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1.1 Porcine female reproductive system and gestation  

 
Infectious diseases affecting reproduction have a significant impact on the economics of pig 

farming. Among these infectious agents, several viruses are involved: Aujeszky's disease 

virus, porcine parvovirus, porcine reproductive and respiratory syndrome virus, classical 

swine fever virus, encephalomyocarditis virus, enteroviruses, porcine circovirus 2 and 

rubulavirus. At present, porcine reproductive and respiratory syndrome is economically the 

most important viral disease in pig livestock worldwide. Because porcine reproductive and 

respiratory syndrome virus-induced congenital infection in swine is the main topic of this 

thesis, the present sub-chapter highlights porcine female reproductive biology and some 

aspects of reproductive pathology. 

 

1.1.1 Porcine female reproductive system, gestation and parturition 

 
This section summarizes information (Bearden et al., 2004; Heuser 1927; Senger 2003; 

Schatten et al., 2007; Straw et al., 2006) on the porcine female reproductive system, gestation 

and parturition.  

 

Porcine female reproductive system 

The porcine female reproductive tract is composed of right and left ovaries, uterine tubes, 

uterine horns, cervix, vagina and vulva (Figure 1). The complete structure is supported by the 

broad ligament and hangs loosely suspended ventral to the rectum in both the pelvic canal and 

abdomen.  
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Figure 1. Porcine female reproductive tract. 

Adapted from http://www.ansc.purdue.edu/swine/porkpage/repro/physiol/reppaper.htm. 

 

Ovaries are the sites of oocyte storage and maturation and production of progesterone and 

estrogen. Within any region of the ovarian cortex several types of ovarian follicles are 

present. The development of immature follicles into more advanced follicles is called 

folliculogenesis. 

The uterine tube is connecting the ovary to the uterus and consists of the infundibulum, 

ampulla and isthmus. Fertilization takes place in the mid portion of the tube, called the 

ampulla. The function of the smooth muscle layer of the uterine tubes is to transport newly 

ovulated oocytes and spermatozoa to the ampulla.  

The uterus is the largest hormone-responsive organ of the female reproductive tract that 

provides a suitable environment for embryos/fetuses throughout gestation. Within the uterus 

the fetus develops during gestation. The bicornuate swine uterus consists of two uterine horns 

connected by a short uterine body with the cervix at the caudal end. The uterine wall consists 

of the endometrium, myometrium and perimetrium (Figure 2A). The main uterine functions 

are transport of semen, coordination of implantation, followed by embryo/fetal nourishment, 

protection and expulsion, mostly executed by the endometrium and the myometrium.  
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Figure 2. Schematic representations of two adjacent porcine concepti within the uterine 

horn (A), placental barrier in swine (B) and possible interactions between adjacent 

extremities of the fetal sacs (C). (C) is adapted from Ashdown & Marrable, 1967. 
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The endometrium is the lining of the uterine cavity that includes the functional endometrium 

and the basal endometrium. The endometrium is comprised of luminal epithelial, glandular 

epithelial and stromal cells (Blackwell et al., 2003). The endometrium glands play a major 

role in secreting various nutrients (Amoroso, 1961; Heuser, 1927). The myometrium is the 

thickest of the layers composing the uterine wall. The arrangement of the muscular tissue 

throughout the uterus is highly effective, especially for expulsing the fetus. The uterus is 

capable of changing considerably in size from the non-pregnant to the pregnant state. 

Enlargement of the uterus in gestation is mainly made possible by the myometrium (Chard et 

al., 1994). The muscle layers are also important to move sperm to the oviduct, moving and 

spacing embryos prior to attachment and for delivery of piglets at farrowing. The perimetrium 

is the outermost layer that is in continuity with the broad ligament and functions as a support.  

The cervix connects the vagina with the uterus. It is made of connective tissue, glandular and 

muscular tissue. The cervix is also a flexible structure and can open and close under the 

influence of hormones. The cervix is important for protecting the fetuses and will remain 

tightly closed except at estrus and at farrowing.  

The vagina connects the cervix to the external genitalia of swine. There is a limited amount of 

muscular and glandular tissue in the vagina and it serves primarily as a copulatory organ for 

the boar and as a passageway for the fetuses from the uterus to the outside. The vagina has an 

immunoprotectant function since plasma cells synthesize immunoglobulins (Ig) G, M and A, 

with IgA-producing cells as the predominant type (Hussein at el., 1983). The pH of the vagina 

is acidic and is unfavorable for sperm and microbial survival. 

The external genitalia, the vulva of the female pig consists predominantly of connective tissue 

rich in blood vessels.  

 

Porcine gestation and parturition 

The estrous cycle is the time period from the onset of the estrus until the onset of the next 

estrus. In general, the length of the gilt/sow estrous cycle is 21 days, but it commonly varies 

between 18 and 24 days. Sows normally ovulate within 24-60 h after the onset of estrus. The 

onset and duration of ovulation are extremely variable within and among sows (Flowers & 

Esbenshade, 1993). After ovulation, the egg is advanced into the oviduct. This movement 

occurs by coordinated muscular contractions of the fimbria. Under the influence of estrogens, 

the fimbria induces contractions that propel all the eggs into the infundibulum which is the 

fringe of the funnel shaped opening of the oviduct next to the ovary.  
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Fertilization takes place in the mid portion of the oviduct, called the ampulla. Most of the 

eggs reach the site of fertilization within 30 min to 1 h after ovulation. The eggs will remain 

viable and fertilizable in the tube for approximately 8-12 h after ovulation. Following mating, 

spermatozoa travel through both uterine horns to reach the site of fertilization and to penetrate 

the cumulus and zona pellucida in order to fertilize the eggs. Usually in pigs, more than one 

spermatozoon enters the perivitelline space; however, only one spermatozoon penetrates and 

fertilizes the egg.  

Gestation begins with fertilization of the ovulated oocyte by sperm. After fertilization, the 

zygote undergoes time-dependent mitotic divisions, resulting in cleavage stage embryos. Pig 

embryos reach the uterus on days 2-3 and migrate through both uterine horns between day 6 

and 12 after ovulation (Dziuk et al., 1985). The uterus is prepared for implantation by ovarian 

sex steroids. The early embryos enter the uterus and develop into free-floating blastocysts. 

The concepti begin to produce estradiol between days 11 and 12 after ovulation. Estradiol 

serves in the pig as the signal for maternal recognition of gestation. The production of 

estrogen does not inhibit the production of PGF2α, but causes the PGF2α to be secreted away 

from the submucosal capillaries and towards the uterine lumen (Senger 2003). Luminal 

PGF2α has little access to the circulation and thus cannot cause luteolysis and cease 

progesterone production by corpora lutea (which results in termination of gestation). There 

must be at least two concepti present in each uterine horn for the maintenance of gestation. If 

concepti are absent in one of the uterine horns, PGF2α will be secreted in an endocrine 

fashion, luteolysis will occur and the gestation will be terminated. 

In the uterus, blastocysts elongate with initial implantation of the trophoblast occurring in the 

endometrium 13-14 days after fertilization (Geisert & Yelich, 1997). Implantation involves 

phases of trophoblast-uterine epithelial cell apposition, adhesion, and microvillus attachment 

(Dimova et al., 2007). The initial implantation is accomplished primarily by the 

omphalochorion (yolk sac covered by trophoblast), which is then the dominant membrane, 

albeit only for a short time. On day 14, the allantois develops, and placental development 

starts 17 days after fertilization. By day 24-30 of the gestation, the allantois attaches all 

around the periphery, the yolk sac shrinks and the placenta is completely established (Geisert, 

1999; Leiser et al., 1994; Mossman, 1987).  

Porcine prenatal development is divided into the embryonic period and the fetal period. The 

embryonic period begins with fertilization and lasts 35 days. Afterwards, at the end of 

principal organogenesis, the fetal period begins and continues till parturition. Primordial 

organs like lung buds, liver, stomach, pancreas, mesonephros, primordial intestine or 
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primordial pouches are distinguishable at about 18-20 days of gestation (Sinkora & Butler, 

2009). Principal organogenesis is finished at about 35 days of gestation (Sinkora & Butler, 

2009). The cellular components of innate immunity such as polymorphonuclear leukocytes 

and macrophages appear together with the hematopoietic activity of the primary lymphoid 

organs (from 16 days of gestation). The pig fetus starts to become immunocompetent at 70-80 

days of fetal life (Salmon, 1984, Sinkora & Butler, 2009). Porcine gestation lasts 112–115 

days (average 114 days); domestic pigs have up to 16 piglets, depending on the breed (Asdell, 

1946). 

A vaginal delivery of the conceptus (fetus with associated membranes) is the final step of the 

gestation. Swine parturition and the preceding events have been reviewed by Taverne et al. 

(2008). During the final weeks of gestation, prior to parturition a gradual rise of plasma 

oestrogen of placental origin is observed. This is accompanied by a rapid decline in plasma 

progesterone of luteal origin. Between 48 and 24 h before the onset of expulsion, 

prostaglandin metabolite levels are increasing in maternal plasma. The rise in uterine 

prostaglandin production seems to be the main trigger for starting myometrial contraction at 

the onset of the parturition process, as the myometrium already becomes activated between 6 

and 9 h before the first piglet expulsion (Taverne et al., 1979). Fetal participation in the 

parturition process is indicated by the prolongation of gestation following fetal decapitation or 

hypophysectomy (Stryker & Dziuk, 1975). During the expulsion stage, tubocervically and 

cervicotubally directed contractions move the piglets forwards and backwards within the 

uterine horns (Taverne et al., 1979). The umbilical cord is a flexible structure connecting a 

fetus at the umbilicus with the placenta and containing one vein and two umbilical arteries 

that transport nutrients to the fetus and remove its wastes. The length of the route to be passed 

by a piglet at the ovarian end of a horn is much greater than the length of its umbilical cord 

(Randall, 1989). The mean cord length at term is 34.6 cm (range, 17 to 50 cm) and the length 

correlates with the length and birth weight of pigs. The cord length is not influenced by sex, 

position in the uterus, or twisting of the cord (Randall, 1989). Length, elasticity, and strength 

of the cord may influence safe delivery, birth asphyxiation, and perinatal mortality in pigs 

(Randall, 1971). 
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1.1.2 Morphology and function of porcine placenta 

 

Morphology 

Mossman defines the placenta as an intimate apposition or fusion of fetal organs to maternal 

tissues for physiological interchange (Mossman, 1987). The placenta is the essential organ in 

permitting viviparity, a reproductive strategy acquired by eutherian mammals, in which fetal 

development proceeds within the female reproductive tract (Chavatte-Palmer & Guillomot, 

2007). Thus, placentation is fundamental in creating the environment in which the embryo 

and fetus develop. The quality of the embryonic and fetal environment has lasting effects, 

influencing postnatal health and disease (Bateson et al., 2004).  

Based on histology, the placentae of eutherians are currently grouped in epitheliochorial, 

synepitheliochorial, endotheliochorial and haemochorial placentae (Vogel, 2005). Pigs have 

an incomplete diffuse epitheliochorial placenta with atrophy at the peripheral tips (Figure 2A).  

The swine placenta is a typical diffuse epitheliochorial organ without invasion (Amoroso, 

1961; Macdonald & Bosma, 1985; Mossman, 1987). Neither invasion of fetal tissue into the 

maternal endometrium, nor endometrial decidualization occurs. Instead, maternal and fetal 

microvilli appose and interdigitate giving a clear distinction between fetal and maternal 

tissues (semiplacenta). Therefore, in the present thesis terms “endometrium” and “fetal 

placenta” are used to designate the maternal and fetal parts of the placenta, respectively. 

Maternal and fetal blood is separated by six tissue layers (Figure 2B) and even maternal 

antibodies cannot pass to fetuses during gestation (Nelson, 1932; Sterzl et al., 1966). Since no 

invasion occurs, much of the placenta/embryonic development depends on the uterine milk or 

embryotroph, endometrial gland secretions that are dominated by progesterone and estrogen 

(Roberts & Bazer, 1988). Nevertheless, it is interesting that although the ungulate placenta is 

epitheliochorial, the placental barrier in certain regions is thinner than found in carnivores 

with the hemochorial placenta (in this type of placenta, the endometrial epithelium under the 

placenta does not survive implantation, and fetal chorionic epithelial cells come to be in 

contact with maternal endothelial cells) (Beck, 1976).  

The porcine placenta is diffuse, and almost the entire surface of the allantochorion is involved 

in formation of the placenta. The fetal part of the pig placenta is comprised of allantochorion, 

an embryonic membrane consisting of a fused allantois and chorion (Figure 2A). Porcine 

chorion is formed by extraembryonic mesoderm and trophoblast. Porcine fetuses have 

individual fetal membranes and starting from 39-55 days of gestation, large central placental 

zones of the individual concepti are terminated by two extremities of the fetal sacs that 
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include paraplacental and ischemic zones (necrotic tips) (Ashdown & Marrable, 1967). 

During gestation, adherence may occur between adjacent extremities of the fetal sacs (Figure 

2C).  

 

Function 

The immune system distinguishes self from non-self, eliminating that, what it determines to 

be non-self. Mammalian gestation represents a failure of self-non-self discrimination, 

tolerating fetal antigens from paternal origin (Engelhardt et al., 1997). Trophoblast cells are 

specialized epithelial cells that possess several important functions. Thanks to this tolerance 

phenomenon, embryos and fetuses are not rejected. Trophoblast cells play a key role in 

protecting the embryo/fetus from aggressive substances, programming maternal support and 

preventing maternal immune rejection, at the same time ensuring appropriate bidirectional 

nutrient/waste flow required for growth and maturation of the embryo. Interestingly, this 

tolerance to fetal antigens occurs in the presence of a large number of maternal leukocytes 

(Renaud & Graham, 2008). The pig uterus contains a substantial population of leukocytes 

(macrophages, and lymphocytes), fibroblast-like cells and the endothelial lining of many 

uterine blood vessels (Bischof et al., 1995). Following placentation, distinct cellular changes 

in the local immune cell environment of the uterus are observed despite the non-invasive 

nature of the pig placenta. This happens presumably in response to fetal or trophoblast 

antigens (Bischof et al., 1995). During the first month of gestation, at sites of conceptus 

attachment, the number of uterine lymphocytes decreases in the luminal epithelium and 

increases in the endometrial stroma. The majority of these lymphocytes express CD2 and 

CD8 surface markers, consistent with either T or natural killer (NK) cell lineage (Engelhardt 

et al., 1997). The role of T-lymphocyte subpopulations during the establishment of the 

epitheliochorial porcine placenta is largely unclear (Dimova et al., 2007).  

According to Magyar et al. (1994, 1995) and Haverson et al. (1994), subpopulations of 

myeloid cells (neutrophils, eosinophils, monocytes and macrophages) in swine peripheral 

blood and lymphoid tissue express SWC3 antigen. SWC3-expressing cells are also commonly 

found in all layers of the endometrium of non-pregnant sows (Kaeoket et al., 2001). SWC3-

expressing cells in the endometrium may correspond to the distribution of macrophages. In 

the human decidua, macrophages express molecules that down-regulate inflammation and 

promote tissue remodeling as well as tolerance to foreign (fetal) antigens (Cupurdija et al., 

2004). Fetal macrophages (Hofbauer cells) are also prominent in human villous mesenchyme 

and amniochorion on the fetal side of the uteroplacental unit, constituting nearly all 
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leukocytes (Bulmer & Johnson, 1984). In addition to different cell types, the local 

environment of the maternal-fetal interface is characterized by the soluble factors produced 

therein (Mor & Abrahams, 2003). 

Pigs (and other mammals) developed strategies that inhibit immune responses to fetal 

alloantigens (Mellor & Munn, 2000). However, the mother must mount an effective defense 

against pathogens without rejecting the fetus. This is a complex problem in the fetal 

implantation sites, as their abundant blood supply makes them a favorable place for pathogens 

to prosper. 

 

1.1.3 Pathology of gestation in swine 

 
In the present section, a short overview (Straw et al., 2006; Zimmerman et al., 2012; Njaa, 

2012) of reproductive pathology during porcine gestation is given. 

Clinical manifestation of pathological processes depends on the period of prenatal 

development in which these processes occur (Figure 3). Death of embryos prior to 

implantations generally results in resorption of embryos and regular return to estrus in sows. 

Concepti are most probably also resorbed when death occurs between 14 to 35 days of 

gestation prior to skeleton formation. Sows will have an irregular return to estrus if all of the 

concepti die during that period or will farrow a small litter when only a proportion of embryos 

die. Death of the fetus can be followed by mummification when it occurs after the embryonic 

period. Mummies are fetuses that died in utero and become exsiccated. Abortion results from 

the termination of gestation, with subsequent expulsion of all concepti and is associated with 

maternal and/or embryonic/fetal failure. Abortion generally takes place from day 35 to day 

109 of gestation (fetuses expelled before day 109 of gestation normally cannot survive). 

Aborted sows return to estrus within 5-10 days or experience a prolonged anestrus. In 

abortion due to maternal failure, fetuses are generally all of the same size. A combination of 

mummies and dead piglets of variable size is observed when fetuses die at different times of 

gestation. Early farrowing occurs between 109 and 111 days of gestation and is associated 

with a high proportion of dead and low viable piglets. Stillbirth results from the expulsion of a 

dead fetus at term. Stillborn pigs die either prepartum or intrapartum and are grossly normal at 

birth.  
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Figure 3. Pathology of gestation in swine (Straw et al., 2006; Zimmerman et al., 2012; Njaa, 2012).  

 

 

1.1.4 Microchimerism during pregnancy 

 
Microchimerism is the presence of small numbers of foreign cells or DNA within the tissue or 

circulation of an individual (Gammill & Nelson, 2010). Naturally acquired microchimerism 

refers to (i) sibling, (ii) maternal and (iii) fetal microchimerism.  

(i) During gestation, fetal cells can pass between siblings in utero and remain in blood and 

tissues. Male cells have been observed in freemartin heifers (Peretti et al., 2008). Fusion of 

the chorionic fetal circulation of male-female twin sets results in chimerism in bovine 

offspring (Marcum, 1974). Moreover, twin-twin transfusion has been described in humans 

(van Dijk et al., 1996). (ii) Transplacental cell trafficking between mother and fetus, maternal 

microchimerism, has been described in humans and rodents (Hall et al., 1995; Piotrowski & 

Croy, 1996). Maternal cells were identified within blood and organs of healthy and sick 

human progeny (Lo et al., 1996; Lo et al., 1998; Nelson et al., 2007; Petit et al., 1995; Petit et 

al., 1997). (iii) Fetal cells also persist within the mother. Different cell types, including fetal 

trophoblast, erythrocytes, stem cells and leukocytes as well as cell-free DNA were identified 

in the circulation of pregnant women (Adams et al., 2010; Ariga et al., 2001; Bromberg et al., 

1956; O'Donoghue et al., 2003; Schmorl et al., 1893).  

In contrast to the highly invasive hemochorial placenta of primates and rodents, which allows 

direct contact of maternal blood with fetal syncytiotrophoblast cells, epitheliochorial 

placentae of ruminants and pigs include more layers, which separate the two vascular systems. 

Nevertheless, bovine fetal DNA is also present in the maternal circulation (at 30-270 days of 
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gestation) as well as in the maternal heart, lungs and lymph nodes (Lemos et al., 2011; Turin 

et al., 2007a; Turin et al., 2007b). In addition, male lymphocytes have been found in pregnant 

female domestic cattle via Giemsa-staining and C-banded karyotype examination (Rudek, 

1976). Using the same technique, male cells were detected among blood lymphocytes of early 

pregnant and postpartum sows (Christensen & Nielsen, 1980; Rudek & Kwiatkowska, 1983).  

Both fetal and maternal microchimerism is potentially associated with different autoimmune 

disorders, gestation pathology, transplantation complications and protection against cancer in 

humans (Gammill & Nelson, 2010; Boyon, 2011; Ichinohe, 2010; Kallenbach et al., 2011). In 

utero and delivery-related HIV infections of the fetuses/neonates might occur because of 

microchimerism of infected maternal lymphocytes across the placenta (Biggar et al., 1996; 

Biggar et al., 2006). Involvement of transplacental cell trafficking in the pathogenesis of 

murine lactate dehydrogenase-elevating virus infections has also been proposed previously 

(Cafruny & Bradley, 1996).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

13 

1.2 Porcine reproductive and respiratory syndrome virus 

 

1.2.1 Introduction 

 
In 1987, a new disease of unknown etiology characterized by reproductive failure in gilts and 

sows, and respiratory problems in young pigs, was observed in the USA and Canada (Dea et 

al., 1992; Keffaber, 1989; Hill, 1990). Three years later, a similar outbreak was reported in 

Germany (Ohlinger et al., 1991), with subsequent rapid spread through the major swine-

producing areas in Western Europe. Several descriptive names for the disease were used in 

the past: mystery swine disease, swine infertility and respiratory syndrome (SIRS), porcine 

epidemic abortion and respiratory syndrome and blue-eared pig disease.  

For the first time, a novel RNA virus was isolated from diseased animals and Koch’s 

postulates were fulfilled in 1991, in the Netherlands (Terpsta et al., 1991; Wensvoort et al., 

1991). The etiological agent of PRRS was named Lelystad virus. Shortly thereafter, the 

etiology of PRRS was further confirmed by isolation of the virus and experimental 

reproduction of the disease in the USA (Benfield et al., 1992; Collins et al., 1992). In 1992, 

participants of the International Symposium on SIRS in Minneapolis agreed to name the 

causative agent porcine reproductive and respiratory syndrome virus (PRRSV). In the 

following years the virus was found not only in Western Europe and the USA, but also in 

Eastern Europe and some Asian countries (Balka et al., 2008; Baron et al., 1992; Hopper et 

al., 1992; Indik et al., 2000; Jiang et al., 2000; Plana et al., 1992; Shimizu et al., 1994; 

Stadejek et al., 2002; Stadejek et al., 2006; Stadejek et al., 2008). At present, PRRS is the 

most economically important viral disease in swine livestock worldwide with an estimated 

annual cost of 560 million dollars in the USA (Neumann et al., 2005; Pejsak et al., 1997). The 

2006 large-scale PRRS outbreak in China destroyed more than 2,000,000 pigs thus posing a 

great concern to the global swine industry (Tian et al., 2007). 

 

1.2.2 PRRSV taxonomy and heterogeneity 

 
PRRSV together with lactate-dehydrogenase elevating virus in mice, equine arteritis virus in 

horses and the simian hemorrhagic fever virus in certain monkey species (Conzelmann et al., 

1993) belongs to the genus Arterivirus, which is classified within the Arteriviridae family in 

the order Nidovirales (Cavanagh, 1997; Conzelmann et al., 1993; Meulenberg et al., 1993). 

Arteriviruses are small nidoviruses, with a genome length of 13-16 kilobases (kb) compared 

to the 26-32 kb genome length for the other Nidovirales families (Gorbalenya et al., 2006). 
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Phylogenetic analysis indicates that PRRSV is most closely related to lactate-dehydrogenase 

elevating virus (Chen & Plagemann, 1995; Forsberg, 2005; Hanada et al., 2005). 

Originally, PRRSV strains were divided into a European (Type 1) genotype and a North 

American (Type 2) genotype with approximately 60% identity at the genome level (Collins et 

al., 1992; Nelsen et al., 1999; Wensvoort et al., 1991). However, recent findings revealed a 

more complex situation with considerable genetic variability within both genotypes (Shi et 

al., 2010; Stadejek et al., 2008). Besides, North American PRRSV strains are frequently 

isolated in Europe and vice versa, and both genotypes are circulating in Asia (Murtaugh et al., 

2010; Nielsen et al., 2001; Ropp et al., 2004; Shi et al., 2010). 

 

1.2.3 PRRSV structural biology 

 
For a comprehensive description of PRRSV structural biology, readers are referred to 

Gorbalenya et al. (2006) and Dokland (2010). Briefly, PRRSV virions are spherical or oval-

like particles (50-60 nm) that consist of a nucleocapsid core of about 40 nm, surrounded by a 

lipid bilayered envelope (Dokland, 2010). Virus particles are stable and remain infectious for 

a considerable amount of time at -20°C and -70°C. Complete inactivation of PRRSV occurs 

within 48 hours at 37°C and within 45 minutes at 56°C (Benfield et al., 1992). Bloemraad   et 

al. (1994) determined that the PRRSV half-life in culture medium at pH 7.5 is 140 hours at 

4°C, 20 hours at 21°C, 3 hours at 37°C and 6 minutes at 56°C. PRRSV is most stable between 

pH values 5.5 and 6.5, and rapid alterations in pH decrease the viral half-life (Bloemraad et 

al., 1994). These results concur with those of Benfield et al. (1992) who found that virus 

infectivity was reduced by over 90% at a pH of less than 5 or greater than 7. 

The virus has a positive-stranded RNA genome of approximately 15,000 nt. The genome 

contains at least 10 ORFs, and is expressed through a 3 ́ coterminal nested set of polycistronic 

mRNAs with a common leader sequence at the 5 ́ end (Figure 4). ORF1 encodes for a 

minimum of 13 proteins, mainly involved in replication and transcription. The structural 

proteins, GP2a, E, GP3, GP4, GP5 and M interact to form multimeric complexes, which are 

present in the envelope (Figure 4). The nucleocapsid of PRRSV is built up by nucleocapsid 

proteins (N). Recently, a novel 51 aa polypeptide (ORF5a protein) was discovered to be 

encoded by ORF5a (overlapping with ORF4 and ORF5) in North American VR2332 PRRSV 

strain and was hypothetically predicted to be present in all arterivirus species (Firth et al., 

2011; Johnson et al., 2011).  

 



Introduction 

15 

 
Figure 4. PRRSV organization. 

(A) Schematic representation of the PRRSV genome organization. Blocks indicate open reading frames (ORFS) 

(adapted with permission from Merijn Vanhee, 2011). (B) Cryo-electron microscopy of a single typical PRRSV 

particle in vitreous ice with dimensions indicated. A presumed envelope spike complex is indicated, as is the 

striated appearance most likely corresponding to transmembrane domains (adapted with permission from 

Spilman et al., 2009). (C) Schematic representation of a PRRSV virion (adapted with permission from Merijn 

Vanhee, 2011). ORF5a protein was recently discovered to be encoded by ORF5a (overlapping with ORF4 and 

ORF5) in North American VR2332 PRRSV. The presence of that protein in virions of the European PRRSV 

genotype has not been confirmed experimentally yet. Since the present research was confined to PRRSV of the 

European genotype, ORF5a protein is not depicted on the virion. 

 

1.2.4 PRRSV target cells and replication cycle 

 
PRRSV has a very restricted tropism to some subsets of macrophages in vivo (Duan et al., 

1997a; Duan et al., 1997b). However, localization of the PRRSV antigens in bronchiolar 

epithelium and other types of cells without typical macrophage morphology was also reported 

(Halbur et al., 1994, 1995, 1996; Magar et al., 1995). Most probably, these PRRSV-positive 

cells are monocytes/macrophages during their migration through tissues (Duan et al., 1997b). 

Macrophage precursor cells, i.e. bone marrow cells and peripheral blood monocytes as well as 

peritoneal macrophages are largely refractory to PRRSV infection (Duan et al., 1997a; Duan 

et al., 1997b; Teifke et al., 2001). PRRSV also replicates in some dendritic cell (DC) subtypes 

generated in vitro, and probably, the virus may interact with primary lung DC (Chang et al., 

2008; Loving et al., 2007; Wang et al., 2007).  
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Porcine alveolar macrophages (PAMs) are common primary cells for isolation of field 

PRRSV strains in vitro (de Abin et al., 2009). The use of PAMs is relatively expensive since 

cells have to be harvested from young pigs (preferably specific pathogen free animals). 

