D/A in green, the other region in yellow,
and the fusion peptides (FP1 and FP2) of E2 in blue or purple.

3. Modulation of Viral Genomic Replication and Translation by NCRs and Nonstructural
Proteins (NSPs)

The 5′- and 3′-NCRs of CSFV, approximately 373 and 228 nucleotides (nt) in length, respectively,
form stem-loops at the N- and C-termini of the genome [7]. The 5′-NCR does not contain the cap
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structure, but harbors an internal ribosome entry site (IRES) to initiate cap-independent translation.
The 3′-NCR, lacks a poly(A) tail but contains a variable AU-rich region and a conserved region,
is involved in the initiation of viral genome replication [35]. The NSPs of CSFV consist of Npro, NS2,
NS3, NS4A, NS4B, NS5A, and NS5B. Npro, NS2, NS3, and NS4A have been shown to be involved in
the cleavage of the NSPs. A previous study has shown that NS3, NS4A, NS4B, NS5A, and NS5B are
required for CSFV replication [36]. NS2, a transmembrane protein, harbors an auto-protease activity
that is responsible for cis-cleavage of NS2-3 [37]. Previous studies have shown that the uncleaved
NS2-3 is crucial for the generation of infectious viral particles for CSFV or BVDV [38,39]. However,
additional evidence suggests that the uncleaved NS2-3 is not required for the virion morphogenesis of
pestiviruses [40]. As a multifunctional protein, NS3 acts as serine protease, helicase, and nucleoside
triphosphatase (NTPase) [41–43]. NS3 and its cofactor, NS4A, process all downstream cleavage sites of
viral NSPs [44]. The structure of the NS3-NS4A complex reveals surface interactions between the NS3
protease domain and NS4A-kink region that is required for RNA replication and replicase assembly [45].
NS4B contains two conserved domains, Walkers A (aa 209–216) and B (aa 335–342). Walker A exhibits
NTPase activity and is essential for RNA replication [46]. Analysis of simple modular architecture
research tool (SMART) has revealed that NS4B contains a Toll/interleukin-1 receptor (TIR)-like domain,
and mutations in the TIR-like domain of NS4B significantly attenuate the virulence of CSFV in
pigs [47]. The CSFV NS5A contains the conserved sequence C2717-C2740-C2742-C2767, which forms the
zinc-binding motif that is required for viral RNA synthesis and viral growth. The NS5A protein of
BVDV or hepatitis C virus (HCV) is a highly-phosphorylated protein [48]. Similarly, several potential
phosphorylated sites of the CSFV NS5A can also be found using the bioinformatic analysis (NetPhos
3.1 Server). It has been reported that NS5A can induce the autophagy pathway of host cells and enhance
viral replication [49]. A recent study shows that the inhibition of autophagy promotes apoptosis in
CSFV-infected cells via the reactive oxygen species (ROS)-dependent retinoic acid inducible gene I
(RIG-I)-like receptor signaling pathway [50]. NS5B is an RNA-dependent RNA polymerase (RdRp) that
harbors a conserved motif GDD, which is in charge of RNA replication [51]. The structure of pestiviral
NS5B proteins resembles a right hand with fingers, palm, and thumb domains, thus exhibiting the
typical general fold of RdRp [52]. It has been shown that NS3, NS4A, NS4B, NS5A, and NS5B are
sufficient for the genome replication [36]. The interactions between NSPs and NCRs have been
determined to be involved in modulation of RNA replication and translation [53–55].

The CSFV genome can be transcribed into negative-strand RNA that can be used as the template
to produce the positive-strand RNA. During this process, NS5B binds to the negative-strand RNA to
produce more positive-strand RNA copies [44]. Moreover, NS3 interacts with NS5B and enhances the
NS5B RdRp activity through its N-terminal protease domain. NS5A regulates viral RNA synthesis
through interacting with NS5B and 3′-NCR [56]. When NS5A is present at a lower expression level
in the cells, it preferably interacts with NS5B and enhances viral RNA replication. But oversaturated
NS5A will interact with 3′-NCR and thus inhibit viral RNA replication [56]. It is likely that CSFV
modulates RNA replication via the regulation of NS5A expression.

Unlike cellular mRNA, the CSFV genome lacks 5′-terminal cap structure, and the IRES located in
the 5′-NCR can be recognized by the ribosome to initiate translation [57]. NS3 can bind to IRES and
promote IRES-mediated translation [54]. In comparison with NS3, NS5A inhibits the IRES-mediated
translation, whereas NS5B can suppress the effect of NS5A on the IRES [55]. In addition, NS5B can
stimulate NS3 to increase the efficiency of viral genome translation [54].

4. Interactions between CSFV and Host Cellular Proteins Are Necessary for the CSFV Life Cycle

During CSFV infection, interactions between the virus and HS/LamR mediate virus attachment [15,16].
Subsequently, virus entry is a dynamin-, and cholesterol-dependent, and clathrin-mediated endocytosis
that requires Ras-related in brain (Rab) 5 and Rab7 [58]. The fusion between cellular membrane
and viral envelope is pH-dependent and is triggered by the acidification of the endosome. Another
pestivirus, BVDV entry also requires clathrin-mediated endocytosis and low endosomal pH [59].
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Similarly, Rab5 and Rab7 are involved in the life cycles of HCV [60], dengue virus (DENV) [61],
and West Nile virus [62] that belong to the family Flaviviridae. It has been demonstrated that the
peptides 129CPIGWTGVIEC139 and 180CKWGGNWTCV189 of the CSFV E2 protein mediate fusion
between viral envelope and cellular membrane [31,32] (Figure 2). After uncoating, the viral genome
is released and translated into the viral proteins, followed by the cleavage of the cellular and viral
proteases. In addition, the viral genome can be transcribed into negative-strand RNA, which is used
as a template to produce progeny positive-sense RNA. Virion morphogenesis is mediated by NS2-3
and NS4A [38]. Then, the virion is released from the host cells (Figure 3). Host cellular factors also
participate in various steps of the life cycle of CSFV.

Figure 3. Schematic diagram of the CSFV life cycle. (A) Interactions between Erns and host cellular
heparan sulfate (HS) and/or laminin receptor (LamR) mediate virus attachment. (B) Virus binds to
an unknown entry receptor(s) and triggers clathrin-mediated endocytosis. (C) Low pH facilitates viral
envelope and membrane fusion. (D) Translation and processing of viral proteins. (E) Viral genome
replication. (F) Virion morphogenesis harbors an unknown strategy. (G) Mature virions are released
from the cell via an unknown secretory pathway. +, positive-strand genomic RNA; +/−, positive- and
negative-strand replicative intermediate.

4.1. Host Factors Modulate the Production of Progeny Virus

The interactions between flaviviruses and cytoskeleton are involved in the entry, transport,
assembly, and egress processes [63]. The cellular β-actin interacts with the E2 protein and affects the
early stage of the replication cycle of CSFV [64], which is most likely related to the interaction affects
intracellular transport process of CSFV or E2 protein in the cell at the post-entry step. Annexin A2
(Anx2) is a lipid raft-associated scaffold protein that functions in membrane trafficking, aggregation
of vesicles, and endosome formation. Anx2 is involved in the regulation of the life cycles of many
viruses, such as cytomegalovirus [65], human immunodeficiency virus type 1 [66], influenza virus [67],
and HCV [68]. Anx2 interacts with E2 and promotes CSFV production [69], and treatment of PK-15
cells with Anx2-specific polyclonal antibody significantly inhibited CSFV growth, thus we presume
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that Anx2 likely participates in the virus attachment or entry. In addition, interaction between Anx2
and NS5A enhances the virus assembly rather than in genome replication and virion release [70]. It is
possible that Anx2 participates in the multiple steps of the CSFV life cycles. The interaction between
C and osteosarcoma amplified protein 9 (OS9) inhibits the virus replication in the cell culture [71].
Host factors also affect NS5A-regualted viral genome synthesis and translation, e.g., heat shock protein
70 (HSP70) interacts with NS5A and promotes viral RNA replication [72]. Furthermore, eukaryotic
elongation factor 1A (eEF1A) has been shown to interact with NS5A of CSFV and inhibit IRES-mediated
translation efficiency [73] (Table 1). eEF1A also binds to the NS5A protein of BVDV. However, the effect
of eEF1A on the BVDV replication remains unclear [74]. It is plausible to speculate that eEF1A is
a broad host factor that interacts with the pestiviral NS5A protein.

Table 1. Interactions between classical swine fever virus (CSFV) and host cellular proteins and
replication cycle-contributing factors.

Viral Proteins
Interacting Partners or

Replication
Cycle-Contributing Factors

Functions Ref.

5′- and 3′-NCRs RHA Modulation of RNA synthesis, replication and
translation of CSFV [75]

Npro

IRF-3 Blockage of IFN-β production [76]
IRF-7 Blockage of IFN-α production [77]

PCBP1 Blockage of IFN-β production [78]
IκBα — [79]

HAX-1 Cellular resistance to apoptosis [80]

C

OS9 Regulation of virus replication [71]
HB Blockage of IFN-β production [81]

UBC9 Involvement of viral virulence [82]
SUMO-1 Involvement of viral virulence [82]
IQGAP1 Involvement of viral virulence [83]

Erns HS Attachment receptor [15]
LamR Attachment receptor [16]

E2

β-Actin Regulation of virus replication [64]
Anx2 Regulation of virus growth [69]
Trx2 Inhibition of the NF-κB signaling [84]

MEK2 Inhibition of the JAK-STAT signaling [85]

NS5A

Anx2 Regulation of viral assembly [70]
HSP70 Regulation of virus replication [72]
eEF1A Inhibition of IRES-mediated translation efficiency [73]
GBP1 Regulation of virus replication [86]

– CD46 Involvement of virus attachment [34]

– Clathrin Involvement of virus internalization [58]

– Cholesterol Involvement of virus internalization [58]

– Dynamin Involvement of virus internalization [58]

– Rab5 Involvement of virus internalization [58]

– Rab7 Involvement of virus internalization [58]

– HO-1 Regulation of virus replication [87]

NCR: noncoding region; RHA: RNA helicase A; IRF: interferon regulatory factor; IκBα: inhibitor of kappa
B; HAX-1: HS-1-associated protein X 1; PCBP1: Poly(C)-binding protein 1; IFN: interferon; SUMO-1: small
ubiquitin-like modifier 1; UBC9: SUMO-1-conjugating enzyme 9; IQGAP1: Ras GTPase-activating-like protein 1; HB:
hemoglobin subunit beta; OS9: osteosarcoma amplified protein 9; HS: heparan sulfate; LamR: laminin receptor; Trx2:
thioredoxin 2; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; JAK-STAT: Janus kinase/signal
transducers and activators of transcription; Anx2: annexin A2; MEK2: mitogen-activated protein kinase kinase 2;
eEF1A: eukaryotic elongation factor 1-alpha 1; HSP70: heat shock protein 70; GBP1: guanylate-binding protein 1;
CD46: cluster of differentiation 46; Rab: Ras-related in brain; HO-1: heme oxygenase 1.
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4.2. Viral Proteins Block the Host Innate Immunity

Viruses have evolutionary evolved strategies to evade host innate immune responses for successful
virus replication. To facilitate virus infection, CSFV Npro interacts with IFN regulatory factor-3 (IRF-3)
or IRF-7 and blocks type I IFN induction [76,77]. The structure of BVDV Npro has been resolved,
and the interaction domain harbors a TRASH motif to recognize the immune factors [88]. The host
poly(C)-binding protein 1 (PCBP1) negatively regulates the type I IFN pathway and enhances CSFV
growth [78]. Hemoglobin subunit beta (HB) interacts with the C protein and antagonizes CSFV
replication via the RIG-I-mediated IFN signaling, whereas CSFV inhibits expression of HB to block the
pathway [81]. Our recent study has shown that thioredoxin 2 (Trx2) interacts with E2 and negatively
regulates CSFV replication via nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
signaling, whereas CSFV inhibits protein expression of Trx2 to antagonize the antiviral effects [84].
Another study shows that mitogen-activated protein kinase kinase 2 (MEK2) interacts with the E2
protein and promotes CSFV replication via attenuation of the Janus kinase/signal transducers and
activators of transcription (JAK-STAT) signaling pathway [85]. Recently, host guanylate-binding
protein 1 (GBP1) has been shown to inhibit CSFV replication depending on its GTPase activity.
As an antagonism, CSFV blocks the antiviral activities of GBP1 via inhibition of GBP1 expression [86].
Furthermore, the interaction between Npro and IκBα (the inhibitor of NF-κB) may be involved in the
modulation of the NF-κB signaling pathway [79] (Figure 4).

Figure 4. Activation and blockage of the intracellular signaling pathways of innate immunity
during CSFV infection. (A) CSFV RNA is sensed by melanoma differentiation-associated protein 5
(MDA-5) and retinoic acid inducible gene I (RIG-I). (B) CSFV blocks the host innate immunity through
multiple steps.
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4.3. Disruption of Some Virus-Host Interactions Affects the Viral Virulence in Pigs

SUMOylation is a post-translational modification involved in various cellular processes, such as
transport, transcriptional regulation, protein stability, cell apoptosis, stress response, and progression
of the cell cycle. Viruses have evolved various strategies to evade the host immune response through
interacting the cellular SUMOylation pathway [89–91], thus destruction of the interaction between
virus and host usually attenuates viral virulence [92]. It has been demonstrated that the C protein
of CSFV interacts with SUMO-1 (small ubiquitin-like modifier 1) and UBC9 (SUMO-1-conjugating
enzyme 9) of the SUMOylation pathway [82]. Intriguingly, the virulence of mutant viruses, which are
defective in binding to components of the SUMOylation pathway, is completely attenuated in pigs [82].
The cytoskeleton is required for the life cycle of flaviviruses [63]. As a major cytoskeleton regulator,
Ras GTPase-activating-like protein 1 (IQGAP1) interacts with the C protein, and a disruption of such
interaction also results in the attenuation of viral virulence [83] (Table 1).

5. Changes of Cell Apoptosis and Cell Cycle Induced by CSFV Infection

Acute CSF is associated with high fever, leukopenia, thrombocytopenia, and hemorrhages
observed in various organs. During the processes of acute CSF, the virus induces aberrant levels of type
I IFN and pro-inflammatory mediators causing a so-called cytokine storm [93,94]. It has been shown
that lymphocyte depletion is associated with the strong IFN-α response [94]. In addition, interleukin
(IL)-1α, IL-6, and tumor necrosis factor (TNF)-α appeared to be the major cytokines involved in
lymphocytopenia [95]. Another study has shown that CSFV infection induces the expression of
apoptotic genes, such as CD49d, major histocompatibility complex (MHC) class II, and Fas [8]. Virus
components can induce or inhibit apoptosis. Previous studies indicated that Erns, 5′- or 3′-NCR
of CSFV can induce lymphocyte apoptosis in vivo [96,97]. However, some of the viral proteins,
such as Npro and NS2, can inhibit cell apoptosis in vitro [98,99]. As a multi-functional protein, Npro

can antagonize the double-stranded RNA-mediated apoptosis [98], whereas, it cannot suppress the
apoptosis induced by the NCRs of CSFV [97]. In addition, Npro binds to HS-1-associated protein X 1
(HAX-1, an anti-apoptotic protein) and leads to a redistribution of HAX-1 from the mitochondria to
the endoplasmic reticulum (ER), which might increase cellular resistance to apoptosis [80]. The NS2
protein can inhibit MG132-induced apoptosis, and the expression of NS2 results in the cell cycle arrest
at S-phase and the induction of ER stress in the swine umbilical vein endothelial cells [99,100]. It is
possible that the apoptosis induced by CSFV infection in vivo is associated with the magnitude of
cytokine production.

6. Concluding Remarks and Prospects

The eventual outcome of viral infection usually relies on the host response to the virus. The virus
life cycle consists of attachment, entry, uncoating, biosynthesis, assembly, and release. Attachment
factors serve to bind the virion and thus help to concentrate viruses on the cell surface. These factors
include HS and other carbohydrate structures on the cell surface. However, the factors usually
cannot activate the downstream signals of the host to mediate virus entry. The entry receptor(s) can
trigger conformational changes of the virion, activate host signaling pathways, and promote endocytic
internalization. The attachment of CSFV is mediated by the host cellular HS or/and LamR [15,16].
As HS or LamR cannot mediate virus internalization, the virus maybe bind to an unknown entry
receptor and trigger signaling pathways, such as clathrin-mediated endocytic pathway. CSFV can
be internalized by clathrin-mediated endocytosis [58]. Entry of BVDV into Madin–Darby bovine
kidney (MDBK) cells also requires active clathrin-dependent endocytosis [59]. However, viruses have
evolved divergent strategies to invade host cells, e.g., the entry of influenza virus into simian kidney
epithelial cells shows that almost 60% of the particles enter via clathrin-coated pits, whereas 40% use
a clathrin-independent pathway [101]. Chlorpromazine, an inhibitor of clathrin lattice polymerization,
cannot abrogate the CSFV infection [58], thus we presume that CSFV can be internalized via the
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clathrin-independent pathway. Furthermore, the low pH facilitates virus membrane fusion [17,58],
indicating that the fusion step occurs in the endosome but not the cellular membrane. However,
the entry receptors have not been defined, and the detailed entry and fusion mechanisms of CSFV
remain to be revealed. Host factors also participate in viral genome replication and translation.
Cytoplasmic RNA helicase A (RHA) participates in the modulation of RNA synthesis, replication,
and translation of CSFV through binding 5′- and 3′-NCRs [75]. Anx2 has been shown to interact with
E2 and NS5A, enhancing viral growth and assembly [69,70]. Thus, we speculate that Anx2 plays
critical roles in the multiple phases of the virus life cycle. Furthermore, host heme oxygenase 1 (HO-1)
positively regulates CSFV replication [87]. In addition, eEF1A has been demonstrated to modulate
viral genome translation through binding to the viral IRES [73]. During virus infection, the cytoskeletal
proteins play an essential role in the viral transport and egress processes. The interaction between
β-actin and E2 proteins affects the early stage of the replication [64], indicating that β-actin may
participate in the transport process of the virus at the post-entry step of the virus life cycle. The process
of virus assembly usually involves protein–protein interactions between viral structural proteins and
NSPs and the coordinated action of host factors. HCV, DENV, and Japanese encephalitis virus are
assembled at ER-derived membranes and exit the cell through the secretory pathway. Host factors,
such as Anx2, endosomal sorting complexes required for sorting (ESCRT) components, and Rab18
promote virus assembly, ER budding, and maturation [102]. Anx2 has been shown to interact with
NS5A to enhance CSFV assembly [70]. However, detailed dissection of CSFV assembly and release
remains to be demonstrated. Taken together, future studies should be focused on the mechanisms of
the virus entry, assembly, and release.

Virus infection can trigger a series of signaling cascades in host cells. To establish and maintain
persistent infection, the CSFV Npro targets IRF3 and IRF7 to block type I IFN production [76,77], NS5A
antagonizes the antiviral activity of GBP1 [86], and C inhibits the RIG-I-mediated IFN-β signaling
pathway through interacting with HB [81]. Thus, it seems that CSFV antagonizes the host innate
immunity through multiple mechanisms. Novel insights into the mutual antagonism of the virus and
host innate immunity will be beneficial for providing valuable targets for virus attenuation. It has been
demonstrated that CSFV replicates poorly in cells from MxA-transgenic pigs [103]. More recently, it was
reported that the monocytes and macrophages from the genome-edited pigs lacking the scavenger
receptor cysteine-rich domain 5 (SRCR5) of CD163 are completely resistant to porcine reproductive
and respiratory syndrome virus infection [104]. Dissection of the interplay between CSFV and the host
will undoubtedly enrich the understanding of CSFV pathogenesis and facilitate the development of
novel strategies for the control and eradication of CSF, such as development of novel antiviral agents,
construction of quickly attenuated, efficacious, and highly productive vaccine strains, and generation
of CSF-resistant transgenic pigs.

Acknowledgments: This work was supported by the Natural Science Foundation of China (grants 31630080,
31672537, and 31572540).

Author Contributions: All the authors reviewed the literature and wrote the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ji, W.; Guo, Z.; Ding, N.Z.; He, C.Q. Studying classical swine fever virus: Making the best of a bad virus.
Virus Res. 2015, 197, 35–47. [CrossRef] [PubMed]

2. Tu, C.; Lu, Z.; Li, H.; Yu, X.; Liu, X.; Li, Y.; Zhang, H.; Yin, Z. Phylogenetic comparison of classical swine
fever virus in China. Virus Res. 2001, 81, 29–37. [CrossRef]

3. Luo, Y.; Ji, S.; Liu, Y.; Lei, J.L.; Xia, S.L.; Wang, Y.; Du, M.L.; Shao, L.; Meng, X.Y.; Zhou, M.; et al.
Isolation and characterization of a moderately virulent classical swine fever virus emerging in China.
Transbound. Emerg. Dis. 2016. [CrossRef] [PubMed]

250



Viruses 2017, 9, 171

4. Tu, C. Classical swine fever: International trend, Chinese status and control measures. Sci. Agri. Sin. 2003,
36, 955–960.

5. Zhu, Y.; Shi, Z.; Drew, T.W.; Wang, Q.; Qiu, H.; Guo, H.; Tu, C. Antigenic differentiation of classical swine
fever viruses in China by monoclonal antibodies. Virus Res. 2009, 142, 169–174. [CrossRef] [PubMed]

6. Pletnev, A.; Gould, E.; Heinz, F.X.; Meyers, G.; Thiel, H.J.; Bukh, J.; Stiasny, K.; Collett, M.S.; Becher, P.;
Simmonds, P.; et al. Flaviviridae. In Virus Taxonomy: Classification and Nomenclature of Viruses. Ninth
Report of the International Committee on Taxonomy of Viruses; King, A.M.Q., Adams, M.J., Carstens, E.B.,
Lefkowitz, E.J., Eds.; Academic Press: London, UK, 2011; pp. 1003–1020.

7. Lindenbach, B.D.; Murray, C.L.; Thiel, H.J. Flaviviridae. In Fields Virology, 6th ed.; Knipe, D.M., Howley, P.M.,
Cohen, J.I., Griffin, D.E., Lamb, R.A., Martin, M.A., Racaniello, V.R., Roizman, B., Eds.; Lippincott Williams
& Wilkins: Philadelphia, PA, USA, 2013; Volume 2, pp. 712–746.