PRRSV also replicates in a non-porcine cell line that does not belong to the 

monocyte/macrophage lineage. Certain monkey kidney continuous cell lines (MA-104, 

MARC-145 and CL2621) can replace macrophages (Christianson et al., 1992; Collins et al., 

1992; Kim et al., 1993), although these cell lines do not support growth of all isolates, 

particularly isolates of the European genotype.  

Entry of PRRSV into the porcine macrophage has been intensively studied in our laboratory 

(Delputte et al., 2002; Delputte & Nauwynck, 2004; Delputte et al., 2005; Delputte et al., 

2007; Duan et al., 1998; Van Breedam et al., 2010b; Van Gorp et al., 2008, 2009, 2010; 

Vanderheijden et al., 2001; Vanderheijden et al., 2003). As a result, the current view of this 

process has comprehensively been described in a recent review (Van Breedam et al., 2010a). 

In short, the PRRSV virion initially attaches to heparan sulphate glycosaminoglycans present 

on the macrophage surface. Subsequently, the virus binds to the sialoadhesin receptor via 

M/GP5 glycoprotein complexes present in the viral envelope. Upon attachment to 

sialoadhesin, the virus-receptor complex is internalized through clathrin-mediated 

endocytosis. Upon internalization, the viral genome is released from the early endosome into 

the cytoplasm of the host cell. The scavenger receptor CD163 is essential for this genome 

release and may exert its function through interaction with GP2 and GP4. In addition, cellular 

proteases (cathepsin E and serine proteases) have been implicated and also a pH drop within 

the early endosome is crucial for viral genome release. After viral RNA appears in the cell 

cytoplasm, the transcriptional and translational events, required for the formation of new 

virions, are initiated leading to the generation of non-structural and structural proteins. 

Nucleocapsids are assembled in the cytoplasm, and virions acquire their envelope by budding 

into the endoplasmic reticulum and transport through the Golgi-network. Following 

posttranslational modification of the envelope proteins, the virus release probably occurs via 

exocytosis (Meulenberg et al., 1995; Pol et al., 1997; Wissink et al., 2005). 

 

1.2.5 PRRSV pathogenesis in young pigs 

 
Pigs of all age groups can be affected with PRRSV, resulting in a variety of clinical signs. 

Young pigs develop dyspnea and tachypnea and may also exhibit periocular edema, 

conjunctivitis, eyelid edema, blue discoloration of the ears, inappetence, fever, cutaneous 



Introduction 

17 

erythema, diarrhea, shaking, rough hair coats, post-injection bleeding, anorexia, and signs 

typical for damage of the central nervous system (Christianson et al., 1992; Cooper et al., 

1995; Fichtner et al., 1993; Hopper et al., 1992; Paton et al., 1992; Rossow et al., 1994; 

Rossow et al., 1995; Rossow et al., 1998; Wensvoort et al., 1991). The intensity of the 

disease proved to vary among virus isolates (Halbur et al., 1995). Inoculation of susceptible 

pigs with highly virulent isolates of PRRSV results in longer periods of viremia, significantly 

higher viral loads in blood and tissues and increased severity of clinical signs and mortality 

than in those pigs inoculated with mildly virulent or cell-culture adapted isolates (Johnson et 

al., 2004; Karniychuk et al., 2010). Bacterial co-infections substantially increase the mortality 

associated with PRRSV infections in pigs (Done et al., 1995; Hopper et al., 1992; Stevenson 

et al., 1993; Zeman et al., 1993). Subclinical infections are also common in finishing pigs 

(Hopper et al., 1992; Swenson et al., 1994) in which the infected pigs continue to be a source 

of virus for non-infected animals. 

PRRSV-infected macrophages are localized in multiple tissues: the nasal turbinates, tonsils, 

lymph nodes, lungs, thymus, spleen, Peyer’s patches, liver, kidneys, heart, aorta, skin, 

salivary glands, mammary glands, endometrium, testes, and adrenal glands (Chueh et al., 

1999; Kang et al., 2010; Olanratmanee et al., 2011). Most probably the virus initially enters 

through nasal epithelium, tonsils and lungs, followed by virus replication in local 

macrophages and rapid viremia which persist for several weeks with virus distribution to 

various organs. Subsequently, interstitial pneumonia, vasculitis, lymphadenopathy, 

myocarditis, encephalitis, and/or rhinitis are generally observed (Done et al., 1995; Rossow et 

al., 1995). At present, the cascade of events that follows PRRSV infection is mostly studied in 

the pig lungs. In general, PRRSV infects and compromises the function of pulmonary alveolar 

and intravascular macrophages resulting in interstitial pneumonia. PRRSV replication in the 

lungs results in apoptosis of infected and bystander cells (Labarque et al., 2003a; Sirinarumitr 

et al., 1998). Along with a dramatic decrease of differentiated sialoadhesin (Sn)-positive 

macrophages, a subsequent influx of undifferentiated CD14-positive Sn-negative monocytes 

takes place (Van Gucht et al., 2005). By reduction and functional impairment of the alveolar 

macrophage population, cytokine imbalances and increased vascular permeability 

(Brockmeier et al., 2002a; Thacker, 2001; van Reeth & Nauwynck, 2000), PRRSV infection 

paves the way for bacterial pathogens. Co-infection of PRRSV with several bacterial 

pathogens can result in a more severe clinical picture than single viral infection (Brockmeier 

et al., 2001; Brockmeier et al., 2002b; Galina et al., 1994; Halbur et al., 2000; Segales et al., 

1999; Solano et al., 1997; Thacker et al., 1999; Thanawongnuwech et al., 2000; Van Alstine 
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et al., 1996). In addition to interactions with bacterial pathogens, PRRSV was shown to 

enhance disease caused by a number of viral infections as well, such as porcine respiratory 

coronavirus, swine influenza virus and porcine circovirus Type 2 (Harms et al., 2001; Rovira 

et al., 2002; van Reeth et al., 1996). 

 

1.2.6 Immune response and vaccination against PRRSV 

 
Little, fragmented and often contradictory information is available on both PRRSV-induced 

innate and PRRSV-specific immune responses.  

PRRSV is susceptible to the antiviral activity of IFNα and IFNβ (Bautista & Molitor, 1999; 

Lee et al., 2004; Loving et al., 2007; Overend et al., 2007). However, upon infection no 

significant or only very low levels of INFα are recovered from lungs of infected pigs. Several 

studies indicate that PRRSV replication suppresses IFNα and IFNβ production (Albina et al., 

1998; Lee et al., 2004; Luo et al., 2008; Loving et al., 2007), but mechanisms of the observed 

impairment are not known. Other cytokines also contribute to the innate immune response 

against virus infections, such as TNFα, IL1, IL6, IL10, IL12 and IFNγ. PRRSV strongly 

reduces the production of TNFα both in vivo and in vitro, but the mechanism of modulation is 

still unknown (Chiou et al., 2000; Choi & Chae, 2002; Labarque et al., 2003a; López-Fuertes 

et al., 2000; van Reeth et al., 1999). Conflicting data exist about PRRSV-elicited IL1 levels: 

some authors describe an enhanced IL1 production upon infection with PRRSV (Labarque et 

al., 2003a; van Reeth et al., 1999), whereas others report PRRSV-mediated suppression of 

IL1 production in PRRSV-infected macrophages (López-Fuertes et al., 2000). IL6 slightly 

increases in the sera of PRRSV-infected pigs (Asai et al., 1999; Feng et al., 2003). PRRSV 

infection results in enhanced expression, production and secretion of the immunosuppressive 

IL10 in PBMC and bronchoalveolar lavage cells (Chung & Chae, 2003; Feng et al., 2003; 

Royaee et al., 2004; Suradhat & Thanawongnuwech, 2003). Also in vitro, PRRSV infection 

induces IL10 production in monocytes, bone marrow-derived dendritic cells and monocyte-

derived dentritic cells (Chang et al., 2008; Charerntantanakul et al., 2006; Flores-Mendoza et 

al., 2008). IL12 mRNA is weakly elevated in lung cells of PRRSV-infected pigs (Johnsen et 

al., 2002; Chung & Chae, 2003; Thanawongnuwech & Thacker, 2003). Despite the low levels 

of type I IFN and pro-inflammatory cytokines, and despite the induction of IL10, PRRSV 

seems to induce a weak innate IFNγ response (Thanawongnuwech et al., 2003).  

During PRRSV infection, the phagocytic capacity of alveolar macrophages, the in vivo 

PRRSV target cells, is found to be decreased (Chiou et al., 2000; De Baere et al., 2012; 
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Thanawongnuwech et al., 1997) or unchanged (Oleksiewicz & Nielsen, 1999). The role of 

NK cells during PRRSV infection is not clear. An influx of NK cells in lungs of PRRSV-

infected pigs has been observed (Samson et al., 2000). However, it is described that depletion 

of NK cells in pigs prior to and during the first 5 days of PRRSV infection does not cause 

increased disease and does not influence the ability of the pig to clear the virus (Lohse et al., 

2004). In a recent study, porcine blood NK cells failed to kill PRRSV-infected macrophages 

(Cao, unpublished results). 

PRRSV-specific lymphocytes and IFNγ-secreting cells are generally not detected earlier than 

three to four weeks upon PRRSV infection. Virus-specific CD4+CD8- MHCII-dependent, 

CD4-CD8+ MHCI-dependent T cells, and CD4+CD8+ cells appear during PRRSV infection 

(Batista et al., 2004; Bautista & Molitor, 1997; Costers et al., 2009; Diaz et al., 2005; López-

Fuertes et al., 1999; Meier et al., 2003; Xiao et al., 2004). Costers et al. (2009) demonstrated 

that virus-specific CD4-CD8+ T cells represent CTL and are not able to exert a cytolytic 

activity towards virus-infected macrophages in vitro. 

An important hallmark of PRRSV-specific immunity is the polarized antibody response 

(Vanhee, 2011). PRRSV-specific antibodies that appear early in infection do not possess 

PRRSV-neutralizing activity (Labarque et al., 2000; Loemba et al., 1996; Yoon et al., 1995). 

Virus-neutralizing antibodies, as determined by neutralization assays, usually appear late in 

infection (from 4-6 weeks post-inoculation) or do not appear at all (Delputte et al., 2004; 

Labarque et al., 2000; Loemba et al., 1996; Lopez & Osorio, 2004; Nelson et al., 1994). At 

present, this contrast in antibody dynamics is poorly understood.  

Field reports suggest that following PRRSV-induced reproductive failure, sows develop a 

protective immunity. These observations are based on the fact that affected sows have a 

normal litter following rebreeding despite the apparent circulation of the virus within the herd 

(Albina et al., 1994; Bilodeau et al., 1994; Stevenson et al., 1993). Experimental data also 

prove resistance of swine to a homologous PRRSV challenge (Lager et al., 1997a; Lager et 

al., 1997b).  

Two types of PRRSV vaccines are available for animal vaccination: modified live virus 

vaccines (MLV vaccines also called attenuated vaccines), and killed virus vaccines (KV 

vaccines also called inactivated vaccines). Attenuated vaccines are generated by in vitro cell 

culture passaging of virulent virus until an attenuated phenotype appears. Inactivated vaccines 

are generated by chemically or physically inactivating virulent virus. MLV and KV vaccines 

were developed both from European and North American PRRSV, and are used on most 
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continents, since a strict geographical genotype barrier no longer exists. Commercial, 

inactivated vaccines are authorized for use in breeding pigs as they should provide protection 

without deleterious effects on reproduction. However, inactivated vaccines do not induce 

virus neutralizing antibodies and cannot prevent PRRSV infections, even after challenge with 

homologous strains (Nielsen et al., 1997; Nilubol et al., 2004; Plana-Durán et al., 1997; 

Scortti et al., 2007; Vanhee et al., 2009; Zuckermann et al., 2007; Geldhof, unpublished 

results). In contrast, attenuated vaccines are able to induce virus neutralizing antibodies and 

prevent virus replication in target cells, viremia and clinical symptoms (Labarque et al., 

2003b; Scortti et al., 2006b). Despite those positive effects however, a full protection is only 

achieved against homologous strains. Moreover, outbreaks of the acute syndrome, 

characterized by abortion and high mortality in pregnant sows, have been described after 

vaccination with North American type MLV vaccines (Bøtner et al., 1997; Mengeling et al., 

1999). Live North American vaccine virus has also been isolated after field clinical cases of 

PRRS (Mortensen et al., 2002). Live vaccine virus has an unwanted tendency to spread not 

only within the vaccinated herds but also to neighboring non-vaccinating herds. During 

spreading among pigs, the vaccine virus can revert genetically (Madsen et al., 1998; 

Storgaard et al., 1999; Nielsen et al., 2001), which apparently leads to the observed clinical 

problems (Mortensen et al., 2002). In accordance with field observations, the experimental 

inoculation of sows with North American vaccine-derived PRRSV in late gestation results in 

subsequent congenital infection (Nielsen et al., 2002). European-type vaccine-derived 

PRRSV can also replicate in gilts after intranasal exposure and even cross from mother to 

fetus, however with a less detrimental effect on the reproductive performance (Scortti et al., 

2006a). 
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1.3  Congenital PRRSV infection  

 

1.3.1 Clinical signs of congenital PRRSV infection 

Clinical signs in pregnant gilts and sows during PRRSV infection vary from none to fever, 

lethargy, anorexia, red/blue discoloration of the ears and vulva, subcutaneous edema, 

pneumonia, regular and delayed return to estrus, late-term abortions, early farrowing and birth 

of mixed litters with living, stillborn fetuses and fetuses in different stages of mummification 

(Figure 5) (Done & Paton, 1995; Hopper et al., 1992; Mengeling et al., 1994; Swenson et al., 

1994; Terpsta et al., 1991). Delayed parturition in experimentally infected sows is also 

described (Mengeling et al., 1996; Cheon & Chae, 2001). The disease intensity within a herd 

can vary from sporadic cases of reproductive failure to massive abortion storms (Albina et al., 

1994). A fraction of animals within an affected livestock may escape from initial infection 

and serve as a susceptible target for subsequent waves of infection, supporting prolonged 

endemics (Terpstra et al., 1992). First experimental reproduction of congenital PRRSV 

infection in pregnant sows and fulfillment of Koch's postulates have been done by Terpstra et 

al. (1991). Shortly afterwards, research groups from all over Europe and the USA confirmed 

the etiological role of PRRSV in reproductive disorders (Christianson et al., 1992; Plana et 

al., 1992). Despite a large number of studies concerning the subject, the means by which 

PRRSV crosses from mother to fetus and the exact mechanism of the virus-induced 

reproductive failure remain unknown. 

 

Figure 5. Clinical manifestation of PRRSV-related reproductive problems.  

A combination of mummies, stillborn pigs of variable size and weak-born pigs is generally observed in aborted, 

premature litters and litters which are born at term. Adapted from  www.respig.com/diseases/prrs.asp. 
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1.3.2 Pathogenesis of congenital PRRSV infection 

 

Routes of PRRSV transmission  

Sows can be infected aerogenically, also horizontal PRRSV transmission has been reported 

following direct contact between infected animals and naïve animals, as well as virus 

transmission via semen of infected boars (Bierk et al., 2001, Yaeger et al., 1993). The 

duration of virus shedding in semen of experimentally infected boars varies widely from 2 

(Shin et al., 1997) to 92 days (Christopher-Hennings et al., 1995) after infection. The virus 

can be shed with semen, even in the absence of viremia and in the presence of neutralizing 

antibodies (Christopher-Hennings et al., 1995; Christopher-Hennings et al., 2001). This virus 

most likely reaches the tissues of the male reproductive tract and semen by migration of 

infected macrophages (Prieto & Castro, 2005). Once contaminated semen appears in the 

uterus, infection presumably starts from the endometrial tissues and regional lymph nodes 

following hematogenic or lymphogenic PRRSV dissemination throughout the sow organism.  

Regardless of how PRRSV enters the sow body, the virus replicates in susceptible tissue 

macrophages and viremia appears. The reported average duration of viremia in sows is 

generally shorter (6-20 days) than that in young pigs (18-34 days) (Mengeling et al., 1994; 

Prieto et al., 1996; Prieto et al., 1997a; Prieto et al., 1997b).  

 

PRRSV infection in ovaries 

Conflicting results have been reported in literature concerning PRRSV infection in ovaries 

(Benson et al., 2001; Sur et al., 2001). In the study of Benson et al. (2001), PRRSV antigen 

(detection via immunohistochemistry and in situ hybridization), microscopical lesions in 

ovaries and the change in the plasma progesterone level were not observed. However, Sur et 

al. (2001), reported PRRSV replication in the ovary of experimentally infected gilts. In that 

study, a combination of virus isolation, immunohistochemical staining and in situ 

hybridization was used for sample evaluation. Infectious PRRSV was isolated from ovaries in 

83% of tissue samples. Similar as in other organs, the virus predominantly infects resident 

ovary macrophages and the number of PRRSV-infected cells in any given area of the ovary 

correlates with the density of macrophages. The fact that alterations are not detected in the 

normal ovary architecture in the PRRSV-positive tissues does not support the idea that ovary 

infection plays a role in female infertility (Sur et al., 2001). However, it is well known that 

due to PRRSV infection macrophages can die by apoptosis and secondary necrosis (Miller & 

Fox 2004; Costers et al., 2008). PRRSV infection also changes cytokine production in vitro 
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and in vivo (Chiou et al., 2000; van Reeth et al., 1999; Liu et al., 2010). These PRRSV-

induced events in ovaries can potentially influence the surrounding environment of the ovum, 

but the indirect local effects of PRRSV replication on gametogenesis have not been studied 

yet. 

 

Congenital PRRSV infection during early gestation 

PRRSV-induced pathology in adult swine is most prominent during gestation. The 

consequences of viral infection in mother and embryo/fetuses upon different ways of PRRSV 

inoculation and in different periods of gestation are described below. 

A reduction of swine reproductive performance, such as low conception rates, regular and 

delayed return to estrus, during field PRRSV outbreaks might be attributed to PRRSV 

infection in the early stage of gestation (Hopper et al., 1992; Keffaber, 1989; Prieto et al., 

1996; Prieto et al., 1997a). As a result, experimental studies were performed to find out if 

exposure of gilts to PRRSV in the onset and early gestation can influence the conception rate 

and affect early embryos.  

 
Congenital PRRSV infection during early gestation upon intranasal sow inoculation 

Inoculation of gilts at the day of insemination and sampling after 10 days, results in fewer 

embryos than can be anticipated from the number of corpora lutea (Prieto et al., 1997a). Later 

euthanasia of inoculated gilts (20 days after exposure) results in three times more dead 

embryos than in control non-inoculated gilts. Inoculation of gilts at 14 days of gestation also 

leads to embryonic infection (collection of embryos was performed at 20-22 days after 

maternal exposure to PRRSV) (Prieto et al., 1996); however, the incidence of embryonic 

infections is low, and the infected embryos do not show pathology. The susceptibility of 

embryos to PRRSV infection is also age-dependent. Ten-day-old embryos are not susceptible 

to PRRSV upon intranasal inoculation of the mother. Twenty-day-old embryos may contain 

infectious virus. It has also been shown in vitro that preimplantation embryos are resistant to 

PRRSV infection (Mateusen et al., 2007). The most probable explanation for this observation 

is the absence of Sn expression, the crucial cell entry mediator for PRRSV, on those embryos 

(Mateusen et al., 2007).  
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PRRSV infection during early gestation upon in utero inoculation 

Reports about insemination of sows with PRRSV-contaminated semen (Prieto et al., 1997b) 

and about in utero exposure of sows to the virus shortly after they had been bred naturally 

(Lager et al., 1996b) also exist, but the results are contradictory. In the study of Prieto et al 

(1997b), euthanasia of the in utero infected gilts at 20 days of gestation revealed the presence 

of dead and infected embryos. In contrast, in the study of Lager et al. (1996b) the influence of 

PRRSV exposure on the reproductive performance was not demonstrated. Inoculated gilts 

which were euthanized at term or allowed to farrow showed no evidence of fetal infection, 

and the number of live fetuses or newborn piglets did not significantly differ from the control 

group. Remarkably however, the transmission of PRRSV from uterus to the blood circulation 

and internal organs of the dam is possible (Prieto et al., 1997b; Lager et al., 1996).  

Altogether, the described results suggest that PRRSV infection has little or no effects on 

conception rates despite the route of sow inoculation. However, it can result in death and 

infection of embryos after implantation. It is not clear if direct PRRSV replication in embryos 

is responsible for embryonic death.  

 

Congenital PRRSV infection during mid-gestation 

Only sporadic cases of mid-gestation abortions or small mummies at farrowing, indications of 

mid-term fetal infection, are reported upon PRRS outbreaks (Christianson et al., 1993). 

Despite of this, certain investigations were aimed to study PRRSV infection in mid-gestation 

sows and fetuses upon experimental inoculation. 

 
Congenital PRRSV infection during mid-gestation upon intranasal sow inoculation 

Virus inoculation of sows between 45 and 50 days of gestation does not cause pathology or 

PRRSV infection in 52-71-day-old fetuses (Christianson et al., 1993). In line with this, live-

born piglets from sows challenged with PRRSV at 42-43 days of gestation do not contain 

infectious virus (Kranker et al., 1998). Only in the study of Christianson et al. (1993) virus 

was isolated from few newborn pigs of sows inoculated in mid-gestation. In that case, 

congenital infection might be caused in late gestation by PRRSV that persisted in sows from 

mid-gestation without a passage to fetuses. 

 
PRRSV infection during mid-gestation upon intrafetal and intraamniotic inoculation 

Mid-gestation sows are susceptible to infection when exposed to the virus intranasally. 

However, congenital infection is not readily reproducible during this period of gestation. 

Intrafetal or intraamniotic inoculation with PRRSV between 45 and 50 days of gestation 
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results in productive infection in fetuses (sows were euthanized at 4-11 days after inoculation) 

(Christianson et al., 1993), proving that the virus does not readily crosses from mother to 

fetus upon maternal exposure in mid-gestation. In addition, the virus is not able to pass from 

fetus to mother in that period of gestation either (Christianson et al., 1993).  

As a conclusion, PRRSV replicates in mid-gestation porcine fetuses upon direct inoculation, 

but does not readily cross transplacentally from mother to fetus when sows are exposed 

intranasally and from fetus to mother upon intrafetal/intraamniotic inoculation. The 

sporadically reported field abortions in mid-gestation sows might be a result of the acute 

disease and maternal fever. 

 

Congenital PRRSV infection during late gestation 

Clinical manifestation of PRRS in gilts and sows is mostly described as late-term reproductive 

failure. A number of studies were aimed to provide the experimental evidence of congenital 

PRRSV infection and to unravel the mechanism of reproductive failure in late-gestation.  

 

Congenital PRRSV infection during gestation upon intranasal sow inoculation 

Experimental inoculation of sows with various PRRSV strains during late-gestation (72 to 93 

days of gestation) consistently results in congenital infection and reproductive failure that is 

similar to field observations (Cheon & Chae, 2001; Christianson et al., 1992; Kranker et al., 

1998; Lager et al., 1997b; Mengeling et al., 1994; Mengeling et al., 1996; Mengeling et al., 

1998; Plana-Durán et al., 1992; Terpstra et al., 1991). A higher incidence of congenital 

infections and a higher number of infected fetuses/new-born pigs are observed upon 

inoculation of sows at 85-92 days of gestation in comparison to sows inoculated at 72 days of 

gestation (Kranker et al., 1998; Mengeling et al., 1994). In accordance with this, more 

pronounced reproductive disturbances are observed in sows inoculated later in gestation 

(Kranker et al., 1998).  

 

PRRSV infection during late gestation upon intraamniotic inoculation 

Porcine fetuses in late gestation are readily susceptible to PRRSV upon direct intraamniotic 

inoculation (Lager & Mengeling, 1995). Presumably, the PRRSV transplacental passage can 

follow not only the maternal-fetal direction, but also the fetal-fetal and fetal-maternal-fetal 

directions (Lager & Mengeling, 1995). An age-related difference in mortality following 

PRRSV inoculation of embryo/fetuses also exists, since an embryo inoculated during the first 

half of gestation could replicate virus up to 31 days without severe pathologic consequences. 
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In contrast, fetal inoculation during the second half of gestation may result in fetal death 

within days after exposure.  

 

PRRSV replication in fetuses and fetal membranes  

Upon fetal infection, PRRSV primarily replicates within fetal lymphoid tissues (Cheon & 

Chae, 2001; Rowland, 2010). The fetal thymus, tonsils and lymph nodes are the most regular 

sites for PRRSV replication (Cheon & Chae, 2001; Rowland, 2010). However, the virus is 

still readily detectible in fetal lungs, liver, spleen, heart and kidneys (Cheon & Chae, 2001; 

Kranker et al., 1998; Lager et al., 1994; Rowland, 2010). The virus recovery from fetal tissues 

indicates congenital infection, but the absence of severe microscopic lesions in the internal 

organs of aborted or stillborn fetuses leaves the mechanism of reproductive failure 

unexplained (Cheon & Chae, 2001; Lager & Halbur, 1996; Rossow et al., 1996; Rossow, 

1998). The latter assumes that fetal death might be attributed to the virus-induced uterine/fetal 

placental lesions during congenital PRRSV infection. Viral antigen identification, accurate 

virus quantification and virus colocalization with lesions in the endometrium and fetal 

membranes have not been performed yet. However, using transmission electron microscopy, 

virus-like particles are detectable in the endometrium and fetal placenta collected from sows 

infected with PRRSV (Stockhofe-Zurwieden et al., 1993). In several studies myometritis, 

endometritis, placentitis and microseparations in the maternal-fetal unit were described in 

samples from experimentally and naturally infected sows (Christianson et al., 1992; 

Stockgofe-Zurwieden et al., 1993; Lager & Halbur, 1996). Nevertheless, it remains to be 

elucidated if these lesions are pathognomonic of PRRSV infection. 

 

In conclusion, despite the clear susceptibility of fetuses to PRRSV upon direct intra-fetal 

inoculation at any stage of gestation, exposure of sows and gilts to PRRSV mainly results in 

congenital infection and reproductive failure in late gestation in the field as well as under 

experimental conditions. Altogether, these observations may indicate that fetal implantation 

sites play a role in the pathogenesis of congenital PRRSV infection. However, as stated 

above, the exact mechanisms of PRRSV spreading from mother to fetus and virus-induced 

reproductive failure remain to be elucidated. 

 

PRRSV infection in mammary glands 

Infectious PRRSV and viral antigens were also detected in the mammary gland tissues of 

experimentally inoculated sows (Kang et al., 2010). PRRSV productively replicates in 
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macrophage-like cells in the alveolar lumina but not in the epithelial cells lining the gland. 

Originally, Wagstrom et al. (2001) showed that PRRSV is detectable in the whey and cellular 

fraction of milk. Afterwards, virus shedding via this route was demonstrated by Kang et al. 

(2010). However, it is still not clear, whether the quantity of PRRSV in mammary gland 

secretions is sufficient to infect suckling piglets. 
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Today, PRRSV is economically the most significant viral disease in swine industry. It is 

associated with both porcine respiratory disease complex and severe reproductive problems. 

Many studies have already been performed on pathogenesis of PRRSV-induced reproductive 

problems. However, the exact pathophysiological basis of the virus-induced reproductive 

failure and means by which PRRSV crosses from mother to fetus remain unknown. 

Preventing virus spread from mother to fetus and PRRSV-related reproductive problems is a 

crucial step towards control of the disease; however, the present vaccines have many 

limitations both for safety and efficacy. A better understanding of the virus-host interactions 

during infection of pregnant animals may give directions for a better control.  