8. Summerfield, A.; Knötig, S.M.; McCullough, K.C. Lymphocyte apoptosis during classical swine fever:
Implication of activation-induced cell death. J. Virol. 1998, 72, 1853–1861. [PubMed]

9. Summerfield, A.; Knötig, S.M.; Tschudin, R.; McCullough, K.C. Pathogenesis of granulocytopenia and bone
marrow atrophy during classical swine fever involves apoptosis and necrosis of uninfected cells. Virology
2000, 272, 50–60. [CrossRef] [PubMed]

10. Branza-Nichita, N.; Lazar, C.; Dwek, R.A.; Zitzmann, N. Role of N-glycan trimming in the folding and
secretion of the pestivirus protein Erns. Biochem. Biophys. Res. Commun. 2004, 319, 655–662. [CrossRef]
[PubMed]

11. Thiel, H.J.; Stark, R.; Weiland, E.; Rümenapf, T.; Meyers, G. Hog cholera virus: Molecular composition of
virions from a pestivirus. J. Virol. 1991, 65, 4705–4712. [PubMed]

12. Lazar, C.; Zitzmann, N.; Dwek, R.A.; Branza-Nichita, N. The pestivirus Erns glycoprotein interacts with E2 in
both infected cells and mature virions. Virology 2003, 2, 696–705. [CrossRef]

13. Krey, T.; Bontems, F.; Vonrhein, C.; Vaney, M.C.; Bricogne, G.; Rümenapf, T.; Rey, F.A. Crystal structure of the
pestivirus envelope glycoprotein Erns and mechanistic analysis of its ribonuclease activity. Structure 2012, 20,
862–873. [CrossRef] [PubMed]

14. Aberle, D.; Muhle-Goll, C.; Bürck, J.; Wolf, M.; Reißer, S.; Luy, B.; Wenzel, W.; Ulrich, A.S.; Meyers, G. Structure
of the membrane anchor of pestivirus glycoprotein Erns, a long tilted amphipathic helix. PLoS Pathog. 2014,
10, e1003973. [CrossRef] [PubMed]

15. Hulst, M.M.; van Gennip, H.G.; Moormann, R.J. Passage of classical swine fever virus in cultured swine
kidney cells selects virus variants that bind to heparan sulfate due to a single amino acid change in envelope
protein Erns. J. Virol. 2000, 74, 9553–9561. [CrossRef] [PubMed]

16. Chen, J.; He, W.R.; Shen, L.; Dong, H.; Yu, J.; Wang, X.; Yu, S.; Li, Y.; Li, S.; Luo, Y.; et al. The laminin receptor
is a cellular attachment receptor for classical swine fever virus. J. Virol. 2015, 89, 4894–4906. [CrossRef]
[PubMed]

17. Wang, Z.; Nie, Y.; Wang, P.; Ding, M.; Deng, H. Characterization of classical swine fever virus entry by using
pseudotyped viruses: E1 and E2 are sufficient to mediate viral entry. Virology 2004, 330, 332–341. [CrossRef]
[PubMed]

18. El Omari, K.; Iourin, O.; Harlos, K.; Grimes, J.M.; Stuart, D.I. Structure of a pestivirus envelope glycoprotein
E2 clarifies its role in cell entry. Cell Rep. 2013, 3, 30–35. [CrossRef] [PubMed]

19. König, M.; Lengsfeld, T.; Pauly, T.; Stark, R.; Thiel, H.J. Classical swine fever virus: Independent induction of
protective immunity by two structural glycoproteins. J. Virol. 1995, 69, 6479–6486. [PubMed]

20. Yu, X.; Tu, C.; Li, H.; Hu, R.; Chen, C.; Li, Z.; Zhang, M.; Yin, Z. DNA-mediated protection against classical
swine fever virus. Vaccine 2001, 19, 1520–1525. [CrossRef]

21. Li, N.; Qiu, H.J.; Zhao, J.J.; Li, Y.; Wang, M.J.; Lu, B.W.; Han, C.G.; Hou, Q.; Wang, Z.H.; Gao, H.; et al.
A Semliki forest virus replicon vectored DNA vaccine expressing the E2 glycoprotein of classical swine fever
virus protects pigs from lethal challenge. Vaccine 2007, 25, 2907–2912. [CrossRef] [PubMed]

22. Sun, Y.; Li, H.Y.; Tian, D.Y.; Han, Q.Y.; Zhang, X.; Li, N.; Qiu, H.J. A novel alphavirus replicon-vectored
vaccine delivered by adenovirus induces sterile immunity against classical swine fever. Vaccine 2011, 29,
8364–8372. [CrossRef] [PubMed]

23. Gavrilov, B.K.; Rogers, K.; Fernández-Sainz, I.J.; Holinka, L.G.; Borca, M.V.; Risatti, G.R. Effects of
glycosylation on antigenicity and immunogenicity of classical swine fever virus envelope proteins. Virology
2011, 420, 135–145. [CrossRef] [PubMed]

251



Viruses 2017, 9, 171

24. Wensvoort, G. Topographical and functional mapping of epitopes on hog cholera virus with monoclonal
antibodies. J. Gen. Virol. 1989, 70, 2865–2876. [CrossRef] [PubMed]

25. Lin, M.; Lin, F.; Mallory, M.; Clavijo, A. Deletions of structural glycoprotein E2 of classical swine fever virus
strain Alfort/187 resolve a linear epitope of monoclonal antibody WH303 and the minimal N-terminal
domain essential for binding immunoglobulin G antibodies of a pig hyperimmune serum. J. Virol. 2000, 24,
11619–11625. [CrossRef]

26. Liu, S.; Yu, X.; Wang, C.; Wu, J.; Kong, X.; Tu, C. Quadruple antigenic epitope peptide producing immune
protection against classical swine fever virus. Vaccine 2006, 24, 7175–7180. [CrossRef] [PubMed]

27. Qi, Y.; Zhang, B.Q.; Shen, Z.; Chen, Y.H. Antigens containing TAVSPTTLR tandem repeats could be used in
assaying antibodies to classical swine fever virus. Acta Virol. 2009, 53, 241–246. [CrossRef] [PubMed]

28. Li, G.X.; Zhou, Y.J.; Yu, H.; Li, L.; Wang, Y.X.; Tong, W.; Hou, J.W.; Xu, Y.Z.; Zhu, J.P.; Xu, A.T.; et al. A novel
dendrimeric peptide induces high level neutralizing antibodies against classical swine fever virus in rabbits.
Vet. Microbiol. 2012, 156, 200–204. [CrossRef] [PubMed]

29. Van der Wal, F.J.; Jelsma, T.; Fijten, H.; Achterberg, R.P.; Loeffen, W.L. Towards a peptide-based suspension
array for the detection of pestivirus antibodies in swine. J. Virol. Methods 2016, 235, 15–20. [CrossRef]
[PubMed]

30. Li, Y.; Wang, J.; Kanai, R.; Modis, Y. Crystal structure of glycoprotein E2 from bovine viral diarrhea virus.
Proc. Natl. Acad. Sci. USA 2013, 110, 6805–6810. [CrossRef] [PubMed]

31. Fernández-Sainz, I.J.; Largo, E.; Gladue, D.P.; Fletcher, P.; O’Donnell, V.; Holinka, L.G.; Carey, L.B.; Lu, X.;
Nieva, J.L.; Borca, M.V. Effect of specific amino acid substitutions in the putative fusion peptide of structural
glycoprotein E2 on classical swine fever virus replication. Virology 2014, 456–457, 121–130. [CrossRef]
[PubMed]

32. Holinka, L.G.; Largo, E.; Gladue, D.P.; O’Donnell, V.; Risatti, G.R.; Nieva, J.L.; Borca, M.V. Alteration of
a second putative fusion peptide of structural glycoprotein E2 of classical swine fever virus alters virus
replication and virulence in swine. J. Virol. 2016, 90, 10299–10308. [CrossRef] [PubMed]

33. Maurer, K.; Krey, T.; Moennig, V.; Thiel, H.J.; Rümenapf, T. CD46 is a cellular receptor for bovine viral
diarrhea virus. J. Virol. 2004, 78, 1792–1799. [CrossRef] [PubMed]

34. Dräger, C.; Beer, M.; Blome, S. Porcine complement regulatory protein CD46 and heparan sulfates are the
major factors for classical swine fever virus attachment in vitro. Arch. Virol. 2015, 160, 739–746. [CrossRef]
[PubMed]

35. Björklund, H.; Stadejek, T.; Belák, S. Molecular characterization of the 3′ non-coding region of classical swine
fever virus vaccine strains. Virus Genes 1998, 16, 307–312. [CrossRef] [PubMed]

36. Risager, P.C.; Fahnøe, U.; Gullberg, M.; Rasmussen, T.B.; Belsham, G.J. Analysis of classical swine fever virus
RNA replication determinants using replicons. J. Gen. Virol. 2013, 94, 1739–1748. [CrossRef] [PubMed]

37. Lackner, T.; Thiel, H.J.; Tautz, N. Dissection of a viral autoprotease elucidates a function of a cellular
chaperone in proteolysis. Proc. Natl. Acad. Sci. USA 2006, 103, 1510–1515. [CrossRef] [PubMed]

38. Moulin, H.R.; Seuberlich, T.; Bauhofer, O.; Bennett, L.C.; Tratschin, J.D.; Hofmann, M.A.; Ruggli, N.
Nonstructural proteins NS2-3 and NS4A of classical swine fever virus: Essential features for infectious
particle formation. Virology 2007, 365, 376–389. [CrossRef] [PubMed]

39. Agapov, E.V.; Murray, C.L.; Frolov, I.; Qu, L.; Myers, T.M.; Rice, C.M. Uncleaved NS2-3 is required for
production of infectious bovine viral diarrhea virus. J. Virol. 2004, 78, 2414–2425. [CrossRef] [PubMed]

40. Klemens, O.; Dubrau, D.; Tautz, N. Characterization of the determinants of NS2-3-independent virion
morphogenesis of Pestiviruses. J. Virol. 2015, 89, 11668–11680. [CrossRef] [PubMed]

41. Tamura, J.K.; Warrener, P.; Collett, M.S. RNA-stimulated NTPase activity associated with the p80 protein of
the pestivirus bovine viral diarrhea virus. Virology 1993, 193, 1–10. [CrossRef] [PubMed]

42. Warrener, P.; Collett, M.S. Pestivirus NS3 (p80) protein possesses RNA helicase activity. J. Virol. 1995, 69,
1720–1726. [PubMed]

43. Wiskerchen, M.; Collett, M.S. Pestivirus gene expression: Protein p80 of bovine viral diarrhea virus is
a proteinase involved in polyprotein processing. Virology 1991, 184, 341–350. [CrossRef]

44. Tautz, N.; Kaiser, A.; Thiel, H.J. NS3 serine protease of bovine viral diarrhea virus: Characterization of
active site residues, NS4A cofactor domain, and protease-cofactor interactions. Virology 2000, 273, 351–363.
[CrossRef] [PubMed]

252



Viruses 2017, 9, 171

45. Dubrau, D.; Tortorici, M.A.; Rey, F.A.; Tautz, N. A positive-strand RNA virus uses alternative protein-protein
interactions within a viral protease/cofactor complex to switch between RNA replication and virion
morphogenesis. PLoS Pathog. 2017, 13, e1006134. [CrossRef] [PubMed]

46. Gladue, D.; Gavrilov, B.K.; Holinka, L.G.; Fernández-Sainz, I.J.; Vepkhvadze, N.; Rogers, K.; O’Donnell, V.;
Risatti, G.R.; Borca, M.V. Identification of an NTPase motif in classical swine fever virus NS4B protein.
Virology 2011, 411, 41–49. [CrossRef] [PubMed]

47. Fernandez-Sáinz, I.; Gladue, D.P.; Holinka, L.G.; O’Donnell, V.; Gudmundsdottir, I.; Prarat, M.V.; Patch, J.R.;
Golde, W.T.; Lu, Z.; Zhu, J.; et al. Mutations in classical swine fever virus NS4B affect virulence in swine.
J. Virol. 2010, 3, 1536–1539. [CrossRef] [PubMed]

48. Reed, K.E.; Gorbalenya, A.E.; Rice, C.M. The NS5A/NS5 proteins of viruses from three genera of the
family Flaviviridae are phosphorylated by associated serine/threonine kinases. J. Virol. 1998, 72, 6199–6206.
[PubMed]

49. Pei, J.; Zhao, M.; Ye, Z.; Gou, H.; Wang, J.; Yi, L.; Dong, X.; Liu, W.; Luo, Y.; Liao, M.; et al. Autophagy
enhances the replication of classical swine fever virus in vitro. Autophagy 2013, 10, 93–110. [CrossRef]
[PubMed]

50. Pei, J.; Deng, J.; Ye, Z.; Wang, J.; Gou, H.; Liu, W.; Zhao, M.; Liao, M.; Yi, L.; Chen, J. Absence of autophagy
promotes apoptosis by modulating the ROS-dependent RLR signaling pathway in classical swine fever
virus-infected cells. Autophagy 2016, 12, 1738–1758. [CrossRef] [PubMed]

51. Wang, Y.; Xiao, M.; Chen, J.; Zhang, W.; Luo, J.; Bao, K.; Nie, M.; Chen, J.; Li, B. Mutational analysis of the
GDD sequence motif of classical swine fever virus RNA-dependent RNA polymerases. Virus Genes 2007, 34,
63–65. [CrossRef]

52. Choi, K.H.; Gallei, A.; Becher, P.; Rossmann, M.G. The structure of bovine viral diarrhea virus
RNA-dependent RNA polymerase and its amino-terminal domain. Structure 2006, 14, 1107–1113. [CrossRef]
[PubMed]

53. Xiao, M.; Gao, J.; Wang, W.; Wang, Y.; Chen, J.; Chen, J.; Li, B. Specific interaction between the classical swine
fever virus NS5B protein and the viral genome. Eur. J. Biochem. 2004, 271, 3888–3896. [CrossRef] [PubMed]

54. Xiao, M.; Bai, Y.; Xu, H.; Geng, X.; Chen, J.; Wang, Y.; Chen, J.; Li, B. Effect of NS3 and NS5B proteins on
classical swine fever virus internal ribosome entry site-mediated translation and its host cellular translation.
J. Gen. Virol. 2008, 89, 994–999. [CrossRef] [PubMed]

55. Sheng, C.; Chen, Y.; Xiao, J.; Xiao, J.; Wang, J.; Li, G.; Chen, J.; Xiao, M. Classical swine fever virus NS5A
protein interacts with 3′-untranslated region and regulates viral RNA synthesis. Virus Res. 2012, 3, 636–643.
[CrossRef] [PubMed]

56. Chen, Y.; Xiao, J.; Xiao, J.; Sheng, C.; Wang, J.; Jia, L.; Zhi, Y.; Li, G.; Chen, J.; Xiao, M. Classical swine fever
virus NS5A regulates viral RNA replication through binding to NS5B and 3′-UTR. Virology 2012, 432, 376–388.
[CrossRef] [PubMed]

57. Rijnbrand, R.; van der Straaten, T.; van Rijn, P.A.; Spaan, W.J.; Bredenbeek, P.J. Internal entry of ribosomes
is directed by the 5′ noncoding region of classical swine fever virus and is dependent on the presence of
an RNA pseudoknot upstream of the initiation codon. J. Virol. 1997, 71, 451–457. [PubMed]

58. Shi, B.J.; Liu, C.C.; Zhou, J.; Wang, S.Q.; Gao, Z.C.; Zhang, X.M.; Zhou, B.; Chen, P.Y. Entry of classical swine
fever virus into PK-15 cells via a pH-, dynamin-, and cholesterol-dependent, clathrin-mediated endocytic
pathway that requires Rab5 and Rab7. J. Virol. 2016, 90, 9194–9208. [CrossRef] [PubMed]

59. Lecot, S.; Belouzard, S.; Dubuisson, J.; Rouillé, Y. Bovine viral diarrhea virus entry is dependent on
clathrin-mediated endocytosis. J. Virol. 2005, 79, 10826–10829. [CrossRef] [PubMed]

60. Manna, D.; Aligo, J.; Xu, C.; Park, W.S.; Koc, H.; Heo, W.D.; Konan, K.V. Endocytic Rab proteins are required
for hepatitis C virus replication complex formation. Virology 2010, 398, 21–37. [CrossRef] [PubMed]

61. Van der Schaar, H.M.; Rust, M.J.; Chen, C.; van der Ende-Metselaar, H.; Wilschut, J.; Zhuang, X.; Smit, J.M.
Dissecting the cell entry pathway of dengue virus by single-particle tracking in living cells. PLoS Pathog.
2008, 12, e1000244. [CrossRef] [PubMed]

62. Krishnan, M.N.; Sukumaran, B.; Pal, U.; Agaisse, H.; Murray, J.L.; Hodge, T.W.; Fikrig, E. Rab 5 is required
for the cellular entry of dengue and West Nile viruses. J. Virol. 2007, 81, 4881–4885. [CrossRef] [PubMed]

63. Foo, K.Y.; Chee, H.Y. Interaction between Flavivirus and cytoskeleton during virus replication. Biomed. Res. Int.
2015, 2015, 427814. [CrossRef] [PubMed]

253



Viruses 2017, 9, 171

64. He, F.; Ling, L.; Liao, Y.; Li, S.; Han, W.; Zhao, B.; Sun, Y.; Qiu, H.J. Beta-actin interacts with the E2 protein and
is involved in the early replication of classical swine fever virus. Virus Res. 2014, 179, 161–168. [CrossRef]
[PubMed]

65. Wright, J.F.; Kurosky, A.; Pryzdial, E.L.; Wasi, S. Host cellular annexin II is associated with cytomegalovirus
particles isolated from cultured human fibroblasts. J. Virol. 1995, 69, 4784–4791. [PubMed]

66. Ryzhova, E.V.; Vos, R.M.; Albright, A.V.; Harrist, A.V.; Harvey, T.; González-Scarano, F. Annexin 2: A novel
human immunodeficiency virus type 1 Gag binding protein involved in replication in monocyte-derived
macrophages. J. Virol. 2006, 80, 2694–2704. [CrossRef] [PubMed]

67. LeBouder, F.; Morello, E.; Rimmelzwaan, G.F.; Bosse, F.; Péchoux, C.; Delmas, B.; Riteau, B. Annexin
II incorporated into influenza virus particles supports virus replication by converting plasminogen into
plasmin. J. Virol. 2008, 82, 6820–6828. [CrossRef] [PubMed]

68. Backes, P.; Quinkert, D.; Reiss, S.; Binder, M.; Zayas, M.; Rescher, U.; Gerke, V.; Bartenschlager, R.; Lohmann, V.
Role of annexin A2 in the production of infectious hepatitis C virus particles. J. Virol. 2010, 84, 5775–5789.
[CrossRef] [PubMed]

69. Yang, Z.; Shi, Z.; Guo, H.; Qu, H.; Zhang, Y.; Tu, C. Annexin 2 is a host protein binding to classical swine
fever virus E2 glycoprotein and promoting viral growth in PK-15 cells. Virus Res. 2015, 201, 16–23. [CrossRef]
[PubMed]

70. Sheng, C.; Liu, X.; Jiang, Q.; Xu, B.; Zhou, C.; Wang, Y.; Chen, J.; Xiao, M. Annexin A2 is involved in the
production of classical swine fever virus infectious particles. J. Gen. Virol. 2015, 96, 1027–1032. [CrossRef]
[PubMed]

71. Gladue, D.; O’Donnell, V.; Fernández-Sainz, I.J.; Fletcher, P.; Baker-Branstetter, R.; Holinka, L.; Sanford, B.;
Carlson, J.; Lu, Z.; Borca, M.V. Interaction of structural core protein of classical swine fever virus with
endoplasmic reticulum-associated degradation pathway protein OS9. Virology 2014, 460, 173–179. [CrossRef]
[PubMed]

72. Zhang, C.; Kang, K.; Ning, P.; Peng, Y.; Lin, Z.; Cui, H.; Cao, Z.; Wang, J.; Zhang, Y. Heat shock protein 70 is
associated with CSFV NS5A protein and enhances viral RNA replication. Virology 2015, 482, 9–18. [CrossRef]
[PubMed]

73. Li, S.; Feng, S.; Wang, J.H.; He, W.R.; Qin, H.Y.; Dong, H.; Li, L.F.; Yu, S.X.; Li, Y.; Qiu, H.J. eEF1A interacts
with the NS5A protein and inhibits the growth of classical swine fever virus. Viruses 2015, 7, 4563–4581.
[CrossRef] [PubMed]

74. Johnson, C.M.; Perez, D.R.; French, R.; Merrick, W.C.; Donis, R.O. The NS5A protein of bovine viral diarrhoea
virus interacts with the alpha subunit of translation elongation factor-1. J. Gen. Virol. 2001, 82, 2935–2943.
[CrossRef] [PubMed]

75. Sheng, C.; Yao, Y.; Chen, B.; Wang, Y.; Chen, J.; Xiao, M. RNA helicase is involved in the expression and
replication of classical swine fever virus and interacts with untranslated region. Virus Res. 2013, 171, 257–261.
[CrossRef] [PubMed]

76. Bauhofer, O.; Summerfield, A.; Sakoda, Y.; Tratschin, J.D.; Hofmann, M.A.; Ruggli, N. Classical swine fever
virus Npro interacts with interferon regulatory factor 3 and induces its proteasomal degradation. J. Virol.
2007, 81, 3087–3096. [CrossRef] [PubMed]

77. Fiebach, A.R.; Guzylack-Piriou, L.; Python, S.; Summerfield, A.; Ruggli, N. Classical swine fever virus Npro

limits type I interferon induction in plasmacytoid dendritic cells by interacting with interferon regulatory
factor 7. J. Virol. 2011, 85, 8002–8011. [CrossRef] [PubMed]

78. Li, D.; Li, S.; Sun, Y.; Dong, H.; Li, Y.; Zhao, B.; Guo, D.; Weng, C.; Qiu, H.J. Poly(C)-binding protein 1,
a novel Npro-interacting protein involved in classical swine fever virus growth. J. Virol. 2013, 87, 2072–2080.
[CrossRef] [PubMed]

79. Doceul, V.; Charleston, B.; Crooke, H.; Reid, E.; Powell, P.P.; Seago, J. The Npro product of classical swine fever
virus interacts with Ikappa B alpha, the NF-kappaB inhibitor. J. Gen. Virol. 2008, 89, 1881–1889. [CrossRef]
[PubMed]

80. Johns, H.L.; Doceul, V.; Everett, H.; Crooke, H.; Charleston, B.; Seago, J. The classical swine fever virus
N-terminal protease Npro binds to cellular HAX-1. J. Gen. Virol. 2010, 91, 2677–2686. [CrossRef] [PubMed]

81. Li, D.; Dong, H.; Li, S.; Munir, M.; Chen, J.; Luo, Y.; Sun, Y.; Liu, L.; Qiu, H.J. Hemoglobin subunit beta
interacts with the capsid protein and antagonizes the growth of classical swine fever virus. J. Virol. 2013, 87,
5707–5717. [CrossRef] [PubMed]

254



Viruses 2017, 9, 171

82. Gladue, D.; Holinka, L.; Fernández-Sainz, I.J.; Prarat, M.; O’Donell, V.; Vepkhvadze, N.; Lu, Z.; Rogers, K.;
Risatti, G.; Borca, M.V. Effects of the interactions of classical swine fever virus Core protein with proteins of
the SUMOylation pathway on virulence in swine. Virology 2010, 407, 129–136. [CrossRef] [PubMed]

83. Gladue, D.; Holinka, L.; Fernández-Sainz, I.J.; Prarat, M.; O’Donnell, V.; Vepkhvadze, N.; Lu, Z.; Risatti, G.;
Borca, M.V. Interaction between Core protein of classical swine fever virus with cellular IQGAP1 protein
appears essential for virulence in swine. Virology 2011, 412, 68–74. [CrossRef] [PubMed]

84. Li, S.; Wang, J.; He, W.R.; Feng, S.; Li, Y.; Wang, X.; Liao, Y.; Qin, H.Y.; Li, L.F.; Dong, H.; et al. Thioredoxin 2
is a novel E2-interacting protein that inhibits the replication of classical swine fever virus. J. Virol. 2015, 89,
8510–8524. [CrossRef] [PubMed]

85. Wang, J.; Chen, S.; Liao, Y.; Zhang, E.; Feng, S.; Yu, S.; Li, L.F.; He, W.R.; Li, Y.; Luo, Y.; et al. Mitogen-activated
protein kinase kinase 2, a novel E2-interacting protein, promotes the growth of classical swine fever virus
via attenuation of the JAK-STAT signaling pathway. J. Virol. 2016, 90, 10271–10283. [CrossRef] [PubMed]

86. Li, L.F.; Yu, J.H.; Li, Y.; Wang, J.; Li, S.; Zhang, L.K.; Xia, S.L.; Yang, Q.; Wang, X.; Yu, S.; et al.
Guanylate-binding protein 1, an interferon-induced GTPase, exerts an antiviral activity against classical
swine fever virus depending on its GTPase activity. J. Virol. 2016, 90, 4412–4426. [CrossRef] [PubMed]

87. Shi, Z.; Sun, J.; Guo, H.; Yang, Z.; Ma, Z.; Tu, C. Down-regulation of cellular protein heme oxygenase 1
inhibits proliferation of classical swine fever virus in PK-15 cells. Virus Res. 2013, 173, 315–320. [CrossRef]
[PubMed]

88. Zögg, T.; Sponring, M.; Schindler, S.; Koll, M.; Schneider, R.; Brandstetter, H.; Auer, B. Crystal structures of
the viral protease Npro imply distinct roles for the catalytic water in catalysis. Structure 2013, 21, 929–938.
[CrossRef] [PubMed]

89. Xu, K.; Klenk, C.; Liu, B.; Keiner, B.; Cheng, J.K.; Zheng, B.J.; Li, L.; Han, Q.L.; Wang, C.; Li, T.X.; et al.
Modification of nonstructural protein 1 of influenza A virus by SUMO1. J. Virol. 2011, 85, 1086–1098.
[CrossRef] [PubMed]

90. Han, Q.; Chang, C.; Li, L.; Klenk, C.; Cheng, J.; Chen, Y.; Xia, N.; Shu, Y.; Chen, Z.; Gabriel, G.; et al.
SUMOylation of influenza A virus nucleoprotein is essential for intracellular trafficking and virus growth.
J. Virol. 2014, 88, 9379–9390. [CrossRef] [PubMed]

91. Higginbotham, J.M.; O’Shea, C.C. Adenovirus E4-ORF3 targets PIAS3 and together with E1B-55K remodels
SUMO interactions in the nucleus and at virus genome replication domains. J. Virol. 2015, 89, 10260–10272.
[CrossRef] [PubMed]

92. Richt, J.A.; García-Sastre, A. Attenuated influenza virus vaccines with modified NS1 proteins. Curr. Top.
Microbiol. Immunol. 2009, 333, 177–195. [PubMed]