The following reasoning indicates that the fetal implantation sites may play a crucial role in 

the pathogenesis of congenital PRRSV infection. Firstly, despite the clear susceptibility of 

fetuses to PRRSV upon direct intra-fetal inoculation at any stage of gestation, maternal 

exposure to the virus mainly results in congenital infection and reproductive failure in late 

gestation. Secondly, severe microscopical lesions in the internal organs of aborted or stillborn 

fetuses are absent during congenital PRRSV infection. Currently however, little is known 

about PRRSV infection within the fetal implantation sites. Therefore, the general purpose of 

the present thesis was to obtain new insights in the pathogenesis of congenital PRRSV 

infection and to examine if the spread of PRRSV from mother to fetus may be inhibited by a 

new inactivated vaccine. All challenge experiments were restricted to late gestation, the 

period during which congenital PRRSV infection is most prominent.  

The specific aims of the present thesis were: (1) To find an explanation for the restriction of 

PRRSV congenital infection to the end of gestation. Particular efforts were made to localize 

and quantify cells expressing Sn and CD163 (both markers for PRRSV susceptibility in 

macrophages) in the endometrium/fetal placenta and internal organs of porcine 

embryos/fetuses collected at different stages of gestation from PRRSV-negative sows. (2) To 

determine if PRRSV replicates in the endometrium/fetal placenta and causes apoptosis and 

lesions. Therefore, PRRSV-positive cells, apoptotic cells and histopathological changes were 

identified, localized and quantified in the endometrium/fetal placenta from sows inoculated at 

the end of gestation. (3) To test a new inactivated PRRSV vaccine efficacy in gilts inoculated 

at the end of gestation. (4) To study if microchimerism (the phenomenon which 

hypothetically plays a role in congenital PRRSV infection) occurs in healthy sows/fetuses and 

if this phenomenon is influenced by PRRSV infection. 
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3.1 

Quantitative changes of sialoadhesin and CD163 positive macrophages in 

the implantation sites and organs of porcine embryos/fetuses during 

gestation 

 
Uladzimir Karniychuk and Hans Nauwynck 

 
Adapted from: Placenta (2009), 30:497-500 

Porcine reproductive and respiratory syndrome virus (PRRSV) crosses the placenta 

most easily in the last third of gestation. Further, PRRSV does not replicate in 

preimplantation embryos but does replicate in postimplantation embryos and fetuses. In 

the present study, it was aimed to find an explanation for these observations by 

localization and quantification of the macrophages carrying two entry mediators that 

play a crucial role in PRRSV replication, sialoadhesin (Sn) and CD163, in the 

implantation sites and organs of embryos/fetuses during gestation. Uterus and embryos 

or organs (liver, spleen, lungs) from fetuses were obtained from pregnant PRRSV 

negative sows at different days of gestation (20-35, 50-60, 70-80, 114) and the Sn+ and 

CD163+ macrophages were quantified. In the endometrium and fetal placenta, two 

macrophage subsets were observed: Sn-CD163+ and Sn+CD163+. The highest number 

of Sn+ and CD163+ macrophages was counted at 114 days of gestation. In the mid-

gestational fetal placenta (50-60 days of gestation), most CD163+ macrophages were Sn 

negative. The number of Sn+ and CD163+ macrophages in organs increased during 

gestation. In the liver, the Sn+ and CD163+ macrophages were most abundant (Sn+: 8.1-

48.7%; CD163+: 22.0-55.0%); the lowest number of Sn+ and CD163+ macrophages was 

observed in the lungs (Sn+: 0-15.2%; CD163+: 4.0-19.3%). Double immunofluorescence 

staining revealed three macrophage subsets in the spleen: Sn+CD163-, Sn-CD163+ and 

Sn+CD163+; and two macrophage subsets in the lungs: Sn-CD163+ and Sn+CD163+. In 

the liver, due to physiological presence of biotin, the double immunofluorescence 

staining could not be performed. The present results show clear changes in the quantity 

of Sn+ and CD163+ macrophages in the fetal placenta and organs of embryos/fetuses 

during gestation which most probably have a physiological basis. The absence of Sn on 

macrophages in the fetal placenta at mid-gestation might explain the difficulty for 

PRRSV to spread transplacentally at this stage of gestation. 
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Introduction 
 
An infection with porcine reproductive and respiratory syndrome virus (PRRSV) results in 

reproductive failure in gilts and sows and in combination with other pathogens/toxins, in 

respiratory dysfunction in young pigs.  

Reproductive failure due to PRRSV infection is characterized by embryonic death (Prieto et 

al., 1997) that can lead to regular return to estrus, an increase in late-term abortions, early 

farrowing, number of dead and mummified fetuses and weak born piglets (Christianson et al., 

1991). The pathogenesis of PRRSV infection in pregnant sows appears to differ from that of 

pseudorabies virus and porcine parvovirus infections, in which the virus may cross the 

placenta at any stage of gestation (Lager & Mengeling et al., 1995). Despite the clear 

susceptibility of fetuses to PRRSV upon direct intra-fetal inoculation at any stage of gestation, 

exposure of sows and gilts to PRRSV mainly results in reproductive failure in the last third of 

gestation under field as well as under experimental conditions (Christianson et al., 1992; 

Collins et al., 1992). In the present study, it was aimed to find an explanation for these 

observations.  

PRRSV shows a very restricted tropism for some subsets of macrophages (Vanderheijden et 

al., 2003). The virus enters its target cell via receptor-mediated endocytosis (Vanderheijden et 

al., 2003). At present, two receptors have been identified: heparan sulfate and sialoadhesin 

(Sn) (Vanderheijden et al., 2003). Attachment of PRRSV to macrophages is initiated via an 

interaction with heparin sulfate, followed by an interaction with Sn. Further, Sn mediates the 

internalization of the virus (Delputte et al., 2005). An additional factor, the internalization 

receptor for the haptoglobin-haemoglobin complex (Ritter et al., 1999), CD163, has recently 

been shown to be an entry mediator in macrophages, probably during uncoating (Van Gorp et 

al., 2008). The purpose of the present study was to localize and quantify cells expressing Sn 

and CD163, both markers for PRRSV susceptibility in the macrophages, in the implantation 

sites and target organs (liver, spleen, lungs) (Cheon & Char et al., 2001) of porcine 

embryos/fetuses collected at different stages of gestation from PRRSV-negative sows. 

 

Materials and methods 
 

Sample collection 

Whole embryos were collected from pregnant sows at 20-35 days of gestation. Organs (liver, 

spleen, lungs) from fetuses were obtained from pregnant sows at different stages of gestation 

(50-60, 70-80, 114 days of gestation). For every stage of gestation, five sows were included, 
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except for the group of sows at 114 days of gestation (two sows). From all sows, three 

embryos/fetuses and corresponding piece of the uterus were collected. The samples were 

embedded in methylcellulose and rapidly frozen at -70ºC. 

 

Single immunofluorescence staining 

From every sample cryostat section was made. The tissue sections were fixed for 10 min in 

methanol (100%) at -20ºC. The sections were incubated with murine monoclonal antibodies 

(mAbs) 41D3 specific to Sn (Duan et al., 1998) or 2A10 specific to CD163 (AbD Serotec) 

followed by goat anti-mouse IgG-FITC (InvitrogenTM, Molecular Probes, Eugene, OR, USA). 

Both incubations were performed at 37ºC for 1 h. After each incubation, the sections were 

washed three times in phosphate buffered saline (PBS). Finally, the sections were incubated 

with Hoechst (InvitrogenTM, Molecular Probes, Eugene, OR, USA) followed by three times 

washing in PBS. The latter staining allowed determination of the percentages of positive cells. 

The specificity of the staining was confirmed using an irrelevant, isotype matched mAb 

13D12 directed against pseudorabies virus glycoprotein gD (Nauwynck & Pensaert, 1995). 

All tissue samples were proved to be PRRSV-negative via virus-specific immunofluorescence 

staining (Labarque et al., 2000). 

 

Double immunofluorescence staining 

Double immunofluorescence staining was performed on selected samples of uterus with 

placenta, lungs and spleen. The tissue sections were fixed for 10 min in methanol (100%) at   

-20ºC. Afterwards, the sections were incubated with mAb 2A10 (AbD Serotec) followed by 

goat anti-mouse Texas Red (InvitrogenTM, Molecular Probes, Eugene, OR, USA). 

Subsequently, the sections were incubated with mAb 13D12 to block the remaining antigenic 

binding sites of goat anti-mouse Texas Red. Then, sections were incubated with biotinylated 

mAb 41D3 followed by streptavidin-FITC (InvitrogenTM, Molecular Probes, Eugene, OR, 

USA). All incubations were performed at 37ºC for 1 h. After each incubation, the sections 

were washed three times in PBS. Finally, sections were incubated with Hoechst during 10 min 

followed by three washings in PBS. 

 

Evaluation of immunofluorescence staining 

Localization and quantification of the Sn+ and CD163+ cells were performed using a Leica 

DM/RBE fluorescence microscope (Leica Microsystems GmbH,Wetzlar, Germany). Visual 

semiquantitative evaluation of the number of fluorescing cells within the endometrium and 

fetal placenta was made per microscopic field with magnification x400 (three microscopic 
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fields with the objective x40 were randomly chosen within the tissue and evaluation of the 

number of Sn+ and CD163+ cells was made in each microscopic field; afterwards, the 

average number of positive cells was calculated). In the embryos and fetal organs, the 

percentages of Sn and CD163-positive cells were determined per 1000 cells. Representative 

digital images of stained preparations were made using a Leica TCS SP2 laser scanning 

spectral confocal system (Leica Microsystems GmbH, Heidelberg, Germany) linked to a 

Leica DM/IRB inverted microscope (Leica Microsystems GmbH, Wetzlar, Germany). 

 

Results 
 
Detection of Sn+ and CD163+ macrophages in the implantation sites of porcine 

embryos/fetuses at different terms 

The Sn+ and CD163+ cells had large oval nuclei and abundant cytoplasm; some were 

irregularly shaped. At all gestational stages, a high number of Sn+ and CD163+ cells was 

found in the endometrium (Figure 1). The Sn+ and CD163+ macrophages were localized 

within connective tissues and close to endometrial blood vessels. Some of the CD163+ cells 

appeared within endometrial blood vessels at 114 days of gestation (Figure 1). At all 

gestational stages, high numbers of CD163+ cells were found in the fetal placenta (Figure 1) 

and they were scattered all over the connective tissues. The number of CD163+ macrophages 

was the highest in the fetal placenta collected at 114 days of gestation. At that time point, 

macrophages were lined along the fetal trophoblast cells and a lot of CD163+ macrophages 

could be seen close to fetal blood vessels (Figure 1). Sn+ macrophages were found in the fetal 

placenta at all gestational stages except at 50-60 days. At that stage, eleven samples out of 

fifteen were Sn-negative and the rest of samples were low positive (Figure 1). The Sn+ cells 

in the fetal placenta were lower in number than in the endometrium and were scattered all 

over the connective tissues. Some cells in the fetal placenta could be seen close to blood 

vessels in the samples collected at 114 days of gestation (Figure 1). The double 

immunofluorescence staining revealed two macrophage subsets in the endometrium and fetal 

placenta: Sn-CD163+ and Sn+CD163+; all Sn+ cells were positive for CD163. 

 

Detection of Sn+ and CD163+ macrophages in the organs of embryos/fetuses at different 

stages of gestation 

The Sn+ and CD163+ cells generally had large oval nuclei and abundant cytoplasm, 

resembling macrophages in morphology. The number of Sn+ and CD163+ cells in organs 

changed during gestation (Figure 2). In the liver, the Sn+ and CD163+ cells were most 
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abundant; the lowest number of the Sn+ and CD163+ cells was observed in the lungs. At 20–

35 days of gestation, the average percentages of Sn+ and CD163+ macrophages in the liver 

were 8.1 and 25.0%, respectively. The counting could not be done in the spleen at this stage 

of gestation. The spleen was too small for localization. All lung samples were Sn-negative, 

but contained 4.0% of CD163+ macrophages. At 50-60 days of gestation, the average 

percentages of Sn+ and CD163+ macrophages were 8.8 and 25.0%, respectively, in the liver; 

1.4 and 39.0% in the spleen and 0.7 and 7.2% in the lungs. At 70-80 days of gestation, the 

average percentages of Sn+ and CD163+ macrophages were 26.0 and 36.0%, respectively, in 

the liver; 6.1 and 33.0% in the spleen and 0.9 and 9.3% in the lungs. The largest number of 

Sn+ and CD163+ macrophages were observed in the organs at 114 days of gestation. The 

average percentages of Sn+ and CD163+ macrophages were 48.7 and 55.0%, respectively, in 

the liver; 32.1 and 45.0% in the spleen and 15.2 and 19.3% in the lungs. Due to physiological 

presence of biotin in the liver, the double immunofluorescence staining could not be 

performed for detection of the macrophage subsets. Three macrophage subsets were observed 

in the spleen: Sn+CD163-, Sn-CD163+ and Sn+CD163+. At 50-60, 70-80 and 114 days of 

gestation the proportions of macrophage subsets were as follows: 1.4% Sn+CD163-/84.5% 

Sn-CD163+/14.1% Sn+CD163+; 3.5% Sn+CD163-/74.7% Sn-CD163+/21.8% Sn+CD163+ 

and 25.9% Sn+CD163-/59.1% Sn-CD163+/15.0% Sn+CD163+, respectively. In the lungs, 

only two macrophage subsets were recognized: Sn-CD163+ and Sn+CD163+. The percentage 

of Sn+CD163+ subset on the average increased from 0 to 15.2% during gestation. At 25-30, 

50-60, 70-80 and 114 days of gestation the percentage of Sn-CD163+ subset varied: 4, 6.5, 

8.4 and 4.1%, respectively. 
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Figure 1. Quantification of Sn+ and CD163+ macrophages in the endometrium and fetal placenta during gestation. Macrophages within the 

blood vessels are indicated with arrows (ev: endometrial vessel; fv: fetal vessel). A semiquantitative evaluation of the number of fluorescing cells within the endometrium and 

fetal placenta was made per microscopic field, magnification x400 (three microscopic fields with the objective x40 were randomly chosen within the tissue and evaluation of 

the number of Sn+ and CD163+ cells was made in each microscopic field; afterwards, the average number of positive cells was calculated).The Y-axis indicates the 

evaluation scores of positive macrophages; 0, virtually no positive cells; 1, 1-20 positive cells; 2, 20-50 positive cell; 3, >50 positive cells. Solid and dotted lines are median 

and mean, respectively. Each box represents 25-75% of observations. Whiskers below and above of each box represent the 10th and 90th percentiles. Dots below or above the 

whiskers on each box represent outliers not included between 10 and 90% of observation. Bar, 20 µm. 
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Figure 2. Changes in the percentage of Sn+ and CD163+ macrophages in the organs of 

embryos/fetuses collected at different stages of gestation. Solid and dotted lines are median and 

mean, respectively. Each box represents 25-75% of observations. Whiskers below and above the each box 

represent the 10th and 90th percentiles. Dots below or above the whiskers on each box represent outliers not 

included between 10 and 90% of observation. NA: not available. 
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Discussion 

 
The placenta is an immunologically privileged organ, which plays a major role in protecting 

the fetus against maternal infections and anti-fetal immune reactions. Macrophages comprise 

a large population of decidual leukocytes early in human pregnancy (20–30%) and unlike 

uterine natural killer cells, their numbers remain relatively constant throughout gestation 

(Vince et al., 1990). The ability of macrophages to remodel tissue and secrete more than 100 

growth factors and cytokines suggests that these cells have important functions in regulating 

blastocyst implantation, placental development, trophoblast behavior, and decidual 

homeostasis (Renaud et al., 2008). Although macrophages are generally essential for antigen 

presentation and activation of T cells, they can also suppress the immune response (Kabawat 

et al., 1985). In the present study two macrophage subsets (Sn-CD163+ and Sn+CD163+) 

were observed in the endometrium and fetal placenta. The presence of Sn+ and CD163+ 

macrophages in the endometrium and fetal placenta was relatively constant during gestation, 

except at 50-60 days of gestation when Sn was mostly absent on the fetal CD163+ 

macrophages. In humans, numerous heterogeneous macrophages were described within 

deciduas and chorionic villi (Gardner & Moffett, 2003; Kӓmmerer, 2005; Sutton et al., 1989). 

CD163+ macrophages in the chorionic villi at term were previously observed in pregnant 

women (Bӧckle et al., 2008). Mononuclear phagocytes represent one of the elements in the 

clearance and inactivation of viruses. Paradoxically, these cells also represent a major target 

for viruses and an infectious reservoir for a number of persistent viral infections, including 

PRRSV. The means by which PRRSV crosses the placental barrier is unknown. Sows have an 

epitheliochorial type of placenta and even maternal antibodies cannot pass to fetuses during 

gestation. Due to the very restricted tropism of PRRSV for Sn+CD163+ macrophages, we 

hypothesize that endometrial and placental macrophages can take part in the transplacental 

passage of virus; however, this remains to be shown. Why Sn was mostly absent on fetal 

placental macrophages during mid-gestation is not known. It may be hypothesized that this 

absence is linked with a refractory state of the fetal macrophages to PRRSV infection and 

difficulty of PRRSV to spread transplacentally at this term of gestation.  

Tissue macrophages constitute a functionally diverse group of cells that adopt a characteristic 

morphology depending on their site of localization (Gordon et al., 1998). Macrophage 

heterogeneity in human adults has been well documented (Mahida et al., 1989). In the human 

fetus, a diverse population of macrophages has been observed in the ileum (Spencer et al., 

1987), yolk sac (Janossy et al., 1986) and lymph node (Westerga & Timens et al., 1989). In 
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the present study, the Sn+ and CD163+ macrophages were observed in the organs (liver, 

spleen, lungs) of postimplantation porcine embryos and fetuses at different stages of 

development with an increase during gestation. The resistance of the preimplantation embryos 

to PRRSV infection has been explained by the absence of Sn expression (Mateusen et al., 

2007). The susceptibility of postimplantation porcine embryos and fetuses to PRRSV upon 

direct intra-fetal inoculation can be attributed to the presence of susceptible Sn+CD163+ 

macrophages. The present results show clear changes in the quantity of Sn+ and CD163+ 

macrophages in the placentae and organs of embryos/fetuses during gestation which most 

probably have a physiological basis. The absence of Sn on macrophages in the fetal placenta 

at mid-gestation might explain the difficulty for PRRSV to spread transplacentally at this 

stage of gestation. 
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3.2 

Porcine reproductive and respiratory syndrome virus (PRRSV) causes 

apoptosis during its replication in fetal implantation sites 

 
Uladzimir Karniychuk, Dipongkor Saha, Marc Geldhof, Merijn Vanhee, Pieter Cornillie, 

Wim Van den Broeck, Hans Nauwynck 

 
Adapted from: Microbial Pathogenesis (2011), 51:194-202 

Reproductive failure due to porcine reproductive and respiratory syndrome virus 

(PRRSV) is characterized by late term abortions, early farrowing and an increase of 

dead and mummified fetuses and weak-born piglets. The mechanism of PRRSV-induced 

reproductive failure is poorly understood. Human pregnancies, complicated by some 

pathogens leading to reproductive disorders exhibit increased apoptosis in the fetal 

membranes. Because PRRSV-target cells are present in the endometrium/fetal placenta 

from healthy sows and PRRSV-infected macrophages in other organs die by apoptosis, 

we hypothesized that PRRSV can replicate and induce apoptosis in the fetal 

implantation sites at the last stage of gestation. In the present study, identification, 

localization and quantification of the PRRSV-positive and apoptotic cells were 

performed in the fetal implantation sites. Three dams were inoculated intranasally with 

10
5
 TCID50 PRRSV 07V063 at 90 days of gestation and sampled at 10 days post-

inoculation. Two non-inoculated dams that were euthanized at 100 days of gestation 

served as control animals. Inoculation of the dams resulted in a viremia that lasted until 

the end of the study. Transplacental PRRSV spread was detected in all inoculated dams. 

Using immunofluorescence staining, single PRRSV-positive cells were found in the 

endometrial connective tissues adjacent to both PRRSV-positive and PRRSV-negative 

fetuses. In the fetal placental mesenchyme of the PRRSV-positive fetuses, infected cells 

were more abundant and spread focally. Double staining showed that all PRRSV-

positive cells in the fetal implantation sites were positive for sialoadhesin and CD163. 

Apoptotic cells (TUNEL+) were detected in the endometrium and fetal placenta of both 

non- and PRRSV-inoculated dams. The number of apoptotic cells was significantly 

higher in the PRRSV-positive endometrium/fetal placenta. PRRSV caused apoptosis in 

infected cells since 20–61 % of PRRSV-positive cells were apoptotic and in surrounding 

cells since 43–91% of the apoptotic cells were virus-negative. The main conclusion 

obtained from the present study is that PRRSV replicates in the fetal implantation sites 



 

 

and causes apoptosis in infected macrophages and surrounding cells at the last stage of 

gestation. The possible mode of PRRSV replication in the fetal implantation sites and 

the events that might contribute to the reproductive disorders are discussed. 
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Introduction 
 
Porcine reproductive and respiratory syndrome virus (PRRSV) is a small, enveloped, positive 

single-stranded RNA virus which belongs to the genus Arterivirus, family Arteriviridae, order 

Nidovirales (Snijder & Meulenberg, 1998). At present, PRRSV is considered to be the most 

important viral pathogen in swine production worldwide, and the economical impact in the 

United States was reported to be 560 million dollars of annual loss (Neumann et al., 2005). 

PRRS is characterized by reproductive failure in gilts and sows and in combination with other 

pathogens/toxins, by respiratory dysfunction in young pigs. PRRSV-induced reproductive 

failure is restricted to the last stage of gestation and is characterized by late-term abortions, 

early farrowing and an increase of dead and mummified fetuses and weak-born piglets 

(Terpstra et al., 1991; Plana et al., 1994). The underlying mechanism of PRRSV-induced 

reproductive failure is poorly understood. Previous studies revealed that PRRSV is able to 

cross the transplacental barrier and infect fetuses following intranasal inoculation of sows 

(Mengeling et al., 1994; Mengeling et al., 1998; Nielsen et al., 2002). PRRSV distribution 

and localization in internal fetal organs has also been described (Cheon & Chae, 2001). 

PRRSV antigens and nucleic acid were detected in lungs, thymus, liver, tonsils, spleen, heart, 

kidney and lymph nodes from both stillborn and liveborn piglets. Absence of major 

microscopic lesions in the internal organs of stillborn piglets suggests that fetal death is not a 

direct result of PRRSV replication in the internal organs.  

Mother and fetuses, after in utero inoculation, are susceptible to PRRSV infection at any stage 

of gestation (Christianson et al., 1993; Lager & Mengeling, 1995), whereas exposure of dams 

to PRRSV mainly results in transplacental infection and reproductive failure at the end of 

gestation. Altogether, these observations indicate that the fetal implantation sites play a role in 

the pathogenesis of transplacental PRRSV infection. Endometrium/fetal placenta may be 

refractory in the early/mid-gestation and might become susceptible to PRRSV infection at the 

last stage of gestation. The endometrial and fetal placental environment is crucial for the 

maintenance of gestation and successful pregnancy outcome. Some viral, bacterial pathogens 

and parasites replicate in fetal implantation sites and cause reproductive disorders (Bakardjiev 

et al., 2006; Bissinger et al., 2002; Matteelli et al., 1997; Pereira et al., 2003). Despite the 

large number of investigations concerning the reproductive form of PRRSV infection there is 

to our knowledge no information about in vivo localization, quantification and cell tropism of 

PRRSV in the fetal implantation sites. Only in one recent study PRRSV antigens were 

detected in the endometrium of non-pregnant gilts (Olanratmanee et al., 2011). 
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It has been postulated that induction of apoptosis in human fetal membranes is associated with 

reproductive failure (Kataoka et al., 2002; Murtha et al., 2002; Tanir et al., 2005) and may be 

involved in the pathophysiological mechanisms of infection-associated reproductive disorders 

(Chaudhuri et al., 2009; Fortunato et al., 2001). PRRSV causes apoptosis in different organs 

(lungs, testes, lymph nodes and thymus) and cell lines (Feng et al., 2002; Labarque et al., 

2003, Sur et al., 1997; Sur et al., 1998). In a previous in vitro study, PRRSV replication in 

porcine alveolar macrophages resulted in activation of anti- and pro-apoptotic pathways, early 

and late in infection, respectively (Costers et al., 2008). All PRRSV-infected macrophages 

finally die by a caspase-dependent apoptosis.  

PRRSV shows a very restricted tropism for some subsets of macrophages due to the presence 

of the receptor sialoadhesin (Sn) and the entry-mediator CD163 (Van Gorp et al., 2008; 

Vanderheijden et al., 2003). Because Sn- and CD163-positive cells are present in the 

endometrium/fetal placenta from healthy sows (Karniychuk & Nauwynck, 2009) and PRRSV-

infected macrophages in other organs die by apoptosis, we hypothesized that virus can 

replicate and induce apoptosis in the fetal implantation sites at the last stage of gestation that 

leads to all aspects of the PRRSV-induced reproductive problems. In the present study, 

identification, localization and quantification of PRRSV-positive and apoptotic cells were 

performed in the endometrium/fetal placenta collected at the last stage of gestation. The 

possible mode of PRRSV replication in the fetal implantation sites and the events that might 

contribute to the reproductive disorders are discussed. 

 

Materials and methods 
 
Animals and virus inoculation 

Three dams (A, B and C) from a PRRSV free herd were inoculated intranasally at 90 days of 

gestation with 105 TCID50 PRRSV (07V063; Gene Bank No: GU737264) grown in 

macrophages from gnotobiotic piglets in 4 ml of phosphate buffered saline solution (PBS) (2 

ml in each nostril). Two non-inoculated dams (D and E) were euthanized at 100 days of 

gestation and served as control animals. The experiment was approved by the Ethical 

Committee of the Faculty of Veterinary Medicine, Ghent University (EC2009/023). 
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Clinical observations and sample collection 

Body temperature, appetite and behavior were monitored daily. Blood was collected at 3 days 

before and at 0, 3, 5, 7, and 10 days post-inoculation (dpi). Sera were stored at -70ºC for 

PRRSV titration and at -20ºC for PRRSV-specific antibody detection. Dams were euthanized 

at 10 dpi and uteri were removed. The numbering of the fetuses started with the fetus located 

next to the ovarian tip of the left uterine horn. It was identified as No 1. Three to six pieces of 

the uterus with placenta corresponding to all fetuses were randomly excised. Fetal placenta 

and endometrial tissues were split from the underlying myometrium and connective tissues 

and frozen at -70ºC for virus titration. Uterus with placenta samples were embedded in 

methocel and rapidly frozen for PRRSV-specific immunofluorescence (IF) staining, apoptosis 

detection and hematoxylin eosin staining. Fetuses were removed from the uterus and 

examined for gross pathology. Amniotic fluid and fetal blood from umbilical cord were 

collected prior to fetus removal with disposable syringes. From every fetus the following 

samples were collected: umbilical cords, fetal thymus, lungs, liver, spleen, inguinal and 

mesenteric lymph nodes (LN). Fetal sera and amniotic fluids were stored at -70ºC for PRRSV 

titration. All tissues from fetal internal organs were cut in two pieces: one piece was frozen at 

-70ºC for titration and the other was embedded in methocel and rapidly frozen for the 

PRRSV-specific IF staining.  

 

Virus titration 

Sera and 20% tissue homogenates were titrated on porcine alveolar macrophages from 

PRRSV-negative pigs, as previously described (Karniychuk et al., 2010). PK-15 and SK cells 

were inoculated with 20% suspensions of uterus with placenta samples and fetal organs to 

exclude the presence of circovirus 2 and parvovirus/enteroviruses, respectively. 

 

Serology 

PRRSV-specific antibodies were detected by an immunoperoxidase monolayer assay (IPMA) 

on Marc-145 cells as described previously (Karniychuk et al., 2010). The PRRSV 07V063 

strain was used as IPMA antigen. 

 

Single immunofluorescence staining 

Three cryostat sections of 8 µm from each sample were cut 100 µm apart from each other in 

the tissue block. The tissue sections were fixed for 10 min in methanol (100%) at -20ºC. The 

sections were incubated with primary murine monoclonal antibody (mAb) P3/27 (1µg/ml) 

(Wieczorek-Krohmer et al., 1996) directed against the PRRSV nucleocapsid protein, followed 
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by goat anti-mouse IgG FITC (InvitrogenTM, Molecular Probes, Eugene, Oregon, USA. 4 

µg/ml). All incubations were performed at 37ºC for 1 h. After each incubation, the sections 

were washed three times with PBS. Finally, the sections were incubated with Hoechst 

(InvitrogenTM, Molecular Probes, Eugene, Oregon, USA. 10µg/ml) followed by three 

washings with PBS. The specificity of the staining was confirmed using an irrelevant, isotype 

and concentration matched mAb 13D12 directed against pseudorabies virus glycoprotein gD 

(Nauwynck & Pensaert, 1995) and tissue sections from non-infected dams and fetuses. 

 

Double immunofluorescence staining 

Double IF staining was performed on selected samples of the uterus with placenta. Three 

cryostat sections of 8 µm were cut 100 µm apart from each other in the tissue block. The 

tissue sections were fixed for 10 min in methanol (100%) at -20°C. Afterwards, the sections 

were incubated with murine mAb 13E2 IgG2a (1µg/ml) produced in our laboratory (Van 

Breedam et al., 2011) directed against the PRRSV nucleocapsid protein followed by goat anti-

mouse IgG2a Alex Fluor 594 (InvitrogenTM, Molecular Probes, Eugene, Oregon, USA. 4 

µg/ml). Subsequently, the sections were incubated with mAbs 2A10 IgG1 (2 µg/ml) directed 

against CD163 (AbD Serotec) or 41D3 IgG1 (2 µg/ml) (Duan et al., 1998) specific for Sn, 

followed by rat anti-mouse IgG1 FITC (ZYMED Laboratories, Invitrogen Corporation. 0.8 

µg/ml). All incubations were performed at 37°C for 1 h. After each incubation, the sections 

were washed three times with PBS. Finally, sections were incubated with Hoechst during 10 

min followed by three washings with PBS. Specificity of the double labeling was determined 

by replacing primary antibodies by isotype and concentration matched mouse mAbs 1C11 

IgG2a directed against pseudorabies virus glycoprotein gB (Nauwynck & Pensaert, 1995) 

and/or 13D12 IgG1. 

 

Apoptosis detection 

Apoptosis detection was performed on 3-11 samples of the uterus with placenta from each 

dam. Three cryostat sections of 8 µm were cut 100 µm apart from each other in the tissue 

block. Sections were fixed with 4% paraformaldehyde for 20 min at room temperature, 

followed by permeabilization with 0.1% Triton X100 (Sigma-Aldrich Chemie, Germany) for 

2 min. The preparations were incubated with mAb P3/27 directed against the PRRSV 

nucleocapsid protein or 2A10 against CD163. Subsequently, the preparations were stained for 

apoptosis using the in situ cell death detection kit (Fluorescein) obtained from Roche 

(Mannheim, Germany), which is based on terminal deoxynucleotidyl transferase mediated 
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dUTP nick end labeling (TUNEL). TUNEL was performed according to the manufactures 

instructions. Then, the preparations were incubated with goat anti-mouse IgG Texas Red 

(InvitrogenTM, Molecular Probes, Eugene, Oregon, USA. 2 µg/ml). After each incubation, the 

sections were washed three times with PBS. Finally, the sections were incubated with Hoechst 

(InvitrogenTM, Molecular Probes, Eugene, Oregon, USA) followed by three washing steps 

with PBS. The specificity of the IF staining was confirmed using an irrelevant, isotype and 

concentration matched mAb 13D12. 

  

Evaluation of immunofluorescence findings 

Identification, localization and quantification of the virus antigen-positive and apoptotic cells 

were performed using a Leica DM/RBE fluorescence microscope (Leica Microsystems 

GmbH, Wetzlar, Germany). A semi-quantitative evaluation of the number of PRRSV- and 

TUNEL-positive cells was made in an area covering 10 mm2 of each tissue section and the 

average number was calculated. This surface area represents 50 randomly selected 

microscopic fields with objective x40. The percentage of apoptotic cells identified as PRRSV-

positive or CD163-positive and the percentage of apoptotic cells within the PRRSV-positive 

or CD163-positive cells were calculated in the fetal placenta. Representative digital images of 

stained preparations were made using the Olympus IX81 microscope connected with a Cell-M 

Live-Cell imaging module. 

 

Statistical analysis 

The difference between the amount of apoptotic cells within the PRRSV-positive and 

negative endometrium/fetal placenta was assessed by the non-parametric Mann-Whitney rank 

sum test. All statistical tests were performed with the SigmaPlot11 software. Differences were 

considered statistically significant when p≤0.05. 
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Results 

 
Clinical observations, viremia and serology in dams  

A mild anorexia and depression were noted in all inoculated dams at 3-4 dpi. Dam C had 

fever at 2 dpi (38.9ºC) and subsequently a drop in temperature at 3 and 4 dpi (36.8ºC and 

36.2ºC, respectively). Viremia was first detected at 3 dpi in dams B and C. At 5 dpi, all 

inoculated dams were viremic which lasted until the end of the experiment (10 dpi). The viral 

load in sera was ranging from 2.3 log10 to 4.8 log10 TCID50/ml. All non-inoculated dams 

remained PRRSV-negative.  

The anti-PRRSV antibodies were detected by IPMA only at 10 dpi in sera from dam A (3.7 

log4), B (4.7 log4) and C (4.7 log4). Sera from all non-inoculated dams remained IPMA-

negative. 

 

Gross pathology in fetuses and histopathology in fetal implantation sites  

A total of 45 fetuses were collected from the three inoculated dams (dam A-17 fetuses; dam 

B-14; dam C-14). In seven (16%) of the 45 fetuses, gross lesions were observed. Fetus No 11 

(PRRSV-positive) from dam A showed a liver congestion. Fetus No 12 (PRRSV-positive) 

was dead and had mild autolysis and hemorrhages in the heart. The inner surface of the uterus 

and umbilical cord from this fetus had a grey discoloration. PRRSV-negative fetus No 4 from 

dam B had hemorrhages in the heart and mesenteric LN. Four PRRSV-positive fetuses (No 1, 

2, 6, 8) from dam C had enlarged and hemorrhagic mesenteric LN. In fetus No 8, 

hemorrhages were also observed in inguinal LN. Histopathologically, degeneration of the 

fetal placental mesenchyme was only observed in fetus No 12 collected from dam A. 

A total of 16 fetuses were sampled from the two non-inoculated dams (dam D-13 fetuses; dam 

E-3). In two (13%) of the 16 fetuses gross lesions were observed. Fetuses No 5 and No 12 

from non-inoculated dam D had liver congestions and hemorrhagic inguinal LN, respectively. 

Histopathological lesions were not observed in the fetal implantation sites. 

 

Virus replication in fetal implantation sites and fetal organs 

Transplacental PRRSV spread was detected in all inoculated dams. At 10 dpi, 18 (40%) of the 

45 fetuses were viremic. Two fetuses from dam A and B and all fetuses from dam C were 

viremic. Fetal sera from all non-inoculated dams remained PRRSV-negative. 

Virus replication in the fetal implantation sites and fetal internal organs was determined using 

a combination of virus isolation and PRRSV-specific IF staining in frozen tissues. The results 

are presented in Table 1 and 2. PRRSV replication was detected in the endometrium and fetal 
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placenta. In the endometrium/fetal placenta, the highest PRRSV titre was 7.5 log10 

TCID50/gm tissues (Table 1). The number of PRRSV-positive cells in the fetal placenta (0-

289/10 mm2 of tissue) was significantly higher than that in the endometrium (1-16/10 mm2 of 

tissue; p=0.004). Double staining revealed that 100% of the PRRSV-positive cells in the fetal 

implantation sites were Sn- and CD163-positive (Figure 1). 

In the endometrium, PRRSV-positive cells were localized within the connective tissues and 

close to the maternal epithelium. A few cells in several samples were observed between 

endothelial cells (Figure 2) and close to blood vessels. Three to six pieces of the uterus with 

placenta corresponding to PRRSV-positive fetus No 11 from dam A and No 11 and 13 from 

dam B, were excised from different places of the uterine horn and IF staining was performed. 

The virus was localized in the fetal placenta of only one piece of the uterus out of six 

corresponding to fetus No 11 from dam A. The same focal distribution of PRRSV in the fetal 

placenta was observed in fetuses No 11 and No 13 from dam B. Most fluorescing cells were 

spread in the fetal placental mesenchyme (Figure 3) and some close to the fetal blood vessels 

(Figure 2).  

Also, PRRSV was found in umbilical cords and the majority of positive cells were located 

within Wharton's jelly, a few cells within layers of umbilical arteries and single cells within 

layers of umbilical veins. PRRSV was detected most consistently and in greatest quantity in 

the fetal thymus, liver and spleen. A match between results of the PRRSV titration and 

PRRSV-specific IF staining was observed. Eighteen fetuses out of 45 (40%) were positive by 

virus titration. In 14 fetuses out of 18, PRRSV antigen was identified.  

Fetal implantation sites and hearts were negative for porcine circovirus 2, and fetal 

implantation sites and lungs were negative for parvovirus and enteroviruses. Fetal 

implantation sites and internal organs from both non-inoculated dams remained PRRSV-

negative. 
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Table 1. Viral titres in implantation sites, sera, amniotic fluids and internal organs of 

fetuses from dams inoculated with PRRSV. 
Dam No of 

fetus  PRRSV titre (log10 TCID50/gm tissue or ml*) 

endometrium/ 
placenta a 

umbilical 
cord sera* 

amniotic 
fluid* liver thymus spleen 

inguinal 
LN 

mesenteric 
LN lungs 

A 1 1.0 - - - - - - - - - 
 2 3.7 - - - - - - - - - 
 3 4.0 - - - - - - - - - 
 4-6 - - - - - - - - - - 
 7 3.5 - - - - - - - - - 
 8 - - - - - - - - - - 
 9 3.0 - - - - - - - - - 
 10 - - - - - - - - - - 
 11 1.0 - 2.6 - - - - - - - 
 12 - - 3.6 - - - - - - - 
 13 3.7 - - - - - - - - - 
 14 - - - - - - - - - - 
 15-17 2.7 - - - - - - - - - 
 
B 1-10 2.7-4.0 - - - - - - - - - 
 11 5.5 3.3 4.8 4.8 2.0 4.3 4.0 - - 3.0 
 12 - - - - - - - - - - 
 13 4.0 - 5.3 5.3 2.8 2.8 3.3 - - - 
 14 1.0 - - - - - - - - - 
            
C 1 7.0 3.3 6.0 na 2.7 5.3 5.0 - - - 
 2 4.2 4.2 4.5 na 3.7 4.7 3.5 - - - 
 3 4.5 - 4.5 na 4.0 3.0 - - - - 
 4 6.3 3.5 4.8 na 4.0 5.2 - - - - 
 5 3.8 2.7 3.8 na - - - - - - 
 6 7.5 5.5 4.8 na 4.5 4.0 2.7 4.7 - - 
 7 4.5 - 3.8 na - - - - - - 
 8 6.3 3.7 7.3 na 5.0 4.5 2.5 2.7 - - 
 9 7.5 4.5 4.8 na 5.5 5.0 2.7 3.7 2.7 3.7 
 10 2.5 5.3 4.8 na 5.0 5.0 3.0 5.0 - - 
 11 3.5 - 4.1 na - - - - - - 
 12 5.0 3.7 4.8 na 4.0 4.7 5.0 4.7 - - 
 13 6.3 4.5 7.3 na 5.0 5.0 4.0 3.7 - - 
 14 2.5 - 4.8 na - - - - - - 
a Fetal placenta and endometrial tissues were dissected away from underlying myometrium and connective tissues and used 
for titration. -: titres lower than 1.0 log10 TCID50/gm tissue or ml*; na: not available.  
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Table 2. PRRSV-positive cells in maternal and fetal tissues as determined  

by immunofluorescence. 
Dam No of  

fetus  
Number of PRRSV-positive cells /10 mm2 of tissue 

endometrium 
fetal  
placenta 

umbilical  
cord liver thymus spleen 

inguinal 
LN 

mesenteric 
LN lungs 

A 1 7 - - - - - - - - 
 2 1 - - - - - - - - 
 3 1 - - - - - - - - 
 4-6 1-6 - - - - - - - - 
 7 16 - - - - - - - - 
 8 8 - - - - - - - - 
 9 12 - - - - - - - - 
 10 1 - - - - - - - - 
 11 1 153 - - - - - - - 
 12 - - - - - - - - - 
 13 2 - - - - - - - - 
 14 1 - - - - - - - - 
 15-17 1-4 - - - - - - - - 
 
B 1-10 1-3 - - - - - - - 
 11 6 102 37 1 77 6 51 50 - 
 12 2 - - - - - - - - 
 13 3 8 - - - - 116 11 - 
 14 3 - - - - - - - - 
 
C 1 7 174 3 38 7 42 22 4 10 
 2 4 - 1 6 26 27 12 5 6 
 3 2 - - 5 - - 1 2 - 
 4 9 240 8 45 81 49 34 23 8 
 5 6 - - - - - - - - 
 6 5 242 27 53 16 53 22 10 6 
 7 7 1 - - - - - - - 
 8 1 - 1 - - - - 1 - 
 9 11 51 5 6 15 4 50 12 7 
 10 4 252 16 7 65 25 21 10 1 
 11 4 - - - - - - - - 
 12 2 - - 13 5 22 31 58 3 
 13 3 289 12 10 15 144 25 19 - 
 14 1 - - - - - - - - 

       -:Negative.
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Figure 1. Double immunofluorescence staining for PRRSV, Sn or CD163 in the fetal 

implantation sites. Double immunofluorescence staining for PRRSV (red), Sn (green) or CD163 (green) 

and nuclei (blue) in the fetal implantation sites of the uterus derived from dams inoculated with PRRSV at 90 

days of gestation and sampled at 10 days post-inoculation (fetus 6 from dam C; MSF: maternal secondary fold). 

All PRRSV-positive cells in the endometrium and fetal placental mesenchyme were Sn+ and CD163+. Bar, 100 

µm. 
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Figure 2. Immunofluorescence staining for PRRSV in the fetal implantation sites. 
Immunofluorescence staining for PRRSV (green) and nuclei (blue) in the fetal implantation sites of the uterus 

derived from dams inoculated with PRRSV at 90 days of gestation and sampled at 10 days post-inoculation 

(fetus 4 from dam C; MSF: maternal secondary fold). The PRRSV-positive cells between endothelial cells of the 

maternal blood vessel (mv) and close to the fetal placental blood vessel (fv) are arrowed. Bar, 100 µm. 

 

 

Apoptosis in fetal implantation sites 

Apoptotic cells (TUNEL+) were detected in the endometrium/fetal placenta of both non- and 

PRRSV-inoculated dams. In the endometrium of non-inoculated control dams (11 samples; 

dam D-samples from 8 fetuses and dam E–from 3 fetuses), the mean number of apoptotic 

cells was 4/10mm2. The amount of apoptotic cells was significantly higher in the PRRSV-

positive endometrium of inoculated dams (24 samples; dam A-samples from 5 fetuses, dam 

B-from 8 fetuses and dam C-from 11 fetuses): 19/10mm2 (Figure 4).  

The number of apoptotic cells in the fetal placenta is given in Figure 4. In the placental 

mesenchyme of fetuses from non-inoculated control dams (11 samples; dam D-samples from 

8 fetuses and dam E-from 3 fetuses), the mean number of apoptotic cells was 31/10mm2. The 

mean number of apoptotic cells in the PRRSV-negative placental mesenchyme (14 samples; 

dam A-samples from 4 fetuses, dam B-from 6 fetuses and dam C-from 4 fetuses) of fetuses 

from inoculated dams was 101/10mm2. The amount of apoptotic cells increased significantly 

in the PRRSV-positive placentae (10 samples; dam A-samples from 1 fetus, dam B–from 2 

fetuses and dam C-from 7 fetuses): 223/10mm2. 
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In the endometrium, apoptotic cells were located within the connective tissues, on a distance 

from the maternal epithelium, between the maternal glands and some of them close to the 

myometrium layer. 

In the fetal placenta, apoptotic cells were spread in the mesenchyme (Figure 4A). In a few 

sections from dam B and C, apoptotic cells were spaced within the trophoblast layer (Figure 

4B). Specific TUNEL staining associated with cell nuclei was easily distinguishable from an 

intense autofluorescence commonly observed in the trophoblast cells. A spatial correlation 

between the sites of the PRRSV replication and apoptotic cells was observed in the fetal 

placental mesenchyme (Figure 3). 

Double labeling revealed that 9-57% of the apoptotic cells in the fetal placenta were PRRSV-

positive. Within the population of PRRSV-infected cells, the percentage of apoptosis was 

ranging between 20 and 61%.  

In the fetal placenta, 27 to 89% of the apoptotic cells were CD163-positive. Within the 

population of CD163-positive cells the percentage of apoptosis was ranging between 8 and 

15%.  
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Figure 3. Staining for apoptosis and PRRSV in the fetal implantation sites. 

Staining for apoptosis (green), PRRSV (red) and nuclei (blue) in the fetal implantation sites of the uterus derived from dams inoculated with PRRSV at 90 days of gestation 

and sampled at 10 days post-inoculation (fetus 6 from dam C; MSF: maternal secondary fold). PRRSV-positive cells were localized in the endometrial connective tissues and 

fetal placental mesenchyme. A spatial correlation between the sites of PRRSV replication and TUNEL+ cells was observed in the fetal placenta. Intense autofluorescence of 

the trophoblast cells is arrowed. Bar, 200 µm. 
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Figure 4. Localization and quantification of TUNEL+ cells in the fetal implantation sites. 

(I) Quantification of TUNEL+ cells in the endometrium and fetal placenta collected from dams inoculated with 

PRRSV at 90 days of gestation and non-inoculated ones. Animals were sampled at 100 days of gestation. Solid 

and dotted lines are median and mean, respectively. Each box represents 25-75% of observations. Whiskers 

below and above the box represent the 10th and 90th percentiles. Dots below or above the whiskers on each box 

represent outliers not included between 10 and 90% of observations. Differences were considered statistically 

significant when p≤0.05; (II) staining for apoptosis (green) and nuclei (blue) in the fetal implantation sites of the 

uterus derived from dams inoculated with PRRSV at 90 days of gestation and sampled at 10 days post-

inoculation (A and B, fetus 6 from dam C and fetus 7 from dam C, respectively; MSF: maternal secondary fold) 

and healthy dam (C, fetus 3 from dam D; MSF: maternal secondary fold). Intense autofluorescence of the 

trophoblast cells is arrowed. The majority of apoptotic cells were located in the fetal placental mesenchyme (A). 

In a few sections, apoptotic cells (arrowhead) were spaced within the trophoblast (tr), (B). Staining for apoptosis 

(green), CD163 (red) and nuclei (blue) revealed that these cells are not CD163-positive macrophages (D). Bar, 

200 µm (A, B, C) and 100 µm (D).  
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Discussion 
 
In the present study, intranasal inoculation of non-immune pregnant dams with PRRSV 

resulted in transplacental infection. Viremia in dams preceding fetal infection was observed 

within 3-10 dpi, showing that transplacental spreading happened within this time period. 

Therefore, a long-lasting viremia is not necessary for transplacental infection. 

Maternal viremia leading to PRRSV replication in the endometrium with subsequent fetus 

infection through the fetal placenta is the most likely way of PRRSV vertical transmission. 

The possible model of PRRSV replication in the fetal implantation sites is presented in Figure 

5. PRRSV-positive cells were present in the endometrium of 44 fetuses. Thirteen fetuses 

(30%) out of these 44 did not have PRRSV in the adjacent fetal placenta, sera and internal 

organs. These data suggest that PRRSV replication in the endometrium precedes infection of 

the fetal placenta. PRRSV can reach endometrial macrophages in association with 

intravascular macrophages at the time of extravasation into the endometrium. Previously, 

PRRSV antigens and nucleic acids have been demonstrated in pulmonary intravascular 

macrophages both in vivo and in vitro (Thanawongnuwech et al., 2000). This coincides with 

our observations in the endometrium. 

In the last stage of gestation, PRRSV replication in the endometrium precedes fetal infection. 

In a recent experiment of our research group, one dam was inoculated with PRRSV at mid-

stage of gestation (70 days of gestation) and sampled 10 dpi. The dam was viremic and 

PRRSV-target cells (Sn+ and CD163+ macrophages) were present in the endometrium/fetal 

placenta. Endometrial and placental target cells were not infected and transplacental infection 

could not be reproduced. The mid-gestation porcine endometrium appears to act as a barrier to 

PRRSV replication.  

After replication in the endometrium, PRRSV crosses the maternal epithelium and trophoblast 

cells and replicates in the fetal placental macrophages. How PRRSV spreads from the 

endometrium to the fetal placenta is unknown. PRRSV replication in the endometrium was 

always associated with Sn+ and CD163+ macrophages. Maternal epithelium and trophoblast 

cells were not susceptible to infection. We believe that virus passes from mother to fetus in 

association with maternal macrophages. Transplacental migration of cells between mother and 

fetuses was previously described in humans (Nelson, 2008). Pigs have a noninvasive 

epitheliochorial placentation and the transplacental barrier includes six tissue layers. This can 

cause a difficulty for PRRSV to pass from mother to fetuses. Because of this, PRRSV may 

reach individual fetuses within the uterus at different time points (Table I, II) what can 
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explain why within one litter aborted, mummified, weak fetuses and fetuses without 

pathology are observed (Plana et al., 1992). 

We observed focal PRRSV replication in the fetal placenta. In virus-positive areas, the 

percentage of PRRSV-infected cells within the population of CD163+ macrophages was 

significantly higher in the fetal placenta (40%) compared to the endometrium (0.9%, p=0.004) 

(data not shown). Several reasons might explain the restriction of PRRSV replication in the 

endometrium and highly efficient PRRSV replication in the fetal placental mesenchyme: (1) 

endometrial macrophages might be more refractory to PRRSV infection; (2) a more mature 

and aggressive maternal immune response in the endometrium may efficiently eliminate 

infected macrophages and restrict PRRSV replication at this site; (3) PRRSV replication in 

the fetal placenta (e.g. increasing of apoptosis and/or shift in cytokine crosstalk) might alter 

protein expression in the local macrophages and predispose them to PRRSV infection; (4) a 

fetal placental loose connective tissue might be the more favorable place for virus 

transmission from cell to cell. 
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Figure 5. Hypothetical model of PRRSV replication in the fetal implantation sites.  

MSF: maternal secondary fold; mv: maternal endometrial vessel; fv: fetal placental vessel; mep: maternal 

epithelium; tr: trophoblast; cells with red crosses represent PRRSV-infected macrophages. 1. PRRSV replicates 

in susceptible intravascular macrophages adhering to the endothelial cells of the endometrial vessels. 

Extravasation of the infected intravascular macrophages and PRRSV replication in the endometrial 

macrophages; 2. after replication in the endometrial macrophages, PRRSV crosses the maternal epithelium and 

trophoblast, probably with maternal macrophages that spread to the fetal placenta; 3. focal, highly efficient 

PRRSV replication in the fetal placental macrophages; 4. PRRSV reaches fetal internal organs most likely 

through fetal blood, as a free virus or in association with macrophages. 

 
 
After replication in the fetal placenta, PRRSV reaches the fetal internal organs. In the present 

study, PRRSV-positive cells close to fetal placental blood vessels and in umbilical cords were 

localized. Most probably, the virus is transferred with fetal blood, as a free virus particle or in 

association with macrophages. We cannot exclude a role for the amniotic fluid in the 

transmission of PRRSV to fetuses, because high virus titres (4.5 and 5.3 log10 TCID50/ml) 
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were found in the amniotic fluids of two fetuses. Once virus reaches the fetus it encounters a 

favorable environment for replication, because double Sn+ and CD163+ macrophages are 

abundant in the fetal internal organs (Karniychuk & Nauwynck, 2009). 

A better understanding of the events ongoing during virus replication in the fetal implantation 

sites may clarify the pathogenesis of PRRSV-induced reproductive failure. It has been 

previously postulated that induction of apoptosis in human fetal membranes is associated with 

reproductive disorders (Kataoka et al., 2002; Murtha et al., 2002; Tanir et al., 2005). In the 

present study, increased apoptosis in the PRRSV-positive fetal implantation sites was 

observed. PRRSV caused apoptosis in infected cells since 20-61 % of PRRSV-positive cells 

were apoptotic and in surrounding cells since 43-91% of the apoptotic cells were virus-

negative. Increased apoptosis in the virus-negative fetal placenta from PRRSV-inoculated 

dams probably reflects indirect effects of the PRRSV replication in the endometrium or in 

adjacent regions of the placenta. The majority of apoptotic cells were localized in the 

endometrial connective tissues and fetal placental mesenchyme. In a few sections, apoptotic 

cells were spaced within the trophoblast layer. Double-staining revealed that these cells were 

CD163-negative (Figure 4D). It is not clear if these cells are trophoblasts or some other cell 

types migrating through or invading in the trophoblast layer. Further studies are necessary to 

determine the influence of a PRRSV infection in the fetal implantation sites on the maternal 

epithelium and trophoblast cells.  

If PRRSV causes apoptosis in a significant area of tissues it might induce microscopical and 

subsequently gross lesions. In the present study, histopathologically, degeneration of the fetal 

mesenchyme was observed in only one PRRSV-positive fetus. Other pathogenetic 

mechanisms, apart from PRRSV-mediated gross pathology, might be responsible for the 

induction of reproductive disorders. Altered expression of major histocompatibility complex 

(MHC) molecules in the human maternal-fetal interface may lead to abortion and failed 

pregnancies (Carosella, 2009; Peng et al., 2008). Also, a role in immunosuppression and 

prevention of maternal T lymphocyte activation has been proposed for macrophages in the 

maternal-fetal interface (Mizuno et al., 1994; Heikkinen et al., 2003). PRRSV is able to 

change expression of MHC and cytokines during infection of susceptible cells in vitro 

(Darwich et al., 2010). PRRSV infection and/or PRRSV-induced apoptotic death of local 

endometrial/fetal placental macrophages may trigger events that violate the fragile maternal-

fetal immune balance. Research is ongoing in the author’s laboratory to study changes in the 

immune cell profile and MHC expression pattern in the fetal implantation sites during PRRSV 
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infection. To cause late abortion or preterm birth, PRRSV probably induces changes in the 

fetal implantation sites of most if not all fetuses. If the virus replicates in the fetal 

implantation sites of a limited number of fetuses, gestation will end at term but the infection 

might result in still birth or/and the birth of living PRRSV-positive fetuses.  

It is possible that PRRSV-induced late term abortions and early farrowing utilize the same 

pathway as for the normal parturition, since parturition was associated with increased 

apoptosis in human fetal membranes (Hsu et al., 2000). Studying the pathogenesis of PRRSV-

related reproductive problems may be useful for the elucidation of complex processes that are 

responsible not only for reproductive disorders but also for the maternal-fetal tolerance and 

normal induction of the parturition.  