93. Sanchez-Cordon, P.J.; Romanini, S.; Salguero, F.J.; Nunez, A.; Bautista, M.J.; Jover, A.; Gomez-Villamos, J.C.
Apoptosis of thymocytes related to cytokine expression in experimental classical swine fever. J. Comp. Pathol.
2002, 127, 239–248. [CrossRef] [PubMed]

94. Summerfield, A.; Alves, M.; Ruggli, N.; de Bruin, M.G.; McCullough, K.C. High IFN-alpha responses
associated with depletion of lymphocytes and natural IFN-producing cells during classical swine fever.
J. Interferon Cytokine Res. 2006, 26, 248–255. [CrossRef] [PubMed]

95. Sánchez-Cordón, P.J.; Núñez, A.; Salguero, F.J.; Pedrera, M.; Fernández de Marco, M.; Gómez-Villamandos, J.C.
Lymphocyte apoptosis and thrombocytopenia in spleen during classical swine fever: Role of macrophages
and cytokines. Vet. Pathol. 2005, 42, 477–488. [CrossRef] [PubMed]

96. Bruschke, C.J.; Hulst, M.M.; Moormann, R.J.; van Rijn, P.A.; van Oirschot, J.T. Glycoprotein Erns of
pestiviruses induces apoptosis in lymphocytes of several species. J. Virol. 1997, 71, 6692–6696. [PubMed]

97. Hsu, W.L.; Chen, C.L.; Huang, S.W.; Wu, C.C.; Chen, I.H.; Nadar, M.; Su, Y.P.; Tsai, C.H. The untranslated
regions of classic swine fever virus RNA trigger apoptosis. PLoS ONE 2014, 9, e88863. [CrossRef] [PubMed]

98. Ruggli, N.; Bird, B.H.; Liu, L.; Bauhofer, O.; Tratschin, J.D.; Hofmann, M.A. Npro of classical swine fever
virus is an antagonist of double-stranded RNA-mediated apoptosis and IFN-α/β induction. Virology 2005,
340, 265–276. [CrossRef] [PubMed]

99. Tang, Q.H.; Guo, K.; Kang, K.; Zhang, Y.; He, L.; Wang, J. Classical swine fever virus NS2 protein promotes
interleukin-8 expression and inhibits MG132-induced apoptosis. Virus Genes 2011, 42, 355–362. [CrossRef]
[PubMed]

255



Viruses 2017, 9, 171

100. Tang, Q.H.; Zhang, Y.M.; Fan, L.; Tong, G.; He, L.; Dai, C. Classic swine fever virus NS2 protein leads to the
induction of cell cycle arrest at S-phase and endoplasmic reticulum stress. Virol. J. 2010, 7, 4. [CrossRef]
[PubMed]

101. Rust, M.J.; Lakadamyali, M.; Zhang, F.; Zhuang, X. Assembly of endocytic machinery around individual
influenza viruses during viral entry. Nat. Struct. Mol. Biol. 2004, 11, 567–573. [CrossRef] [PubMed]

102. Gerold, G.; Bruening, J.; Weigel, B.; Pietschmann, T. Protein interactions during the Flavivirus and Hepacivirus
life cycle. Mol. Cell. Proteom. 2017, 16, 75–91. [CrossRef] [PubMed]

103. Zhao, Y.; Wang, T.; Yao, L.; Liu, B.; Teng, C.; Ouyang, H.S. Classical swine fever virus replicated poorly in
cells from MxA transgenic pigs. BMC Vet. Res. 2016, 12, 169. [CrossRef] [PubMed]

104. Burkard, C.; Lillico, S.G.; Reid, E.; Jackson, B.; Mileham, A.J.; Ait-Ali, T.; Whitelaw, C.B.; Archibald, A.L.
Precision engineering for PRRSV resistance in pigs: Macrophages from genome edited pigs lacking
CD163 SRCR5 domain are fully resistant to both PRRSV genotypes while maintaining biological function.
PLoS Pathog. 2017, 13, e1006206. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

256



viruses

Article

Effective Detection of Porcine Cytomegalovirus Using
Non-Invasively Taken Samples from Piglets

Vladimir A. Morozov 1,*, Gerd Heinrichs 2 and Joachim Denner 1,*

1 Robert Koch Institute, 13353 Berlin, Germany
2 Aachen Minipigs, 52525 Heinsberg, Germany; heinrichs.karken@web.de
* Correspondence: MorozovV@rki.de (V.A.M.); DennerJ@rki.de (J.D.);

Tel.: +49-30-18754-2913 (V.A.M.); +49-30-18754-2800 (J.D.)

Academic Editors: Linda Dixon and Simon Graham
Received: 20 October 2016; Accepted: 3 January 2017; Published: 12 January 2017

Abstract: Shortage of human organs forced the development of xenotransplantation using cells,
tissues, and organs from pigs. Xenotransplantation may be associated with the transmission of
porcine zoonotic microorganisms, among them the porcine cytomegalovirus (PCMV). To prevent
virus transmission, pigs have to be screened using sensitive methods. In order to perform
regular follow-ups and further breeding of the animals, samples for testing should be collected
by low-invasive or non-invasive methods. Sera, ear biopsies, as well as oral and anal swabs
were collected from ten 10-day-old Aachen minipigs (AaMP) and tested for PCMV using sensitive
nested polymerase chain reaction (PCR) as well as uniplex and duplex real-time PCR. Porcine
cytomegalovirus DNA was detected most frequently in oral and anal swabs. Comparison of duplex
and uniplex real-time PCR systems for PCMV detection demonstrated a lower sensitivity of duplex
real-time PCR when the copy numbers of the target genes were low (less 200). Therefore, to increase
the efficacy of PCMV detection in piglets, early testing of oral and anal swabs by uniplex real-time
PCR is recommended.

Keywords: Aachen minipigs (AaMP); non-invasive sampling; porcine cytomegalovirus (PCMV);
infection; detection; sensitivity; nested PCR; real-time PCR

1. Introduction

Xenotransplantation using pig cells, tissues, or organs made enormous progress in recent years as
an alternative for allotransplantation [1]. However, xenotransplantation may be associated with the
transmission of porcine zoonotic microorganisms, including the porcine cytomegalovirus (PCMV).

Cells, organs, and tissues of pigs have been used in first preclinical and clinical xenotransplantation
trials (for review see [2]) and it was clearly shown that in pig to non-human primate transplantation
trials using transplants from PCMV-infected animals, replication of PCMV took place in the recipient [3,4].
In another case, despite the fact that PCMV was undetectable in a donor animal, the virus was
transmitted with the heart transplant and actively replicated later in the non-human primate
recipient [5]. In all cases, it remained unclear whether PCMV infected cells of the recipient. However,
PCMV transmission reduced nearly three times the survival time of the transplant as demonstrated
in two kidney xenotransplantation trials using organs from α-1,3-galactosytransferase knockout
(GalT-KO) pigs into baboons [6] or cynomolgus monkeys [7]. Based on these and some earlier data,
PCMV is considered a potential zoonotic pathogen [8–11].

PCMV is an enveloped virus with a double stranded DNA genome. It belongs to the Herpesviridae
family, subfamily Betaherpesvirinae, genus Roseolavirus. The PCMV genome contains 128,367 nucleotide
pairs, 79 open reading frames (ORFs), and 73 of those have promotors and eight genes coding
for putative proteins with unique sequences and yet unknown functions [12]. The diversity of

Viruses 2017, 9, 9 257 www.mdpi.com/journal/viruses



Viruses 2017, 9, 9

PCMV on a full genome level was not well investigated, since only one virus isolate from pulmonary
alveolar macrophages was completely sequenced [12]. Porcine cytomegalovirus is genetically more
closely related to human herpesviruses 6A and 6B (HHV-6A, B) and 7 (HHV-7), than to human
cytomegalovirus (HCMV, HHV-5).

Porcine cytomegalovirus infection of pigs is endemic [13–16]. Virus transmission occurs
horizontally through nasal and ocular secretions, milk, and urine. Data on transplacental infections are
controversial [15,17–19]. In newborn and young piglets, the virus may cause inclusion body rhinitis
and generalized infection. However, in adult animals PCMV is latent and the virus titer in body
fluids and organs is very low or undetectable [15]. The low virus titer in the blood is a principal
obstacle in PCMV diagnostic by PCR. Furthermore, at present it is still unknown whether PCMV
infects human cells. Results of in vitro infection studies using co-cultivation of infected porcine cells
with two established human cell lines [8] and primary fibroblasts [20] were controversial.

Pig blood and sera were most frequently used for routine PCMV testing. However, it was shown
that in terms of PCMV, blood is not the most representative biological material [15]. Testing of organs
for PCMV could be more informative, but the results are limited to the tested animals and do not
provide a full-scale picture of virus spread in the herd. To improve systematic testing of pigs, there are
several possibilities: early testing using non-invasive sampling methods, optimized DNA extraction
for selected material, and highly sensitive methods of virus diagnostic. However, it was unknown
what might be the best diagnostic sample material to be collected by non-invasive methods.

Previously, extensive screenings for the PCMV genome were performed in a variety of tissues and
body fluids from farm animals of different ages using real-time polymerase chain reaction (PCR) [15,21].
These studies demonstrated that, in adult animals, the virus was not detected in blood, urine, feces,
nasal, and oral swabs, but it was present in low copy number in the spleen and in peripheral blood
mononuclear cells (PMBC). In contrast, PCMV was found in all examined organs in three out of four,
three to five-week-old piglets, and in nasal and saliva swabs of one piglet, however the feces of all
piglets were PCMV DNA negative [15]. When three week-old piglets were tested, a high virus load
(>4 × 107 copies/mg) was detected in the thymus [22]. However, other organs were not analyzed.

Here a comparative study of PCMV detection in selected biological sample material collected by
low-invasive and non-invasive methods was performed with the goal to select negative animals for
further breeding. A cohort of 10-day-old Aachen minipigs (AaMP) was analyzed by different PCR
approaches using sera, ear biopsies and oral and anal swabs. Sensitive nested PCR and real-time PCR
systems in uniplex and duplex versions were used for PCMV DNA detection and the sensitivity of
the methods was compared. In addition, PCMV amplicones were sequenced in order to confirm that
it was PCMV, to investigate putative viral variability and to exclude that there was contamination
during PCR handling.

2. Materials and Methods

2.1. Animals and Examined Samples

Aachen minipigs are new minipig breeds produced in Aachen (Germany) for medical and
pharmaceutical research. Production of animals is registered under protocol no. 27605370/0120349
(Veterinär- und Lebensmittelüberwachungsamt, Kreis Heinsberg, Germany).

Pregnant sows were kept separately in special bays. After birth, the piglets stayed with the mother
for six weeks for breast feeding. Then, the animals were weaned and different litters were mixed to
form groups of 20 animals. Testing at this time point is relevant to segregation strategies for animals
destined for research purposes. The first microbiological characterization of randomly selected AaMP
was performed recently [23].

In this study, a cohort of 10-day-old AaMP from five litters born from five parent pairs (five sows
and four boars) was examined. Oral and anal swabs were collected using sterile cotton buds and
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shipped cooled together with blood and ear biopsies (about 3 mm2), and processed immediately
after delivery.

2.2. DNA Extraction

To obtain comparable results, all DNA extraction procedures were performed using the
Quick-DNA Universal kit (Zymo Research, The Epigenetics Company, Irvine, CA, USA). Material
from cotton swabs were eluted in 200 μL of phosphate buffered saline (PBS) and 100 μL were used for
DNA extraction that was repeated twice. To reduce the amount of PCR inhibitors, DNA samples from
anal swabs were additionally purified using One Step PCR Inhibitor Removing kit (Zymo Research).
DNA from ear biopsies was extracted from 10 to 15 mg of the tissue. For complete sample digestion,
proteinase K treatment was extended to 18 h. DNA extraction from sera was performed two times,
using each time 100 μL and the DNA was eluted in a final volume of 35 μL. The DNA specimens
were quantified on NanoDrop spectrophotometer ND-1000 (Thermo Fisher Scientific, Inc., Worcester,
MA, USA).

2.3. Conventional Polymerase Chain Reaction and Nested Polymerase Chain Reaction

Primers and probes for PCR systems (Table 1) were synthesized by Sigma-Aldrich (Munich,
Germany). The Gibbs free energy change (ΔG) and melting temperature (Tm) for oligonucleotides
hair pins were estimated using Oligo Analyzer 3.1 (Integrated DNA technologies, Coralville, IA, USA;
Table 1). Estimation of the PCR sensitivity was reported earlier [24].

The nested PCR was performed with the GoTaq Green master mix according to the protocol of the
supplier (Promega, Madison, WI, USA) using primers F1 and R1. After initial denaturation at 95 ◦C
for 2 min 40 cycles of denaturation at 94 ◦C for 30 s, annealing at 58 ◦C for 30 s and extension at 70 ◦C
for 40 s were performed. The length of the amplicon after the first-round PCR was 350 bp. Using one
microliter from the first reaction the second PCR round of 35 cycles was performed with primers F2
and R2 (annealing temperature 54 ◦C) and extension was reduced to 30 s. The length of the amplicon
after the second-round PCR was 206 bp.

2.4. Cloning and Sequence Analysis of the Amplicons

Polymerase chain reaction amplicons were ligated into the pCR2.1-TOPO vector according to the
protocol of the supplier (Invitrogen Life Technologies, Carlsbad CA, USA). Mix & Go competent cells
(Zymo Research, The Epigenetics Company, Irvine, CA, USA) were transformed with the constructs
and plated on lysogeny broth (LB) agar/ampicillin dishes for 18 h at 37 ◦C. Colonies were collected
and amplified in LB/ampicillin medium overnight at 37 ◦C. Plasmids were isolated using PureYield
plasmid miniprep system (Promega, Madison, WI, USA) and sequenced in both directions using
primers from the cloning kit and BigDye terminator v.3.1 cycle sequencing kit (Applied Biosystems,
Darmstadt, Germany).
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2.5. Real-Time Polymerase Chain Reaction

DNA (200 ng) was extracted from ears, oral and anal swabs, and 50 ng of DNA was extracted
from sera and used for testing. The real-time PCR was performed using SensiFast probe no ROX
kit according to supplier recommendations (Bioline GmbH, Luckenwalde, Germany). Primers and
probes are listed in Table 1. The reaction was performed in 20 μL. The PCR conditions were as follows:
enzyme activation for 5 min at 95 ◦C was followed by 45 cycles of denaturation at 95 ◦C for 10 s,
annealing at 59 ◦C for 20 s, and extension at 62 ◦C for 30 s. Design of the reference plasmid was
described previously [24]. For the target quantification experiments were accompanied by a serial
10-fold dilution (1x105, 1x104, 1x103, 1x102, 1x101 and two or one copy) of the reference plasmid,
example is shown (Figure 1). The sensitivity of the uniplex real-time PCR system was 1–2 copies per
reaction and the estimated efficiency of the real-time PCR was between 0.98 and 1.02. The real-time PCR
was performed as uniplex or as duplex PCR, using the porcine cyclophilin A gene as a housekeeping
control with primers and probe described previously [25]. Reaction was performed in a Stratagene
MX3005P system (Agilent Technologies, Santa Clara, CA, USA). Each sample was tested in duplicates,
once using uniplex real-time PCR and once using duplex real-time PCR. In addition for confirmation,
oral samples were tested using two uniplex real-time PCRs and one duplex real-time PCR. Serum
samples were tested using two uniplex real-time PCRs and one duplex real-time PCR. Anal swabs
were tested using three uniplex real-time PCRs. Ear biopsies were tested using two uniplex real-time
PCRs and one duplex real-time PCR.

Figure 1. Estimation of the sensitivity of the real-time polymerase chain reaction (PCR)—a representative
result. Serial 10-fold dilutions of the reference plasmid containing the PCMV DNA polymerase (DNApol)
gene were used for quantification. (a) Amplification plots. dR: reporter signal normalized to the
fluorescent signal of the fluorophore ROX (Rn) minus the base line; (b) Standard curve. The reference
plasmid was diluted in nuclease-free H2O containing 100 ng/μL of salmon sperm DNA. Cycle threshold
(Ct) is inversely proportional to the amounts of target in the reaction.

2.6. Software

The Basic Local Alignment Search Tool (BLAST) program from the National Center for
Biotechnology Information (NCBI) [26], was used for search. Oligo analyzer 3.1 (Integrated
DNA technologies, Coralville, IA, USA) was used to estimate parameters of the oligonucleotides.
The sequence alignments were performed using software package Lasergene Version 10 (DNASTAR,
Inc., Madison, WI, USA).

3. Results

3.1. Characterization of DNA from Samples Collected by Non-Invasive and Low-Invasive Methods

To analyze the PCMV virus load, samples collected by non-invasive or low-invasive methods
from 10-day-old AaMP were analyzed. DNA was extracted from all samples and tested by PCR
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specific for the PCMV DNA polymerase (DNApol) gene. Two forms of viral DNA might be expected in
these samples, DNA-associated with virus particles, and viral DNA from the nucleus and cytoplasm
of the infected cells. Since swabs contain both viral DNA from infected cells and cell-free viral DNA
from saliva or anal mucosal fluid, a comparison of delta cycle threshold-ΔCt (Ct of the detected target
minus Ct of the housekeeping gene), that are frequently used in real-time PCR for quantification, is
not applicable. It should be emphasized, that the anal swabs contained only traces (if any) of stool.
To eliminate possible PCR inhibitors, the DNA underwent additional purification steps as described in
Material and Methods section.

An equal amount (200 ng) of DNA from ear biopsies and oral and anal swabs was tested in each
reaction. Since the amount of cellular DNA in sera was low, only 50 ng of DNA were tested in every
experiment. The presence and integrity of cellular DNA was estimated by uniplex real-time PCR
using the porcine cyclophilin A gene (Table 2). Tests were performed in duplicates. Since the external
ear contains predominantly cartilaginous tissues (ear chondrocytes were the most abundant cells,
representing 10% of the total ear mass), the amount of extracted DNA was relatively low compared to
the amount of DNA that might be extracted using the same amount of material from other organs.
However, among all samples examined, the highest amount of cellular DNA was extracted from the
ear biopsies and the lowest, as expected, from sera. Mean values for the extracted DNA were the
following: ear biopsies - 95 ng/μL; oral swabs - 57 ng/μL, anal swabs - 66 ng/μL and sera - 12 ng/μL.

Table 2. Comparison of host DNA load in samples from piglets using real-time PCR using cyclophilin A
as housekeeping gene. Samples were tested in duplicates. Mean Ct values are given.

Piglet #/Material Sera Anal Swabs Ears Biopsies Oral Swabs

1 29.7 22.2 22.3 26.1
2 29.6 23.4 24.6 24.3
3 27.8 21.5 23.0 25.5
4 26.8 21.8 22.0 25.5
5 27.7 21.6 20.5 28.5
6 27.8 21.7 20.7 26.4
7 28.3 21.9 21.3 28.5
8 28.3 22.3 23.5 28.0
9 28.2 25.6 21.6 26.7
10 27.1 23.6 21.0 25.9

Mean values: 28.13 22.56 22.05 26.54
Copies/reaction: 6 × 103 5 × 106 5 × 106 2 × 104

Copy/μg: 1.2 × 105 2.5 × 107 2.5 × 107 1 × 105

The amount of saliva in oral swabs was not possible to estimate, explaining the high Ct values
(Table 2) of a housekeeping gene despite relatively high amounts of DNA. It is known, that cellular
DNA undergoes fragmentation in saliva because of nuclease activity [27]. As a result, a significant
amount of short oligonucleotides are present in oral swab samples. These oligonucleotides can increase
the overall optical density reading, but because of their size they cannot be detected by real-time PCR
targeting a house-keeping gene. Most likely that was the reason why the Ct values of a house-keeping
gene, when testing the DNA from oral swabs, were relatively high. The mean Ct values of cyclophilin A
in sera and oral swabs were close, and those of the anal swabs and ear biopsies were nearly identical
(Table 2), therefore they were adequate to make a judgement.

3.2. Comparative Analysis of DNA Samples from Aachen Minipigs by Nested Polymerase Chain Reaction

DNA extracted from all biological samples was initially tested using conventional nested PCR
using primers targeting the PCMV DNApol gene. Positive samples were revealed in all types of
specimens, but the number of positive samples differed significantly (Figure 2). Samples from piglet
#4 were all positive and three out of four samples from piglet #3 were positive too. Most frequently,
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PCMV DNA was detected in oral swabs. All 10 DNA samples from oral swabs were positive in
the first PCR round, indicating that the initially present target load was above 100 gene equivalent
(g.e.)/reaction [24]. The high PCMV load in oral swabs was further confirmed by real-time PCR
(see Section 3.4). Among DNA samples, 4 out of 10 ear biopsies were also tested positive. Finally,
when sera was tested, only 1 out of 10 samples was found positive, indicating that the PCMV DNA
load in sera is lower compared to other specimens. Some extra bands were detected above the
expected amplicon after nested PCR (Figure 2B,C). These amplicons were sequenced, but they were all
not virus-specific.

Figure 2. Detection of PCMV DNApol gene by nested PCR in different biological samples from Aachen
minipig (AaMP) piglets. Animals from five litters (L) were examined. Brackets mark animals from
the same litter. (a) DNA from sera; (b) DNA from anal swabs; (+) positive control 50 copies of a
plasmid [23]; (c) DNA from ears; (d) DNA from oral swabs (first round PCR); (e) DNA from oral swabs
(second round PCR). (+), positive control in (b–e) is DNA from a PCMV infected pig. (−), master
mix without DNA. Positions of the amplicons are marked with arrow heads. Position of size markers
(500 and 200 bp) are given on the left.

3.3. Porcine Cytomegalovirus Sequences Detected in Piglets

The 206 bp PCR amplicons from piglets #3 (anal swabs), #4 (serum and oral swabs), and #6
(oral swabs) were cloned and sequenced and after sequence edition, a 170 bp nucleotide fragment
was aligned with a set of PCMV DNApol gene sequences from pigs of different geographical origin
(United Kingdom, Spain, Germany, Japan, China, and Brazil) (Figure 3). All amplicons from serum
and oral and anal swabs showed full identity in-between. Thus, it is very likely that the same virus is
circulating in all examined animals. Compared to the reference plasmid, a single nucleotide mismatch
(substitution C165T) was found, but does not induce an amino acid change. However, this indicates
that the sequenced viruses do not represent a contamination and that the primers are still adequate.
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Figure 3. Alignment of the PCMV DNApol gene sequences amplified by nested PCR using DNA
from serum and oral and anal swabs of three AaMP pigs. Each PCMV sequence detected in AaMP
represented a consensus of five cloned sequences. “DNApol Ref. Ge” is a reference sequence amplified
from a German landrace pig [23]. Genbank accession numbers are given in brackets. UK, United
Kingdom; Sp, Spain; Ge, Germany; J, Japan. The substitution C165T is underlined.

3.4. Detection of Porcine Cytomegalovirus by Real-Time Polymerase Chain Reaction and Comparison of the
Sensitivity of Uniplex and Duplex Systems

The efficiency of a duplex PCR specific for the PCMV DNApol gene and porcine cyclophilin A
gene was compared with that of a uniplex PCR specific for the PCMV DNApol gene. Duplex PCR was
previously successfully used to investigate multiple virus infections [28]. Equal amounts of the same
biological samples from AaMP were analyzed using both uniplex and duplex PCR systems (Table 3).

More PCMV-positive samples were detected by real-time PCR. To simplify the quantification
based on Ct counts, the positive samples were divided into five groups: very strong (Ct 29
or lower; above 1 × 103 g.e./reaction); strong (Ct 29–30; 1000–500 g.e./reaction); moderate
(Ct 31–35; 250–50 g.e./reaction); weak (Ct 36–37; 25–10 g.e/reaction); and single copy positive
(Ct 38–43 g.e./reaction; 5–1 g.e./reaction). In our hands, using SensiFast Probe No-Rox kit and
a uniplex real-time PCR system, a single copy target was detectable in 3/5 tests at Ct 42–43. Note, that
detection of single copies (<5) by real-time PCR is stochastic.
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Table 3. Detection of PCMV in AaMP: comparative sensitivity of uniplex and duplex real-time PCR
detection systems (mean Ct values are given, the samples were tested in duplicates).

Piglet #
Sera

Uniplex Duplex
Oral Swabs

Uniplex Duplex
Ears Biopsies

Uniplex Duplex
Anal Swabs

Uniplex Duplex

1 Neg. Neg. 30.0 30.0 35.8 Neg. Neg. Neg.
2 Neg. Neg. 27.5 28.2 30.9 31.8 39.7 Neg.
3 38.6 Neg. 29.2 30.9 Neg. Neg. Neg. Neg.
4 36.6 Neg. 28.4 30.8 39.4 Neg. 37.0 Neg.
5 Neg. Neg. 27.3 29.1 34.0 41.3 36.2 Neg.
6 37.1 Neg. 28.1 28.6 Neg. Neg. 41.3 Neg.
7 Neg. Neg. 30.1 31.1 Neg. Neg. Neg. Neg.
8 40.1 Neg. 29.4 31.4 32.3 39.7 39.5 Neg.
9 35.2 Neg. 26.1 26.9 35.2 Neg. 42.0 Neg.
10 37.2 Neg. 30.6 Neg. 43.0 Neg. 40.4 Neg.

Neg.: negative result.

The positivity of all DNA samples from 10 oral swabs as detected by conventional PCR was further
confirmed by uniplex real-time PCR (Tables 3 and 4). All samples were rated as ‘very strong’ positive.
Nine samples were also positive and comparably strong when tested in duplex PCR. Eight anal swabs
samples were positive too, but all positive reactions were rated from ‘low’ to ‘single copy positive’.
Of the sera samples, 6 of 10 were positive and rated as ‘low positive’ or ‘single copy positive’. It should
be emphasized that none of the anal swabs and sera samples were positive when tested in duplex
real-time PCR. Interestingly, six ear biopsies were positive in uniplex real-time PCR and three of them
were positive in duplex PCR while the virus loads were very diverse, ranging from ‘strong’ positive to
a ‘single-copy’ positive.

Table 4. Virus load in examined samples and comparative sensitivity of nested and uniplex real-time
PCR. Mean Ct values were given.

Piglet # Sample
DNA Load

(ng)
PCR Nested PCR

Uniplex
Real-Time PCR

(Ct Values)
G.e./Reaction

1

Serum 50 Neg. Neg. Neg. Neg.
Anal swab 200 Neg. Neg. Neg. Neg.
Oral swab 200 + + 30.0 ~103

Ear biopsies 200 Neg. + 35.8 ~40

2

Serum 50 Neg. Neg. Neg. Neg.
Anal swab 200 Neg. + 39.7 ~2–5
Oral swab 200 + + 27.5 104

Ear biopsies 200 Neg. + 30.9 ~103

3

Serum 50 Neg. Neg. 38.6 ~10
Anal swab 200 Neg. Neg. Neg. Neg.
Oral swab 200 + + 29.2 ~2 × 103

Ear biopsies 200 Neg. Neg. Neg. Neg.

4

Serum 50 + + 36.6 ~20
Anal swab 200 Neg. + 36.9 ~20
Oral swab 200 + + 28.4 ~7 × 103

Ear biopsies 200 Neg. + 39.4 ~2–5

5

Serum 50 Neg. Neg. Neg. Neg.
Anal swab 200 Neg. Neg. 36.2 ~20
Oral swab 200 + + 27.3 ~104

Ear biopsies 200 Neg. + 34.0 10e2

6

Serum 50 Neg. Neg. 37.1 10
Anal swab 200 Neg. Neg. 41.3 ~1–2
Oral swab 200 + + 28.1 ~7 × 103

Ear biopsies 200 Neg. Neg. Neg. Neg.
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Table 4. Cont.

Piglet # Sample
DNA Load

(ng)
PCR Nested PCR

Uniplex
Real-Time PCR

(Ct Values)
G.e./Reaction

7

Serum 50 Neg. Neg. Neg. Neg.
Anal swab 200 Neg. Neg. Neg. Neg.
Oral swab 200 + + 30.1 103

Ear biopsies 200 Neg. Neg. Neg. Neg.

8

Serum 50 Neg. Neg. 40.1 ~2
Anal swab 200 Neg. +(weak) 39.5 ~2
Oral swab 200 + + 30.4 103

Ear biopsies 200 Neg. Neg. 40.1 ~2

9

Serum 50 Neg. Neg. 35.2 ~30
Anal swab 200 Neg. Neg. 41.9 ~1–2
Oral swab 200 + + 26.1 2 × 104

Ear biopsies 200 Neg. Neg. 35.2 ~40

10

Serum 50 Neg. Neg. 37.2 ~10
Anal swab 200 Neg. Neg. 40.4 ~2
Oral swab 200 + + 30.6 103

Ear biopsies 200 Neg. Neg. 38.1 ~5

G.e.: genome equivalent.

The comparison of two real-time PCR systems demonstrated a lower sensitivity of the duplex
real-time PCR system (Table 3). However, when the amount of the target was above 200 g.e./reaction,
both systems were equally sensitive. The uniplex PCR demonstrated a superior sensitivity when the
amount of target was less than 100–200 g.e./reaction (>Ct 34). Further on, when using the duplex
real-time PCR system, the targets could not be detected if the amount is below 15 copies/reaction
(>Ct 35 or ‘low positive’ samples). Thus, the duplex real-time PCR used in this study was successful
when hundreds or more copies of the main target per reaction were present.

4. Discussion

Despite substantial progress in xenotransplantation [1] the microbiological safety remains a still
unresolved problem. Whereas acute viral infection could be detected in the donor pigs by clinical
manifestations, some infections including PCMV are symptomless and may become chronic and
therefore difficult to detect. Porcine cytomegalovirus is easily transmitted horizontally, but vertical
transmission might not be excluded [15,17,18]. Porcine cytomegalovirus infection is ubiquitous and
generally causes mild disease in pigs younger than six weeks [13,18]. In contrast, in adult pig PCMV is
latent and if using only blood for analysis it is difficult to detect. The virus reservoir during latency is
not clearly defined, but it likely includes immune cells. Transmission and replication of PCMV was
observed in several preclinical xenotransplantations with a serious impact on the recipient [4–7].

Previously, an extended screening for PCMV in farm animals was performed using sensitive
nested PCR, real-time PCR and serologic tests. Analyses of organs, blood, urine, feces, and oral
and nasal swabs of adult pigs revealed PCMV predominantly in the spleen and lungs, while in
body fluids, and nasal and oral swabs the virus was not detected [15]. In three out of four, three to
five-week-old piglets, the virus was detected in blood and in the majority of the tested organs, but in
only one animal was it detected in nasal and oral eluates [15]. However, it should be emphasized that
DNA was not extracted from nasal and saliva eluates, but the aliquots were directly used in the PCR
reaction after sample boiling. Though, it cannot be excluded that protein aggregates interfered with
the Taq polymerase and significantly (if not completely) inhibit the amplification. As a consequence,
false-negative results might be expected. No virus was detected in feces from piglets, but the authors
did not indicate whether DNA was purified from PCR inhibitors that are associated with this type of
samples. Interestingly, the same group reported that all DNA samples of blood from 1 to 14-day-old
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piglets were negative [15]. This result is close to what we observed analysing sera from 10-day-old
AaMP. In the examined group, only 1 in 10 animals was found positive by nested PCR. In addition,
evaluation of the prevalence of PCMV in farm animals older than six months in Brazil indicated that
virus detection in the spleen was seven times more efficient than that in sera [29].

Sampling of blood and ear biopsies is a stressful procedure, especially for piglets. Nevertheless,
blood and sera remained the most frequently used biological samples for PCMV testing in commercial farms
and in facilities producing multitransgenic animals for xenotransplantation. Blood and ear biopsies
were obtained by low-invasive methods, since the animals are not sacrificed. Here non-invasive
samples such as oral and anal swabs have shown to be more favorable. Other samples such as urine,
feces, and vaginal swabs have to be tested in future.

Early testing of piglets using oral swabs might represent the most efficient strategy to detect PCMV.
Oral swabs may contain both DNA from virus particles and PCMV DNA from infected epithelial cells.
However, low stability of free DNA in saliva means that mostly DNA from viral particles was detected
in these samples. The viral DNA load in oral swabs was estimated as 5 × 103–1 × 105 g.e./μg and it
was about two orders of magnitude higher than that detected in other samples (Table 5).

Table 5. Summary. PCMV detection by different PCR methods and estimation of viral DNA load by
uniplex and duplex real-time PCR.

Samples/Methods
PCR

(Positive/Total)
Nested PCR

(Positive/Total)

Uniplex
Real-Time PCR
(Positive/Total)

Duplex
Real-Time PCR
(Positive/Total)

G.e., Detected

Sera 1/10 1/10 6/10 0/10 10–150/mL
Anal swabs 0/10 3/10 7/10 0/10 5–100/μg
Oral swabs 10/10 10/10 10/10 9/10 5 × 103–1 × 105/μg
Ear biopsies 0/10 1/10 7/10 3/10 25–5 × 103/μg

Total 11/40 15/40 30/40 12/40

It should be emphasized that the oral swabs were obtained from suckling AaMP piglets and milk
is considered to be a source of PCMV infection. Earlier, it has been shown that early weaning prevents
virus transmission [4]. Thus, it cannot be excluded that cell-free PCMV or PCMV-infected epithelial
cells from the milk contributed to the positive reaction observed with oral swabs. In this regard,
it remains to be determined if PCMV from milk can infect and actively replicate in oral epithelial cells
of piglets soon after birth. It is worth mentioning that analysis of porcine milk for PCMV infection
has not been performed and, in this study, milk was not available for investigation. In this regard,
it cannot be excluded that the efficacy of detecting PCMV positive oral swabs from fatteners or adult
pigs might be lower.

Oral swabs from all piglets were PCMV DNA-positive; however, virus positivity in other samples
varied. All samples from four animals (#4, #8, #9, and #19) were positive. Interestingly, the lowest
frequency of PCMV detection was found for sera, a material that is frequently used for PCMV
diagnostic. Analysis of ear biopsies showed a surprising result. A high number of positive animals was
detected, including animals which serum DNA samples were PCMV DNA negative (#1, #2, and #5).
Another unexpected result was a significant difference in PCMV DNA load (Table 4). For example,
the highest PCMV DNA load was detected in piglet #2, it was 10–200 times above the level in the
remaining six PCMV-positive animals. One explanation for the high virus load may be based on
the aggressive behavior of the piglets within the first week of life, when a teat order and dominance
hierarchy is established. Piglets may bite and chew ears of the others and contaminate the ears with
saliva. In this regard, contaminated ear biopsies might demonstrate a significantly higher virus load in
real-time PCR compared to the non-contaminated ones.

In this study, we compared duplex and uniplex real-time PCR as diagnostic tools for PCMV.
This issue had been addressed earlier when analyzing conventional multiplex PCR systems for viral
diagnostic [30]. In particular, problems with primer interference resulting in a reduction of the
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sensitivity in multiplex versus uniplex PCR were discussed. Limitations of duplex real-time PCR
methods in detection of low copies of target genes five to seven orders of magnitude lower than the
housekeeping gene were reported [25].

Here we demonstrated that compared to the sensitivity of the uniplex real-time PCR that of the
duplex real-time PCR was lower. For example, samples that when analyzed by uniplex real-time
PCR contained below 15 g.e./reaction were found negative when tested by duplex real-time PCR.
Since the amount of the housekeeping gene compared with that of the target viral gene may differ by
more than five to six orders of magnitude, proportional decreasing the concentration of the primers
targeting the housekeeping gene would not solve the problem. Thus, to avoid false-negative results in
diagnostic testing, it is useful to perform separate PCR reactions: one for the detection of the target
gene, and another for the control housekeeping gene. However, it cannot be excluded that other duplex
real-time PCR systems might perform better and be more sensitive in simultaneous detection of the
housekeeping gene and the main target gene present at very low copy numbers.

5. Conclusions

Porcine cytomegalovirus DNA was detected in all ten 10-day-old piglets. Most frequently
PCMV DNA was found by real-time PCR in oral (10 of 10 animals) and anal swabs (7 of 10 animals).
In comparison, only 6 of 10 serum samples were positive. Based on the results described, several
proposals on how to improve screening of piglets for PCMV infection can be made. First, piglets
should be tested as soon as possible after birth, since the virus titer might be high and easy to detect.
Second, to avoid stress and allowing further breeding, sampling should be performed by non-invasive
means, for instance using oral and anal swabs. Simultaneous testing of both oral and anal samples may
be a diagnostic advantage. Third, DNA extraction procedure should be optimized and only highly
sensitive diagnostic method should be used for virus detection. Non-infected animals should be kept
separately to prevent de novo infection. Finally, pigs used for xenotransplantation should be tested
immediately before the organ transplantation.
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Abstract: African swine fever (ASF) is a devastating disease of domestic pigs. It is a socioeconomically
important disease, initially described from Kenya, but subsequently reported in most Sub-Saharan
countries. ASF spread to Europe, South America and the Caribbean through multiple introductions
which were initially eradicated—except for Sardinia—followed by re-introduction into Europe in 2007.
In this study of ASF within the Democratic Republic of the Congo, 62 domestic pig samples, collected
between 2005–2012, were examined for viral DNA and sequencing at multiple loci: C-terminus of
the B646L gene (p72 protein), central hypervariable region (CVR) of the B602L gene, and the E183L
gene (p54 protein). Phylogenetic analyses identified three circulating genotypes: I (64.5% of samples),
IX (32.3%), and XIV (3.2%). This is the first evidence of genotypes IX and XIV within this country.
Examination of the CVR revealed high levels of intra-genotypic variation, with 19 identified variants.

Keywords: African swine fever virus; outbreaks; Democratic Republic of Congo; swine; genotypes;
molecular epidemiology; p72 gene; p54 gene; CVR

1. Introduction

African swine fever (ASF) is a complex and highly lethal haemorrhagic disease of domestic swine
with mortality rates reaching 100%. ASF, which is threatening the world pig industry, is a notifiable
disease by the World Organization for Animal Health (OIE) [1]. Since the recognition of ASF in Kenya
in the 1920s [2], ASF has expanded to most sub-Saharan countries [3], and was exported outside
Africa in 1957 to Portugal [4]. Subsequent exportations to Europe occurred in 1960 and 2007 [5,6].
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Introduction of ASF has not been limited to Europe, as outbreaks with putative causal links to Spain
have occurred in the Caribbean and South America [7].

Domestic pigs are most susceptible, with the disease course ranging from peracute, acute,
subacute, chronic and unapparent and, mortality rates ranging from 100% to as little as 3% [8].
ASF is caused by African swine fever virus (ASFV), which is transmitted to swine through three main
routes: (1) a sylvatic cycle involving wild swine and Ornithodoros ticks; (2) from the sylvatic cycle to
domestic pigs; and (3) domestic pig cycle involving domesticated pig to pig transmission [3,9]. ASFV
is a large arbovirus within the genus Asfivirus and is the sole member of the family Asfarviridae [10].

Due to the lack of treatment and vaccine, rapid and accurate diagnosis complemented by the
genotyping of circulating ASFVs may contribute to timely improvement of prevention and control
strategies. In order to identify and determine the heterogeneity of circulating ASFVs, a rapid method of
polymerase chain reaction (PCR)-based sequencing of a 478 base pair (bp) fragment at the C-terminal
end of the p72 gene has been commonly used to differentiate the different genotypes of ASFV [11].
Given the low level of genetic variation detected at the p72 locus among ASFVs recovered in domestic
pig outbreaks, examination of more variable genomic regions such as the central hypervariable region
(CVR) of the B602L gene [12] in combination with the p54 and p30 genes [13] were used to differentiate
between isolates within a single outbreak.

Currently, there are 23 confirmed genotypes of ASFV based on the sequencing of the p72 gene [11],
not all of which are known to be currently circulating. The most recent, genotype XXIII, was discovered
in Ethiopia [14]. In Africa, further diagnostic analysis of suspected outbreaks shows genotype I
continuing to circulate in Western and Central Africa [15,16]. Countries with continued presence of
genotypes IX and X include Uganda and Kenya [17–19]. Genotype II has maintained its presence in
Tanzania, Mozambique, Madagascar and Zambia, and is what led to the introduction of genotype II
into Georgia in the Caucasus region in 2007 [6,20]. Since that time, ASFV has spread from Georgia
and the Caucasus to the Baltic states (Estonia, Latvia and Lithuania), the Russian Federation, Ukraine,
and Poland [21–23].

The Democratic Republic of the Congo (DRC) is the second largest country in Africa, with the
central and western portions of the country being dominated by the second largest block of rainforest
in the world, whereas the southern and eastern regions are characterized by savannas. The 9000-km
perimeter of the DRC contacts nine countries and includes a number of lakes (e.g., Edward, Albert,
Kivu, Tanganyika) and rivers (e.g., the Congo, Ubangi, Kasai, Semliki). These geographic elements,
as well the presence of many trans-frontier tribes that inhabit the DRC and surrounding countries
contribute to the semi-porous nature of the DRC’s political boundary.

In 2011, the DRC reported 84 outbreaks and a loss of 105,614 swine, leading African countries
in both statistics [24]. Despite the prevalence of ASF in the DRC, the variety of genotypes reported
in surrounding countries [9,19], and the large number of studies that have examined this disease,
no in-depth study has focused on understanding the genetic diversity of ASFV within the DRC.
The goal of this study was to improve the scientific community’s understanding of ASFV strains
circulating in the DRC. To achieve this goal, we collected samples from swine that exhibited ASF
clinical signs and pathological findings over a broad geographic and temporal range. We utilized a
multi-locus genotyping approach to categorize gene sequences into genotypes, and used this data
to improve the understanding of the natural history as well as the links between outbreaks of ASFV
in the DRC.

2. Materials and Methods

2.1. Study Area and Samples

A total of 62 tissue samples (spleen, lymph node, kidney, lung, liver, heart and stomach) of
ASF suspected cases were collected between 2005 and 2012 from 57 domestic pig carcasses and from
25 locations. Of these carcasses, 54 were collected in outbreaks and three were slaughtered in urban

272



Viruses 2017, 9, 31

markets. Sampling localities were located in six provinces (Kinshasa, Equateur, Katanga, Orientale,
Bas-Congo and Maniema) that contain the majority of the country’s domestic pig population. Tissue
samples were transported to the laboratory, homogenized and supernatants were stored at −80 ◦C
until use. Samples, collection localities, and other details are provided in Table 1.

Table 1. Samples, details, and genotypes.

Virus Outbreak Date Location GPS Ecological Profile Tissues Farming System Genotype

drc49/05/p1a May 2005 Limete 4◦18 S/15◦22 E City Spl Commercial I
drc49/05p1b May 2005 Limete 4◦18 S/15◦22 E City Ln Commercial I

drc49/05/P2a May 2005 Limete 4◦18 S/15◦22 E City Spl Commercial I
drc70/05/1 2005 Limete 4◦18 S/15◦22 E City Spl Commercial I
drc75/05/1 2005 Maniema 2◦93 S/25◦86 E City Spl Commercial I
drc99/05/a 2005 Ngafula 4◦21 S/15◦14 E Peri-urban Spl Commercial I

drcKG28110805 Nov 2008 Ngaliema 4◦21 S/15◦21 E City Spl Backyard I
drcKG28040802 Apr 2008 Kasavubu 4◦20 S/15◦20 E City Spl Backyard I

drc74/09/2 2009 Nsele 4◦24 S/15◦30 E Peri-urban Kd Commercial I
drc74/09/3 2009 Nsele 4◦24 S/15◦30 E Peri-urban Lg Commercial I
drc74/09/4 2009 Nsele 4◦24 S/15◦30 E Peri-urban Lv Commercial I
drc74/09/6 2009 Nsele 4◦24 S/15◦30 E Peri-urban Hrt Commercial I
drc94/09/2 2009 Kintambo 4◦20 S/15◦18 E City Ln Commercial I
drc35/10/1 2010 Ngaliema 4◦21 S/15◦05 E City Spl Backyard I
drc35/10/5 2010 Ngaliema 4◦21 S/15◦05 E City Ln Backyard I
drc35/10/4 2010 Ngaliema 4◦21 S/15◦05 E City Ln Backyard I

drc51/10/23 2010 Ndjili 4◦24 S/15◦21 E City Spl Commercial I
drc73/10/2 2010 Ngaliema 4◦21 S/15◦05 E City Kn Backyard I
drc73/10/3 2010 Ngaliema 4◦21 S/15◦05 E City Lv Backyard I
drc73/10/4 2010 Ngaliema 4◦21 S/15◦05 E City Ln Backyard I

drc85/10/13 2010 Ngafula 4◦21 S/15◦14 E Peri-urban Spl Commercial I
drc85/10/12 2010 Ngafula 4◦21 S/15◦14 E Peri-urban Hrt Commercial I
drc85/10/11 2010 Ngafula 4◦21 S/15◦14 E Peri-urban Lg Commercial I
drc85/10/27 2010 Ngafula 4◦21 S/15◦14 E Peri-urban Hrt Commercial I
drc85/10/25 2010 Ngafula 4◦21 S/15◦14 E Peri-urban Lv Commercial I
drc86/10/1 2010 Ngafula 4◦21 S/15◦14 E Peri-urban Kd Commercial I
drc86/10/3 2010 Ngafula 4◦21 S/15◦14 E Peri-urban Lv Commercial I

drc108/10/3 2010 Ngafula 4◦21 S/15◦14 E Peri-urban Lv Commercial I
drc108/10/5 2010 Ngafula 4◦21 S/15◦14 E Peri-urban Spl Commercial I
drc27/11/1 2011 Ngafula 4◦21 S/15◦14 E Peri-urban Spl Commercial I
drc27/11/2 2011 Ngafula 4◦21 S/15◦14 E Peri-urban Ln Commercial I
drc27/11/3 2011 Ngafula 4◦21 S/15◦14 E Peri-urban Stm Commercial I
drc27/11/5 2011 Ngafula 4◦21 S/15◦14 E Peri-urban Lv Commercial I
drc65/11/2 2011 Nsele 4◦24 S/15◦30 E Peri-urban Kd Commercial I
drc65/11/3 2011 Nsele 4◦24 S/15◦30 E Peri-urban Spl Commercial I
drc65/11/4 2011 Nsele 4◦24 S/15◦30 E Peri-urban Lg Commercial I
drc96/12/1 2012 Mayanda 5◦12 S/15◦14 E Rural Lg Village I
drc96/12/2 2012 Mayanda 5◦12 S/15◦14 E Rural Spl Village I
drc96/12/3 2012 Mayanda 5◦12 S/15◦14 E Rural Hrt Village I

drc108/10/1 Dec 2010 Ngafula 4◦21 S/15◦14 E Peri-urban Lg Commercial I
drc46/11/2 Jun 2011 Kinshasa 4◦20 S/15◦18 E City Hrt Backyard I

drc20/07/19 Apr 2007 Mahagi * 2◦ S/31◦ E Rift Valley Kd Backyard IX
drc20/07/20 Apr 2007 Mahagi * 2◦ S/31◦ E Rift Valley Ln Backyard IX
drc25/08/3a Mar 2008 Boende 0◦15 S/21◦01 E Forest Kd Free range IX
drc25/08/3 Mar 2008 Boende 0◦15 S/21◦01 E Forest Spl Free range IX

drc25/08/42 Mar 2008 Boende 0◦15 S/21◦01 E Forest Kd Free range IX
drc25/08/9 Mar 2008 Boende 0◦15 S/21◦01 E Forest Spl Free range IX
drc35/08/1 Apr 2008 Boende 0◦15 S/21◦01 E Forest Spl Free range IX

drc35/08/13 Apr 2008 Boende 0◦15 S/21◦01 E Forest Spl Free range IX
drc35/08/P42 Apr 2008 Boende 0◦15 S/21◦01 E Forest Spl Free range IX
drc35/08/15 Apr 2008 Boende 0◦15 S/21◦01 E Forest Spl Free range IX
drc35/08/18 Apr 2008 Boende 0◦15 S/21◦01 E Forest Kd Free range IX
drc35/08/20 Apr 2008 Boende 0◦15 S/21◦01 E Forest Spl Free range IX
drc35/08/3 Apr 2008 Boende 0◦15 S/21◦01 E Forest Spl Free range IX

drc66/07/43 Nov 2007 Yakoma 4◦ S/22◦ E Forest Lg Free range IX
drc66/07/48 Nov 2007 Yakoma 4◦ S/22◦ E Forest Spl Free range IX
drc66/07/491 Nov 2007 Yakoma 4◦ S/22◦ E Forest Spl Free range IX
drc66/07/492 Nov 2007 Yakoma 4◦ S/22◦ E Forest Ln Free range IX
drc66/07/50 Nov 2007 Yakoma 4◦ S/22◦ E Forest Spl Free range IX

drcKG31208/3 Dec 2008 Lingwala 4◦20 S/15◦19 E City Spl Backyard IX
drc35/10/3 Apr 2010 Ngaliema 4◦21 S/15◦05 E City Kd Backyard XIV

drc21/07/22 2007 Kipushi † 12◦ S/28◦ E City Spl Backyard XIV

drc, Democratic Republic of the Congo; Ln, lymph node; Hrt, heart; Spl, spleen; Kd, kidney; Lg, lung; Lv, liver; Stm,
stomach; GPS, global positioning system; *, Uganda border; †, Zambia border.
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2.2. African Swine Fever (ASFV) DNA by Polymerase Chain Reaction (PCR)

ASFV DNA was extracted from tissue samples using the QIAGEN blood and tissue extraction kit
(Qiagen, Hilden, Germany) according to the manufacturers’ protocol. Each sample of extracted
DNA was then tested by real-time PCR (qPCR), as described by King et al. [25] to confirm
the presence of viral DNA for ASFV using the primers King forward (5′-CTGCTCATGGTATC
AATCTTATCGA-3′), King reverse (5′-GATACCACAAGATCRGCCGT-3′), and the King probe
(5′-Fam-CCACGGGAGGAATACCAACCCAGTG-Tam-3′).