In conclusion, PRRSV replicates in the fetal implantation sites and causes apoptosis in 

infected macrophages and surrounding cells at the last stage of gestation.  
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Impact of a novel inactivated PRRSV vaccine on virus replication and 

virus-induced pathology in fetal implantation sites and fetuses upon 

challenge  
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Brigitte Caij, Nick De Regge, Hans Nauwynck 

 
Adapted from: Theriogenology 2012; 78:1527-1537 

Preventing congenital infection is important for the control of PRRS. Recently, in our 

laboratory, an inactivated PRRSV vaccine has been developed. Promising results in 

young pigs encouraged us to test the vaccine potency to prevent congenital infection. In 

the present study, the performance of this experimental inactivated vaccine was 

investigated in pregnant gilts. An advanced protocol was used to test the PRRSV vaccine 

efficacy. This protocol is based on recent insights in the pathogenesis of congenital 

PRRSV infections. Three gilts were vaccinated with an experimental PRRSV 07V63 

inactivated vaccine at 27, 55 and 83 days of gestation. Three unvaccinated gilts were 

enclosed as controls. At 90 days of gestation, all animals were intranasally inoculated 

with 10
5
 TCID50 of PRRSV 07V63. Twenty days post-challenge animals were euthanized 

and sampled. The vaccinated gilts quickly developed virus neutralizing (VN) antibodies 

starting from 3 to 7 days post-challenge (1.0 to 5.0 log2). In contrast, the unvaccinated 

gilts remained negative for VN antibodies after challenge. The vaccinated gilts had 

shorter viremia than the control gilts. Gross pathology (mummification) was observed in 

8% of the fetuses from vaccinated gilts and in 15% of the fetuses from unvaccinated 

gilts. The number of fetuses with severe microscopical lesions in the fetal implantation 

sites (a focal detachment of the trophoblast from the uterine epithelium; a focal, 

multifocal or full degeneration of the fetal placenta) was lower in the vaccinated (19%) 

versus unvaccinated (45%) gilts (p<0.05). The number of PRRSV-positive cells in the 

fetal placentae was higher in unvaccinated versus vaccinated gilts (p<0.05). In contrast, 

the number of PRRSV-positive cells in the myometrium/endometrium was higher in 

vaccinated versus unvaccinated gilts (p<0.05). 57% of the fetuses from the vaccinated 

gilts and 75% of the fetuses from the unvaccinated gilts were PRRSV-positive. In 

conclusion, implementation of the novel experimental inactivated PRRSV vaccine 

primed the VN antibody response and slightly reduced the duration of viremia in gilts. 



 

 

It also reduced the number of virus-positive fetuses and improved the fetal survival, but 

was not able to fully prevent congenital PRRSV infection. The reduction of fetal 

infection and pathology is most probably attributable to the vaccine-mediated decrease 

of PRRSV transfer from the endometrium to the fetal placenta.  

 

 



Chapter 3 

92 

Introduction 
 
Porcine reproductive and respiratory syndrome (PRRS) is a major disease affecting swine 

livestock worldwide. The etiological agent is an RNA virus which causes reproductive 

disorders in pregnant sows and respiratory dysfunctions in young pigs. Prevention of PRRSV 

and eradication of the virus is challenging. At present, there is a gap in understanding the 

PRRSV biology, pathogenesis and immunity. This lack of knowledge hampers the research-

based design of vaccines that are able to protect animals against a wide range of PRRSV 

strains. Today’s difficulties in the field of PRRSV vaccinology are explicitly described in a 

number of recent reviews (Kimman et al., 2009; Murtaugh & Genzow, 2011; Nauwynck et 

al., 2012). For the control of PRRSV-induced reproductive problems, attenuated and 

inactivated vaccines are commercially available. However, there are concerns on both safety 

and efficacy. Attenuated vaccines are able to induce virus neutralizing antibodies (VN), 

prevent the virus replication in target cells, viremia and clinical symptoms of the disorder 

(Labarque et al., 2003; Scortti et al., 2006; Yoon & Cancel-Tirado, 2003), but a full 

protection is only achieved against homologous strains. Moreover, it has been shown that an 

attenuated vaccine virus can return to virulence and cause disease (Bøtner et al., 1997; 

Nielsen et al., 2001). Transplacental spread of the attenuated vaccine virus from mother to 

fetuses has also been reported (Scortti et al., 2006). In contrast, the existing commercial 

inactivated vaccines are safe, but do not protect animals against infection, even after challenge 

with homologous strains (Nielsen et al., 1997; Nilubol et al., 2004; Plana-Durán et al., 1997; 

Scortti et al., 2007; Zuckermann et al., 2007). Our laboratory is doing a lot of efforts to design 

new vaccines based on new insights in the PRRSV infection pathogenesis and immune 

response (Nauwynck et al., 2012). As a result, an inactivated PRRSV vaccine has recently 

been developed (Vanhee et al., 2009). During the development of this vaccine, the following 

aspects were fulfilled: (i) a quality-controlled viral inactivation procedure was designed and 

applied assuring complete killing of PRRSV, while conserving epitopes of the virus which are 

important for the induction of a protective immunity; (ii) a high dose of inactivated virus was 

used; (iii) a suitable adjuvant was used. Vaccination of young pigs with the experimental 

vaccine resulted in a strong VN antibody response by vaccination on itself with a clear 

reduction of viremia after homologous PRRSV challenge (Vanhee et al., 2009). If this 

vaccine would also be able to prevent congenital infection, it might become an interesting 

candidate vaccine for use in pregnant animals.  
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Preventing the virus spread from dam to fetus is an important step towards control of PRRSV-

related reproductive problems characterized by late-term abortions, early farrowing and an 

increase in the number of dead and mummified fetuses and weak-born piglets. Congenital 

PRRSV infection has a unique pathogenesis since fetuses are susceptible to PRRSV at any 

stage of gestation after direct inoculation (Christianson et al., 1993; Lager & Mengeling, 

1995); however, PRRSV crosses from dam to fetus and induces reproductive failures mainly 

in late gestation (Terpstra et al., 1991; Plana et al., 1992). The exact mechanism of the virus-

induced reproductive failure remains unknown. The absence of severe microscopic lesions in 

the internal organs of aborted fetuses or stillborn piglets suggests that fetal death is not a 

direct result of PRRSV replication in the internal organs (Lager & Halbur, 1996; Rossow et 

al., 1996; Rossow, 1998). Recent findings have shown that PRRSV efficiently replicates in 

the fetal implantation sites (endometrium/fetal placenta) during late gestation and causes 

apoptosis in infected and surrounding cells (Karniychuk et al., 2011). Hence, PRRSV 

infection in the fetal implantation sites might be a reason for fetal death. 

At present, there is no standardized protocol to test PRRSV vaccines in pregnant animals. In 

previous studies, the post-vaccination maternal immune response and viremia upon viral 

challenge were commonly examined, as well as the challenge virus in the fetal internal 

organs. Although this approach delivers valuable information concerning a vaccine 

performance, examination of the endometrium and fetal placenta (Karniychuk et al., 2011; 

Karniychuk & Nauwynck, 2009) may improve the evaluation of the vaccine efficacy. 

Therefore, in the present study, an advanced protocol (based on the recent insights into 

pathogenesis of congenital PRRSV infection) to test the performance of the experimental 

inactivated vaccine in pregnant gilts was used. 

 

Materials and methods 
 
Vaccine preparation 

The PRRSV strain 07V063 (GenBank No: GU737264) was used for vaccine production and 

challenge (Vanhee et al., 2010). Propagation, purification, binary ethylenimine (BEI)-

inactivation and analysis of the complete virus inactivation were performed as previously 

described (Vanhee et al., 2009).  
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Experimental set up and sample collection 

Six gilts from a PRRSV-free herd were randomly assigned to two groups and were kept in 

isolation rooms. Three gilts (V1, V2 and V3) were intramuscularly vaccinated three times at 

27, 55 and 83 days of gestation with 2 ml of the experimental vaccine (1 ml of the inactivated 

virus in a 1 ml oil-in-water diluent that is used in the commercial PRV vaccine Suvaxyn 

Aujeszky, Fort Dodge Animal health, Kelmis, Belgium), containing 108 TCID50 of the BEI-

inactivated PRRSV 07V063 strain. Three gilts (C1, C2 and C3) were not vaccinated and 

served as controls. At 90 days of gestation, all animals were challenged intranasally with 105 

TCID50 PRRSV 07V063 in 4 ml of phosphate buffered saline (PBS) (2 ml in each nostril). 

Body temperature, appetite and behavior were monitored daily during the experiment. Blood 

samples from gilts were collected periodically until the end of the experiment (for the blood 

sampling time-points see Figure 1). Sera were obtained from blood and stored at -70˚C. At 

110 days of gestation, the gilts were euthanized, and their uteri were removed. For each fetus, 

three pieces of the uterus with placenta were randomly excised and rapidly frozen. From one 

piece, the fetal placenta and endometrial tissues were split from the underlying myometrium 

and perimetrium, and used for virus isolation (VI) and titration. From the two other pieces, 

cryosections were made to perform PRRSV-specific immunofluorescence (IF) and 

hematoxylin and eosin stainings. The fetuses were numbered starting with the fetus located 

next to the ovarian tip of the left uterine horn. The fetuses were removed from the uterus and 

examined for gross pathology. Fetal blood from umbilical cords was collected prior to the 

removal of fetuses with disposable syringes. Thymus and liver of each fetus (umbilical cords 

from fetuses with severe gross pathology) were collected and cut in two pieces: one piece was 

frozen at -70˚C for VI and titration and the other was embedded in methocel and rapidly 

frozen for PRRSV-specific IF staining. Fetal sera (or when absent umbilical cords) were 

tested via PCR to detect PRRSV genetic material. 

 

Histopathology in fetal implantation sites 

Three sections of 8 µm from the uterus with placenta were cut 100 µm apart from each other 

in the tissue block. The tissue sections were fixed for 10 min in methanol (100%) at -20ºC and 

stained with hematoxylin and eosin according to a standard protocol. The following 

histopathological scoring was applied: (i) a focal detachment of the trophoblast from the 

uterine epithelium; (ii) a focal degeneration of the fetal placenta; (iii) a multifocal 

degeneration of the fetal placenta; and (iv) a full degeneration of the fetal placenta. 
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Serology, virus titration and immunofluorescence staining 

PRRSV-specific antibodies were detected in maternal and fetal sera by an immunoperoxidase 

monolayer assay (IPMA) on Marc-145 cells as previously described (Karniychuk et al., 

2010). VN antibody titers were detected by a seroneutralization (SN) test on Marc-145 cells 

(Vanhee et al., 2009). The PRRSV 07V063 strain was used as an antigen in the IPMA and SN 

tests. PRRSV was isolated and titrated in maternal/fetal sera and tissues using porcine 

alveolar macrophages (Karniychuk et al., 2010). PRRSV-infected cells in the tissues were 

stained using an indirect IF staining, localized and quantified as previously described 

(Karniychuk et al., 2011). PK-15 and SK cells were inoculated with 20% tissue suspensions 

to exclude the presence of circovirus 2 and parvovirus/enteroviruses, respectively.  

 

PCR 

RNA was extracted using a QIAamp viral RNA mini kit (Qiagen), according to the 

manufacturer's protocol. Total RNA was used as a template in reverse transcription using 

Superscript II (Invitrogen). Afterwards PRRSV was detected with the ADIAVET PRRSV 

REALTIME kit (Adiagen) according to the manual. PCR was performed on Roche 

LightCycler 480 (Roche). Strict precautions to prevent PCR contamination were taken. 

Aerosol-resistant pipette tips and disposable gloves were always used. Reagent controls, with 

water instead of serum/tissue or RNA were included in all extraction or reverse transcription 

runs. Extraction of RNA, setup of PCR reactions and PCR assays were performed at separate 

locations. Multiple negative water blanks were also included in all PCR analyses. Controls 

were consistently negative in all experiments. 

 

Statistical analyses 

The difference in the number of fetuses with pathology between vaccinated and unvaccinated 

groups was analyzed by the Chi-square test. The difference between virus titres in samples (or 

between the number of PRRSV-positive cells in samples) from vaccinated and non-vaccinated 

gilts was assessed by the non-parametric Mann-Whitney rank sum test. All statistical tests 

were performed with the SigmaPlot11 software. Differences were considered statistically 

significant when p≤ 0.05.  

 

 
 
 
 



Chapter 3 

96 

Results 

 
Clinical observations, serology and viremia in gilts 

Fever and other general clinical signs were not observed in the gilts during the entire study. 

The vaccinated gilts developed high IPMA antibody titres (9.5 to 11.5 log2) already one week 

after second vaccination (Figure 1A). Antibodies were not detected by IPMA in any of the 

unvaccinated gilts prior to challenge. The vaccinated gilts quickly developed VN antibodies 3 

to 7 days after challenge (1.0 to 5.0 log2) (Figure 1B). In contrast, the unvaccinated gilts 

remained negative for VN antibodies during the entire experiment.  

All blood samples collected prior to challenge were PRRSV-negative. Viremia was firstly 

detected at 3 days post-challenge in the vaccinated gilts V2 and V3 (Figure 1C). Two days 

later, all vaccinated gilts became viremic. The viral load in sera ranged from 2.0 log10 to 4.0 

log10 TCID50/ml until 10 days post-challenge. In the unvaccinated gilt C2, viremia was 

detected at 5 days post-challenge. Two days later all unvaccinated animals became viremic 

(2.3 log10 to 4.0 log10 TCID50/ml). They remained viremic until 14 (gilt C1 and gilt C3) and 

20 (gilt C2) days post-challenge (Figure 1C).  
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Figure 1. PRRSV-specific IPMA antibody titers (A), virus neutralization antibody titers 

(B) and PRRSV titers (C) in sera of vaccinated and non-vaccinated control gilts prior 

and after challenge. The PRRSV strain 07V063 (GenBank No: GU737264) was used for the inactivated 

vaccine production, challenge and IPMA/SN tests. Three gilts (V1, V2 and V3) were vaccinated at 27, 55 and 83 

days of gestation. Three gilts (C1, C2 and C3) were not vaccinated. At 90 days of gestation, all animals were 

challenged (arrowed) with 105 TCID50 PRRSV 07V063. Samples with titres lower than 1.0 log2 (IPMA), 2.0 

log2 (SN) and 1.0 log10 (virus titration) were considered to be negative. 
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Gross pathology in fetuses and histopathology in fetal implantation sites 

A postmortem examination of fetuses and histopathological scoring in the fetal implantation 

sites are summarized in Table 1 and Table 2. In total, 37 fetuses were collected from the three 

vaccinated gilts (gilt V1: 12 fetuses; gilt V2: 9 fetuses; gilt V3: 16 fetuses). Gross pathology 

was observed in 3 of the 37 fetuses (8%): early mummification (brown appearance in fetuses 

No. 6 and No. 9 from the gilt V1) and mummification (black discoloration in fetus No. 1 from 

the gilt V3). The three unvaccinated gilts had in total 40 fetuses (gilt C1: 16 fetuses; gilt C2: 

12 fetuses; gilt C3: 12 fetuses), including 6 (15%) fetuses with gross pathology. As well as in 

the vaccinated gilts early mummified (brown appearance in fetuses No. 6 and No. 9 from the 

gilts C2 and C3, respectively) and mummified (black discoloration in fetuses No. 8, No. 4, 5 

and No. 8 from the gilts C1, C2 and C3, respectively) fetuses were detected in the control 

gilts.  

Severe histopathological lesions were observed in the fetal implantation sites of both 

vaccinated and unvaccinated groups (Figure 2; Table 1 and Table 2): a focal detachment of 

the trophoblast from the uterine epithelium (vaccinated gilts: 0 fetuses; control gilts: 3 

fetuses); a focal degeneration of the fetal placenta (vaccinated gilts: 4 fetuses; control gilts: 5 

fetuses); a multifocal degeneration of the fetal placenta (vaccinated gilts: 2 fetuses; control 

gilts: 4 fetuses); and a full degeneration of the fetal placenta (vaccinated gilts: 1 fetus; control 

gilts: 6 fetuses). The number of fetuses with histopathology in the fetal implantation sites was 

lower in vaccinated (19%) versus unvaccinated (45%) gilts (p<0.05).  
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Figure 2. Histopathology in fetal implantation sites. (A) Fetal implantation sites from a PRRSV-

negative fetus without microlesions (MSF: maternal secondary fold; mep: uterine (maternal) epithelium; tr: 

trophoblast). Fetal implantation sites from PRRSV-positive fetuses with microlesions: (B) a focal detachment of 

the trophoblast from the uterine epithelium (score +); (C) a focal degeneration of the fetal placenta (score ++); 

(D) a multifocal degeneration of the fetal placenta (score +++); and (E) a full degeneration of the fetal placenta 

(score ++++). 
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Virus detection and serology in fetal samples 

Congenital PRRSV infection was reproduced in all inoculated gilts. At the end of the 

experiment, 57% of the fetuses from the vaccinated gilts (gilt V1: 10 fetuses; gilt V2: 4 

fetuses; gilt V3: 7 fetuses) and 75% of the fetuses from the unvaccinated gilts (gilt C1: 13 

fetuses; gilt C2: 9 fetuses; gilt C3: 8 fetuses) were PRRSV-positive, as revealed by PCR 

(Table 1 and Table 2). Virus titres in positive fetal sera varied between 2.3 and 5.0 log10 

TCID50/ml (in fetuses from the vaccinated gilts), and between 3.3 and 5.3 log10 TCID50/ml 

(in fetuses from the unvaccinated gilts). IPMA antibodies (titre is 9.6 log2) were detected in 

only one serum (fetus No. 11 from the vaccinated gilt V1). Infectious PRRSV was also 

isolated from fetal liver and thymus (Table 1 and Table 2). 

 

PRRSV replication in fetal implantation sites 

The results of the virus titration and PRRSV-specific IF staining in the fetal implantation sites 

are represented in Table 1 and Table 2. PRRSV replication was detected in the samples 

collected from both vaccinated and unvaccinated gilts. In the vaccinated and unvaccinated 

gilts, 31% and 35% of the fetuses, respectively, contained infectious virus in the fetal 

implantation sites (Table 1 and Table 2). Tissues were negative for porcine circovirus 2, 

parvovirus and enteroviruses.  

PRRSV-positive cells were localized in the myometrium, endometrium and fetal placenta 

(Table 1and Table 2). In the vaccinated gilts, 43%, 43% and 19% of the fetuses had PRRSV-

positive cells within the myometrium, endometrium and fetal placenta, respectively. In the 

unvaccinated gilts, 20%, 25% and 38% of the fetuses had PRRSV-positive cells within the 

myometrium, endometrium and fetal placenta, respectively. The number of PRRSV-positive 

cells in the fetal placentae was higher in unvaccinated versus vaccinated gilts (p<0.05; Table 1 

and Table 2). In contrast, the number of PRRSV-positive cells in the 

myometrium/endometrium was higher in vaccinated versus unvaccinated gilts (p<0.05; Table 

1 and Table 2).  
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Table 1. Pathology and PRRSV replication in fetuses from gilts vaccinated with 

inactivated PRRSV (07V63) and challenged with PRRSV (07V63) at 90 and euthanized 

at 110 days of gestation. 

Gross pathology: + beginning of mummification (brown appearance in fetus); ++: mummification (black discoloration in fetus). 
Histopathology in the fetal implantation sites (FIS): (+) a focal detachment of the trophoblast from the uterine epithelium; (++) a focal 
degeneration of the fetal placenta; (+++) a multifocal degeneration of the fetal placenta; and (++++) a full degeneration of the fetal placenta 
(see Figure 2). 
Titres lower than 1.0 (sera) or 2.0 (tissue) log10 TCID50/ml or gm were considered to be negative. 
M: Myometrium. E: Endometrium. Pl: Fetal placenta. 
*: For each fetus two pieces (No1/No2) of the adjacent uterus with placenta were excised. 
na: not available. 

 

 

 

 

 

 

 

 

 

Dam Fetus 
No 

Fetal 
pathology 

Histopathology 
in FIS 

PCR 

sera  
PRRSV titre   
(log10 TCID50/gm tissue or ml) 

 Number of PRRSV-positive cells/10 mm2  

of  tissue (IF) 

     FIS Sera Liver Thymus  M E Pl Liver Thymus 

V1 1 - - - - - - -  0/0* 0/0 0/0 0 0 
 2 - - pos - - - -  0/0 0/0 0/0 0 0 
 3 - - pos - - - -  0/0 0/0 0/0 1 0 
 4 - - pos - - - -  0/0 3/0 0/0 0 0 
 5 - - - - - - -  0/0 0/0 0/0 0 0 
 6 + +++ pos 5.0 4.0 3.7 3.0  0/0 0/0 0/0 0 10 
 7 - - pos 7.3 4.3 3.7 5.0  0/0 1/0 0/0 9 33 
 8 - - pos 5.0 3.0 3.7 5.5  0/0 1/0 36/0 10 33 
 9 + +++ pos 3.0 4.8 5.0 5.5  0/25 1/25 0/0 0 57 
 10 - ++ pos 4.3 5.0 4.5 4.7  0/0 0/0 5/1 1 8 
 11 - - pos 4.0 4.8 4.3 3.7  0/0 0/0 8/3 0 0 
 12 - ++ pos 4.8 4.6 4.0 5.5  0/0 0/1 43/24 0 26 
               
V2 1 - - pos - 3.1 2.7 4.3  9/0 0/0 0/0 0 18 
 2 - - pos 5.5 5.6 4.5 5.5  0/1 1/0 0/109 15 55 
 3 - - pos - 2.3 - 3.7  29/2 0/1 0/0 0 18 
 4 - - - - - - -  13/10 0/1 0/0 0 0 
 5 - - - - - - -  3/0 3/0 0/0 0 0 
 6 - - - - - - -  0/3 4/1 0/0 0 0 
 7 - - - - - - -  5/0 11/1 0/0 0 0 
 8 - - pos - - - -  0/0 0/0 0/0 0 0 
 9 - ++ - - - - -  11/0 7/0 0/0 0 0 
               
V3 1 ++ ++++ pos na na - -  1/0 0/0 na/na 0 0 
 2 - - pos 4.0 5.0 4.7 3.7  0/0 0/0 17/0 0 0 
 3 - - pos - - - -  0/0 0/0 0/0 0 0 
 4 - - - - - - -  0/1 0/0 0/0 0 0 
 5 - - - - - - -  3/2 0/1 0/0 0 0 
 6 - - - - - - -  0/0 0/1 0/0 0 0 
 7 - ++ - - - - -  0/0 0/0 0/0 0 0 
 8 - - pos - 4.3 - -  1/0 0/0 0/0 1 1 
 9 - - - - - - -  0/0 0/0 0/0 0 0 
 10 - - - - - - -  2/27 0/5 0/0 0 0 
 11 - - - - - - -  0/1 1/2 0/0 0 1 
 12 - - - - - - -  2/0 0/0 0/0 0 0 
 13 - - - - - - -  0/0 0/0 0/0 0 0 
 14 - - pos 3.0 3.0 - 4.7  0/0 0/0 0/0 0 9 
 15 - - pos 5.5 4.0 2.7 5.3  0/0 0/0 18/98 8 67 
 16 - - pos - 4.0 2.7 3.0  0/0 0/0 0/0 0 1 
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Table 2. Pathology and PRRSV replication in fetuses from unvaccinated gilts challenged 

with PRRSV (07V63) at 90 and euthanized at 110 days of gestation. 

Gross pathology: + beginning of mummification (brown appearance in fetus); ++: mummification (black discoloration in fetus). 
Histopathology in the fetal implantation sites (FIS): (+) a focal detachment of the trophoblast from the uterine epithelium; (++) a focal 
degeneration of the fetal placenta; (+++) a multifocal degeneration of the fetal placenta; and (++++) a full degeneration of the fetal placenta 
(see Figure 2). 
Titres lower than 1.0 (sera) or 2.0 (tissue) log10 TCID50/ml tissue or gm were considered to be negative. 
M: Myometrium. E: Endometrium. Pl: Fetal placenta. 
*: For each fetus two pieces (No1/No2) of the adjacent uterus with placenta were excised. 
na: not available. 

 

 

 

 

 

 

 

Dam Fetus 
No 

Fetal 
pathology 

Histopathology 
in FIS 

PCR 

sera  
PRRSV titre   
(log10 TCID50/gm tissue or ml) 

 Number of PRRSV-positive cells/10 mm2  

of  tissue (IF) 

     FIS Sera Liver Thymus  M E Pl Liver Thymus 

C1 1 - - - - - - -  0/0* 0/0 0/0 0 0 
 2 - - pos - - - -  0/0 0/4 0/0 0 0 
 3 - - pos - - - -  0/0 0/1 0/0 0 0 
 4 - - pos 7.0 4.0 3.7 4.3  0/0 1/0 110/80 0 5 
 5 - + pos - - 2.7 4.5  0/0 0/0 0/0 0 5 
 6 - - - - - - -  0/0 0/0 0/0 0 0 
 7 - - pos - - - -  0/0 0/0 0/0 0 0 
 8 ++ ++++ pos na na na na  3/0 0/0 na/na na na 
 9 - - pos - - - -  0/0 0/0 0/0 0 0 
 10 - - pos 3.0 3.3 - 4.5  0/0 0/0 0/0 1 11 
 11 - - pos 5.3 3.8 3.3 5.3  0/0 0/0 56/0 0 40 
 12 - ++ pos 2.3 4.0 3.7 4.5  0/1 1/0 69/5 0 8 
 13 - ++ - - - - -  0/0 1/0 0/0 0 0 
 14 - ++ pos 6.8 3.8 2.7 4.7  0/1 0/0 332/170 3 18 
 15 - - pos 6.0 4.0 3.5 4.3  0/0 0/0 65/0 2 18 
 16 - +++ pos 4.8 4.3 4.0 4.7  0/0 0/0 9/82 1 15 
               
C2 1 - - - - - - -  0/0 0/0 0/0 0 0 
 2 - - pos - 4.0 2.0 4.7  0/0 0/0 0/0 0 6 
 3 - - pos 2.6 5.3 4.7 5.5  0/1 0/0 4/16 17 133 
 4 ++ ++++ pos na na na na  2/0 1/0 na/na na na 
 5 ++ ++++ pos na na na na  0/0 0/0 na/na na na 
 6 + ++++ pos na na - -  0/0 0/0 na/na 0 0 
 7 - - pos 4.0 5.1 4.5 4.7  0/0 0/0 0/0 15 16 
 8 - - pos 5.6 5.3 4.7 5.5  0/1 0/1 0/1 2 35 
 9 - + pos - 4.3 4.3 4.3  0/0 1/0 16/0 1 12 
 10 - + - - - - -  0/0 0/0 0/0 0 0 
 11 - ++ - - - - -  0/0 0/0 0/0 0 0 
 12 - - pos - - - -  0/0 0/0 0/0 0 0 
               
C3 1 - - - - - - -  0/0 0/0 0/0 0 0 
 2 - - - - - - -  0/0 0/0 0/0 0 0 
 3 - +++ pos - 3.8 - 4.7  0/0 0/1 0/116 0 9 
 4 - - pos 4.0 5.3 3.7 3.3  0/0 0/0 1/35 0 3 
 5 - - - - - - -  0/0 0/0 11/0 0 0 
 6 - - pos - - - -  0/0 0/0 0/0 0 0 
 7 - +++ pos - - - -  0/0 0/0 0/0 0 0 
 8 ++ ++++ pos na na na na  1/0 0/0 na/na na na 
 9 + ++++ pos na na - -  0/0 0/0 na/na 0 3 
 10 - ++ - - - - -  0/1 0/4 0/0 0 0 
 11 - - pos - - - -  0/0 0/0 0/0 0 0 
 12 - +++ pos 4.8 4.3 - 3.7  0/0 0/0 23/483 4 16 
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Discussion 

 
In the present study, vaccination of gilts with the experimental inactivated PRRSV vaccine 

primed the maternal VN antibody response and slightly reduced the duration of maternal 

viremia. Furthermore, vaccination reduced virus replication in the fetal placentae and 

placental pathology and lowered the number of virus-positive fetuses. However, congenital 

infection could not fully be prevented. Even a short duration of viremia (e.g. in the dam V1 

only three days) was sufficient to cause congenital infection. Previously, other inactivated 

vaccines were also not able to prevent congenital infection (Plana-Durán et al., 1997; Scortti 

et al., 2007). On the one hand, VN antibodies may be important for the PRRSV clearance 

from blood and protection against congenital infection. High titres of VN antibodies cause 

sterilizing immunity and prevent congenital PRRSV infection if present in the maternal 

circulation prior to challenge (Osorio et al., 2002). Induction of VN antibodies in maternal 

blood by vaccination itself prior to challenge and/or induction of a vigorous boosting 

neutralizing response in vaccinated pregnant animals after challenge, may potentially reduce 

congenital infection. On the other hand, it has been shown that viremia can be cleared in the 

absence of detectable levels of VN antibodies in sera, and that viremia can persist despite the 

presence of VN antibodies (Diaz et al., 2006; Vezina et al., 1996). In the present study, 

PRRSV clearance from the blood of the two unvaccinated gilts (C1 and C3) also happened 

independently from VN antibodies. In addition to VN antibodies, other unknown factors (e.g. 

cell-mediated immune response) can be responsible for the PRRSV elimination (Costers et 

al., 2009). It appears that short viremia with a concurrent delayed or absent VN response is 

more common in sows/boars than in young pigs (Christianson et al., 1993; Prieto & Castro, 

2005; Rossow et al., 1994; Scortti et al., 2006; Scortti et al., 2007). Therefore, alternative 

protective factors against PRRSV may be more prominent and more reliable to study in adult 

animals.  