2.3. Generation of ASFV Sequence Data

Samples that were positive by qPCR had each target gene fragments amplified separately using
the PCR protocols outlined below. The C terminal end of the B646L (p72) gene was amplified using
primers p72U (5′-GGCACAAGTTCGGACATGT-3′) and p72D (5′-GTACTGTAACGCAGCACAG-3′)
as recommended [11]. The CVR locus was amplified using primers, ORF9RLW_F (5′-AATGCGCTCAG
GATCTGTTAAATCGG-3′) and ORF9RLW_R (5′-TCTTCATGCTCAAAGTGCGTATACCT-3′) as
described [26], The full E183L (p54) gene was amplified using primers P54F (5′-GCCTGCGGA
TTCTGAAGATA-3′), and P54R (5′-AGGACGCAATTGCTTAAACG-3′) using a touchdown PCR
protocol as follows, 95 ◦C for 5 min, followed by 15 cycles of 95 ◦C, 30 s, 60 ◦C, 30 s, 72 ◦C,
1 min, then 25 cycles of 95 ◦C, 30 s, 58 ◦C, 30 s, 72 ◦C, 1 min, with a final extension or 72 ◦C for
5 min. PCR products were purified using Wizard SV Gel and PCR Clean Up kit, according to the
manufacturers’ protocol (Promega Corporation, Madison, WI, USA). Purified PCR products were
submitted to LGC Genomics (Berlin, Germany) with amplification primers, for sequencing. Raw
sequences were assembled and edited using Vector NTI 11.5 Software (Life Technologies, Carlsbad,
CA, USA). Sequences were then aligned with GenBank reference sequences using MEGA (Version 6.0)
or BioEdit (Version 7.2.3) using the ClustalW method. All nucleotide sequences were deposited in
GenBank (Accession # KX121429-KX121600).

2.4. Molecular Characterization of ASFV

Multiple sequence alignments of both the p54 and p72 genes were generated in MEGA
(Version 6.0) [27] using default values of the ‘by codon’ option with the ClustalW algorithm with
additional manual editing as needed. The p72 alignment was 404 bp in length and contained
120 sequences. Of these 120 sequences, 62 were generated for this study and 58 were reference
sequences with at least one representing each of the known 23 genotypes. The p54 alignment was
657 bp in length and included 84 sequences; 34 were generated for this study, and 50 were reference
sequences for 20 of the 23 known p72 genotypes. Published sequences for genotypes XI, XII, and
XVIII were unavailable for examination. The most appropriate model of molecular evolution was
determined by the corrected Akaike Information Criterion (AICc) using MEGA [27]. Maximum
likelihood (ML) analyses with 1000 bootstrap replicates were performed using the program MEGA
with the predetermined model of molecular evolution (GTR+I+G for the p72 dataset and HKY+G for
the p54 dataset) using all sites. The intra-genotypic genetic distances for the p72 and p54 nucleotides
sequences of DRC samples were calculated using MEGA [27].

2.5. Central Hypervariable Region (CVR) of B602L Gene

Grouping of amino acids into tetramers at this locus has been utilized by other researchers,
therefore the coding of tetramers followed methods outlined previously [20,26,28–30]. The amino acid
tetramer codes are provided in Table 2.
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3. Results

3.1. Clinical Findings and African Swine Fever (ASF) Diagnosis

Field Identification and Description of Collecting Localities

Fifty-four out of the 57 sampled pigs exhibited many of the following signs or pathological
findings: hemorrhagic edema; enlargement of spleen and some internal lymph nodes; hydropericardium
and pericarditis; hydrothorax; ascites; as well as skin cyanosis and petechiae. The three remaining pigs
sampled in the markets appeared superficially healthy, but presented with enlarged, congestive or
hemorrhagic spleens and/or gastrohepatic lymph nodes. Massive mortality was documented in the
25 sampled localities. Four of the 25 sampling sites, including the cities of Yakoma, Boende, Mahagi
and Kipushi, recorded indigenous pigs of local breeds, primarily free ranging to be the most commonly
lost. The remaining 21 locations were commercial farms raising improved breeds of pigs in backyards
or securely fenced areas, minimizing intermingling of wildlife and domestic swine.

3.2. Laboratory Diagnostics

Real time PCR identified 62 samples (100%) as positive for ASFV DNA and distributed per
location as follows: Ngafula (n = 17) Boende (n = 11), Ngaliema (n = 8), Nsele (n = 7) Yakoma (n = 5)
Limete (n = 4), Mayanda (n = 3), Mahagi (n = 2), Kasavubu (n = 1), Kintambo (n = 1), Kipushi (n = 1),
Lingwala (n = 1), Maniema (n = 1) and Ndjili (n = 1). The p72 gene was sequenced for all 62 positive
samples and 55 positive samples were sequenced for the p54 gene and 54 for the CVR (Table 1).

3.3. Molecular Characterization of ASFV

Phylogenetic analyses of the p72 gene revealed that the newly sequenced ASFV strains which
circulated in the DRC from 2005 to 2012 clustered into three p72 genotypes: I, IX and XIV (Figure 1).
Of the newly analyzed stains, 40 (64.5%) grouped with strains previously identified as belonging to
genotype I, including three published strains from the DRC (Katanga63 (Genbank: AF301540) [11],
Kat67 (Genbank: FJ174377) [13] and Zaire (Genbank: AY351515) [9]); 20 strains (32.3%) were recognized
as genotype IX, and 2 (3.2%) belong to genotype XIV. This is the first report of genotypes IX and XIV
circulating in the DRC. Although sequences generated herein grouped with high bootstrap support
(>75%) with reference samples of their respective genotypes, support for both inter- and intra-genotypic
relationships varied.

Phylogenetic analyses of the p54 gene recovered the same groupings of new sequences with
respective genotypes as the p72 analyses with high bootstrap support (>83%) (Figure 2). The arithmetic
means of nucleotide substitutions per site between the DRC ASFVs of each of the three genotypes
(within group mean distance) were estimated using MEGA version 6. The within group mean distance
for the p72 nucleotide sequences were 0.002 for genotype I and 0.0 for genotype IX and XIV. Likewise,
for the p54 nucleotide sequences, the within group mean distance was 0.02 for the genotype I members,
and 0.0 for genotype IX members. Only one isolate of genotype XIV was successfully amplified and
sequenced for this gene.
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Figure 1. Maximum likelihood tree depicting genetic relationships of strains examined in this study
utilizing the p72 locus. Bootstrap support (BS) is indicated by * for values between 75% and 85%, and
by + for values greater than 85% support. The scale bar indicates the number of nucleotide substitutions
per site. Each color is a different genotype, indicated by the corresponding roman numerals. Labels for
all strains generated by this study begin with •drc (Democratic Republic of the Congo). Strains are
named in the following manner: Country_Strain Name. Acronyms used for countries of origin are as
follows: Ang = Angola, Ben = Benin, Bot = Botswana, Bra = Brazil, Bur = Burundi, Cam = Cameroon,
CV = Cape Verde, Dom Rep = Dominican Republic, the DRC = Democratic Republic of Congo,
IC = Ivory Coast, Ita = Italy, Ken = Kenya, Mad = Madagascar, Mal = Malawi, Malt = Malta,
Moz = Mozambique, Nam = Namibia, Nig = Nigeria, Port = Portugal, SA = South Africa, Tan = Tanzania,
Ug = Uganda, Zam = Zambia, Zimb = Zimbabwe.
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Figure 2. Maximum likelihood tree depicting genetic relationships of examined strains using the p54
locus (E183L gene). Bootstrap support values greater than 75% are shown. The scale bar indicates
the number of nucleotide substitutions per site. The colored clades indicate genotypes represented
by strains sequenced in this study. Labels for all strains generated by this study begin with •drc.
Strains are named in the following manner: Country_Strain Name. Acronyms used for countries
of origin are as follows: Ang = Angola, Ben = Benin, Bot = Botswana, Bra = Brazil, Bur = Burundi,
Cam = Cameroon, CV = Cape Verde, Dom Rep = Dominican Republic, the DRC = Democratic Republic
of Congo, IC = Ivory Coast, Ita = Italy, Ken = Kenya, Mad = Madagascar, Mal = Malawi, Malt = Malta,
Moz = Mozambique, Nam = Namibia, Nig = Nigeria, Port = Portugal, RC = Republic of Congo,
SA = South Africa, Tan = Tanzania, Ug = Uganda, Zam = Zambia, Zimb = Zimbabwe.

3.4. CVR of B602L Gene

Sequence analysis of the CVR locus showed distinct variability in nucleotide sequence and
recognized 19 unique nucleotide sequences, which were translated into amino acid sequences, and
subsequently coded as amino acid tetramers (tet-types). Thirteen tet-types were detected within
strains identified as belonging to p72 genotype I, six from strains belonging to genotype IX, and
two within genotype XIV strains (Table 2). All strains grouped within a tet-type contained identical
CVR nucleotide sequences; therefore, no resolution was lost by converting nucleotide sequences to
tetrameric repeat sequences. Tet-12 and 51 were both detected in p72 genotype I strains, but tet-12 was
also found in a p72 genotype IX strain (drc86/10/2), and tet-51 was also found in a p72 genotype XIV
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strain (drc35/10/3). All three p72 genotypes and 14 tet-types were identified throughout Kinshasa
(Table 2, Figure 4). Regarding the five remaining provinces: Equateur presented four tet-types (within
genotype IX); Bas-Congo and Maniema each had a single tet-type (within genotype I); Katanga (within
genotype XIV) and Oriental each contained a single tet-type (within genotype IX), as well (Figure 3).

Table 2. Central hypervariable region (CVR) locus-based intra-genotype resolution.

Strain Location Year Genotype Tetrameric Repeats TRS

drc35/10/1 Ngaliema * 2010 I AAAAAAAAAAAAAAAAAAAAAAAAAAAAABNAB
NBTDBNAAAAAAAAAAAF 51

drcKG28110805 Ngaliema * 2010 I AAAAAAAAABNABNBTABNAAAAAAAAAAAAAAAAA
AAAAAAAAF 45

drc65/11/4 Nsele * 2011 I AAAAAABNABNBTDBNAAAAAAAAF 25
drc74/09/2 Nsele * 2009 I AAAAAAAAAAAAAAAAAAAAAAF 23a
drc74/09/3 Nsele * 2009 I AAAAAAAAAAAAAAAAAAAAAAF 23a
drc74/09/4 Nsele * 2009 I AAAAAAAAAAAAAAAAAAAAAAF 23a
drc74/09/6 Nsele * 2009 I AAAAAAAAAAAAAAAAAAAAAAF 23a
drc94/09/2 Kintambo * 2009 I AAAAAAAAAAAAAAAAAAAAAAF 23a
drc27/11/3 Ngafula * 2011 I AAAAAAAAAAAAAAAAAAAAAAF 23a
drc27/11/5 Ngafula * 2011 I AAAAAAAAAAAAAAAAAAAAAAF 23a

drcKG28040802 Kasavubu * 2008 I AAAAAAAAAAAAAAAF 16
drc96/12/1 Mayanda 2012 I AAAAAAAAAAAAAAAF 16
drc96/12/2 Mayanda 2012 I AAAAAAAAAAAAAAAF 16
drc96/12/3 Mayanda 2012 I AAAAAAAAAAAAAAAF 16
drc99/05a Ngafula * 2005 I AAAAAAAAAAAAAF 14

drc51/10/23 Ndjili * 2010 I AAAAAAAAAAAF 12
drc85/10/13 Ngafula * 2010 I AAAAAAAAAAAF 12
drc85/10/27 Ngafula * 2010 I AAAAAAAAAAAF 12
drc86/10/3 Ngafula * 2010 I AAAAAAAAAAAF 12
drc86/10/1 Ngafula * 2010 I AAAAAAAAAAAF 12
drc108/10/1 Ngafula * 2010 I AAAAAAAAAAAF 12
drc108/10/3 Ngafula * 2010 I AAAAAAAAAAAF 12
drc108/10/5 Ngafula * 2010 I AAAAAAAAAAAF 12
drc85/10/12 Ngafula * 2010 I AAAAAAAAAAF 11
drc73/10/2 Ngaliema * 2010 I AAAAAAAAAAF 11
drc73/10/3 Ngaliema * 2010 I AAAAAAAAAAF 11
drc73/10/4 Ngaliema * 2010 I AAAAAAAAAAF 11

drc49/05/P2a Limete * 2005 I AAAAAAAAAF 10
drc85/10/25 Ngafula * 2010 I AAAAAAAAF 9
drc75/05/1 Maniema 2005 I AAAAAAAAF 9

drc49/05/p1b Limete * 2005 I AAAAAAAAF 9
drc65/11/3 Nsele * 2011 I AAAAAAAF 8

drc49/05/p1a Limete * 2005 I AAAAAF 6
drc70/05/1 Limete * 2005 I AAAAF 5
Con09/Ni16 Congo 1 2009 I AAAAAAAAAF 10

Kat67 DRC(Zaire) 2 1967 I AAAAAAAABNABTDBNAAAAAAA 23
Nig13_KAF_14 Nigeria 3 2014 I ABNABNAAAAACBNAFA 17
drc66/07/491 Yakoma 2007 IX AAABBAABBNABBAABBNABNABA 24a
drc66/07/43 Yakoma 2007 IX AAABNABBBNABBAABBNABNABA 24b
drc66/07/50 Yakoma 2007 IX AAABNABBBNABBAABBNABNABA 24b

drc66/07/492 Yakoma 2007 IX AAABNABBBNABBAABBNABNABA 24b
drc66/07/48 Yakoma 2007 IX AAAABNABBNABBAABBNABNABA 24c

drc35/08/p42 Boende 2008 IX AAAABNABBNABBAABBNABNABA 24c
drc35/08/18 Boende 2008 IX AAAABNABBNABBAABBNABNABA 24c
drc35/08/13 Boende 2008 IX AAAABNABBNABBAABBNABNABA 24c
drc35/08/3 Boende 2008 IX AAAABNABBNABBAABBNABNABA 24c
drc35/08/20 Boende 2008 IX AAAABNABBNABBAABBNABNABA 24c
drc35/08/1 Boende 2008 IX AAAABNABBNABBAABBNABNABA 24c
drc35/08/15 Boende 2008 IX AAAABNABBNABBAABBNABNABA 24c
drc35/08/3a Boende 2008 IX AAAABNABBNABBAABBNABNABA 24c
drc25/08/3 Boende 2008 IX AAAABNABBNABBAABBNABNABA 24c
drc25/08/9 Boende 2008 IX AAAABNABBNABBAABBNABNABA 24c
drc25/08/42 Boende 2008 IX AAAABNABBNABBAABBNABNABA 24c

drcKG31208/3 Lingwala * 2008 IX AAAABNABBNABBAAABNABNABA 24d
drc20/07/19 Mahagi 2007 IX AAABNABBNABBAABBNABNABA 23b
drc20/07/20 Mahagi 2007 IX AAABNABBNABBAABBNABNABA 23b
drc86/10/2 Ngafula * 2010 IX AAAAAAAAAAAF 12

UG03H.1 Uganda 4 2003 IX AAABNABBNABBAABBNABNABA 23b
Ken06.B1 Kenya 5 2006 IX AAABNABBNABBAABBNABNABA 23b

drc35/10/3 Ngaliema * 2010 XIV AAAAAAAAAAAAAAAAAAAAAAAAAAAAABNABNBTDBN
AAAAAAAAAAAF 51

drc21/07/p22 Kipushi 2007 XIV AVVOVAVVNBVOV 13
ETH/3 Ethiopia 6 2011 XXIII ABNAAAAACBNABTDBNAFA 20

Codes as labeled in previous studies: [20,26,28–30]. TRS, tetrameric repeat sequence number; *, indicates strains
collected within Kinshasa Province. A = CAST, CVST, CTST, or CASI; B = CADT, CADI, CTDT, or CAGT; C = GAST or
GANT; F = CANT or CAAT; N = NVDT, NVGT, NVDI, or NCDT; T = NVNT; H = RAST; S = SAST; O = NANI, NADI,
or NASI; V = NAST, NAVT, NADT, or NANT; D = CASM; G = CTNT; M = NEDT; W = SADT or SVDT; U = NIDT or
NTD. Additional sequences utilized in this table from previous studies: 1 [17]; 2 [26]; 3 [16]; 4 [13]; 5 [13]; 6 [14].
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3.5. Democratic Republic of the Congo (DRC) ASFV Genotypes Geographical Distribution

Different ASFV strains were identified in the provinces of Bas-Congo, Equateur, Katanga,
Kinshasa, Maniema, and Orientale (Figure 3). Genotype I strains were detected in Bas-Congo
(Localities-Mayanda), Kinshasa (Localities-Limete, Ngafula, Ngaliema, Kasavubu, Nsele, Kintambo,
Ndjili, Nsele, Kinshasa) (Figure 4) and Maniema (Locality-Maniema), whereas genotype IX strains were
recovered from Equateur (Localities-Boende, Yakuma), Kinshasa (Localities-Ngafula, Lingwala), and
Oriental provinces (Locality-Mahagi). Genotype XIV was detected from Katanga (Locality-Kipushi)
and Kinshasa (Locality-Ngaliema).

Figure 3. Provincial localization of revealed p72 genotypes and their corresponding central hypervariable
region (CVR) tet-types within the DRC, as well as some historical African swine fever virus (ASFV)
genotypes from neighboring countries.

Figure 4. Localization of ASFV p72 genotypes and the corresponding CVR tet-types in this study
within the Kinshasa City Province.
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4. Discussion

4.1. Molecular Characterization

This is the first extensive molecular evaluation of circulating ASFV genotypes in the DRC. Previous
knowledge was based on data from single samples submitted for ASF diagnosis [9,11,26,29,31,32],
but little was known about the dynamics of circulating ASFV strains in the DRC. Analysis of the
p72 gene identified three genotypes (I, IX and XIV) circulating in the DRC. Forty of 62 (64.5%)
clustered with DRC historical strains (DRC_Kat63 and DRC_Kat67), as well as other strains from
genotype I, confirming that genotype I is the most prevalent in the country. Additionally, DRC strains
of this genotype exhibited limited genetic variability, which has been repeatedly documented and
hypothesized to be predominantly a result of maintenance through the domestic pig cycle [9]. There
were 19 p72 genotype IX strains (30.6%) with no genetic variation detected. Previously undocumented
within the DRC, genotype IX is much more geographically restricted, as it is endemic to East and
Central Africa (Figure 5), having been reported previously in Republic of Congo, Uganda, and Kenya
(Figure 5) where it is involved in sylvatic and domestic cycles [9,17]. Genotype XIV was also not
previously reported in the country prior to the two (3.2%) strains reported herein. Genotype XIV was
previously only reported from Zambia (Figure 5), where it was originally isolated from a tick of the
genus Ornithodoros in 1986 [9]. In regards to the distribution of ASFV within the DRC recovered in this
study, all genotypes were found near the eastern and western borders, and confirmed localities for all
three genotypes occurred in the southern half of the country; however, only genotype IX viruses were
collected from localities in the northern DRC (Figures 3 and 4). The presence of all three genotypes
within the Kinshasa province is likely a result of pig shipments, as pork sold at markets in Kinshasa
has been documented to originate from multiple regions of the country, including the provinces of
Equateur, Bandundu, and Bas-Congo [33].

Figure 5. Continental distribution of the three p72 genotypes revealed by this study in the DRC.
Position of symbols represents the presence of a genotype within the country, and is not indicative of
specific geographic localities.
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Although the p54 gene was previously determined to be a valuable locus for finer levels of
discrimination [19,34,35], no additional resolution was gained for this dataset; however, the p54 locus
did corroborate the topology generated by the p72 analysis. Given the sampling scheme of this study
(domestic swine only), failure to achieve higher resolution may be due to the low genetic variation
consistently detected within the domestic pig cycle, when compared to the higher levels of variation
previously detected within the sylvatic cycle [9].

The CVR was capable of providing further resolution than either the p72 or p54 genes. The pattern
of genetic variability varied dependent upon the p72 genotype examined. Within p72 genotype I
strains, genetic variation was primarily a result of variability in the number of tetramers as previously
reported [36], specifically the tetrameric amino acid repeats CAST and CVST. Also of interest within
genotype I, is that tet-25, 45, and 51 (also found in one genotype XIV strain) contained a conserved
sequence of 11 tetramers (tetrameric repeat sequence number (TRS) ABNABNBT[D/A]BN) not found
in other tetrameric sequences within this genotype. This sequence was flanked by a variable number of
‘A’ coded tetramers. The historical isolate Kat67 genotype I CVR was tet-23, but had a similar sequence
BNAxx. Additionally, BTDBN also flanked on each end by variable repeats of ‘A’ [26]. The new
genotype XXIII from Ethiopia had one CVR sequence, ETH/3, which also has a similar motif with
xxBNABTDBxx [14]. Nigerian sequences are of genotype I and also share part of this motif in the CVR
region xxABNABNxx [16] (Table 2). CVR tet-types of p72 genotype IX consisted primarily of a more
complex sequence than genotype I strains, with the exception of tet-12 (common to genotype I strains)
being documented in one genotype IX strain. Interestingly, CVR tet-23b which is present in two recent
DRC genotype IX strains from 2007 is identical to two genotype IX CVR sequences from Uganda in
2003 and Kenya in 2006 [13] (Table 2). Of the two tet-types detected in genotype XIV strains, the first
(tet-51) was identical to a tetrameric repeat sequence found in a genotype I strain, and the second
was extremely different than any other tet-types reported herein (Table 2). Several CVR tet-types are
discussed below in reference to the detection of multiple strains within outbreaks, and potential links
between outbreaks based on this locus.

4.2. Disease Ecology, Molecular Epidemiology and Case Investigations

The higher resolution offered by the CVR allowed for the three genotypes to be further broken
down into 19 variants. The high level of variability previously noted in the CVR [9,37,38] would
suggest that highly similar/identical CVRs are more closely related than more divergent CVRs;
however, given the nature of nucleotide repeat regions, such as the CVR, identical sequences can occur
due to homoplasy. With these possibilities in mind, a number of putative outbreak connections are
proposed and discussed below, as are details of co-circulation of multiple variants.

The detection of genotype I, tet-23 strains during the 2009 outbreaks at Nsele and Kintambo,
as well as the 2011 outbreak in Ngafula may suggest that these geographically proximal outbreaks
were caused by closely related strains, even though they occurred over a two-year time span which
could be facilitated by the asymptomatic infection of domestic pigs [39] in the area. A second
potential connection is suggested by analysis of sequences from the Mahagi outbreak in April 2007
(near the Ugandan border), as they were of identical p72 genotype IX and tet-23b to strains from
Uganda (Ug03H.1, Genbank: GQ916933), and Kenya (Ken06.B1, Genbank: GQ916935 & Ken06.Bus,
Genbank: GQ916940) examined previously [13]. A third connection stems from a strain from a clinically
healthy pig sampled at the Kinshasa market (drcKG28040802) in 2008. This strain belonged to the
same genotype I and tet-16 as samples from the 2012 outbreak in Mayanda, Bas-Congo province.
The geographic proximity of these two provinces, in combination with the high level of commercial
traffic between them, could easily result in the spread of ASF from one province to the other [1,20].

Again, either the ability of ASFV to persist in asymptomatic pigs (domestic or feral) or the
sylvatic cycle (including ticks) could explain how closely related strains were responsible for outbreaks
separated by four years, as Mayanda is a rural locality, where there is a high potential for interaction
between domestic and feral swine. Another potential outbreak link was made apparent upon
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examination of genotype IX strains collected from outbreaks in Yakoma (April 2007) and Boende
(March and April 2008). Tet-24c strains were detected in both outbreaks, which severely affected
both feral and domestic pigs [40]. The Boende outbreak was estimated to have caused more than
4500 swine fatalities [40]. Both Yakoma and Boende are forested sites, located in North Ubangi and
Tshuapa Districts of the Equateur Province, respectively. The forest environment and free ranging
animal husbandry practices enable interaction between domestic and wild swine, potentially allowing
for crossover between infection cycles and the occurrence of multiple strains.

Another instance of variation occurred in the Ngaliema 2010 outbreak, where tet-51 was found
in two strains: drc35/10/1 (genotype I) and drc/35/10/3 (genotype XIV). Co-infection of different
tet-types was even documented within the same pig, when two genotype I strains, drc49/05/p1a
(tet-5) and drc49/05/p1b (tet-9), were extracted from the spleen and lymph node respectively, of a
pig in 2005 from Kinshasa. In similar studies conducted in Mozambique and Nigeria, individual
co-infection was not observed [38,41].

Understanding the details of ASFV circulation across the DRC is clearly complex. Co-circulation
of genotypes and tet-types and co-infection of multiple tet-types within a single pig suggests a high
level of genetic variation and potential support of a previous hypothesis of recombination [42,43].
However, detection of conserved tet-types across large geographic areas, and over multiple years
suggests that current markers can provide insight into the movement of ASFV strains. Unfortunately,
connecting cases is not straight forward, as anthropogenic factors, such as trade of pigs and animal
husbandry practices can play a role. Whole genome examination of these strains may provide a more
definitive understanding of relationships.

As the DRC is the largest country in SSA, and borders nine countries, understanding the
prevalence and distribution of ASFV genotypes within the DRC is an important step in better
understanding large scale patterns of ASFV. Given the high degree of similarity, at all examined
loci, between genotype IX strains collected in Mahagi, the DRC (presented herein), and Uganda strains
of a previous study [13], it appears that the distribution of this strain spans the border between the DRC
and Uganda, suggesting that this strain has been transmitted across boundaries by movement of either
feral or domesticated swine. Two more potential cross-boundary transmissions of ASF into/out of the
DRC are worth mentioning; however, their molecular evidence is less direct. The first possibility is
that genotype XIV may have been transferred, between Zambia (Zam_NYA/12-(Genbank: AY351555),
isolated in 1986) [9] and the DRC (drc21/07/22, strain from 2007) through Kipushi, as p72 sequences
between these strains share 99.26% nucleotide sequence identity. Unfortunately, no CVR sequence for
strain Zam_NYA/12 was available for a more detailed comparison. The next putative trans-boundary
migration of ASF could have occurred between Brazzaville, Republic of Congo (Con09/Ni16-(Genbank:
HQ645947), isolated 2009) [17] and the DRC (drc86/10/1, strain from in 2010). The p72 sequences
were identical, and the CVR locus differed by the insertion of two amino acid tetramers coded as A
(AAAAAAAAAF from the Brazzaville strain and AAAAAAAAAAAF in the DRC strain). Rapid
mutation rates have been shown in vitro [44], therefore, given the highly variable nature of the CVR,
it is difficult to omit the possible link between these outbreaks, especially as the boundary is a narrow
aquatic border with high levels of human and animal traffic.

This first, in-depth examination of ASFV in the DRC, has provided evidence of (1) circulation
of multiple genotypes previously not reported within the DRC; (2) putative links between both
geographically and temporally separated outbreaks; (3) potential movement of ASFV strains across
borders between the DRC and Uganda, Zambia, Congo; (4) co-circulation of multiple ASFV genotypes
within outbreaks and (5) a pig co-infected with two tet-types. These data, in combination with
examination of genotype relationships, will be useful for the optimization of current prevention and
control strategies at the regional level given the location and size of the DRC in relation to the rest of
the continent and those countries also dealing with ASF.
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Abstract: Type II transmembrane serine proteases (TTSPs) facilitate the spread and replication of
viruses such as influenza and human coronaviruses, although it remains unclear whether TTSPs
play a role in the progression of animal coronavirus infections, such as that by porcine epidemic
diarrhea virus (PEDV). In this study, TTSPs including TMPRSS2, HAT, DESC1, and MSPL were tested
for their ability to facilitate PEDV replication in Vero cells. Our results showed that TMPRSS2 and
MSPL played significant roles in the stages of cell–cell fusion and virus–cell fusion, whereas HAT and
DESC1 exhibited weaker effects. This activation may be involved in the interaction between TTSPs
and the PEDV S protein, as the S protein extensively co-localized with TMPRSS2 and MSPL and could
be cleaved by co-expression with TMPRSS2 or MSPL. Moreover, the use of Vero cells expressing
TMPRSS2 and MSPL facilitated PEDV replication in the absence of exogenous trypsin. In sum,
we identified two host proteases, TMPRSS2 and MSPL, which may provide insights and a novel
method for enhancing viral titers, expanding virus production, and improving the adaptability of
PEDV isolates in vitro.

Keywords: porcine epidemic diarrhea virus; type II transmembrane serine protease; TMPRSS2;
MSPL; virus replication

1. Introduction

Porcine epidemic diarrhea (PED) is caused by porcine epidemic diarrhea virus (PEDV) and is
an acute and highly contagious enteric viral disease in nursing pigs. It is characterized by vomiting
and lethal, watery diarrhea, and is becoming a global problem [1–7]. PED was first reported in feeder
pigs and fattening swine in the United Kingdom in 1971 [8]. Since then, the disease has emerged in
many pig-producing countries in Europe and Asia, resulting in tremendous economic losses to the
pig industry. PEDV mainly infects the villous epithelial cells of the small intestine, which are rich in
proteases, and causes atrophy of the villi, resulting in dehydration and diarrhea. Currently, although
PEDV can be propagated in Vero cells treated with trypsin, which mediates the activation of virions for
membrane fusion by cleaving the spike (S) glycoprotein [9,10], propagation of PEDV in vitro in a more
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productive manner remains a continued challenge. Sometimes, PEDV that has been isolated from
clinical samples gradually loses its infectivity during further passages in cell cultures [1]. Therefore,
the development of novel strategies to control PEDV is urgently required.

PEDV is a group I coronavirus (CoV) consisting of an enveloped virus with a single-stranded,
positive-sense RNA genome of approximately 30 kb [11]. The S glycoproteins of CoVs are class I
fusion proteins that are generated in a locked conformation to prevent premature triggering of the
fusion mechanism and are subsequently prepared for action by proteolytic processing in a step
called priming [12,13]. The S protein can be cleaved by endogenous proteases, which is thought
to be necessary for inducing cell–cell fusion and virus-cell fusion [12,14–17]. Some endogenous
proteases present in the pig small intestine potentially facilitate the entry of PEDV virions into intestinal
epithelial cells [18]. However, in vitro, PEDV-infected cells produce syncytia only after treatment with
an exogenous protease such as trypsin. This exogenous protease cleavage event leads to cell–cell
and virus–cell fusion [14,16,19–21]. Therefore, the proteases responsible for PEDV activation may be
potential therapeutic targets.

Recently, a type of trypsin-like serine protease termed type II transmembrane serine proteases
(TTSPs) was reported to cleave and activate influenza virus and coronavirus surface proteins, allowing
multicycle replication in the absence of trypsin. As previously described, transmembrane protease
serine 2 (TMPRSS2) and human airway trypsin-like protease (HAT) can facilitate the spread of
human influenza viruses [22–25]. TMPRSS2 and TMPRSS4 play important roles in influenza virus
replication, supporting the spread of influenza virus in the absence of trypsin [26]. Subsequent studies
confirmed that TMPRSS2 also can activate the spike protein of human coronaviruses, such as severe
acute respiratory syndrome coronavirus (SARS-CoV) [27–29] and Middle East respiratory syndrome
coronavirus (MERS-CoV) [30,31]. Zmora et al. evaluated seven TTSPs previously reported to activate
the surface proteins of influenza A viruses (FLUAVs), MERS-CoV, and SARS-CoV and found that
mosaic serine protease large-form (MSPL) and differentially expressed squamous cell carcinoma gene 1
(DESC1) contributed to viral spread in the host [32]. Moreover, the role of TMPRSS2 in the release of
PEDV from infected cells was clarified [33]. However, the effects of transmembrane serine proteases
on host infection by animal coronaviruses, especially PEDV, have not been thoroughly studied thus far.

In this study, to explore the mechanism of PEDV infection, optimize culture methods, and improve
the proliferation of PEDV in vitro, the TTSPs TMPRSS2, HAT, DESC1, and MSPL were assessed to
determine their effects on PEDV replication in Vero cells. The results may provide a novel approach to
propagating PEDV in vitro as well as potential therapeutic targets for controlling PEDV infection.

2. Materials and Methods

2.1. Plasmids and Primers

pDONR223 plasmids containing the TMPRSS2 gene (BC051839), HAT gene (BC125195), DESC1
gene (BC113412), and MSPL gene (BC114928) were kindly provided by Biogot Technology, Public
Protein/Plasmid Library, Nanjing, China. Recombinant pCMV-Myc plasmids expressing human
TMPRSS2, HAT, DESC1, or MSPL were constructed following gene amplification and digestion by
EcoRI and BglII. All polymerase chain reaction (PCR) primers used in this study are listed in Table 1.
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Table 1. Primers used in the study.

Primers Primer Sequence (5′→3′) Targets (ID)

Primers for the construction of TTSPs plasmids

TMPRSS2-F CCGGAATTCGGATGGCTTTGAACTCAGGG TMPRSS2
TMPRSS2-R GGAAGATCTTTAGCCGTCTGCCCTCAT (BC051839)
HAT-F CCGGAATTCGGATGTATAGGCCAGCACG HAT
HAT-R GGAAGATCTCTAGATCCCAGTTTGTTG (BC125195)
DESC1-F CCGGAATTCGGATGATGTATCGGCCAGATG DESC1
DESC1-R GGAAGATCTTTAGATACCAGTTTTTG (BC113412)
MSPL-F CCGGAATTCGGATGGAGAGGGACAGCC MSPL
MSPL-R GGAAGATCTTTAGGATTTTCTGAATCG (BC114928)

Primers for identification of PEDV by real-time PCR

PN-F ACTGAGGGTGTTTTCTGGGTTGC Nucleocapsid gene of PEDV
PN-R GGTTCAACAATCTCAACTACACTGG (DQ072726)
Beta-actin-F AAGGATTCATATGTGGGCGATG β-actin gene of Vero cells
Beta-actin-R TCTCCATGTCGTCCCAGTTGGT (AB004047)

Primers for identification of swine TTSPs mRNA by real-time PCR

sw-TMPRSS2-F CACCCGAACTATGACCCCAAGACC Swine-TMPRSS2
sw-TMPRSS2-R CATAGCGGCGTTCAGCACCTC (XM_013982601)
sw-HAT-F ACAACGCACAATAACTCCCTCTG Swine-HAT
sw-HAT-R GACATTGTTCTGTTGAAGGCTGG (XM_013978756)
sw-DESC1-F TGCTGCTGATTTTTAGATTTCGCTC Swine-DESC1
sw-DESC1-R AGGGGGTCCTACAGCATCTTG (XM_013978755)
sw-MSPL-F CCCATAAGTGGCTTCCCGTC Swine-MSPL
sw-MSPL-R TGTAGATGCTCTCCTGGATGGTG (XM_013989517)
sw-GAPDH-F AAGGTCGGAGTGAACGGATTTG Swine-GAPDH
sw-GAPDH-R GCCTTGACTGTGCCGTGGAAC (XM_013991162)

Primers for identification of TTSPs in Vero cells

m-TMPRSS2-F ACCGCCAGGTGTTGGACCTTAC m-TMPRSS2
m-TMPRSS2-R GACACGCCATCGCACCAGTTAG (XM_007968781)
m-HAT-F AGTGTGTGTCTCCCAGCTGCTAC m-HAT
m-HAT-R TCGGTAGGTTGTCACTCGGGTAT (XM_007998573)
m-DESC1-F GGTGGAACAGAAGTAGAAGAGGG m-DESC1
m-DESC1-R CACATCACCTGGGTGAAACTC (XM_007998564)
m-MSPL-F TGACCCTGTCCGCTCACATCCAC m-MSPL
m-MSPL-R AAATCGCACCTCACTCTCCATCTTG (XM_008021030)

2.2. Cell and Virus Culture

The swine intestinal epithelial cell (IEC) line [34–37] and Vero cells (ATCC, Manassas, VA, USA)
were cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco, Grand Island, NY, USA) containing
10% fetal calf serum (FCS; Gibco). Cell-adapted PEDV strain LJB/03 from our laboratory [38–40] was
propagated in Vero cells and IECs. Briefly, the confluent cell monolayer was washed once with sterile
phosphate-buffered saline (PBS) and incubated at 37 ◦C for 1 h with PEDV LJB/03 supplemented
with 21 μg/mL trypsin; then, the inoculum was removed, the cells were washed twice with PBS, and
the maintenance medium (DMEM) was supplemented with 5 μg/mL trypsin. Cell cultures were
harvested until the cytopathic effect (CPE) exceeded 80%. After freeze-thaw treatment, the supernatants
were collected and stored at −80 ◦C until required.

2.3. Expression of TTSPs in Transfected Vero Cells

Vero cells were transfected with pCMV-Myc expressing TMPRSS2, HAT, DESC1, or MSPL,
using Lipofectamine LTX & Plus Reagent (Invitrogen, Life Technologies, Carlsbad, CA, USA).
Then, 3 μg/well of recombinant plasmid DNA was diluted into 500 μL of Opi-MEM I reduced-serum
medium (Gibco) without serum and mixed with an equal volume of PLUS reagent gently. The mixture
was incubated at room temperature (RT; 20–25 ◦C) for 5 min. Lipofectamine LTX was added, and the
complexes were allowed to form by incubation for 30 min. The DNA-Lipofectamine LTX complexes
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were then added to each well containing cells and medium. In parallel, Vero cells transfected with
the same concentration of empty plasmid were used as a control. Post-transfection cells were
cultured in 6-well plates at a density of 1.5 × 105/well and cultivated for 48 h. For analysis of
TTSP expression by immunofluorescence, cells were washed three times with PBS and fixed with
4% paraformaldehyde at RT for 15 min; then, the cells were permeabilized with 0.2% Triton X-100
in PBS at RT for 10 min and blocked in PBS with 0.3% bovine serum albumin at 37 ◦C for 30 min.
Subsequently, the cells were treated with mouse anti-Myc antibody (Sigma, St. Louis, MO, USA)
and rhodamine Red-X-coupled anti-mouse (ZSGB-BIO, Beijing, China) as primary and secondary
antibodies, respectively, followed by counterstaining with 4′,6-diamidino-2-phenylindole (DAPI,
Beyotime, Shanghai, China). Then, a fluorescence microscope (Leica, Wetzlar, Germany) was used
to visualize staining. For analysis of TTSP expression by western blot, cells were washed with PBS,
and detached with 200 μL of cell lysis buffer (Beyotime) containing 1 mM phenylmethanesulfonyl
fluoride (PMSF; Beyotime). Cells were subjected to sonication, mixed with 5× sodium dodecyl sulfate
(SDS) loading buffer, and denatured in boiling water for 10 min. Following SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), proteins were transferred to a polyvinylidene fluoride membrane (Merck
Millipore, Darmstadt, Germany), and immunoblots were developed using mouse anti-Myc antibody
(Sigma) as the primary antibody and horseradish peroxidase (HRP)-conjugated goat anti-mouse
antibody (Thermo, Waltham, MA, USA) as the secondary antibody. As a loading control, mouse
anti-actin antibody (Sigma) was used. For analysis of TTSPs by flow cytometry, Vero cells transfected
with TTSP-encoding plasmid were detached, washed with PBS, incubated with ice-cold ethanol
for 10 min, and then stained with mouse anti-Myc primary antibodies (Sigma) followed by DyLight
647-coupled anti-mouse secondary antibodies (Dianova, BioLeaf Biotech, Shanghai, China). After three
washings with PBS, cells were fixed with 2% paraformaldehyde and staining was analyzed with
an Aria II flow cytometer (BD Biosciences, San Jose, CA, USA).

2.4. Quantitative Real-Time PCR Analysis

The viral RNA of PEDV propagated in Vero cells was extracted using E.Z.N.A. Total RNA Kit I
(Omega Bio-Tek, Doraville, GA, USA) following the manufacturer’s protocol. Complementary DNA
(cDNA) was produced via reverse transcription, using oligo(dT)15 (Takara, Tokyo, Japan) and the
Superscript Reverse Transcriptase Reagent Kit (Takara) according to the manufacturer’s instructions.
Then, an ABI 7500 real-time PCR system (Applied Biosystems, Carlsbad, CA, USA) was used to
determine viral mRNA transcript levels with SYBR Premix EX Taq II (Takara) according to the
manufacturer’s recommendations. The specific real-time PCR primers targeting the N gene of PEDV
and the β-actin gene of Vero cells are described in Table 1. Real-time PCR was performed under
the following conditions: 40 cycles of 30 s at 95 ◦C, 3 s at 95 ◦C, and 30 s at 60 ◦C. The average
cycle threshold (Ct) for each individual assay was calculated from triplicate measurements using
the instrument’s software in “auto Ct” mode (ABI 7500 system software, version 2.3). Relative Ct
values of three independent tests were calculated by the 2−ΔΔCt method. Levels of N transcripts were
normalized to those of β-actin transcripts in the same sample, and the 2−ΔΔCt value of viral RNA in
each sample was analyzed in parallel. There were no specific signals detected in any negative controls.

2.5. Determination of Viral Titer of PEDV Propagated in Vero Cells Expressing TTSPs

Prior to investigating the infectivity of PEDV LJB/03 propagated in Vero cells transiently
expressing TTSPs, the viral titer was determined by plaque assay. In brief, after digestion, suspended
Vero cells were transfected with 3 μg/well of pCMV-Myc plasmids expressing TMPRSS2, HAT, DESC1,
or MSPL, with the empty pCMV-Myc plasmid used as a control. Then, the Vero cells were seeded
into 6-well plates at 1.5 × 105/well, and after 24 h, the cells were infected at a multiplicity of infection
(MOI) of 0.1 in an infection medium with 3 μg/mL trypsin or PBS. After 1 h of viral adsorption,
the inoculum was removed, and the cells were washed twice with PBS and fixed with 3 mL of
Minimum Essential Medium (MEM, Gibco) with 0.8% agarose. When CPEs appeared, cells were
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stained with MEM containing 0.01% Neutral Red Solution (Sigma), and syncytia were counted as
plaque under a microscope. The viral titer is expressed as plaque-forming units (PFU)/mL.

2.6. Determination of Effects of TTSPs and TTSP Inhibitor on Viral Replication

To analyze the effects of TTSPs on viral replication, the replication kinetics of intracellular viral
RNA were determined by quantitative real-time PCR. Vero cells were transfected with 1 μg/well of
pCMV-Myc plasmids expressing a TTSP (TMPRSS2, HAT, DESC1, or MSPL) or empty pCMV-Myc
plasmid (control) and seeded in 24-well plates. Then, the cells were infected with PEDV at a multiplicity
of infection (MOI) of 0.01 and supplemented with 3 μg/mL trypsin or PBS. After viral adsorption,
the cells were washed twice with PBS and cultured with DMEM. At different time points post-infection,
the cells were collected and subjected to quantitative real-time PCR detection as described above.
To examine the viral replication in Vero cells treated with a TTSP inhibitor, TTSP-transfected Vero
cells were pretreated with 200 μM or 500 μM of the TTSP inhibitor AEBSF-HCl (Sigma) or PBS for 1 h,
as previously published [41]. Then, the treated cells were infected with PEDV LJB/03 at an MOI of 0.01
for 1 h; at 12 h post-infection, levels of viral replication were determined by quantitative real-time PCR.

2.7. Analysis of PEDV and TTSP Co-Localization

To determine the cellular localization of the S protein of PEDV and the TTSPs, Vero cells were
transfected with pCMV-Myc plasmids expressing TMPRSS2, HAT, DESC1, or MSPL, or with empty
plasmid serving as a negative control. At 24 h post-transfection, the cells were washed with PBS
and infected with PEDV LJB/03 at an MOI of 1. The pCMV-Myc-transfected cells were infected with
PEDV in the absence or presence of 3 μg/mL trypsin. At 24 h post-infection, the cells were fixed
with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and blocked with 0.3% bovine
serum albumin. Then, the cells were incubated with mouse anti-Myc antibody (Sigma) and rabbit
anti-PEDV S protein polyclonal antibody (developed in our laboratory) at RT for 1 h. After washing
with PBS three times, the cells were incubated with fluorescein isothiocyanate (FITC)-conjugated goat
anti-rabbit IgG (ZSGB-BIO) and Alexa Fluor 647-labeled goat anti-mouse IgG (H + L) (ZSGB-BIO)
secondary antibodies at RT for 1 h. After washing, the cells were treated with DAPI (Beyotime).
The coverslips were mounted on glass microscope slides in mounting buffer and examined using
a laser scanning microscope (Leica TCS SP2, Wetzlar, Germany). Further image analysis, including
calculation of the Pearson correlation coefficient (PCC), was performed with Image J with Just Another
Colocalization Plugin [32,42].

2.8. Cleavage of PEDV S Protein by TTSPs

To determine the cleavability of S protein by TTSPs, PEDV strain LJB/03 S protein was cloned
into plasmid pCMV-HA. Then, 293T cells were seeded into six-well plates at a density of 2 × 105/well
and cotransfected with 2 μg/well of plasmid encoding PEDV S with a N-terminal HA tag and
2 μg/well TTSPs-expressing plasmid or an empty plasmid by using Lipofectamine LTX & Plus Reagent
(Invitrogen) according to the manufacturer’s protocol. At 48 h posttransfection, the cells were harvested
and subjected to sonication and denatured. The lysates were separated by SDS-PAGE and blotted
onto polyvinylidene fluoride membrane (Merck Millipore). The PEDV S protein with a N-terminal
HA antigenic tag was detected by staining with mouse monoclonal antibody specific for the HA
tag (Sigma), followed by incubation with an HRP-conjugated goat anti-mouse antibody (Thermo).
As a loading control, expression of β-actin was detected with an anti-β-actin antibody (Sigma).

2.9. Analysis of TTSP Activation of PEDV for Cell–Cell Fusion

To determine the effects of TTSPs on PEDV for cell-cell fusion, the CheckMate Mammalian
Two-Hybrid System (Promega, Madison, WI, USA) was used. In brief, Vero target cells were transfected
with either empty pCMV-Myc plasmid or pCMV-Myc plasmids encoding TTSPs in combination with
the pG5-luc plasmid, which carries the firefly luciferase reporter gene under the control of a promoter
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containing five GAL4-binding sites. In parallel, Vero effector cells were transfected with the plasmids
pACT (containing the herpes simplex virus VP16 activation domain upstream of a multiple cloning
region) and pBind (expressing Renilla reniformis luciferase under the control of the SV40 promoter).
After 24 h, the effector cells were detached, diluted in fresh medium, and added to the target cells.
After 24 h of co-cultivation, the cells were washed with PBS and infected with PEDV LJB/03 at an MOI
of 1 and supplemented with 1 μg/mL or 0.1 μg/mL trypsin or PBS. Cell–cell fusion was quantified
by determining luciferase activity in cell lysates with a commercially available kit (Promega) after 48 h
of co-cultivation.

2.10. Quantitative Analysis of TTSP Expression in the Normal and PEDV-Infected Piglet Small Intestine/IECs

Total RNA samples obtained from small intestine tissues of three normal and three PEDV-infected
piglets were used to quantify gene expression levels of TTSPs. cDNA was produced using
Superscript Reverse Transcriptase Reagent Kit (Takara) according to the manufacturer’s instructions,
and a quantitative real-time PCR assay was performed in triplicate with SYBR® Premix EX Taq II
(Takara) using the GAPDH gene as a control. The primers used are shown in Table 1. Average Ct values
calculated for TMPRSS2, HAT, DESC1, and MSPL were normalized by subtraction from the Ct values
obtained for GAPDH as an internal control. Template-free cDNA reaction mixtures were analyzed in
parallel, and no specific signal was detected in any of these experiments. The piglets were handled
and maintained under strict ethical considerations according to international recommendations for
animal welfare. In addition, the TTSP expression levels in the normal IECs and PEDV-infected IECs
were also subjected to quantitative real-time PCR detection as described above.

2.11. Adaptation of PEDV Isolated from Clinical Samples to Vero Cells Transiently Expressing TTSPs

To analyze the adaptation of PEDV strains isolated from clinical samples to Vero cells transfected
with pCMV-Myc plasmids expressing TTSPs, two PEDV-positive small intestine tissue samples
(A and B) collected from outbreaks of severe acute diarrhea in suckling piglets in 2013 and 2014
in China were tested. Twenty-four hours after transfection with plasmids expressing TTSPs or empty
plasmid (control), Vero cells were infected with processed viral samples supplemented with PBS
or 3 μg/mL trypsin for 72 h. Following three serial passages, total RNA was extracted to assess the
relative RNA levels of PEDV by qPCR.

2.12. Statistical Analysis

All experiments were repeated 3–5 times. Data were statistically analyzed by one-way ANOVA,
using GraphPad Prism v5.0 software. p < 0.05 was considered statistically significant.