In the present study, an earlier appearance of infectious PRRSV in maternal sera and an 

enhancement of PRRSV replication within the myometrium/endometrium were observed in 

the vaccinated gilts. Despite the amplification of PRRSV replication within the endometrium, 

vaccination of gilts reduced virus replication in the fetal placentae, and placental pathology, 

and lowered the number of PRRSV-positive fetuses. Vaccine-mediated factors that reduce 

PRRSV transfer from the endometrium (the primary site for PRRSV replication prior to 

conceptus infection) to the fetal placenta may be a reason for this. The means by which 

PRRSV crosses from the endometrium to the fetal placenta remain unknown. Due to the very 
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restricted tropism of PRRSV for Sn+/CD163+ endometrial macrophages (Karniychuk et al., 

2011), we hypothesize that those macrophages transfer PRRSV from the endometrium to the 

fetal placenta (Karniychuk et al., 2012). The enhancement of PRRSV replication in the 

endometrium may be the result of an antibody-dependent enhancement of infection (ADEI) 

(Yoon et al., 1996). Most probably, ADE occurs when anti-PRRSV antibodies at 

subneutralizing level enhance viral entry into macrophages through Fc receptor (FcR) (Yoon 

& Cancel-Tirado, 2003). Recently, it has been shown that porcine FcγRIIb, an inhibitory 

FcγR, mediates ADE of PRRSV infection (Qiao et al., 2011). Infection of endometrial 

macrophages via FcγRIIb-mediated ADE may potentially alter their intracellular signaling 

pathways (Qiao et al., 2011), and suppress the passage of endometrial macrophages from the 

endometrium to the fetal placenta. Consequently, a PRRSV transfer on/in endometrial 

macrophages in that direction is also reduced. Understanding the exact mechanisms 

responsible for the inhibition of virus transmigration from the endometrium to the fetal 

placenta may lead to the development of new strategies to prevent congenital PRRSV 

infection.  

Findings obtained in the present study may further help to better understand the kinetics of 

PRRSV replication in the fetal implantation sites. In a recent experiment (Karniychuk et al., 

2011), three sows were challenged at 90 days of gestation and euthanized at 10 days post-

challenge. In those animals, a general diffuse spread of the virus was observed in the 

endometrium. Virus-positive cells were detected in the adjacent endometrium of all PRRSV-

negative and -positive fetuses (only 1 sample out of 45 tested was virus-negative). In the 

present study, gilts were challenged at 90 days of gestation and euthanized at 20 days post-

challenge. Reduced PRRSV replication was observed within the endometrium of both 

vaccinated and unvaccinated gilts. Virus-positive cells were only detected in the adjacent 

endometrium of 26 fetuses out of 71 tested. PRRSV infection apparently triggers maternal 

immune mechanisms which slowly clear the virus within the endometrium. However, the 

virus is able to infect fetuses prior to complete PRRSV removal. This could explain why some 

PRRSV-positive fetuses do not have infected cells anymore within the adjacent endometrium 

(Table 1 and Table 2). 

The following reasons suggest the contribution of PRRSV-replication in the fetal placenta to 

fetal death. Firstly, the fetal placental mesenchyme is a very favorable site for efficient 

PRRSV replication. In virus-positive areas, the percentage of PRRSV-infected cells within the 

population of macrophages was significantly higher in the fetal placenta (40%) compared to 

the endometrium (0.9%) (Karniychuk et al., 2011). In comparison with the vaccinated gilts, 
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the unvaccinated gilts had a higher number of PRRSV-positive cells in the fetal placentae and 

at the same time, a higher number of fetuses showing placental pathology as well as dead 

fetuses (Table 1 and Table 2). Secondly, all fetuses that had the most severe destruction in the 

fetal placentae (score ++++) were dead. Thirdly, consistent gross or severe microscopic 

lesions have not been found in internal organs of aborted fetuses or stillborn piglets collected 

from field cases of PRRS or from experimentally induced late-term reproductive failures 

(Lager & Halbur, 1996; Rossow et al., 1996; Rossow, 1998). This indicates that fetal death is 

not a direct result of PRRSV replication in fetal internal organs. Altogether, a hypothetical 

model of pathological events during PRRSV congenital infection in dams challenged at 90 

days of gestation may be proposed. Already at 10 days post-challenge, PRRSV efficiently 

replicates in the fetal placenta and causes death of local infected and surrounding cells 

through apoptosis and probably secondary necrosis without visible placental histopathology 

(Karniychuk et al., 2011). Afterwards, the changes caused by PRRSV infection, can directly 

or indirectly mediate a focal detachment of the trophoblast from the uterine epithelium and a 

focal degeneration of the fetal placenta, at the sites of virus replication and probably in the 

adjacent sites. Microseparations in the maternal-fetal unit from naturally infected as well as 

experimentally inoculated sows have been previously described (Stockhofe-Zurwieden et al., 

1993). The focal degeneration of the fetal placenta continues to a multifocal degeneration and 

finally to a full degeneration of the fetal placenta. Subsequently damage to the placenta 

becomes not compatible with the fetal life. To cause late abortion, PRRSV most probably 

induces damage to the fetal placentae of most fetuses. If the virus causes pathology in the fetal 

placentae of a limited number of fetuses, the gestation most probably will end at term but 

infection might result in stillbirth and/or birth of living PRRSV-positive fetuses.  

Since no proper requirements that have to be met for testing of PRRSV vaccines in pregnant 

animals are described, we would like to propose a protocol for laboratory testing of PRRSV 

vaccines in pregnant animals: (i) Naïve animals should be used. (ii) For challenge, the most 

critical period for congenital PRRSV infection, the end of gestation should be preferred (e.g. 

90 days of gestation). Animals should be euthanized at least 15-20 days post-inoculation. (iii) 

The immune response and viremia in maternal blood, and virus replication in the fetal internal 

organs should be examined. (iv) PRRSV-specific IF staining of uterine walls can provide an 

insight about PRRSV replication in the endometrium/fetal placenta, the primary sites for virus 

replication during congenital infection. (v) A thorough diagnosis of congenital PRRSV 

infection must be achieved by testing fetal samples with different techniques. The virus 

detection via PCR appeared to be the most sensitive technique for PRRSV detection in fetal 
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samples. However, to confirm the presence of infectious virus, VI needs to be performed. 

Based on previous (Karniychuk et al., 2011) and current results, PRRSV isolation was most 

constant in fetal sera, thymus and liver. Virus isolation from fetal lungs, the common organ of 

choice for PRRSV diagnosis in postnatal and weaned pigs, gave poor results in fetuses 

(Karniychuk et al., 2011). In the present study, PRRSV was not isolated from fetuses and no 

PRRSV-positive cells were detected within collected fetal tissues during an advanced stage of 

mummification. In these fetuses, the virus is most probably inactivated during the 

mummification process at the body temperature of the mother. However, PCR gave positive 

results. Therefore, PCR proved to be the most reliable method for PRRSV detection in fetuses 

which were dead in utero, and this confirms previous reports (Benson et al., 2002; Cheon & 

Chae, 2000). The fulfillment of the above listed requirements can be useful for testing 

vaccines against PRRSV in pregnant sows in a standardized way (monograph).  

 
Conclusions 

 
In the present study, implementation of the novel experimental inactivated PRRSV vaccine 

primed the VN antibody response and slightly reduced the duration of viremia in gilts. It also 

reduced the number of virus-positive fetuses and improved the fetal survival, but was not able 

to fully prevent congenital PRRSV infection. The reduction of fetal infection and pathology is 

most probably attributable to the vaccine-mediated decrease of PRRSV transfer from the 

endometrium to the fetal placenta. Screening of the endometrium/fetal placenta for virus 

replication and virus-induced changes proved to be a useful tool to study the pathogenesis of 

congenital PRRSV infection and validate the PRRSV vaccine performance. Hence, in the 

present study, an advanced protocol was proposed to test the PRRSV vaccine efficacy. 

Finally, requirements were summarized for primary testing of PRRSV vaccines in pregnant 

animals which may be helpful in development of a monograph.  
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Chapter 4 

Demonstration of microchimerism in pregnant sows and effects of 

congenital PRRSV infection 

 
Uladzimir Karniychuk, Wander Van Breedam, Nadine Van Roy, Claire Rogel-Gaillard, Hans 

Nauwynck 

 
Adapted from: Veterinary Research 2012, 43:19  

 

The presence of foreign cells within the tissue/circulation of an individual is described as 

microchimerism. The main purpose of the present investigation was to study if 

microchimerism occurs in healthy sows/fetuses and if porcine reproductive and 

respiratory syndrome virus (PRRSV) infection influences this phenomenon. Six dams 

were inoculated intranasally with PRRSV and three non-inoculated dams served as 

controls. Male DNA was detected in female fetal sera of all dams via PCR. Male DNA 

was also detected in the maternal circulation. Sex-typing FISH showed the presence of 

male cells in the female fetal organs and vice versa. PRRSV infection did not influence 

microchimerism, but might misuse maternal and sibling microchimeric cells to enter 

fetuses. 
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Introduction, methods and results 

 
The presence of small numbers of foreign cells within tissues or circulation of an individual is 

described as microchimerism (Gammill & Nelson, 2010). Naturally acquired microchimerism 

refers to sibling (exchange of fetal cells in between siblings), maternal (presence of maternal 

cells within fetus) and fetal microchimerism (presence of fetal cells within mother) (Adams 

Waldorf et al., 2010; Ariga et al., 2001; Bromberg et al., 1956; Hall et al., 1995; 1996; Lo et 

al., 1986; Lo et al., 1998; Marcum, 1974; Nelson et al., 2007; O’Donoghue et al., 2003; 

Peretti et al., 2008; Petit et al., 1995; Petit et al., 1997; Piotrowski & Croy, 1996; Schmorl, 

1893; van Dijk et al., 1996). Fetal and maternal cell exchange is common in human and 

rodent pregnancy (Gammill & Nelson, 2010). Both fetal and maternal microchimerism has 

been associated with different autoimmune disorders, pregnancy pathology and 

transplantation complications (Boyon & Vinatier, 2011; Gammill & Nelson, 2010; Ichinohe, 

2010; Kallenbach et al., 2011). Otherwise, fetal cell differentiation in maternal tissues is 

presumably involved in tissue repair and protection against cancer (Gammill & Nelson, 

2010). Microchimerism may also play an important role in the physiology and pathology of 

pregnancy. However, at present no information is available on this phenomenon in swine. 

Porcine reproductive and respiratory syndrome virus (PRRSV) is the cause of severe 

reproductive problems in sows (Christianson et al., 1993). The means by which PRRSV 

crosses the placental barrier remain unknown. Prior to fetal infection, PRRSV replicates in the 

endometrium and shows a very restricted tropism for Sn+/CD163+ macrophages (Karniychuk 

& Nauwynck, 2009; Karniychuk et al., 2011). Therefore, PRRSV might use susceptible cells 

as a vehicle to cross the uterine epithelium/trophoblast layers. Some pathological conditions 

during pregnancy, especially diseases that affect the placental environment, might influence 

fetal and maternal cell exchange. For instance, it has been observed that a mild inflammation 

caused by Pertussis toxin enhances cell migration through the murine placenta (Wienecke et 

al., 2012). During replication in the endometrium, PRRSV causes apoptosis of infected and 

surrounding cells (Karniychuk et al., 2011) and changes the expression of cellular receptors 

(increased Sn expression and change in the MHC class I and II expression) (not published 

results). Potentially, PRRSV-mediated changes in endometrial macrophages and/or in uterine 

epithelial/trophoblast layers may trigger events which influence the cell transmigration 

process. If a physiological cell exchange between mother and fetuses occurs in swine, it is 

interesting to examine if PRRSV infection influences it. By facilitating transplacental cell 
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migration, PRRSV infection may favor cell-mediated PRRSV transfer from mother to fetuses. 

In contrast, PRRSV-mediated changes in maternal tissues may also inhibit transmigration 

processes, resulting in the protection of fetuses. Therefore, the main purpose of the present 

investigation was to study if microchimerism occurs in healthy sows/fetuses and if PRRSV 

infection influences this phenomenon. 

Nine dams from a PRRSV-free herd were kept in isolation rooms. The experimental design is 

summarized in Table 1. Six dams were inoculated intranasally with 105 TCID50 Type 1 

PRRSV 07 V063 (GenBank No: GU737264) at 70 (dam I70) or 90 (I90-1, I90-2, I90-3, I90-4, I90-

5) days of gestation in 4 mL of phosphate buffered saline (PBS) (2 mL in each nostril). Three 

non-inoculated dams were included in the study (Table 1). Blood was collected from all dams 

before and after PRRSV inoculation. The control animals were euthanized at 100 days of 

gestation. PRRSV-inoculated dams were euthanized at 10 days post-inoculation (I70, I90-1, I90-

2, I90-3) or at 20 days post-inoculation (I90-4, I90-5) and uteri were removed. The uterine wall 

adjacent to every fetus was incised and fetal blood was collected from the umbilical cords. 

Blood was collected with individual disposable syringes and gloves were changed prior to 

every sampling. The gender of individual fetuses was recorded and lungs and liver of each 

fetus were collected and snap frozen. To confirm PRRSV infection, virus isolation and 

titration from maternal and fetal sera and PRRSV-specific immunofluorescence (IF) staining 

on frozen tissue sections were performed (Karniychuk et al., 2010; Karniychuk et al., 2011). 

 

Table 1. Experimental design. 

Dam Parity 
PRRSV 
inoculation at … dg† 

Euthanized 
at … dg 

Number of fetuses 

Total Female Male 

I70 4 70 80 11 7 4 

I90-1 5 90 100 14 9 5 

I90-2 1 90 100 14 5 9 

I90-3 1 90 100 17 9 8 

I90-4 1 90 110 12* 8 2 

I90-5 1 90 110 16* 9 6 

Con-1 1 - 100 13 7 6 

Con-2 10 - 100 16 11 5 

Con-3 6 - 100 15 7 8 
†dg: days of gestation; -: not inoculated. *Due to mummification, the determination of gender in two and  
one fetus from dams I90-4 and I90-5, respectively, was not possible.  
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DNA was extracted from sera (200 µL) of fetuses and dams using a QIAmp DNA Blood Mini 

Kit (Qiagen, USA). The final volume of DNA solution after each extraction was 50 µL. A real 

time PCR assay was set up in a volume of 30 µL. The following components were added to a 

PCR tube: 15 µL of 2× SensiMixTM Probe Master mix (Bioline, UK), 1.25 µL sense primer 

(420 nM), 1.25 µL antisense primer (420 nM), 0.625 µL Universal ProbeLibrary Probe #162 

(210 nM) (Roche, USA) and water to make up a total volume of 25 µL. Finally, 5 µL of the 

extracted serum DNA was added. Primers (sense 5-tcaaacgatggacgtgaaac-3; antisense 5-

ttcatgggtcgcttgacac-3; 71 bp) and a probe specific for a porcine male sex-determining region 

Y (SRY) were generated with Probe Finder software (Roche, USA). As an amplification 

control, we used a PCR specific for porcine zinc finger X-chromosomal gene (ZFX), which is 

present in both male and female samples. Primers (sense 5-tgagttggtttgtgaacatgaat-3; 

antisense 5-cccttacagtgtactggtatttcaga-3; 91 bp) and probe #114 specific to ZFX were 

generated with Probe Finder software (Roche, USA). The ZFX PCR protocol was identical to 

the SRY PCR protocol; only 2 µL (700 nM) of each primer was used. The real time PCR was 

performed using a Step-OneTM Real-Time PCR system (AppliedBiosystems, USA). Identical 

thermal profiles were used for both the SRY and the ZFX reactions: denaturation for 15 min 

at 95°C, followed by 45 cycles of 95°C for 15 s (denaturation) and 60°C for 1 min (annealing 

and elongation). 

For PCR validation, DNA from randomly selected male and female fetal sera was tested with 

SRY and ZFX PCRs. Afterwards, PCR products were subjected to gel electrophoresis to 

ensure the correct size of the amplicons (Figure 1). The specificity of the SRY PCR was 

validated by testing genomic DNA extracted from male or female swine ear skin; only 

porcine male DNA was amplifiable (Figure 1). 
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Figure 1. SRY and ZFX PCR assay validation. During SRY and ZFX PCR assay validation, 
amplification products were subjected to gel electrophoresis to ensure the correct size of amplicons. SRY 
(amplicon size is 71 bp): (1) ladder; (2) fetal male serum DNA; (3 and 4) SRY-positive female fetal serum DNA; 
(5 and 6) SRY-positive dam serum DNA; (7) SRY-negative female fetal serum DNA; (8) SRY-negative dam 
serum DNA; (9) DNA from skin of male pig; (10) DNA from skin of female pig; (11) human serum DNA (a 
weak band of approximately 500 bp was observed in the human serum sample, but no positive signal was 
detected in the SRY real time PCR assay); (12) non template control. ZFX (amplicon size is 91 bp): (1) ladder; 
(2) male fetal serum DNA; (3) female fetal serum DNA; (4) dam serum DNA; (5) DNA form skin of male pig; 
(6) DNA from skin of female pig; (7) human serum DNA; (8) non template control. 
 
 
Following validation of PCR analyses, female fetal and dam samples were analyzed. Each 

sample was analyzed in five and two-three replicates for SRY and ZFX, respectively, in the 

same plate. Positive and negative controls (DNA extracted from male sera and multiple 

negative water blanks, respectively) were included in every PCR run. Fluorescence data 

calculated by the Step-OneTM Real-Time PCR system were collected for each well and a 

sample was considered positive for SRY or ZFX when there was an exponential increase in 

fluorescence during the PCR amplification. Randomly selected samples were also subjected 

to gel electrophoresis during the experiment, to ensure the correct size of the amplicons. 
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Strict precautions were taken to prevent PCR contamination. Separate DNA extraction kits 

were used for female and male samples. DNA extractions and set up of PCR assays were 

performed under ultraviolet (UV) light-equipped safety hoods, with UV run for 1 h between 

experiments. Aerosol-resistant pipette tips and disposable gloves were always used. Reagent 

controls, with water instead of serum were included in every DNA isolation run. Controls 

were consistently negative in all experiments. Extraction of DNA, setup of PCR reactions, 

PCR assays and gel electrophoresis of PCR products were performed in separate locations. 

A probe mapping to the porcine Y chromosome (BAC clone 428D8; SSCYp1.2 chromosome 

location) and a probe mapping to the porcine X chromosome (BAC clone 223 G10; 

SSCXq2.1 chromosome location) were used in sex-typing fluorescence in situ hybridization 

(FISH) (Rogel-Gaillard et al., 1999; Van Limbergen et al., 2002; Van Roy et al., 1994). Liver 

and lungs of five randomly selected male and five female fetuses from all dams were 

subjected to FISH analysis. From the I70 dam, liver and lungs of three and five randomly 

selected male and female fetuses, respectively, were subjected to FISH analysis. Three 5-

7 µm-thick cryosections were made from each sample. These sections were cut 100 µm apart 

from each other in the tissue block. All sections were examined using a Zeiss Axioplan 2 

fluorescence microscope (in 50 fields, 100× objective for a total magnification of ×1000). 

All data for statistical analyses were obtained only from dams euthanized at 100 days of 

gestation (Table 1). PRRSV-inoculated dams, which were euthanized at 80 and 110 days of 

gestation, were excluded from statistical analyses because the gestation stage influences 

transplacental cell exchange (Gammill & Nelson, 2010). All statistical tests were performed 

with the SigmaPlot11 software. A 95% confidence interval (p < 0.05) was applied for the 

statistical significance. 

All non-inoculated dams and their fetuses remained PRRSV-negative throughout the entire 

experiment. All inoculated dams became viremic (102.3–4.8 TCID50/mL) and transplacental 

infection occurred in the five dams inoculated with PRRSV at 90 days of gestation (Table 2). 

Twelve to one hundred percent of the fetuses from these dams were viremic with titres 

ranging between 102.2 -107.3 TCID50/mL (Table 3 and 4). Virus-positive cells were observed 

in the internal organs of viremic fetuses by PRRSV-specific IF staining. In contrast, dam I70, 

inoculated at 70 days of gestation, was viremic (102.3 TCID50/mL), but no viremia or PRRSV-

positive cells were detected in her fetuses. 
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Table 2. Results of PRRSV titration, SRY and ZFX PCR in dam sera. 

Dam PRRSV titre log10 TCID50/ml 
of sera at the day of … 

SRY PCR results 
at the day of … 

ZFX PCR results 
at the day of … 

 inoculation euthanasia inoculation euthanasia inoculation euthanasia 

I70 - 2.3 + - + + 

I90-1 - 4.8 - + + + 

I90-2 - 3.3 - + + + 

I90-3 - 3.3 - - + + 

I90-4 - 2.3 - - + + 

I90-5
† - - + + + + 

Con-1 - - - - + + 

Con-2 - - - - + + 

Con-3 - - - - + + 

-: PRRSV titres < 1.0 (detection limit) were considered to be negative. †Serum from dam I90-5 was also tested at 
100 days of gestation and was PRRSV-positive with a PRRSV titre of 2.6 log10 TCID50/mL. 
 

 
A PCR assay to determine the gender of pigs has been previously described (Pomp et al., 

1995). However, this test amplifies human DNA too, which increases the chance of false-

positive results due to contamination during processing the samples. In the present study, 

probe-based PCR assays that specifically detect porcine SRY and ZFX were designed. 

In total, 66 sera from female fetuses were tested in the SRY and ZFX PCRs. The results are 

summarized in Figure 2 and Table 3. SRY was detected in female fetal sera from both non-

inoculated and PRRSV-inoculated dams. Non-inoculated and PRRSV-inoculated dams, had 

20-43% and 20-100% of SRY-positive female fetuses, respectively. Male DNA was also 

detected in the maternal circulation of pregnant dams before and after infection (Table 2). All 

female fetal and maternal samples were amplifiable by the ZFX assay. 
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Table 3. Virological, PCR and FISH findings in female fetuses. 

Dam No 
Female 
fetuses  

Number of 
contacts  
with male 
fetuses 

PRRSV titre  
(log10 
TCID50/ml)  
of fetal sera 

Number of  
PRRSV-positive 
cells/10mm2† 

  

PCR       
results 

  

FISH results              
Number of male cells‡ 

Lungs Liver SRY ZFX 
Female  
lungs 

Female 
 liver 

I70 1 F1 0 - 0 0 na na 0 0 

2 F2 1 - 0 0 + + 0 0 

3 F7 1 - 0 0 + + 0 0 

4 F8 0 - 0 0 + + 0 0 

5 F9 0 - 0 0 + + 0 0 

6 F10 0 - 0 0 na na nt nt 

7 F11 0 - 0 0 + + nt nt 

I90-1 1 F1 1 6.0 10 38 + + 0 0 

2 F4 2 4.8 8 45 + + 0 0 

3 F6 1 4.8 6 53 + + 0 0 

4 F7 1 3.8 0 0 + + 0 0 

5 F9 2 4.8 7 6 + + 1 1 

6 F11 1 4.1 0 0 + + nt nt 

7 F12 0 4.8 3 13 + + nt nt 

8 F13 0 7.3 0 10 + + nt nt 

9 F14 0 4.8 0 0 + + nt nt 

I90-2  1 F1 1 - 0 0 - + 1 4 

2 F3 2 - 0 0 + + 0 0 

3 F9 2 - 0 0 - + 0 0 

4 F11 1 4.8 0 1 - + 2 0 

5 F14 1 - 0 0 - + 0 0 

I90-3 1 F1 0 - 0 0 - + 0 0 

2 F2 0 - 0 0 + + nt nt 

3 F3 0 - 0 0 - + 0 0 

4 F5 1 - 0 0 - + 0 0 

5 F6 0 - 0 0 - + 0 0 

6 F7 1 - 0 0 + + nt nt 

7 F11 2 2.2 0 0 + + 0 0 

8 F13 2 - 0 0 - + nt nt 

9 F16 2 - 0 0 - + nt nt 
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Table 3. Continued. 

Dam No 
Female 
fetuses  

Number of  
contacts  
with male 
fetuses 

PRRSV titre 
(log10 
TCID50/ml)  
of fetal sera 

Number of  
PRRSV-positive 
cells/10mm2† 

  

PCR       
results 

  

FISH results              
Number of male cells‡ 

Lungs Liver SRY ZFX 
Female  
lungs 

Female 
 liver 

I90-4 1 F1 0 - 0 0 - + na nt 

2 F2 0 4.0 1 0 - + na 2 

3 F3 0 or 1 5.3 3 17 + + na 0 

NA4 0 or 1 na na na na na na na 

NA5 1 or 2 na na na na na na na 

4 F8 1 5.3 0 2 + + na 5 

5 F9 0 4.3 0 1 - + na 0 

6 F10 0 - 0 0 - + na 1 

7 F11 0 - 0 0 na na na nt 

8 F12 0 - 0 0 na na na nt 

I90-5 1 F1 0 - 0 0 - + na nt 

2 F2 0 - 0 0 - + na nt 

3 F4 2 4.0 0 0 + + na 1 

4 F6 2 - 0 0 + + na 1 

5 F10 1 3.3 2 1 - + na 11 

6 F11 0 3.8 1 0 na na na nt 

7 F12 0 4.0 2 0 - + na 0 

8 F13 1 - 0 0 - + na nt 

9 F16 1 4.3 2 1 - + na 1 

Con-1 F2 - 0 0 + + 0 0 1 1 

2 F3 1 - 0 0 - + 0 0 

3 F7 1 - 0 0 - + 1 0 

4 F8 1 - 0 0 - + 0 0 

5 F10 1 - 0 0 - + nt nt 

6 F11 0 - 0 0 + + 2 0 

7 F12 1 - 0 0 + + nt nt 
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Table 3. Continued. 

Dam No 
Female 
fetuses  

Number of 
contacts  
with male 
fetuses 

PRRSV titre (log10  
TCID50/ml)  
of fetal sera 

Number of  
PRRSV-positive 
cells/10mm2† 

  

PCR       
results 

  

FISH results              
Number of male cells‡ 

Lungs Liver SRY ZFX 
Female  
lungs 

Female 
 liver 

Con-2 1 F1 0 - 0 0 - + 0 1 

2 F2 1 - 0 0 - + 0 0 

3 F4 2 - 0 0 - + nt nt 

4 F7 1 - 0 0 - + 2 0 

5 F8 0 - 0 0 - + nt nt 

6 F9 0 - 0 0 na na nt nt 

7 F10 1 - 0 0 - + nt nt 

8 F12 2 - 0 0 + + 0 1 

9 F14 1 - 0 0 + + 0 2 

10 F15 0 - 0 0 - + nt nt 

11 F16 0 - 0 0 - + nt nt 

Con-3 1 F1 0 - 0 0 - + 2 2 

2 F2 0 - 0 0 + + 0 0 

3 F3 1 - 0 0 + + 0 2 

4 F5 2 - 0 0 + + 22 1 

5 F9 1 - 0 0 - + nt nt 

6 F10 1 - 0 0 - + nt nt 

  7 F13 2 - 0 0   - +   0 0 
-: PRRSV titres in sera <1.0 (detection limit) were considered to be negative. †: PRRSV-infected cells in the fetal tissues were detected with 
PRRSV-specific immunofluorescence (IF) staining in frozen sections as previously described (Karniychuk et al., 2011). Identification, 
localization and quantification of the virus antigen-positive cells were performed using a Leica DM/RBE fluorescence microscope (Leica 
Microsystems GmbH, Wetzlar, Germany). A semi-quantitative evaluation of the number of PRRSV-positive cells was made in an area covering 
10 mm2 of each tissue section and the average number was calculated. This surface area represents 50 randomly selected microscopic fields with 
objective x40. ‡Three 5-7 µm-thick cryostat tissue sections were made from each sample. These sections were cut 100 µm apart from each other 
in the tissue block. All sections were examined using a Zeiss Axioplan 2 fluorescence microscope (50 fields, 100× objective for a total 
magnification of ×1000). na: not available; due to mummification, the determination of gender, PRRSV infection status and PCR was not 
possible; SRY and ZFX PCR in samples of fetuses F1, F10 (dam I70), F11, F12 (I90-4), F11 (I90-5) and F9 (Con-2) were not done due to the lack 
of serum. FISH in lungs of fetuses from dam I90-4 and I90-5 were not done due to the lack of tissues. nt: not tested. 
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Table 4. Virological, PCR and FISH findings in male fetuses. 

Dam No 
Male 
fetuses  

Number of contacts 
with female fetuses 

PRRSV titre      
(log10  
TCID50/ml)            
of fetal sera 

Number of PRRSV-
positive cells/10 mm2†   

FISH results                
Number of female cells‡ 

Lungs Liver   Male lungs Male liver 

I70 1 M3 1 - 0 0 3 0 

2 M4 0 - 0 0 na na 

3 M5 0 - 0 0 0 0 

4 M6 1 - 0 0 2 2 

I90-1 1 M2 1 4.5 6 6 0 1 

2 M3 1 4.5 0 5 0 3 

3 M5 2 3.8 0 0 0 2 

4 M8 2 7.3 0 0 1 0 

5 M10 2 4.8 1 7 0 1 

I90-2 1 M2 2 - 0 0 0 2 

2 M4 1 - 0 0 nt nt 

3 M5 0 - 0 0 nt nt 

4 M6 0 - 0 0 4 0 

5 M7 0 - 0 0 0 0 

6 M8 1 - 0 0 1 4 

7 M10 2 - 0 0 nt nt 

8 M12 1 - 0 0 nt nt 

9 M13 1 5.3 0 0 0 1 

I90-3 1 M4 2 - 0 0 2 3 

2 M8 1 - 0 0 0 0 

3 M9 0 - 0 0 0 2 

4 M10 1 - 0 0 nt nt 

5 M12 2 3.6 0 0 0 1 

6 M14 1 - 0 0 0 0 

7 M15 1 - 0 0 nt nt 

8 M17 1 - 0 0 nt nt 
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Table 4. Continued. 

Dam No 
Male 
fetuses  

Number of contacts 
with female fetuses 

PRRSV titre      
(log10  
TCID50/ml)           
 of fetal sera 

Number of PRRSV-
positive cells/10 mm2†   

FISH results                
Number of female cells‡ 

Lungs Liver   Male lungs Male liver 

I90-4 NA4 1 or 2 na na na na na 

NA5 na 

1 M6 0 or 1 na 0 0 na 0 

2 M7 1 5.1 5 15 na 0 

I90-5 1 M3 2 - 0 0 na 0 

2 M5 2 - 0 0 na 1 

3 M7 1 or 2 - 0 0 na nt 

NA8 0 na na na na na 

4 M9 1 or 2 - 0 0 na 1 

5 M14 1 3.8 1 3 na 0 

6 M15 1 4.0 0 2 na 0 

Con-1 1 M1 1 - 0 0 1 1 

2 M4 1 - 0 0 1 1 

3 M5 0 - 0 0 0 1 

4 M6 1 - 0 0 1 0 

5 M9 2 - 0 0 2 0 

6 M13 1 - 0 0 nt nt 

Con-2 1 M3 2 - 0 0 0 1 

2 M5 1 - 0 0 1 0 

3 M6 1 - 0 0 4 0 

4 M11 2 - 0 0 0 0 

5 M13 2 - 0 0 3 0 

Con-3 1 M4 2 - 0 0 1 3 

2 M6 1 - 0 0 2 1 

3 M7 0 - 0 0 nt nt 

4 M8 1 - 0 0 nt nt 

5 M11 1 - 0 0 0 0 

6 M12 1 - 0 0 8 4 

7 M14 1 - 0 0 nt nt 

  8 M15 0 - 0 0   10 0 
-: PRRSV titres in sera <1.0 (detection limit) were considered to be negative. †: PRRSV-infected cells in the fetal tissues were detected with 
PRRSV-specific immunofluorescence (IF) staining in frozen sections as previously described (Karniychuk et al., 2011). Identification, 
localization and quantification of the virus antigen-positive cells were performed using a Leica DM/RBE fluorescence microscope (Leica 
Microsystems GmbH, Wetzlar, Germany). A semi-quantitative evaluation of the number of PRRSV-positive cells was made in an area 
covering 10 mm2 of each tissue section and the average number was calculated. This surface area represents 50 randomly selected microscopic 
fields with objective x40. ‡Three 5-7 µm-thick cryostat tissue sections were made from each sample. These sections were cut 100 µm apart 
from each other in the tissue block. All sections were examined using a Zeiss Axioplan 2 fluorescence microscope (50 fields, 100× objective 
for a total magnification of ×1000). na: not available; the determination of gender, PRRSV infection status and PCR was not  possible. FISH in 
lungs of fetuses from dam I90-4 and I90-5 were not done due to the lack of tissues. nt: not tested. 
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Figure 2. Diagrams schematically represent the porcine uteri of the nine dams included 

in the study. Fetuses were numbered starting with the fetus located next to the ovarian tip of the left uterine 

horn. L and R: left and right uterine horn, respectively. Each circle represents an individual fetus. F: female and 

M: male fetuses. “+” and “-” within the circles represent PRRSV-positive and -negative fetuses. Filled circles are 

female fetuses that were tested for the presence of male sex-determining region Y (SRY) in serum via PCR. Red 

and green circles are SRY-positive or -negative fetuses, respectively. Female fetuses with non-filled circles were 

not tested due to the lack of serum. ▲: in these fetuses microchimeric cells were found. na: not available; due to 

mummification the determination of fetal gender and PRRSV infection status was not possible. 
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Microchimeric cells were detected via FISH in organs of fetuses from all nine dams (Figure 2, 

Table 3 and 4). Non-inoculated dams and dams with congenital PRRSV infection had 40-80% 

and 0-80% of female fetuses with male microchimeric cells and 80-100% and 0-100% of 

male fetuses with female microchimeric cells, respectively. In both cases, the number of 

fetuses which homed foreign cells did not differ significantly between the two dam groups 

(p > 0.05, tested with the Chi-square test and Fisher exact test). Transplacental infection did 

not also influence the number of microchimeric cells within fetuses of both genders (p > 0.05, 

tested with the Mann-Whitney rank sum test). 

Male (XY) cells were detected in 12 out of 30 tested female fetuses; 25 out of 30 male fetuses 

harbored female cells (p < 0.05, tested with the Chi-square test). Female cells were found at 

higher numbers within organs of male fetuses versus the number of male cells within organs 

of female fetuses (p < 0.05, tested with the Mann–Whitney rank sum test). Representative 

images of microchimeric cells found in female and male samples are shown in Figure 3. 

 

 
Figure 3 Microchimeric cells found in female and male samples. Red-dUTP and Green-dUTP 

(Abbott Molecular, USA) were used as fluorophores for the Y and X probes, respectively. FISH analysis on 

female lungs and male liver using probes for the X (green signal) and Y (red signal) chromosomes. Cell nuclei 

were counterstained with DAPI (blue). Arrows indicate microchimeric cells. FISH images of male and female 

cells were recorded using a Zeiss Axioplan 2 fluorescence microscope, a high-sensitivity integrated CCD camera 

and dedicated software (ISIS, MetaSystems, Germany). 
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Discussion 

 
To the authors’ knowledge, this is the first report of porcine transplacental DNA and/or 

nucleated cell trafficking in healthy as well as in PRRSV-infected dams and their fetuses. 

Only in one recent study, released during the preparation of this manuscript, human cells 

injected into porcine fetuses were detected in unmanipulated siblings (McConico et al., 2011). 

In the present study, female cells were observed within tissues of male fetuses. These cells 

can be of female sibling and/or maternal origin. Concurrent invasion from female siblings and 

mother is also possible. The observations that the number of male microchimeric fetuses is 

significantly higher than the number of female microchimeric fetuses and that the number of 

female microchimeric cells within male tissues is significantly higher than the number of male 

microchimeric cells within female tissues is in agreement with the scenario of a double origin 

(sibling and maternal). Since PRRSV replication in the fetal implantation sites is restricted to 

Sn+/CD163+ macrophages (Karniychuk & Nauwynck, 2009; Karniychuk et al., 2011) and as 

shown in the present study, porcine nucleated cells can migrate transplacentally, it is possible 

that PRRSV uses maternal susceptible macrophages as a vehicle to cross the uterine 

epithelium/trophoblast layers and reach fetal tissues. To further support this theory, the 

maternal/fetal origin of female macrophages within male fetuses should be demonstrated. The 

present experimental design did not allow to type microchimeric cells and to distinguish 

maternal from female fetal cells. 

Male DNA and cells within sera and organs of female fetuses are most probably of male 

sibling origin. Porcine fetuses have individual fetal membranes and starting from 39–55 days 

of gestation, large central placental zones of the individual concepti are terminated by two 

extremities of the fetal sacs which include paraplacental and ischemic zones (necrotic tips) 

(Ashdown & Marrable, 1967). During gestation, adherence seems to occur between adjacent 

extremities of the fetal sacs (Ashdown & Marrable, 1967). Fetal cells may migrate between 

siblings through these extremities. After invading the neighboring sibling, fetal cells can 

degrade and release DNA and/or survive and engraft into tissues. From 60 days of gestation 

there are different degrees of adherences between fetal sac extremities within the uterus 

(Ashdown & Marrable, 1967). This may explain the difference in number of SRY-positive 

female fetuses between dams and in number of microchimeric cells within fetuses from the 

same dam. Some female fetuses that did not have in utero contacts with male fetuses also had 

SRY in sera and microchimeric cells within their tissues (Figure 2, Table 3). It looks like cells 

may pass from a male fetus through adjacent female siblings to more distant female fetuses. 
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In a study of Lager et al. (1995), selected porcine fetuses were inoculated in utero with 

PRRSV. Afterwards, the virus could be isolated from inoculated as well as non-inoculated 

neighboring and more distant fetuses. It is very well possible that PRRSV is using sibling 

microchimeric cells to cross over the fetuses within the uterus. The proposed way of virus 

spread between mother and fetus and between siblings may not be only applied to PRRSV, 

but also to other porcine pathogens. 

Interestingly, the percentage of PRRSV-positive animals was higher among female fetuses 

(50%) than among male fetuses (33%). It is possible that the fetal gender is linked with the 

susceptibility of porcine fetuses to PRRSV infection. In line with this, previous observations 

in humans suggest that girls are at higher risk of in utero HIV infection than boys (Biggar et 

al., 2006). However, further research is necessary to determine if there is an actual direct 

connection between porcine fetal gender and susceptibility to PRRSV. 

Microchimerism may benefit or compromise maternal and fetal health in humans (Boyon & 

Vinatier, 2011; Gammill & Nelson, 2010; Ichinohe, 2010; Kallenbach et al., 2011). Swine are 

recognized as a suitable animal model for human diseases based upon their comparative 

anatomy and physiology (Dynarowicz et al., 1988; Meurens et al., 2012; Scharl et al., 1995). 

Further elaboration of microchimerism in swine will open new perspectives to design 

functional investigations to study the subject. 

In the present study, it was demonstrated that PRRSV infection does not influence 

microchimerism. However, it is highly possible that PRRSV misuses maternal and sibling 

microchimeric cells during gestation to spread from mother to fetus and between fetuses. 

Further studies are needed to validate that maternal/fetal macrophages are spreading from 

dam to fetuses and between fetuses, and that PRRSV misuses these cells to establish 

congenital infection. 
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5.1 Pathogenesis of congenital PRRSV infection 

 

5.1.1 Why is congenital PRRSV infection restricted to late gestation? 

 
Despite the fetal susceptibility to PRRSV infection at any stage of gestation upon direct 

inoculation, maternal challenge with the virus generally results in congenital infection and 

reproductive disorders in late gestation. It is already known that PRRSV has a very restricted 

tropism to Sn+CD163+ macrophages and that preimplantation embryos which do not have 

Sn-positive cells cannot be infected (Mateusen et al., 2007; Van Gorp et al., 2008). Therefore, 

the presence of PRRSV target cells in the endometrium and fetal placenta may be essential for 

the virus passage from mother to fetus. In the present thesis, CD163+ and Sn+ macrophages 

within the endometrium and fetal placenta were localized and quantified. A high number of 

CD163+ cells was present within the fetal implantation sites during whole gestation. 

Endometrial tissue samples collected at different stages of gestation also constantly contained 

Sn+ cells. In contrast, strong variations were observed in the fetal placenta. At 50-60 days of 

gestation, Sn+ cells were not detected in the fetal placenta of eleven fetuses out of fifteen 

tested. Almost all fetuses had Sn+ cells in the fetal placenta at 70-80 days of gestation, and all 

fetuses had Sn+ cells at 20-35 and 114 days of gestation. The actual number of Sn+ cells in 

the fetal placenta (data not shown in Chapter 3) was considerably lower at 20-35 days of 

gestation (range 1-20; mean 7 cells/microscopic field) and even at 70-80 days of gestation 

(range 0-20; mean 6 cells/microscopic field) than at 114 days of gestation (range 3-48; mean 

16 cells/microscopic field). Consequently, the abundance of susceptible cells in the fetal 

placenta in late gestation may in part explain why congenital infection of PRRSV is mostly 

restricted to the end of gestation.  

A challenge experiment performed in the present thesis revealed that the endometrial 

environment may also play an important role in the establishment of congenital PRRSV 

infection. PRRSV-positive cells were not observed in the endometrium of a sow that was 

intranasally inoculated with PRRSV at 70 days of gestation and sampled at 80 days of 

gestation, despite maternal viremia and the presence of endometrial CD163+ and Sn+ cells. 

Two possible obstructions may be present for PRRSV to find its way from maternal blood to 

the endometrium at 70-80 days of gestation. Most probably PRRSV passage from maternal 

blood to endometrial connective tissues happens in association with blood monocytes 

migrating through endometrial vessels (see further in the discussion). Endometrial blood 

vessels might restrain cell-associated PRRSV passage from maternal blood to endometrial 
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connective tissues at 70-80 days of gestation. Alternatively, yet unknown cellular/molecular 

endometrial factors may block PRRSV replication in local macrophages at 70-80 days of 

gestation. A combination of both scenarios is also possible. The comparative studies of the 

endometrium from healthy and PRRSV-infected sows at different terms of gestation may lead 

to an understanding of those factors, and as a consequence, may help in designing new 

antiviral strategies to prevent congenital infection.  

Altogether, the still unknown factors which prevent or block PRRSV replication in the 

endometrium and the lack of susceptible cells in the fetal placenta may join forces and cause 

resistance to congenital PRRSV infection before 90 days of gestation. Afterwards, the 

endometrium and fetal membranes become more susceptible to PRRSV which most probably 

contributes to the late term appearance of congenital PRRSV infection and associated 

reproductive problems. 

 

5.1.2 PRRSV transmission from mother to fetus and from fetus to fetus 

 
Maternal viremia leading to PRRSV replication in the endometrium with subsequent fetal 

infection through the fetal placenta is the most probable way of PRRSV transmission from 

mother to fetus. The hypothetical model of events during PRRSV infection in the fetal 

implantation sites, based on the findings in the present thesis, is given in Figure 3 (I) and 

Figure 3 (II) at the end of this chapter. 

Similar to young pigs, upon intranasal inoculation of sows, the primary sites for PRRSV 

replication are most probably the respiratory tract and tonsils. Afterwards, viremia occurs and 

short-term viremia is sufficient to deliver PRRSV into the endometrial vessels. It has been 

shown that in guinea pigs and rats, blood monocytes pass through blood vessel walls via 

diapedesis into the tissues to further differentiate into macrophages (extravasation). 

Diapedesis of monocytes can happen by migration straight through the microvascular 

monolayer of endothelial cells (the transcellular route) or in between the endothelial cells (the 

paracellular route) (Feng et al., 1998; Greenwood et al., 1994; Lossinsky & Shivers, 2004; 

Marchesi, 1961; Marchesi & Gowans, 1963). Diapedesis begins with the accumulation of 

leukocytes on the luminal surface of the endothelium through a sequence of rolling, 

activation, and firm adhesion (Springer, 1994). A growing variety of monocyte and 

endothelium molecules and signaling pathways are involved in trafficking (Kamei & Carman, 

2010). It is also possible that porcine blood monocytes pass through endometrial vessel walls 

via diapedesis into the endometrial connective tissues to further differentiate into 
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macrophages. Prior to or during diapedesis (when blood monocytes differentiate) blood 

monocytes may obtain the ability to attach PRRSV and probably become infected. Upon 

invasion the virus enters the endometrium with (on/in) differentiated monocytes (Figure 3 (I) 

A). In support of this scenario, PRRSV-positive cells were observed in between endothelial 

cells of endometrial blood vessels.  

The next step after PRRSV replication in the endometrium towards congenital infection is the 

virus crossing the uterine epithelium and trophoblast layers. There are three hypothetical 

modes of PRRSV crossing through the uterine epithelium-trophoblast barrier:  

• Direct cell to cell spread of PRRSV from infected endometrial macrophages to the uterine 

epithelium and subsequently through trophoblast cells to fetal placental macrophages. 

• Spread of free PRRSV particles directly through uterine epithelium and trophoblast cells 

or between them. 

• Cell-associated PRRSV spread from the endometrium to concepti in/on macrophages 

migrating from mother to fetus. 

The direct spread of PRRSV from endometrial macrophages to the uterine epithelium and 

afterwards through the trophoblast to fetal placental macrophages is less probable than the 

two other ways of maternal-fetal virus transmission. PRRSV has a very restricted tropism to 

macrophages, and uterine epithelium and trophoblast cells are not susceptible to infection. In 

support, all PRRSV-infected cells within the fetal implantation sites were positive for CD163 

and Sn, two major entry mediators for PRRSV. The uterine epithelium and trophoblast do not 

express these molecules.  

Pigs have an epitheliochorial placentation and even antibodies are hindered in passing from 

dam to fetus during porcine gestation. Taking into account that IgG antibodies (12 nm) are 

significantly smaller than the PRRSV virion (55 nm), the probability of the free PRRSV 

particle spread through the uterine epithelium/trophoblast is very low.  

To the author’s opinion, cell-associated virus spread from the endometrium to the conceptus, 

in/on cells migrating from mother to fetus, is most plausible in the case of congenital PRRSV 

infection (Figure 3 (I) B). The involvement of cell trafficking from mother to fetus has been 

previously proposed for congenital HIV (Biggar et al., 1996; Biggar et al., 2006) and LDV 

(Cafruny & Bradley, 1996) infection. In case of PRRSV congenital infection, this hypothesis 

gains support from several lines of evidence. PRRSV has a very restricted tropism to some 

subsets of macrophages and all infected cells within the endometrium are CD163+ and Sn+. 

Hypothetically, PRRSV-infected macrophages may cross through the uterine epithelium and 

trophoblast layers. The trafficking of different cell types across the placenta is common in 
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human and rodent pregnancy (Gammill & Nelson, 2010). Humans have hemochorial 

placentation which displays major differences from porcine epitheliochorial placentation. 

Villi of the human placenta are covered by syncytiotrophoblast (an outer layer, maternal side) 

and cytotrophoblast (an inner layer, fetal side). During the first trimester of gestation the villi 

have a nearly complete cytotrophoblast layer underneath the syncytiotrophoblast layer. In 

later pregnancy, the internal cytotrophoblast layer is discontinuous, and the 

syncytiotrophoblast layer is the only barrier to be overcome by maternal cells on their way to 

the fetal membranes. If transplacental cell migration occurs during porcine gestation and if it 

is responsible for PRRSV transmission from mother to fetus, two additional tissue layers 

besides trophoblast (syncytiotrophoblast in comparison to human) have to be crossed by 

migrating cells (Figure 1): the endometrial connective tissues and the uterine epithelium.  

 

 
Figure 1. Placental barrier in humans (hemochorial placentation, A) and pigs 

(epitheliochorial placentation, B). The composition of the trophoblast layer in the human placenta 

changes during pregnancy. During the first trimester, the villi have a nearly complete cytotrophoblast layer 

underneath the syncytiotrophoblast layer. Later in pregnancy, the cytotrophoblast layer becomes discontinuous 

(Jones & Fox, 1991, Enders & Blankenship, 1999) as shown on the figure. 

 

PRRSV-target and virus-positive cells are abundant within the endometrial connective tissues 

and possibly, these cells have a freedom to move. It is yet unknown if local endometrial cells 

can pass through the uterine epithelium and porcine trophoblast. During screening of uterine 

tissue sections stained with PRRSV-specific antibodies, occasional virus-positive cells were 

observed in extremely close proximity to the uterine epithelium and trophoblast (Figure 2). 

Those infected cells might be migrating through the uterine epithelium and trophoblast. 

Moreover, in Chapter 4 of the present thesis female cells were demonstrated within the male 

fetuses. Those cells might be fetal, maternal or of double origin. It can be proposed that 

among cells migrating from mother to fetus, macrophages are present, which can serve as 
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“Trojan horses” for PRRSV invasion. However, the female microchimeric cells within male 

fetuses were not identified and the mechanism of their transmigration remains to be studied.  

After passing the uterine epithelium and trophoblast, PRRSV-bearing cells reach the fetal 

placenta. Subsequently, a focal, very efficient PRRSV replication is observed (Figure 3 (I) C). 

During PRRSV replication in the fetal placental macrophages, virus-positive cells were 

localized close to the fetal placental blood vessels (Chapter 3, Figure 2). Afterwards, PRRSV-

infected placental cells may reach fetal blood and organs. In accordance with this, reverse 

migration of inflammatory monocytes from tissues back to the vascular circulation has 

previously been described (Huttenlocher & Poznansky, 2008).  

 

 

 
Figure 2. PRSV-positive macrophages in the endometrium (A) and fetal placenta (B). 

PRRSV-positive macrophages (arrow) in close proximity to uterine (maternal) epithelium (mep) and trophoblast 

cells (tr). MSF: maternal secondary fold.  

 

PRRSV replication was observed within the fetal liver, thymus, spleen, lungs, inguinal and 

mesenteric LN in late gestation. This is in line with the findings that susceptible CD163+Sn+ 

macrophages are abundant within the fetal internal organs. PRRSV was also detected in 11 

amniotic fluids out of 34 tested (PRRSV titres 1.3-5.8 log10 TCID50/ml) and PRRSV-positive 

cells were detected in amniotic membranes of several fetuses (data not shown). During 
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productive PRRSV replication within fetal membranes, viral passage from fetus to fetus may 

accelerate PRRSV infection of the fetuses in utero. PRRSV can be carried in migrating 

macrophages between siblings via adjacent extremities of fetal membranes or as free virus 

through blood anastomoses which may exist between allantochorions of the neighboring 

concepti (Ashdown & Marrable, 1967; Crombie, 1972). The use of carrier cells is indirectly 

supported by the existence of sibling microchimerism as demonstrated in Chapter 4. Male 

cells were observed within the liver and lungs of female fetuses and vice versa. 

 

5.1.3 Immunological events in the endometrium and fetal placenta upon PRRSV 

infection  

After invasion into the endometrium, PRRSV replicates within susceptible local 

macrophages. During the course of infection, immunity slowly clears the virus within the 

endometrium (Figure 3 (II) D). As a result, less efficient PRRSV replication is observed in the 

endometrium of sows euthanized at 20 days post-inoculation (range 0-4, mean 0.2 cells/10 

mm2) than in the endometrium of sows euthanized at 10 days post inoculation (range 0-16, 

mean 4.3 cells/10mm2). The exact nature of this local antiviral immunity within the 

endometrium is not clear. Noteworthy, the number of CD3-CD8+ cells increased in the 

PRRSV-positive endometrium (data not published). This cell population within the porcine 

endometrium is described as uterine NK cells (Dimova et al., 2008; Engelhardt et al., 2002; 

Piriou-Guzylack & Salmon, 2008). Uterine NK cells may play a role in the local protection 

against PRRSV. The anti-HIV activity of uterine NK cells has been previously demonstrated 

in humans. In contrast, human peripheral blood NK cells did not exhibit such activity (Mselle 

et al., 2009).  

It is interesting that despite the close opposition of the maternal and fetal counterparts within 

fetal implantation sites, the number of PRRSV-positive cells in the fetal placenta is 

remarkably higher than in the endometrium. Generally, in virus-positive areas, the percentage 

of PRRSV-infected cells within the population of the fetal placental CD163+ macrophages 

was 36 times higher than within the maternal endometrial CD163+ macrophages. This 

observation poses an interesting question: what causes lower PRRSV replication in the 

endometrium? The number of CD3-CD8+ lymphocytes within the endometrium of healthy 

sows in late gestation is considerably higher than in the fetal placental mesenchyme. Those 

cells are normally not observed in the fetal placenta or are present in very small numbers. 

Upon infection the number of CD3-CD8+ cells increased remarkably within both the 

endometrium and fetal placental mesenchyme. However, the quantity of CD3-CD8+ cells 
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remains significantly higher within the endometrium compared to the fetal placenta. It is 

possible that the lack of CD3-CD8+ cells in the fetal placenta allows very efficient PRRSV 

replication. 

More comprehensive understanding of local defense mechanisms in the endometrium and 

fetal placenta upon PRRSV infections can help to design new anti-viral strategies which may 

be able to block virus replication there. Moreover, this knowledge will extend a general 

insight into anti-microbial immunity during gestation. 

 

5.1.4 Pathological outcome of PRRSV infection in the fetal implantation sites  

 
Taking into account the highly efficient PRRSV replication within the fetal placenta and the 

crucial role of the placenta for the normal development of the fetuses during gestation, it is 

plausible that virus-induced placental damages are responsible for PRRSV-related 

reproductive problems. At 20 days post-inoculation (inoculation at 90 days of gestation), 

severe histopathological lesions, which range from local separation between the uterine 

epithelium and trophoblast to complete degradation of the fetal placenta, were observed 

(Figure 3 (II) E and F). Those histopathological lesions are incompatible with fetal life, since 

the integrity between the maternal and fetal counterparts within the fetal implantation sites are 

crucial for in utero gas (O2/CO2) exchange, feeding and clearing of toxic metabolites of the 

progeny. On one hand, these lesions, can be initiated by PRRSV damage of susceptible fetal 

placental macrophages and bystander cells. At 10 days post-inoculation, a significantly higher 

number of apoptotic (and probably necrotic) cells was observed within the fetal placental 

mesenchyme from the PRRSV-inoculated sows compared to the non-inoculated control sows. 