3. Results

3.1. Expression of TTSPs in Transfected Vero Cells

The genes encoding TMPRSS2, HAT, DESC1, and MSPL were cloned into pCMV-Myc plasmids
and transfected to Vero cells individually. Expression of the four TTSPs in transfected Vero cells
was detected via indirect immunofluorescence, western blot assay and fluorescence-activated cell
sorting (FACS). As shown in Figure 1A,B, the four TTSPs were successfully expressed in Vero cells
transiently transfected with pCMV-Myc plasmids expressing TMPRSS2, HAT, DESC1, or MSPL.
TTSPs were expressed at the cellular plasma membrane, and the number of HAT-positive cells was
lower than that for the other three TTSP-positive cells (Figure 1A). The expression of most proteases
was readily detectable with the proper predicted size for each, as previously published [32], but the
proteases were not expressed in Vero cells transfected with empty pCMV-Myc plasmid (Figure 1B).
TTSPs are synthesized as inactive single-chain zymogens and undergo self-cleavage into active forms
during or after transport to cell surfaces [43,44]. DESC1 and MSPL were found to be activated and to
form bands presenting the cleaved catalytic domain of mature forms. Moreover, we analyzed TTSP
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expression levels by fluorescence-activated cell sorting (FACS) of stained cells. The most prominent
signal was measured in TMPRSS2-expressing cells, followed by MSPL- and DESC1-expressing cells.
The fluorescence signal obtained from HAT-expressing cells was the weakest (Figure 1C).

Figure 1. Expression of type II transmembrane serine proteases (TTSPs) in transfected Vero cells.
(A) Post-transfection, the expression of TMPRSS2, HAT, DESC1, and MSPL in transfected Vero cells
was detected via indirect immunofluorescence. Bar = 25 μm. Magnification, ×200; (B) TTSP expression
in transfected Vero cells as determined by western blot. Zymogens and the mature form are indicated;
(C) TTSPs expression was detected by FACS. The geometric mean channel fluorescence (GMCF)
measured in a representative experiment performed with triplicate samples is shown. Error bars
indicate standard deviations of three independent experiments.

3.2. Effects of TTSPs and TTSP Inhibitor on Viral Replication

Prior to this investigation, the presence of endogenously expressed TTSPs in Vero cells was analyzed
by RT-PCR assay with primers targeting monkey-borne TMPRSS2 (XM_007968781), HAT (XM_007998573),
DESC1 (XM_007998564), and MSPL (XM_008021030) genes (Table 1). No TMPRSS2, HAT, DESC1,
or MSPL mRNA was detected in the Vero cells in this study. Next, the effects of these proteases on PEDV
replication in Vero cells exogenously expressing TTSPs were examined. Following transfection, Vero cells
were infected with PEDV in the presence or absence of trypsin. As shown in Figure 2A, in the absence
of trypsin, the viral titers of PEDV propagated in Vero cells transfected with pCMV-Myc expressing
TMPRSS2 and MSPL were clearly higher than those of PEDV propagated in Vero cells expressing
HAT and DESC1. Among the TTSPs, the viral titers in Vero cells expressing TMPRSS2 and MSPL
were almost 102.5 to 104.5 times higher than those in the empty-plasmid group and even 3- to 30-fold
higher than those in Vero cells cultured with trypsin (3 μg/mL). Moreover, the viral RNA levels in
each group were determined by qPCR at different time points post-infection. As shown in Figure 2B,
at 72 h post-infection, viral RNA levels in Vero cells expressing MSPL were significantly higher than
those in the other groups, and the viral mRNA relative quantity in trypsin-treated cells was slightly
higher than that in TMPRSS2-transfected cells. However, the efficacy of TMPRSS2 in activating PEDV
replication was almost the same as that of 3 μg/mL trypsin and was higher than that of HAT or
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DESC1 at 84 h post-infection. These findings indicate that MSPL and TMPRSS2 play important roles in
PEDV infection.

Furthermore, the TTSP inhibitor AEBSF-HCl was used to evaluate the effects of TTSPs on
trypsin-independent PEDV entry. The cytotoxicity of AEBSF-HCl at the recommended concentrations
was first tested to exclude cytotoxic effects. Then, TTSP-transfected Vero cells were treated with
AEBSF-HCl and infected with PEDV. The pCMV-Myc-transfected cells were infected with PEDV in the
absence of trypsin. At 12 h post-infection, viral RNA levels were determined by qPCR. As shown in
Figure 2C, AEBSF-HCl induced strong inhibitory activity, resulting in dose-dependent decreases in the
viral RNA levels. The viral RNA levels of PEDV in MSPL-transfected Vero cells treated with 500 μM
AEBSF-HCl were significantly higher than those of cells transfected with other TTSPs. These results
also indicate that TTSPs such as TMPRSS2 and MSPL play an important role in PEDV entry, suggesting
that TMPRSS2 and MSPL promote PEDV replication better than trypsin.

Figure 2. Effects of TTSPs and TTSP inhibitor on viral replication. (A) Porcine epidemic diarrhea virus
(PEDV) titers following the expression of TTSPs in Vero cells. Viral titers were determined by plaque
assay. *** p < 0.001 vs. empty pCMV-Myc plasmid; ### p < 0.001 vs. empty pCMV-Myc plasmid with
3 μg/mL trypsin; (B) Replication kinetics of intracellular viral RNA in Vero cells expressing TTSPs.
Relative quantity of the empty pCMV-Myc plasmid with PBS at 0 h = 1; (C) Viral replication after
TTSP inhibitor treatment. Error bars indicate the standard error of three independent experiments.
The relative quantity of the empty pCMV-Myc plasmid with 0 μM AEBSF-HCl treatment = 1.

3.3. TTSP Activation of PEDV for Cell–Cell Fusion

We evaluated the impact of TTSP expression on PEDV-infected Vero cells, using a cell–cell fusion
assay (Figure 3). Among the four TTSPs, the expression of MSPL and TMPRSS2 in Vero target
cells significantly promoted fusion with Vero effector cells following PEDV infection; in particular,
MSPL facilitated cell fusion better than 1 μg/mL trypsin treatment. In contrast, transfection with
HAT and DESC1 did not promote cell–cell fusion that was observed with the empty plasmid control.
These results indicate that MSPL and TMPRSS2 facilitate PEDV replication.
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Figure 3. TMPRSS2 and MSPL activation of PEDV for cell–cell fusion. The results of a representative
experiment performed with triplicate samples are shown; *** p < 0.001 vs. pCMV-Myc without trypsin.
Relative quantity of pCMV-Myc without trypsin = 1. Error bars indicate standard error of the mean.

3.4. Co-Localization of TTSPs and PEDV

In this study, the co-localization of the four TTSPs with the PEDV S protein was investigated in
infected Vero cells to determine the mechanism of PEDV activation by TTSPs. As shown in Figure 4A,
immunofluorescence staining of TTSP-transfected Vero cells infected with PEDV revealed that the
PEDV S protein was extensively co-localized with MSPL and TMPRSS2 but not with HAT or DESC1.
This assessment was confirmed upon determination of the PCC for TTSPs and S protein signals.
The S signals correlated well with those of TMPRSS2 and MSPL, indicating extensive co-localization,
whereas little correlation was measured for the S protein and HAT or DESC1 signals (Figure 4B).
Thus, the cellular localizations of S protein and TMPRSS2 or MSPL overlap extensively, indicating that
MSPL and TMPRSS2 may interact with S protein, activating PEDV replication in Vero cells.

Figure 4. Cont.
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Figure 4. Analysis of TTSP and PEDV S protein co-localization. (A) Analysis of TTSP and PEDV
S protein co-localization using a laser scanning microscope. Bar = 20–25 μm. Magnification, ×400;
(B) The co-localization of TTSPs and S protein was determined by calculation of Pearson correlation
coefficient (PCC). The average PCC measured for three to five cells from separate experiments is shown;
error bars indicate the standard errors of the means.

3.5. Effects of TTSPs on PEDV S Protein Cleavage

We further assessed if the TTSPs studied were able to cleave the S protein of PEDV. As shown in
Figure 5, the full-length PEDV S proteins migrating at 200 kDa were detected using anti-HA antibody
reacting with the N-terminal of the PEDV S protein. Cleavage of PEDV S was detected upon the
coexpression of TMPRSS2 and MSPL. The size of cleavage fragments were the same, approximately
35 kDa. In contrast, coexpressing of HAT or DESC1 did not facilitate PEDV S cleavage. Shirato et al.
found that PEDV S protein could be cleaved by co-expression with TMPRSS2, the cleavage C-terminal
fraction of S protein detected was 160 kDa [33]. Therefore, our study further confirmed the roles of
TMPRSS2 and MSPL in the PEDV S protein activation. The effects of TMPRSS2 and MSPL on PEDV S
protein cleavage may be responsible for facilitating the replication of PEDV.

Figure 5. TMPRSS2 and MSPL cleave the PEDV S protein. Black-filled arrowheads, uncleaved S protein;
white-filled arrowheads, N-terminal cleavage fragments.

3.6. Determination of TTSP Expression in the Normal and PEDV-Infected Piglet Small Intestine/IECs

We performed real-time RT-PCR analysis of the mRNA levels of TMPRSS2, HAT, DESC1,
and MSPL in the small intestine tissues of normal and PEDV-infected piglets. The expression of
DESC1 in the normal piglets was the highest, followed by HAT, TMPRSS2, and MSPL; moreover, the
mRNA levels of all TTSPs increased in the small intestine of PEDV-infected piglets (Figure 6A). We also
detected the TTSP level in IECs after PEDV infection. The endogenous TTSP level is up-regulated in
IECs after PEDV infection, which was similar to that in piglet small intestine tissues infected with
PEDV (Figure 6B). These results suggest that TMPRSS2, MSPL, HAT and to a higher degree, DESC1
are expressed in piglet small intestine, and that the endogenous TTSP level is up-regulated after PEDV
infection. However, whether the endogenous presence of TTSPs in the small intestines of piglets
contributes to viral spread in infected piglets remains to be determined.
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Figure 6. Expression of TTSPs in the normal and PEDV-infected porcine small intestine/intestinal
epithelial cells (IECs). (A) Expression of TTSPs in the normal and PEDV-infected porcine small intestine;
(B) Expression of TTSPs in the normal and PEDV-infected IECs.

3.7. TTSPs Facilitate Propagation of PEDV Isolates in Vero Cells

Two PEDV-positive piglet small intestine samples were used to test the abilities of TMPRSS2,
HAT, DESC1, and MSPL to facilitate PEDV. TTSP-transfected Vero cells were infected with processed
viral samples, and the relative RNA levels of PEDV propagated in Vero cells expressing TMPRSS2,
MSPL, HAT, or DESC1 were determined for three serial passages. As shown in Figure 7A, TMPRSS2
and MSPL facilitated strain A replication to an almost 20-fold higher extent than the TTSP control
(pCMV-Myc group) after three serial passages. Additionally, HAT could also promote culture of
strain A in Vero cells. We speculate that there may be an active site of HAT on the S protein of strain A.
The effect of trypsin on the isolation of strain B was not significant. However, the effect of strain B
cultured in Vero cells expressing TMPRSS2 and MSPL was better than trypsin treatment; the viral
mRNA level in Vero cells expressing MSPL was two times higher than that of the trypsin group after
three serial passages (Figure 7B). TMPRSS2 and MSPL facilitated the propagation of the two PEDV
isolates (strains A and B) in Vero cells efficiently and steadily, suggesting a promising approach for
PEDV propagation of clinical samples in the absence of trypsin treatment.

Figure 7. Culture of PEDV isolated from pig intestine in Vero cells transiently expressing TTSPs in three
serial passages. (A) Isolation of PEDV strain A; (B) Isolation of PEDV strain B. The relative quantity
of pCMV-Myc without trypsin at the 1st passage = 1. Error bars indicate standard error of the mean.
Results shown are those of a representative experiment performed with triplicate samples.
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4. Discussion

During the 1970s and 1990s, PEDV caused widespread epidemics in multiple swine-producing
countries in Europe [5,45–47]. Since then, severe outbreaks have emerged in a number of Asian countries,
including Japan [48], China [49], South Korea [50], and Thailand [51]. Recently, PEDV has been
spreading rapidly among swine farms in the United States, resulting in high piglet mortality in more
than 32 states [52,53], and similar outbreaks have also been reported in Canada and Mexico [1,3,4,6].
Currently, severe PED is one of the most important diseases affecting pig farming in China [54].
However, the effectiveness of the CV777-based vaccine has been questioned because PED outbreaks
have also occurred in vaccinated herds [55]. Therefore, there is an urgent need to improve the
protective efficacy of vaccines and to develop new vaccines. However, PEDV isolation in vitro remains
challenging, as the isolated virus may gradually lose infectivity upon continued passaging in cell
cultures supplemented with trypsin [1]. Recently, we attempted to isolate PEDV from clinical samples,
using porcine intestinal epithelial cells (IECs) and found that PEDV isolates were better adapted
to growth in IECs than in Vero cells [34], indicating that some trypsin-like proteases present in the
IECs facilitated the propagation of PEDV. Moreover, previous research has suggested that several
TTSPs located in the mucosal epithelium play critical roles in viral infectivity through the activation of
viral surface proteins [23,27,31,32]. At the beginning of this study, we designed primers according to
the predicted sequences of swine TTSPs from national center for biotechnology information (NCBI),
and attempted to amplify the full-length TTSP genes from the trachea, bronchus, lung, and small
intestine tissues of piglet and IECs. However, we failed to obtain the porcine TTSP genes. We speculate
that differences may exist between the actual sequences and predicted sequences. Although TTSPs are
the host proteases of respiratory and digestive tract mucosa, the TTSP expression levels may be low
or limited in some conditions or over a period of time, which results in difficulty in obtaining actual
porcine TTSP genes. Therefore, we studied human TTSPs (TMPRSS2, HAT, DESC1, and MSPL) to
explore their effects on PEDV replication.

The TTSP family is composed of more than 20 members and divided into four subfamilies:
the HAT/DESC subfamily, hepsin/TMPRSS/enteropeptidase subfamily (including TMPRSS2 and
MSPL), matriptase subfamily, and corin subfamily. TMPRSS2 and MSPL are predominantly expressed
in the fetal liver and kidney [56] and on the brush-border of the duodenum [57]. HAT is predominantly
expressed in the trachea [58,59], whereas DESC1 is restricted to the epithelia of the skin and oral
cavity [60,61]. In this study, we confirmed the presence of TMPRSS2, HAT, DESC1, and MSPL in
the small intestines of normal piglets and IECs, and we also found that the mRNA levels of these
TTSPs increased in PEDV-infected small intestine tissues and IECs. Whether or not the endogenous
presence of TTSPs in the small intestines of piglets contributes to viral spread in infected piglets remains
to be determined, and knock-out mice, as well as specific protease inhibitors, might be useful tools for
these endeavors. Previous studies demonstrated that TTSPs play key roles in hormone or growth factor
activation, epithelial differentiation, and the initiation of proteolytic cascades [62,63]. The mechanism
underlying the effects of up-regulated TTSPs in PEDV-infected piglet small intestine tissues requires
further investigation. The inhibitors of TMPRSS2 and MSPL may be potential candidates for treatment
of PEDV. Moreover, according to a comparison of the promotion effects of these TTSPs on viral
replication and titers in vitro, TMPRSS2 and MSPL were particularly strong, suggesting that members
of the hepsin/TMPRSS/enteropeptidase subfamily may activate PEDV emergence due to their
specific structure. Additional research is underway to determine whether other members of the
hepsin/TMPRSS/enteropeptidase subfamily are able to activate PEDV.

The role of TTSPs in the release of PEDV from infected cells has been reported previously [33],
although the mechanism by which TTSPs promote the propagation of animal coronaviruses remains
unclear. In this study, to explore this mechanism, we first focused on whether TTSPs (TMPRSS2, HAT,
DESC1, and MSPL) activated viral transmission via cell–cell fusion assay, and our results demonstrated
that the activating effects of MSPL and TMPRSS2 were more robust than those of the other TTSPs.
MSPL exhibited the strongest effect followed by TMPRSS2. It has been suggested that the addition
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of trypsin mediates cell–cell fusion in PEDV-infected cells [64], thus demonstrating that TMPRSS2
and MSPL exhibit trypsin-like characteristics that facilitate cell–cell fusion. However, it should be
noted that the cell–cell fusion assay allows the interaction of cell surfaces on which large amounts of
receptors and proteases may be expressed, and therefore it might not fully mirror virus–cell fusion.

Although serine proteases are reportedly involved in PEDV entry, it was previously unclear which
of them are most effective [41]. Thus, we used the previously published TTSP inhibitor AEBSF-HCl [41]
to assess whether TTSPs (TMPRSS2, HAT, DESC1, and MSPL) activate PEDV entry into cells in the
absence of trypsin. We found that viral RNA levels were decreased in a dose-dependent manner
following AEBSF-HCl treatment. Additionally, we found that the level of viral mRNA increased in
a dose-dependent manner in Vero cells expressing TMPRSS2 and MSPL, but not HAT and DESC1
at the stage of virus entry [65]. These results suggest that the activating effect of TMPRSS2 and,
in particular, MSPL, on PEDV entry into cells was greater than that of HAT and DESC1. Although
Liu et al. found that TMPRSS2 did not increase the entry of PEDV pseudoviruses into Huh-7 cells [66],
several studies suggested that some candidate cellular enzymes, such as TTSPs could activate PEDV
replication [41,64], and that human TMPRSS2 has been shown to enhance the multicycle replication of
PEDV [33].

To explore the key role of TTSPs in facilitating PEDV replication, we speculated that the S
protein of PEDV might have interacted with TTSPs located on the cell surface during viral infection.
Thus, an assessment of the co-localization of TTSPs with the PEDV S protein was performed, and our
results showed that the PEDV S protein co-localized extensively with MSPL and TMPRSS2, indicating
that these TTSPs might interact with the PEDV S protein to promote viral entry into cells. It is worth
noting that PEDV-activating TTSPs co-localized with S protein, whereas inactive TTSPs did not, despite
robust expression (such as DESC1) in the cellular system analyzed. It is therefore conceivable that the
cellular localization of a TTSP, apart from its substrate specificity, might determine whether the protease
can activate S and other viral glycoproteins; this possibility deserves further investigation. It has been
confirmed that TTSPs cleave and activate the SARS-CoV and MERS-CoV S proteins, and the cleaved
fragments of the S protein may induce subtle conformational changes that increase its sensitivity for
binding to its receptor [15]. We also attempted to verify the cleavage of S protein by TTSPs, and we
found TMPRSS2 and MSPL could cleave PEDV S protein with the same size of cleavage fragments,
but HAT and DESC1 could not. Therefore, our study further confirmed the roles of TMPRSS2 and
MSPL in the PEDV S protein activation. However, the mechanisms of S protein activation by TTSPs
for PEDV entry have not been clearly demonstrated, and additional research is under way to further
investigate these mechanisms.

Currently, the propagation of PEDV in vitro remains a continuing challenge, as viral infectivity
gradually declines during serial passages in cell cultures. In this study, we confirmed that TMPRSS2
and MSPL effectively facilitate the isolation of PEDV in vitro in the absence of trypsin. Viral adaptation
and growth in Vero cells expressing TMPRSS2 and MSPL were higher than those in control cells
transfected with empty plasmid control and in cells treated with trypsin. These results indicate that
TMPRSS2 and MSPL might be more conducive to PEDV isolation in vitro than exogenous proteases like
trypsin, suggesting a promising approach for PEDV isolation in vitro, using Vero cell lines continuously
expressing TMPRSS2 or MSPL. The establishment of Vero cell lines stably expressing TMPRSS2/MSPL
may facilitate the use of attenuated cell-culture-adapted PEDV strains cultured in the absence of
trypsin for vaccine development, which can reduce the cost and simplify the process in the PEDV
vaccine production.

In conclusion, we first demonstrated that TMPRSS2 and MSPL facilitate the replication of the
animal coronavirus PEDV and play a significant role in viral infection by promoting cell–cell fusion
and virus–cell fusion. Whether or not the endogenous presence of TTSPs in the small intestines of
piglets contributes to viral spread in infected piglets should be determined further. This study provides
insights and a novel method for enhancing viral titers, expanding virus production, and improving
the adaptability of PEDV isolates in vitro.
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Abstract: Porcine epidemic diarrhea virus (PEDV), which is the causative agent of porcine epidemic
diarrhea in China and other countries, is responsible for serious economic losses in the pork
industry. Inactivated PEDV vaccine plays a key role in controlling the prevalence of PEDV. However,
consistently low viral titers are obtained during the propagation of PEDV in vitro; this represents a
challenge to molecular analyses of the virus and vaccine development. In this study, we successfully
isolated a PEDV isolate (strain NJ) from clinical samples collected during a recent outbreak of diarrhea
in piglets in China, using porcine intestinal epithelial cells (IEC). We found that the isolate was better
adapted to growth in IECs than in Vero cells, and the titer of the IEC cultures was 104.5 TCID50/0.1 mL
at passage 45. Mutations in the S protein increased with the viral passage and the mutations tended
towards attenuation. Viral challenge showed that the survival of IEC-adapted cultures was higher at
the 45th passage than at the 5th passage. The use of IECs to isolate and propagate PEDV provides an
effective approach for laboratory-based diagnosis of PEDV, as well as studies of the epidemiological
characteristics and molecular biology of this virus.

Keywords: porcine epidemic diarrhea virus (PEDV) NJ strain; porcine intestinal epithelial cells;
isolation and identification

1. Introduction

Porcine epidemic diarrhea (PED), which is caused by the porcine epidemic diarrhea virus (PEDV),
is an acute and highly contagious enteric viral disease in nursing pigs. PED is characterized by
vomiting and lethal watery diarrhea; and is a global problem, especially in many swine-producing
countries [1–7]. PED was first reported in feeder pigs and fattening swine in the United Kingdom in
1971 [8]; since then, it has emerged in numerous European and Asian countries, resulting in tremendous
economic losses to the pork industry worldwide. In 2013, the first PED outbreak was reported in
the U.S.; subsequently, the outbreak spread rapidly across the country, and similar outbreaks were
also reported in Canada and Mexico [4–7]. In China, PED outbreaks have occurred infrequently with
only sporadic incidents [9,10]. However, in late 2010, a remarkable increase in PED outbreaks was
reported in the pork-producing provinces [11,12]. In 2014, an outbreak of severe acute diarrhea, with
high morbidity and mortality, occurred in sucking piglets in Nanjing, China. Herds vaccinated with
the CV777-inactivated vaccine were also infected.
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During this period, the effectiveness of the CV777-based vaccine was questioned as PED outbreaks
also occurred in vaccinated herds [12]. PED has since become one of the most significant epidemics
affecting pig farming in China [13]. PEDV is an enveloped, single-stranded, positive-sense RNA virus
belonging to the genus Alphacoronavirus, family Coronaviridae, and order Nidovirales [14,15]. The size
of its genome is approximately 28 kb, with 5′- and 3′- untranslated regions (UTRs) and seven open
reading frames (ORFs) that encode four structural proteins, i.e., spike (S), envelope (E), membrane
(M), and nucleocapsid (N), and three nonstructural proteins [10,16]. The S protein of PEDV is the
major enveloped protein of the virion, associated with growth adaptation in vitro and attenuation
in vivo [17]. In addition, the S glycoprotein is used to determine the genetic relatedness among PEDV
isolates and for developing diagnostic assays and effective vaccines [18–20].

The ability to propagate the virus is critical for the diagnosis and molecular analysis of PEDV,
particularly the development of inactivated or attenuated vaccine. However, propagation of PEDV
in vitro is challenging. Even though PEDV may be isolated from clinical samples, it gradually loses
its infectivity during further passages in cell culture [4]. Therefore, it is necessary to evaluate the
disinfection efficiency in vitro viral isolates using a cell culture system that promotes growth of
PEDV. Currently, several PEDV strains, such as CV777, KPEDV-9, and 83P-5, have been successfully
propagated in Vero cells using media with added trypsin [21–23]. In recent years, new variants of
PEDV have emerged that are difficult to isolate and propagate in Vero cells with trypsin. Researchers
have attempted to use pig bladder and kidney cells to isolate PEDV, with the addition of trypsin to
the medium; this is the first report of isolation of PED virus in porcine cell culture [24]. PEDV infects
the epithelium of the small intestine, which is a protease-rich environment, and causes atrophy of the
villi resulting in diarrhea and dehydration; this indicates that porcine intestinal epithelial cells are
the target cells of this virus. In 2014, Wang et al. established a porcine intestinal epithelial cell line
(ZYM-SIEC02) by introducing the human telomerase reverse transcriptase (hTERT) gene into small
intestinal epithelial cells derived from a neonatal, unsuckled piglet [25]. Several studies have used this
established porcine intestinal epithelial cell (IEC) line [26,27]; however, the characteristics of PEDV
cultured in this cell line have not been reported.