This massive killing of cells may lead to destruction of the fetal placental mesenchyme, which 

supports the trophoblast layer. On the other hand, PRRSV replication in endometrial/placental 

macrophages can indirectly influence the expression of integrins and extracellular matrix 

proteins on the trophoblast and/or uterine epithelium. Those proteins are important for 

successful implantation and placentation in pigs (Bowen et al., 1996; Bowen et al., 1997; 

Garlow et al., 2002; Rashev et al., 2005). As a result, separations between the uterine 

epithelium and trophoblast may appear. Those separations have been previously detected via 

electron microscopy (Stockhofe-Zurwieden et al., 1993) and were also observed in the present 

thesis (Chapter 3). Subsequently, deterioration of placental functions and finally placental 

degradation will lead to fetal death and clinical representations of congenital PRRSV 

infection. 
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5.2 Prevention of congenital PRRSV infection 

 
In the present thesis a killed PRRSV vaccine produced using a new quality-controlled viral 

inactivation procedure and a suitable adjuvant was tested. The results showed that the new 

inactivated vaccine was able to prime the VN antibody response and to slightly reduce the 

duration of viremia in gilts. It also reduced the number of PRRSV-positive fetuses, and 

improved fetal survival, but was not able to prevent congenital infection. Positive effects were 

most probably achieved via reduction of the virus transfer from the endometrium to the fetal 

placenta. This vaccine may be recommended for use in endemically infected farms alone or in 

combination with other vaccines to reduce losses due to congenital PRRSV infection. It is the 

purpose to activate the VN antibody response before 80 days of gestation, when sows become 

susceptible to transplacental infection. Vaccination of gilts with a live vaccine before 

insemination or during the early stage of gestation with subsequent boosting with the new 

inactivated vaccine may offer new perspectives for the prevention of PRRSV-induced 

reproductive disorders (Geldhof, unpublished results).  

Neutralizing antibodies against PRRSV are a protective factor for congenital infections. 

Passively transferred PRRSV-neutralizing antibodies prior to challenge protect pregnant 

animals against reproductive failures (Lopez et al., 2007). In this context, probably the most 

significant obstacle for developing the most efficient vaccine against congenital PRRSV 

infection is the polarization of the antibody response. This phenomenon is characterized by 

the appearance of high titres of non-neutralizing antibodies early in infection, while virus-

neutralizing antibodies appear much later and at low titres. Furthermore, the neutralizing 

antibody response against PRRSV is largely restricted to viruses that are closely related to the 

vaccine virus. Virus heterogeneity leads to a lack in cross protection between different 

isolates. In the present study, homologous neutralizing antibody response slightly reduced the 

duration of maternal viremia in sows. However, that reduction was not sufficient for a full 

prevention of congenital infection. It can be predicted that upon a heterologous challenge the 

protection would be very poor.   

Since the full elimination of maternal viremia using inactivated vaccines is a difficult task, 

other strategies aiming at the complete block of virus replication within the endometrium, 

preventing PRRSV to be transmitted from the endometrium to concepti, should be considered. 

Blocking virus replication within the endometrium may be achieved by the manipulation of 

the local immune cells responsible for PRRSV elimination. Targeted delivery of 

immunostimulants via target cell receptor-specific immunoconjugates prior to infection may 
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be a useful strategy. The candidate cells for such targeting in the endometrium may be CD3-

CD8+ cells (probably uterine NK cells, described above). Better insights in the immune 

determinants able to control maternal viremia, virus replication within the endometrium and 

virus transmission from the endometrium to the fetal placenta, will finally lead to an 

appropriate preventive strategy. 

In the present thesis, the requirements for laboratory testing of PRRSV vaccines, prior to field 

studies in pregnant sows were summarized. This may be helpful in writing a monograph. 

Three specific requirements are crucial for PRRSV vaccine testing in pregnant sows. First of 

all, the challenge should be performed at the end of gestation (90 days of gestation), the time 

when pregnant sows are most susceptible to congenital PRRSV infection. Secondly, a 

combination of different techniques must be used to detect PRRSV in the following maternal 

and fetal tissues: maternal blood, endometrium, fetal placenta, fetal blood, thymus and liver. 

Moreover, examination of fetuses for gross pathology and of fetal implantation sites for virus-

induced microlesions is essential for the evaluation of the candidate vaccine efficacy.   

In conclusion, the data of this thesis strongly indicate that PRRSV replicates in the fetal 

implantation sites in late gestation causing lesions. Virus replication in the fetal implantation 

sites can be responsible for the whole range of PRRSV-related reproductive problems. In 

addition, vaccination of sows with a novel inactivated PRRSV vaccine can improve fetal 

survival via reduction of the virus transfer from the endometrium to the fetal placenta.  
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Figure 3 (I). Hypothetical model of events during PRRSV infection in the fetal 

implantation sites of sows intranasally inoculated at 90 days of gestation. 
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Figure 3 (II). Hypothetical model of events during PRRSV infection in the fetal 

implantation sites of sows intranasally inoculated at 90 days of gestation. 
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Summary 

 
PRRSV-induced reproductive problems are characterized by late-term abortions, early 

farrowing and an increase in the number of dead and mummified fetuses, and weak-born 

piglets. Despite many studies concerning the subject, currently, the means by which PRRSV 

crosses from mother to fetus and the exact pathophysiological basis of the virus-induced 

reproductive failure remain unknown. A number of reasons indicates that the fetal 

implantation sites (endometrium and fetal placenta) are involved in the PRRSV passage from 

mother to fetus and fetal death. Therefore, the general purpose of the present thesis was to 

obtain new insights in the pathogenesis of congenital PRRSV infection by studying virus 

replication and virus-induced pathology in the endometrium/fetal placenta and to examine if 

the PRRSV spread from mother to fetus may be inhibited by a new inactivated vaccine. 

Chapter 1 shortly highlights porcine female reproductive biology and some aspects of 

reproductive pathology. Furthermore, information about PRRSV structural biology, virus 

replication and pathogenesis in young pigs and pregnant sows are given. In Chapter 2 the 

general aim of the present thesis and a number of specific goals are stated. The next two 

chapters consist of experimental data addressing these goals.  

PRRSV crosses from mother to fetus and causes disease most easily in late gestation. To find 

an explanation for these observations, in Chapter 3 (3.1), Sn+ and CD163+ macrophages, the 

cells potentially susceptible to PRRSV, were localized and quantified in the implantation sites 

and organs of embryos/fetuses at different days of gestation (20-35, 50-60, 70-80, 114). A 

high number of Sn+ and CD163+ cells was present within the endometrium during whole 

gestation. In contrast, strong variations were observed in the fetal placenta. At 50-60 days of 

gestation, Sn+ cells were not detected in the fetal placenta of eleven fetuses out of fifteen 

tested. The highest number of Sn+ and CD163+cells was observed at 114 days of gestation. 

Consequently, the abundance of susceptible cells in the fetal placenta in late gestation may in 

part explain why PRRSV congenital infection is mostly restricted to the end of gestation. The 

absence of Sn on macrophages in the fetal placenta at mid-gestation might explain the 

difficulty for PRRSV to spread transplacentally at this stage of gestation. 

Since PRRSV-target cells are present in the endometrium/fetal placenta and PRRSV-infected 

macrophages in other organs die by apoptosis, in Chapter 3 (3.2) of this thesis, identification, 

localization and quantification of the PRRSV-positive and apoptotic cells were determined in 

the endometrium/fetal placenta from three sows inoculated at 90 days of gestation and 
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euthanized 10 days later. As a control, two non-inoculated sows were included in the study. 

At 10 days-post inoculation, challenged sows were viremic and congenital PRRSV spread 

was detected in all of them. Severe histopathological lesions were not observed in the 

endometrium/fetal placenta collected from inoculated and control animals. In inoculated sows 

PRRSV replication was detected in the endometrium and fetal placenta via IF staining. The 

number of PRRSV-positive cells in the fetal placenta (1-289/10 mm2 of tissue) was 

significantly higher than that in the endometrium (1-16/10 mm2 of tissue; p=0.004). The 

amount of apoptotic cells was significantly higher in the PRRSV-positive endometrium from 

inoculated sows versus virus-negative tissues from control sows. The amount of apoptotic 

cells increased significantly in the PRRSV-positive fetal placentae compared to the PRRSV-

negative fetal placentae. In the fetal placenta a spatial correlation between the sites of the 

PRRSV replication and apoptotic cells was observed. The main conclusion obtained from the 

present study is that PRRSV replicates in the endometrium/fetal placenta and causes apoptosis 

of local cells in late gestation. The possible model of PRRSV replication in the 

endometrium/fetal placenta and the events that might contribute to the reproductive disorders 

were also proposed. 

In the final part of Chapter 3 (3.3), PRRSV replication and virus induced pathology were 

studied in the endometrium/fetal placenta from naïve and vaccinated gilts (gilts were 

vaccinated with a new inactivated PRRSV vaccine developed in the supervisor’s laboratory) 

inoculated at 90 days of gestation and euthanized 20 days later. PRRSV-inoculation resulted 

in congenital infection in all vaccinated and control gilts. Severe histopathological lesions 

were observed in the fetal implantation sites of both groups: a focal detachment of the 

trophoblast from the uterine epithelium; a focal degeneration of the fetal placenta; a 

multifocal degeneration of the fetal placenta; and a full degeneration of the fetal placenta. The 

number of fetuses with severe microscopic lesions in the fetal implantation sites was lower in 

the vaccinated (19%) versus unvaccinated (45%) gilts (p<0.05). PRRSV-positive cells were 

localized in the myometrium, endometrium and fetal placenta. The number of PRRSV-

positive cells in the fetal placenta samples was significantly higher in the non-vaccinated gilts 

(mean 25/10 mm2 of tissue) compared to the vaccinated gilts (mean 5/10 mm2 of tissue). In 

contrast, the number of PRRSV-positive cells in the myometrium/endometrium samples was 

significantly higher in the vaccinated gilts (myometrium: mean 2/10 mm2 of tissue; 

endometrium: mean 1/10 mm2 of tissue) compared to the non-vaccinated gilts (myometrium: 

mean 0.1/10 mm2 of tissue; endometrium: mean 0.2/10 mm2 of tissue). Enhancement of 

PRRSV replication within the myometrium/endometrium of vaccinated gilts may be the result 
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of ADEI. Despite the enhancement of PRRSV replication within the endometrium, 

vaccination of dams reduced placental/fetal pathology, virus replication in the fetal placenta 

and the number of PRRSV-positive fetuses. Vaccine-mediated factors that reduce PRRSV 

transfer from the endometrium (the primary site for PRRSV replication prior to conceptus 

infection) to the fetal placenta may be a reason for this. Altogether, analyzing the virological 

and pathological data obtained in Chapter 3 allowed to suggest the contribution of PRRSV 

replication in the fetal placenta to fetal death and propose a hypothetical model of 

pathological events during PRRSV congenital infection in dams inoculated at 90 days of 

gestation. 

Chapter 4 describes microchimerism in pregnant sows and effects of congenital PRRSV 

infection. Microchimerism is the presence of small numbers of foreign cells or DNA within 

the tissue or circulation of an individual. Fetal and maternal cell exchange is common in 

human pregnancy. Prior to fetal infection, PRRSV replicates in the endometrium and shows a 

very restricted tropism for Sn+/CD163+ macrophages. Therefore, PRRSV might use 

susceptible cells as a vehicle to cross from mother to fetus. During replication in the 

endometrium, PRRSV causes apoptosis of infected and surrounding cells and changes the 

expression of cellular receptors. Potentially, PRRSV-mediated changes in endometrial 

macrophages and/or in uterine epithelial/trophoblast layers may trigger events which 

influence the cell transmigration process. If a physiological cell exchange between mother and 

fetuses occurs in swine, it is interesting to examine if PRRSV infection influences it. By 

facilitating transplacental cell migration, PRRSV infection may favor cell-mediated PRRSV 

transfer from mother to fetuses. In contrast, PRRSV-mediated changes in maternal tissues 

may also inhibit transmigration processes, resulting in the protection of fetuses. The main 

purpose of the present investigation was to study if microchimerism occurs in healthy 

sows/fetuses and if PRRSV infection influences this phenomenon. During sampling of the 

PRRSV-inoculated and control non-inoculated sows, the gender of individual fetuses was 

recorded and fetal blood from umbilical cords and fetal organs were collected. DNA from sera 

of all female fetuses and maternal sera was tested in a PCR assay to detect the male sex 

determination region Y (SRY). Cryosections from female and male fetal tissues were 

subjected to sex-typing fluorescence in situ hybridization (FISH). The male DNA was 

detected in female fetal sera of all sows via PCR. Male DNA was also detected in the 

circulation of sows. Sex-typing FISH showed the presence of male cells in the female fetal 

organs and vice versa. Maternal infection did not influence microchimerism in fetuses. 

However, it is highly possible that PRRSV misuses maternal and sibling microchimeric cells 
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during gestation to spread from mother to fetus and between fetuses. This study opens new 

directions for investigation of congenital PRRSV infection. Moreover, the fact that 

microchimerism physiologically occurs in swine allows further elaboration of the subject to 

understand the functional roles of this phenomenon.  

Chapter 5 is the general discussion of the obtained results. It is divided into two parts, 

namely, «5.1 Pathogenesis of congenital PRRSV infection» and «5.2 Prevention of congenital 

PRRSV infection». In Part 5.1 pathogenesis findings are discussed. First, we found that still 

unknown factors which prevent or block PRRSV replication in the endometrium and the lack 

of susceptible cells in the fetal placenta may join forces and cause resistance to congenital 

PRRSV infection before 90 days of gestation. Afterwards, the endometrium and fetal 

membranes become more susceptible to PRRSV which most probably contributes to the late 

term appearance of congenital PRRSV infection and associated reproductive problems. 

Second, the most plausible cell-associated PRRSV spread from the endometrium to the 

conceptus, in/on cells migrating from mother to fetus is elaborated. Third, some hypotheses 

are given on how local endometrial cell-mediated immunity, specifically CD3-CD8+ cells, 

can restrict PRRSV infection. Finally, it is shown that PRRSV infection in the fetal 

implantation sites causes apoptosis and histopathological lesions which most probably leads 

to PRRSV-related reproductive problems. Part 5.2 provides data from vaccination and 

pathogenesis studies obtained in this thesis, which can contribute to the generation of new 

preventive strategies against congenital PRRSV infection. 
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Samenvatting 

PRRSV- infectie kan leiden tot diverse voortplantingsstoornissen waaronder  abortus in een 

laat stadium van de dracht, vroeggeboorte, een toename in het aantal doodgeboren of  

gemummificeerde biggen, en zwak geboren biggen. Ondanks de vele studies gewijd aan dit 

onderwerp,  blijft het mechanisme van virusoverdracht van moeder op foetus en de precieze 

onderliggende pathofysiologische basis van dit proces tot op heden ongekend. Er zijn enkele 

aanwijzingen dat de foetale implantatieplaatsen (endometrium en foetale placenta) betrokken 

zijn in de PRRSV transmissie van moeder naar foetus en de daaropvolgende foetale sterfte. 

De algemene doelstelling van deze thesis was bijgevolg om nieuwe inzichten te verwerven in 

de pathogenese van congenitale PRRSV infectie. Dit werd bewerkstelligd door virusreplicatie 

en virus-geïnduceerde pathologie in het endometrium/foetale placenta te onderzoeken. 

Daarnaast werd onderzocht of PRRSV transmissie van moeder naar foetus kan worden 

geïnhibeerd door een nieuw geïnactiveerd vaccin. 

Hoofdstuk 1 omvat een beknopte omschrijving van de voortplantingsbiologie van de zeug en 

enkele aspecten van reproductiestoornissen. Daarnaast wordt de structurele biologie, de 

replicatie en de pathogenese in jonge biggen en drachtige zeugen van het PRRSV virus 

besproken. In Hoofdstuk 2 wordt het algemene doel van deze thesis en een aantal specifieke 

doelstelling toegelicht. De twee daaropvolgende hoofdstukken omvatten de experimentele 

data waarmee de betreffende onderzoeksvragen werden aangepakt. 

PRRSV kan het makkelijkst spreiden van moeder naar foetus en vervolgens ziekte 

veroorzaken in een laat stadium van de dracht. Om een verklaring te vinden voor deze 

observaties, werden de Sn+ en CD163+ macrofagen, de potentieel gevoelige cellen voor 

PRRSV, in Hoofdstuk 3 (3.1.) gekwantificeerd en hun locatie bepaald ter hoogte van de 

implantatieplaatsen en in organen van embryo’s/foetussen op verschillende dagen van de 

dracht (20-35, 50-60, 70-80, 114). Een groot aantal Sn+ en CD163+ cellen was aanwezig in het 

endometrium gedurende de ganse dracht. In contrast met deze bevinding, werden grote 

variaties geobserveerd in de foetale placenta. Op dag 50-60 van de dracht, werden in de 

foetale placenta’s van elf van de 15 geteste foetussen geen Sn+ cellen teruggevonden. 

Bijgevolg kan de overvloedige aanwezigheid van gevoelige cellen in de foetale placenta in 

een laat stadium van de dracht deels een verklaring bieden waarom congenitale PRRSV 

infectie grotendeels beperkt is tot het eindstadium van de dracht. De afwezigheid van Sn op 

macrofagen in de foetale placenta in het midden van de drachtperiode kan de moeilijkheid van 

de transplacentaire spreiding van PRRSV in dit drachtstadium verduidelijken. 
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Gezien PRRSV-doelcellen aanwezig zijn in het endometrium/placenta en PRRSV-

geïnfecteerde macrofacen in andere organen apoptose ondergaan, werd in Hoofdstuk 3 (3.2) 

de PRRSV-positieve en apoptotische cellen gekwantificeerd en hun lokalisatie bepaald in het 

endometrium/foetale placenta van drie zeugen geïnoculeerd op dag 90 van de dracht en 

geëuthanaseerd 10 dagen post-inoculatie. Als controle werden twee niet-geïnoculeerde zeugen 

ingesloten in de studie. De PRSSV-geïnoculeerde zeugen vertoonde viremie 10 dagen na 

inoculatie en congenitale spreiding van het virus werd gedetecteerd in elk van hen. Geen 

ernstige histopathologische laesies werden gevonden in het endometrium/foetale placenta 

afkomstig van de geïnoculeerde en controle dieren. In geïnoculeerde zeugen werd PRRSV 

replicatie, met behulp van IF kleuring, gedetecteerd in het endometrium en de foetale 

placenta. Het aantal PRRSV-positieve cellen in de foetale placenta (1-289/10 mm2 weefsel) 

was significant hoger dan dit in het endometrium (1-16/10 mm2 weefsel; p=0.004). De 

hoeveelheid apoptotische cellen was significant hoger in het PRRSV-positieve endometrium 

van geïnoculeerde zeugen, vergeleken met dit in virus-negatief weefsel van controle zeugen. 

In vergelijking met PRRSV-negatieve foetale placenta’s was het aantal apoptotische cellen in 

PRRSV-positieve foetale placenta’s significant gestegen. In de foetale placenta werd een 

ruimtelijke correlatie tussen de plaats van virusreplicatie en de lokalisatie van apoptotische 

cellen vastgesteld. De voornaamste conclusie, verkregen uit deze studie, stelt dat PRRSV laat 

in de dracht repliceert in het endometrium/foetale placenta en vervolgens apoptose 

veroorzaakt van lokale cellen. Een mogelijk model voor PRRSV vermenigvuldiging in het 

endometrium/foetale placenta en de processen die mogelijk bijdragen tot reproductie-

stoornissen werd eveneens weergegeven. 

In het laatste deel van Hoofdstuk 3 (3.3) werd PRRSV replicatie en virusgeïnduceerde 

pathologie bestudeerd in het endometrium/foetale placenta van naïeve en gevaccineerde 

gelten (gelten werden gevaccineerd met een nieuw geïnactiveerd PRRSV vaccin dat werd 

ontwikkeld in het laboratorium van de promotor), geïnoculeerd op dag 90 van de dracht en 

geëuthanaseerd 20 dagen later. PRRSV-inoculatie resulteerde in congenitale infectie in alle 

gevaccineerde en controle gelten. Ernstige histopathologische laesies werden in beide groepen 

waargenomen ter hoogte van de foetale implantatieplaatsen; een focale degeneratie; een 

multifocale degeneratie; en een volledige degeneratie van de foetale placenta. Het aantal 

foetussen met aanzienlijke microscopische laesies op de plaats van foetale implantatie was 

lager in gevaccineerde gelten (19%) vergeleken met ongevaccineerde dieren (45%) (p<0,05). 

PRRSV-positieve cellen werden terumoederggevonden in het myometrium, endometrium en 

de foetale placenta. Het aantal PRRSV-positieve cellen in stalen van de foetale placenta was 
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significant hoger in niet-gevaccineerde gelten (gemiddeld 25/10 mm2 weefsel) vergeleken met 

gevaccineerde gelten (gemiddeld 5/10 mm2 weefsel). Tegengesteld aan deze bevinding was 

het aantal PRRSV-positieve cellen in het myometrium/endometrium. Dit lag significant hoger 

in gevaccineerde gelten (myometrium: gemiddeld 2/10 mm2 weefsel; endometrium: 

gemiddeld 1/10 mm2 weefsel) in vergelijking met niet-gevaccineerde gelten (myometrium: 

gemiddeld 0.1/10 mm2 weefsel; endometrium: gemiddeld 0.2/10 mm2 weefsel). Verhoogde 

PRRSV replicatie in het myometrium/endometrium van gevaccineerde gelten kan het gevolg 

zijn van ADEI. Ondanks de toegenomen PRRSV replicatie in het endometrium, resulteerde 

vaccinatie van moeder in een afname van placentaire/foetale  pathologie, virusreplicatie in de 

foetale placenta en het aantal PRRSV-positieve foetussen. Vaccinatie-gemedieerde factoren 

die PRRSV overdracht van het endometrium (de primaire replicatieplaats van PRRSV 

voorafgaand aan infectie van de vrucht) naar de foetale placenta reduceren bieden een 

mogelijke verklaring hiervoor. Analyse van de virologische en pathologische data, verkregen 

in Hoofdstuk 3, stelt ons in staat te suggereren dat de PRRSV-replicatie in de foetale placenta 

bijdraagt tot foetale sterfte. Daarenboven laat het een hypothetisch model toe, voor de 

pathologische processen tijdens congenitale PRRSV  infectie in moeder geïnoculeerd op dag 

90 van de dracht.  

Hoofdstuk 4 beschrijft microchimerisme in drachtige zeugen en het effect op congenitale 

PRRSV infectie. Microchimerisme is de aanwezigheid van een kleine hoeveelheid vreemde 

cellen of DNA in het weefsel of de bloedcirculatie van een individu. Foetale en maternale 

celuitwisseling tijdens de zwangerschap is allomgekend bij de mens. Voorafgaand aan foetale 

infectie, repliceert PRRSV in het endometrium waarbij het een zeer gelimiteerd tropisme voor 

Sn+/CD163+ cellen vertoont. Bijgevolg gebruikt het virus wellicht deze gevoelige cellen als 

transportmiddel om te spreiden van moeder naar foetus. Gedurende replicatie in het 

endometrium veroorzaakt PRRSV apoptose van zowel geïnfecteerde als omliggende cellen en 

leidt bovendien tot een wijziging in expressie van cellulaire receptoren. Mogelijks kunnen 

PRRSV- gemedieerde  veranderingen in de endometriale macrofagen en/of in de uteriene 

eptiheel/trophoblast lagen aanleiding geven tot processen die de celmigratie beïnvloeden. 

Indien een fysiologische celuitwisseling tussen het moederdier en de foetussen plaatsvindt in 

het varken, dan is het sterk aangewezen om te onderzoeken of PRRSV infectie dit proces 

beïnvloed. Door transplacentaire celmigratie te bevorderen kan een PRRSV infectie bijdragen 

tot celgemedieerde virustransmissie van moeder naar foetus. Echter PRRSV-gemedieerde 

wijziging in het maternale weefsel kan het transmigratie proces net verhinderen wat 

vervolgens resulteert in een bescherming van de foetussen. Deze studie trachtte te achterhalen 
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of microchimerisme voorkomt bij gezonde zeugen/foetussen en of PRRSV infectie dit 

fenomeen beïnvloed. Tijdens de staalname van PRRSV-geïnoculeerde en controle niet-

geïnoculeerde zeugen werd telkens het geslacht van de individuele foetussen opgetekend en 

foetaal bloed van de navelstrengen verzameld. DNA van het serum van alle vrouwelijke 

foetussen en van het moederdier werden met PCR getest op het mannelijke geslachtsbepalend 

gen op het Y chromosoon (Sex Determing Region of Y (SRY). Cryosecties van vrouwelijk en 

mannelijk foetaal weefsel werd onderworpen aan seksetypering met behulp van de 

fluorescentie in situ hybridizatie techniek (FISH). Mannelijk DNA werd via PCR 

gedetecteerd in het serum van alle vrouwelijke foetussen bij alle zeugen. Mannelijk DNA 

werd eveneens waargenomen in de bloedcirculatie van alle zeugen. Seksetypering FISH 

demonstreerde de aanwezigheid van cellen van mannelijke oorsprong in organen van 

vrouwelijke foetussen en vice versa. PRRSV infectie had geen invloed op microchimerisme in 

het varken. Evenwel is het zeer waarschijnlijk dat PRRSV misbruik maakt van maternale en 

foetale microchimere cellen om tijdens de dracht te spreiden van moeder naar foetus en tussen 

de foetussen onderling. Het gegeven dat microchimerisme fysiologisch plaatsvindt in het 

varken, laat bovendien nader onderzoek van dit proces toe om de functionele rol van dit 

fenomeen te verhelderen. 

Hoofdstuk 5 omvat de algemene discussie van bekomen resultaten. Het bestaat uit 2 

onderdelen, namelijk, «5.1 Pathogenese van de congenitale PRRSV infectie» en «5.2 

Preventie van congenitale PRRSV infectie». In deel 5.1 worden de pathogenetische 

bevindingen behandeld. In de eerste plaats werd geconstateerd dat nog onbekende factoren die 

de PRRSV replicatie in het endometrium verhinderen of blokkeren en de afwezigheid van 

gevoelige cellen in de foetale placenta samen leiden tot een weerstand van congenitale 

PRRSV infectie tot dag 90 van de dracht. Daarna worden het endometrium en de foetale 

membramen gevoeliger voor PRRSV infectie wat allicht bijdraagt tot de verschijning van 

congenitale PRRSV infectie laat in de dracht en de hiermee gepaarde reproductiestoornissen. 

Ten tweede, wordt de meest aannemelijke celgeassocieerde PRSSV spreiding van het 

endometrium naar de vrucht, in/op cellen die migreren van moeder naar foetus uitgewerkt. 

Ten derde, worden enkele hypothesen aangereikt omtrent hoe de locale celgemedieerde 

immuniteit ter hoogte van het endometrium, specifiek de CD3-CD8+ cellen, PRRSV infectie 

beperken. Als laatste wordt aangetoond dat PRRSV infectie ter hoogte van de foetale 

implantatieplaatsen apoptosis en histopathologische laesies veroorzaakt dewelke 

waarschijnlijk aanleiding geven tot PRRSV-gerelateerde reproductiestoornissen. Deel 5.2 

verstrekt de data verkregen uit de vaccinatie en pathogenese studies, dewelke kunnen 
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bijdragen tot het tot stand brengen van nieuwe preventiestrategieën gericht tegen congenitale 

PRRSV infectie. 
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