The present study aimed to confirm and identify PEDV in samples collected from piglets with
suggestive clinical signs, using the IEC line established by Wang et al. [25]. A PEDV isolate, named
PEDV strain NJ, was successfully isolated. Our results show that the PEDV strain NJ is adapted to
growth in IECs with media containing trypsin, suggesting a new approach for the propagation of
PEDV. Furthermore, the phylogeny and mutations of the S gene during serial passages were analyzed
to determine its genetic homology and molecular variability. A virulence experiment for IEC-adapted
NJ also confirmed that the virus had a tendency towards attenuation at 45 passages.

2. Materials and Methods

All applicable international and national guidelines for the care and use of animals were followed.
Approval (2016NEFU-315) was obtained from the Institutional Committee of Northeast Agricultural
University for the animal experiments.

2.1. Cells and Clinical Samples

The swine intestinal epithelial cell (IEC) line established by Wang et al. was kindly provided by
Prof. Yanming Zhang, College of Veterinary Medicine, Northwest A&F University, Yangling, Shaanxi,
China. IEC and Vero cells (ATCC CCL-81) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Grand Island, NY, USA), and supplemented with 10% fetal bovine serum (Gibco).
The clinical samples (small intestine tissues) used in this study were collected from a pig farm in
Nanjing, China, at which an outbreak of acute diarrhea among piglets had been reported. The virus
isolated from samples was identified as PEDV by M gene-based reverse transcription PCR (RT-PCR).
The small intestine tissue was homogenized with serum-free DMEM, and then centrifuged (Thermo
Scientific Sorvall Legend Micro 17, Waltham, MA, USA) at 5000× g at 4 ◦C for 10 min. The supernatant
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was filtered using 0.22-μm pore-size cellulose acetate (Merck Millipore, Darmstad, Germany), and
used for virus isolation.

2.2. RNA Extraction and RT-PCR Assay

Total RNA was extracted from the clinical samples and virus cultures using the TRIzol® Plus
RNA Purification Kit (Invitrogen Corp., Carlsbad, CA, USA) according to the manufacturer’s
instructions. Complementary DNA (cDNA) was produced via reverse transcription using the
Superscript Reverse Transcriptase Reagent Kit (Takara, Tokyo, Japan) according to the manufacturer’s
instructions. The primer pairs of the partial M gene (316 bp) for identification of PEDV,
5′-TATGGCTTGCATCACTCTTA-3′ (forward) and 5′-TTGACTGAACGACCAACACG-3′ (reverse),
were designed based on PEDV strain CV777, using the cDNA as a template. The PCR reaction system
in a total volume of 50 μL was as follows: 5 μL of 10× buffer, 3 μL of cDNA, 1 μL of LA Taq polymerase
(TaKaRa, Tokyo, Japan), 2 μL of forward primer (10 μM), 2 μL of reverse primer (10 μM), 4 μL of dNTPs
mix-ture (2.5 μM), and sterile water added up to 50 μL. The cycling parameters for PCR included 95 ◦C
for 5 min, followed by 30 cycles at 94 ◦C for 30 s, 55.5 ◦C for 30 s followed by 72 ◦C for 30 s, and a
final extension at 72 ◦C for 10 min. The PCR purified products were cloned into pMD-19T vector and
sequenced by Comate Bioscience Company Limited (Jilin, China).

2.3. Virus Isolation

In this study, Vero cells and IECs were used to propagate PEDV. For the propagation of PEDV
using Vero cells, the confluent cell monolayer was washed once with sterile phosphate-buffered saline
(PBS; pH 7.2), and incubated with 1 mL of inoculum for 1 h in a T25 flask supplemented with 21 μg/mL
of trypsin (Gibco) at 37 ◦C under 5% CO2. Then, the inoculum was removed and the cells were washed
twice with PBS, and 4 mL of maintenance medium (DMEM, Gibco) without fetal bovine serum
supplemented with 5 μg/mL trypsin was added to the flask. The propagation of PEDV using IECs
was performed according to the method described above, but with the use of 10 μg/mL of trypsin
during adsorption. In parallel, cells mock-inoculated with DMEM were used as control. The PEDV
infected cells and viral control cells were cultured at 37 ◦C under 5% CO2. The cytopathic effect (CPE)
was monitored daily, and cells were harvested until the CPE exceeded 80%. After one freeze-thaw
cycle, the supernatants were collected, packed separately, and stored at −80 ◦C until required. Virus
titer was measured in 96-well plates by 10-fold serial dilution of samples at five-passage intervals.
The 50% tissue culture infective dose (TCID50) was expressed as the reciprocal of the highest dilution
showing CPE by the Reed–Muench method.

2.4. Electron Microscopy Assay

The supernatants of PEDV-infected IEC cultures were centrifuged at 3000× g for 45 min, followed
by ultracentrifugation through a 25% sucrose cushion at 30,000× g for 2 h at 4 ◦C. Virus particles were
resuspended in 100 μL of DMEM and observed by transmission electron microscopy (H-7650, Hitachi,
Tokyo, Japan). For imaging of virions in infected IECs, PEDV-infected cells were fixed using 2.5%
glutaraldehyde at 4 ◦C for 8 h, washed twice with PBS, and post-fixed with 2% osmium tetroxide
at room temperature (20 ◦C–25 ◦C) for 50 min. After three washes with PBS, cells were dehydrated
through a graded ethanol propylene oxide series and embedded. Then, ultra-thin sections were
prepared and imaged via transmission electron microscopy.

2.5. Immunofluorescence Assay

After inoculation for 24 h, mock-infected IECs and IECs infected with PEDV, at multiplicity of
infection (MOI) of 0.1 were fixed with 4% paraformaldehyde at room temperature (20 ◦C–25 ◦C)
for 15 min, permeabilized with 0.2% Triton X-100 in PBS at room temperature (RT) for 10 min, and
blocked with 0.3% bovine serum albumin in PBS at 37 ◦C for 30 min. Next, mouse anti-PEDV S protein
monoclonal antibody (developed in our laboratory) and fluorescein isothiocyanate (FITC)-conjugated
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goat anti-mouse immunoglobulin G (IgG) (ZSGB-BIO, Beijing, China) were incubated as first and
second antibodies, respectively, followed by counterstaining with 4,6-diamidino-2-phenylindole (DAPI,
Beyotime, Shanghai, China). The coverslips were mounted on microscope glass slides in mounting
buffer and cell staining was examined using a fluorescence microscope (Leica, Wetzlar, Germany).

2.6. Sequence Alignment and Phylogenetic Analysis of the S Gene

To monitor the amino acid variation of the S protein during the serial passaging, the parental NJ
strain and the strain at different passages, i.e., NJ (15th), NJ (30th) and NJ (45th), were evaluated by
RT-PCR. The S gene was amplified in four fragments using KOD-Plus-Neo (Toyobo, Osaka, Japan).
The primers used were previously described by Zhao et al. [28]. The four fragments were amplified
under same program of 2 min at 94 ◦C, 30 cycles of 10 s at 98 ◦C, 30 s at 52 ◦C and 1.5 min at 68 ◦C,
and a final extension at 68 ◦C for 7 min. The purified PCR products were cloned into pMD-19T vector
and sequenced by Comate Bioscience Company Limited (Jilin, China). The sequence analysis was
performed using MegAlign in DNAStar Lasergene V 7.10 (DNAstar, Madison, WI, USA). To determine
the relationships among the S gene of the representative PEDV isolates, phylogenetic analysis of the
parent NJ strain was performed by the neighbor-joining method using molecular evolutionary genetics
analysis (MEGA) software (version 4.0). Bootstrap values were estimated for 1000 replicates. The
S gene sequences of PEDV strain NJ and the sequences of 33 known PEDV strains (listed in Table 1)
retrieved from GenBank were subjected to comparative analysis.

Table 1. Reference strains of porcine epidemic diarrhea virus (PEDV) used in this study.

Strain ID Country Strain ID Country

83P-5 (parent) AB548618 Japan HLJ-2012 JX512907 China
83P-5 (34th) AB548619 Japan IA1 KF468753 USA
83P-5 (100th) AB548621 Japan IA2 KF468754 USA

AD02 KC879281 South Korea ISU13-19338E-IN-homogenate KF650370 USA
AH2012 KC210145 China ISU13-19338E-IN-passage3 KF650371 USA

BJ-2012-1 JX435299 China ISU13-19338E-IN-passage9 KF650372 USA
Br1/87 Z25483 France JS2008 KC109141 China
CH9-FJ JQ979287 China JS-HZ2012 KC210147 China
CH22-JS JQ979290 China KH AB548622 Japan

CHGD-01 JN980698 China LJB/03 DQ985739 China
Chinju99 AY167585 Korea MK AB548624 Japan

CH/S JN547228 China MN KF468752 USA
CV777 vaccine JN599150 China NK AB548623 Japan

CV777 AF353511 Belgium YN1 KT021227 China
DR13 JQ023161 Korea YN15 KT021228 China

DR13 (Attenuated) JQ023162 Korea YN144 KT021232 China
DX JN104080 China

2.7. Virulence Experiment for IEC-Adapted NJ

The in vivo swine studies were performed in a biosafety level-2 (BSL-2) laboratory. For the
identification of attenuation, the pathogenicity of the lower and higher generations of NJ should
be compared. PEDV NJ cultures propagated in IECs at passages 5 and 45 were used in this study.
The PEDV-negative piglets as confirmed by RT-PCR method were neonatal landraces obtained from a
pig farm without a PED outbreak or vaccination with PEDV vaccine. We randomly selected 20 healthy
piglets as experimental animals. The piglets were divided into three groups. The two infected
groups (eight pigs for each group) received an oral dose of 104.5 median tissue culture infective
dose (TCID50)/mL of IEC-adapted NJ (5 mL) at passages 5 and 45, and the control group (n = 4)
was orally administered virus-free cell culture media. The clinical signs and survival percentage
of the piglets were monitored daily over a 10-day observation period, and stool samples were
collected daily. The small intestine tissue samples were collected and stored at −80 ◦C until required.
RT-PCR and immunofluorescence assays were performed to detect PEDV in the stool samples.
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Necropsy was performed when the challenged piglets died post inoculation. The piglets were
handled and maintained under strict ethical conditions according to international recommendations
for animal welfare.

3. Results

3.1. Virus Isolation

PEDV was isolated from PEDV-positive samples collected from pig farms in China, using
Vero cells and IECs, in which a severe outbreak of acute diarrhea had been reported in sucking
piglets. The genomic RNA of the serially propagated virus was extracted and identified by RT-PCR.
Vero cell cultures were negative for the M gene after two passages (Figure 1A), and no CPEs were
observed in Vero cells during serial passaging (Figure 1C,D). IEC-adapted PEDV was successfully
propagated (Figure 1B), and visible CPEs were observed at each passage; compared with uninfected
IECs, the PEDV-infected IECs were characterized by cell fusion, syncytial and vacuole formation in the
initial stage, then shrinkage, detachment, and amotic at 72 h post-inoculation (Figure 1E,F). The virus
cultured in IECs and designated NJ was biologically cloned by three rounds of plaque purification in
IECs prior to further virus characterization. These results demonstrate that the adaption of the PEDV
strain NJ to growth in IECs was better than that in Vero cells, indicating that IECs are suitable for the
isolation of PEDV from clinical samples.

Figure 1. Isolation and identification of PEDV strain NJ in Vero cells and intestinal epithelial cell
(IEC) cultures. (A) Identification of PEDV cultured in Vero cells at serial passages, by reverse
transcription PCR (RT-PCR); (B) Identification of PEDV cultured in IEC at serial passages, by RT-PCR;
(C) Control (uninfected) Vero cells; (D) PEDV-infected Vero cells; (E) Control (uninfected) IECs;
(F) PEDV-infected IECs.
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3.2. Determination of Viral Titer

The viral titer of the PEDV strain NJ propagated in IECs was determined at 5-passage intervals.
The viral titer of the IEC-adapted PEDV strain NJ reached 104.5 TCID50/0.1 mL at passage 45 (Figure 2),
suggesting that the use of an IEC culture is a promising approach for propagating PEDV.

Figure 2. Viral titers of PEDV strain NJ propagated in IECs post-serial passages. All the results of a
representative experiment performed with triplicate samples are shown.

3.3. Electron Microscopy

As shown in Figure 3A, the virion was circular in shape and 80–120 nm in diameter, with surface
projections characteristic of coronaviruses. Thin sections of the PEDV strain NJ-infected IECs showed
some of the virus particles appeared, many of the virus particles possessed a dense core, and masses of
virus particles gathered in the cytoplasm at 24 h post-infection (Figure 3B).

Figure 3. Images of PEDV strain NJ particles and PEDV strain NJ-infected IEC produced by electron
microscopy. (A) Virions in culture media of IECs infected with PEDV strain NJ, as shown by the arrow;
Bar = 200 nm. Magnification, ×100,000; (B) Thin section of IECs infected with PEDV strain NJ 24 h
post-infection; many of the virus particles possessed a dense core and gathered in the cytoplasm as
shown by the arrow; Bar = 500 nm. Magnification, ×50,000.
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3.4. Immunofluorescence

Infection of IECs with the PEDV strain NJ was confirmed by immunofluorescence assay (Figure 4).
PEDV strain NJ and cell nuclei were detected using mouse anti-PEDV S protein monoclonal antibody
and 4,6-diamidino-2-phenylindole (DAPI), respectively. Specific green signals were observed in
the PEDV strain NJ-infected IECs, but not in the mock-infected IECs. However, because the
immunofluorescence assay was performed after inoculation for 24 h, the CPE was hard to observe
during this period.

Figure 4. Detection of PEDV strain NJ in IECs by immunofluorescence assay at 24 h post-infection;
mouse anti-PEDV S protein monoclonal antibody and fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse immunoglobulin G (IgG) were respectively used as primary and secondary antibodies,
followed by counterstaining with 4,6-diamidino-2-phenylindole (DAPI). (A) PEDV strain NJ-infected
IECs; (B) Non-infected IECs.

3.5. Phylogenetic Analysis of the S Gene

The S gene of PEDV strain NJ was amplified by RT-PCR. Phylogenetic analysis based on the
S gene was performed between parental PEDV strain NJ and other PEDV strains listed in Table 1.
Phylogenetic analyses of S gene sequences revealed that all PEDV strains in this study could be
separated into two groups: the NJ strain belonged to Group 1, which also contained classical PEDV
CV777 and some strains isolated from China, Japan, and South Korea. As shown in Figure 5, the S gene
of the parent NJ strain exhibited high sequence similarity with the epidemic strains CH9-FJ, CH22-JS,
and DX isolated from southern China in recent years. These results suggest that the Chinese southern
epidemic PEDV strains were likely derived from the same source. In addition, we did not find any
insertions and deletions (INDEL) in the S gene compared with the Chinese PEDV S gene recombinant
variants like IA1, IA2, and MN identified in U.S.

309



Viruses 2017, 9, 19

Figure 5. Phylogenetic analysis of PEDV strain NJ based on the S gene.

3.6. Amino Acid Variability of the S Protein of IEC-Adapted NJ after Serial Passaging

To evaluate the amino acid variability of the IEC-adapted PEDV strain NJ during serial passagings,
the sequences of the S gene of the parent NJ and those of the virus at the 15th, 30th and 45th passage
were amplified by RT-PCR. These amino acid sequences were then compared with the corresponding
S protein sequences of the classical PEDV CV777 and its vaccine strain. The positions of amino acid
changes were 3, 15, 70, 114, 282, 324, 378, 438, 973, 1023 and 1167 respectively (Table 2). In total,
four mutations occurred at passage 15, three and four more mutations occurred at passages 30 and 45.
The eight (8/11) mutations were the same as the ones occurring in the transition from classical PEDV
CV777 to the CV777 vaccine strain during serial passaging, which suggested that the NJ might exhibit
a tendency towards attenuation.

Table 2. The amino acid variation of S proteins during the serial passaging compared with CV777 and
its vaccine strain.

Strain
Amino Acid Position

3 15 70 114 282 324 378 438 973 1023 1167

NJ(Parent) S S A N L S N I Y K A
NJ(15th) S S D N L S N I H N D
NJ(30th) A S D S L S K I H N D
NJ(45th) A L D S W R K L H N D
CV777 S P A N L S N I Y K A

CV777 vaccine P L D S W F K V H N D

3.7. Pathogenicity Analysis of PEDV Strain NJ

To compare the pathogenicity of the lower-generation NJ with that of the higher-generation NJ,
5 mL of the IEC-adapted NJ culture at the 5th and 45th passage (104.5 TCID50/mL) and volume-matched
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virus-free cell culture medium were administrated orally to the piglets. The clinical signs and survival
percentage of the piglets was monitored daily over a 10-day observation period. All piglets infected
with 5th passage cultures and three (3/8) piglets infected with 45th passage cultures showed diarrheic
feces, significantly emaciated body condition, and experienced severe watery diarrhea with vomiting.
Abundant yellow, watery, and foul-smelling stools were also observed around the perianal region of the
piglets infected with 45th passage virus (Figure 6A,B). The remaining five (5/8) piglets infected with
45th passage showed signs of mild diarrhea after inoculation that seemed to be transient. However,
in the control group, the piglets were healthy without watery diarrhea (data not shown). As shown
in Figure 6E, one piglet death occurred within 3 days and in total seven piglets died after the 10-day
challenge in the group that received the 5th passage. However, only three piglets died in the group
that received the 45th passage; although the remaining piglets had the significant clinical signs of
PED, they survived the 10-day challenge. The small intestines of one of the dead piglets infected with
45th passage IEC-adapted NJ developed severe clinical symptoms, the same as those in the piglets
infected with the 5th passage virus. The small intestines were typically distended with accumulation
of yellow fluid and mesenteric congestion, and the small intestinal wall was thin and transparent
(Figure 6C,D). The diarrheal feces and intestinal tissues collected from these piglets were analyzed by
RT-PCR targeting the M gene, and the PCR products were found to be consistent with the expected
result. Moreover, immunofluorescence analysis of the small intestine tissue revealed that the viral
antigen was predominantly present in the small intestines (data not shown).

Figure 6. The clinical signs and necropsies of results of pigs infected with IEC-adapted NJ at 45th
passage and the survival percentage of piglets after challenge. (A) Piglet with diarrhea and significantly
dispirited status; (B) Watery diarrhea; (C) The intestinal tracts of infected piglets were thin and
transparent; (D) Mesenteric congestion; (E) Survival percentage of piglets after challenge.

4. Discussion

The spread of PED to the U.S. and Canada has established that this viral infection represents
a global epidemic [29] that has resulted in enormous economic losses to pig production. PEDV has
caused similar economic losses to the pork industry in China, where frequent outbreaks have been
recently reported [30]. Following the development of a CV777-based vaccine, based on the PEDV
strain, and its wide application in the pig industry in China, only a limited number of incidents
occurred before 2010; however, PED outbreaks have subsequently increased in frequency, particularly
in pig-farming provinces. Notable, even pigs vaccinated with the CV777-based vaccine were found
to be infected [31], indicating the need for the development of effective PEDV-based vaccines for the
control of PED outbreaks.

To date, the propagation of PEDV remains challenging. Although Vero cells are commonly used
to propagate PEDV, viral infectivity exhibits a gradual decline during serial passage in these cells.
Many PEDV strains isolated from clinical samples were difficult to culture in Vero cells in recent
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years [4,32,33]. The adaptability of PEDV isolate infected with cell lines was the first step to successful
isolation in vitro. Thus, it is urgent to develop new methods or cell lines to improve the tropism of
PEDV cultured in cells. In this study, we successfully isolated and propagated the epidemic PEDV
strain using porcine intestinal epithelial cells in vitro, and demonstrated that these cells are more
suitable than Vero cells for the isolation of PEDV. This is the first report on the characteristics of PEDV
cultured in this cell line which was established by Wang et al. [25].

The porcine intestinal epithelial cell is recognized as the target cell of PEDV [27]. Porcine
aminopeptidase N (pAPN), a functional receptor of PEDV that is highly expressed in the small
intestinal mucosa, plays a critical role in PEDV infection [31]. In addition, endogenous protease in the
small intestine of porcine can cleave the S protein of PEDV in vivo and facilitate entry of PEDV virions
into intestinal epithelial cells, resulting in massive propagation [34]. PEDV strain NJ isolated from
clinical samples was as difficult to culture in Vero cells as other isolated prevalent PEDV strains; this
is mainly attributed to mutations that arise in genes encoding spike proteins during serial passage.
Moreover, the low levels of pAPN in Vero cells are thought to limit the attachment and entry of variant
viruses. Before this study, we compared the isolation rate of five different positive PEDV strains
isolated from clinical samples cultured in IECs and Vero cells. We found all the CPEs in Vero cells
were invisible in three generations, and four PEDV isolates could not be detected by RT-PCR after two
generations. In contrast, porcine IECs are more suitable than Vero cells for propagating PEDV isolated
from clinical samples in vitro. The CPEs in IECs could be observed at the first or the third passage, and
at each passage, cultures could be detected. Due to the characteristics of coronavirus, the degradation
of the virus impacts the efficiency of the infection. The S glycoprotein forms peplomers on the virion
envelope and contains receptor-binding regions and four major antigenic sites [35,36]; therefore, to
minimize damage to the surface projections of the virus, the infected IECs were freeze-thawed only
once before inoculation. The PEDV strain NJ was detected in cell culture during serial passages,
by RT-PCR as well as immunofluorescence assay, indicating that this strain adapted to infection of
IECs. Owing to the sensitivity of IECs, the trypsin concentration used in IEC culture was lower than
that used in Vero cells during PEDV absorption. The viral titer of the IEC-adapted PEDV strain NJ
propagated in IECs increased gradually and reached 104.5 TCID50/0.1 mL at 45 passages.

The S protein of PEDV is known to play pivotal roles in viral entry and in inducing the neutralizing
antibodies in natural hosts, which makes it a primary target for development of effective vaccines
against PEDV [23,37–39]. In this study, the S gene of the PEDV strain NJ was amplified by RT-PCR,
and its genetic diversity and phylogenetic relationships were analyzed. S gene-based phylogenetic
analysis showed that the PEDV strain NJ is closely related to the CH9-FJ, CH22-JS, and DX strains
isolated from southern China in recent years. In addition, we did not find any insertions or deletions
(INDEL) in the S gene compared to the Chinese PEDV S gene recombinant variants like IA1, IA2, and
MN identified in the U.S.

The differences in virulence and genome sequences between the parental strain and derived
attenuated strains have been extensively studied [40,41]. To investigate the genetic variability of the
S protein of the PEDV strain NJ, the S gene was amplified during various serial passages and analyzed.
Compared with the parent NJ strain, four mutations in the S protein occurred after the 15th passage,
and then another seven mutations occurred after the 30th passage. In total, 11 amino acids changed
during 45 passages. The eight (8/11) mutations were the same as those occurring in the transition
from the classical PEDV CV777 strain to CV777 vaccine strain during serial passaging, which suggests
that the high-passage IEC-adapted NJ might show attenuation. However, the molecular basis of viral
adaptation to IECs remains a subject for future investigation.

Furthermore, to identify attenuation, the pathogenicity was compared for the lower- and
higher-generation NJ. The piglets were inoculated with 5 mL of the IEC-adapted PEDV strain NJ
(104.5 TCID50/mL) at the 5th and 45th passages. We found that all of the piglets infected with 5th
passage IEC-adapted cultures showed severe watery diarrhea with vomiting, and seven (7/8) piglets
died by day 10 post inoculation. However, only three (3/8) piglets infected with viral cultures at the
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45th passage showed significant PED signs, such as diarrheic feces and emaciated body condition;
the remaining five (5/8) piglets showed mild diarrhea after inoculation that seemed to be transient,
and only three piglets died by day 10 post inoculation. The in vivo challenge experiment implied that
IEC-adapted NJ at a high passage number had a tendency towards attenuation. The mutations in the
S protein during serial passaging might play a major role in the attenuation of virulence, and might
suggest potential genetic changes for a candidate attenuated vaccine. However, the genetic mutations
in the whole genome of the NJ strain during passages needs to be investigated further.

In conclusion, we successfully isolated and identified a novel PEDV, strain NJ, from clinical
samples using IECs. The adaption of the PEDV strain NJ to growth in IECs was better than that in
Vero cells. To our knowledge, this is the first report to describe the isolation and characterization of
the IEC-adapted PEDV strain NJ. Furthermore, the present work reveals a novel approach for the
propagation of PEDV in vitro. These findings are expected to be of importance for the development
and evaluation of the efficacy of vaccines against PED.
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