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Abstract 

Existing strategies to control porcine reproductive and respiratory syndrome (PRRS) are 

not completely effective and require alternative approaches. Although intrauterine growth 

restricted (IUGR) fetuses are more resilient to transplacental PRRS virus-2 (PRRSV2) infection 

compared to normal fetuses, the underlying mechanisms are unknown. The overall aim of this 

research was to assess a subset of tight junction (TJ) proteins in the maternal-fetal interface (MFI) 

of PRRSV-infected versus control fetuses, across various fetal preservation statuses including 

uninfected (UNIF) and viable (VIA) and meconium stained (MEC), and in IUGR and non (N)-

IUGR fetuses. The specific objectives of chapter 2 were to evaluate the abundance and localization 

of a small subset of TJ proteins in the MFI of non-infected control (CTRL), and in PRRSV2 

infected IUGR, N-IUGR and MEC fetuses and identify any alterations that may affect the 

movement of nutrients or PRRSV2 across the epitheliochorial placenta. Expanding on these 

results, the objective of chapter 3 was to evaluate the expression of a larger number of TJ genes in 

the placenta and endometrium of PRRSV2-infected fetuses, firstly across IUGR/N-IUGR and 

CTRL/PRRSV2-infected high viral load (HVL) groups using a 2 x 2 factorial approach, and 

secondly across disease progression groups by comparing CTRL, UNIF, HVL-VIA fetuses, and 

HVL MEC in the body (HVL-MEC-B) fetuses. 

In non-infected CTRL, immunostaining for TJP1 was consistent and abundant across all 

MFI regions, except for maternal and fetal endothelial cells. Immunostaining for claudins (CLDN) 

1, 4, and 7 was more variable across the MFI regions. Cellular localization of TJP1 was apical in 

every region assessed, whereas the claudins were more variable. Immunostaining in the maternal 

villus base/tip epithelium and areolae had mostly basolateral cellular localization. Fetal villus 

tip/base, amnion and areolae had mostly paracellular cellular localization, while glandular 

epithelium and endothelial cells had primarily intracellular cellular localization. In PRRSV-

infected fetal groups, the intensity of CLDN1 was lower in placenta of IUGR, MEC, and N-IUGR 

fetuses compared to CTRL, mainly in fetal epithelium and maternal endothelial cells. CLDN4 

intensity was lower in maternal endothelial cells of IUGR compared to CTRL and MEC fetuses. 

Finally, TJP1 intensity was lower in maternal and fetal epithelia of placenta in IUGR, MEC, and 

N-IUGR fetuses versus CTRL. In conclusion, these results provided a baseline of cellular 

localization and intensity of a subset of TJ proteins in the porcine MFI and confirmed changes in 

the course of infection. Interestingly, only CLDN4 abundance in maternal endothelial cells was 
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significantly different in PRRSV2 infected IUGR fetuses compared to CTRL and MEC fetuses, 

but it did not differ from N-IUGR fetuses. 

In chapter three, the expression of CLDN 1, 3, 4, 5, 6, 7, 10, TJP1 and occludin (OCLN) 

genes were evaluated by PCR. There were no significant group differences among IUGR and N-

IUGR groups, regardless of infection status, that explained the resilience of IUGR fetuses. Across 

disease progression groups, elevated CLDN3 and suppressed TJP1 were observed in UNIF fetuses, 

CLDN6 expression was lower in PLC when the fetus became infected (HVL-VIA), and CLDN10 

expression was upregulated in PLC in fetuses showing evidence of compromise (HVL-MEC-B). 

Lastly, OCLN gene expression was higher in the END and PLC following maternal infection. In 

conclusion, no relationship between TJ abundance or expression and IUGR resilience were found 

following PRRSV infection. However, differences in TJ integrity were observed following 

PRRSV2 infection with stepwise changes corresponding with disease progression. These results 

provide insights into the potential mechanisms of transplacental PRRSV2 pathogenesis.  
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1. Introduction and Literature Review 
The aim of this literature review is to provide background in the porcine reproductive and 

respiratory syndrome (PRRS), focusing on the reproductive form of the disease and transplacental 

transmission. As background for this, a discussion on the structure and function of the porcine 

placenta and nutrients transfer mechanisms is provided. Also discussed are tight junction proteins 

and their role in maintaining placental integrity as well as intrauterine growth retardation in pigs 

as they are more resilient to PRRSV infection. I chose “maternal fetal interface”, “porcine 

reproductive and respiratory syndrome virus”, “tight junction proteins,” and “intrauterine growth 

retardation” as key words in preparation for this literature review. The main databases I searched 

were PubMed, CABI, google scholar and VetMed Resource. 

 

1.1 General concept of swine embryogenesis  

In swine, gestation starts with the fertilization of an oocyte, then different developmental 

changes occur before the embryo attaches to the uterus. The zygote undergoes cleavage divisions, 

becoming an embryo with two cells called blastomeres which continue to divide developing into 

a morula followed by a blastocyst comprised of an inner cell mass (that gives rise to the body of 

the embryo) and a single layer of trophoblast cells (which will give rise to the chorion). Finally, 

the blastocyst becomes a free-floating embryo within the lumen of the uterus. Extraembryonic 

membranes originate from the trophoblast, endoderm, mesoderm and the embryo, which by a 

folding process, generates the amnion, yolk sac, chorion and allantochorion (Mossman HW, 1987; 

Senger, 2005). The amnion is filled with fluid and serves to protect the embryo from mechanical 

perturbations. Its formation by folding is complete on day 18 of gestation (Friess et al., 1980). The 

yolk sac regresses in size as the conceptus develops. The allantois appears around 14 days of 

gestation and grows rapidly (Friess et al., 1980). It is a sac that collects liquid waste from the 

embryo throughout gestation. It fuses with the chorion, forming the allantochorion (on day 30 of 

pregnancy), which becomes vascularized and will be the functional fetal side of the placenta 

(Friess et al., 1980; Senger, 2005) adherent to the endometrium. Ultimately, the conceptus attaches 

to the endometrial surface around gestation day 18 by interdigitation of the epithelial microvilli 

(Senger, 2005).Growth of the fetus is not very dependent on placental size during early gestation, 

and becomes more dependent as gestation advances, but is never fully dependent on placental size 

(Vallet et al., 2014). The maternal and fetal folds begin about 30-35 days of gestation, and become 
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more extensive as gestation advances. During mid gestation the folds are close to one another. In 

late gestation, fetal placental stroma grows into the region between the folds creating a stromal 

space between folds, and secondary folds are formed into this space. All this together reduces the 

space between maternal and fetal capillaries, where they indent, but do not penetrate (Friess et al., 

1980). 

 

1.1.1. Porcine Placenta  

The placenta is considered a temporary organ which aids in maternal-fetal physiological 

exchange, through an intimate association of embryonic and uterine tissues functioning in 

nutrition, respiration and excretion. The porcine placenta is a  diffuse epitheliochorial non-invasive 

type (Mossman HW, 1987). Neither decidualization of the endometrium, nor invasion of the fetal 

tissue into the maternal endometrium occurs. On the contrary, both microvilli appose and 

interdigitate enabling a distinction between the maternal and fetal tissues without invading each 

other (Karniychuk and Nauwynck, 2013; Senger, 2005). This type of placenta is considered highly 

developed and the most complete due to specific morphological barriers (Friess et al., 1980). There 

are six layers of tissue elements that separate the maternal and fetal blood, including maternal 

endothelium, maternal interstitium, maternal epithelium, fetal epithelium, fetal interstitium and 

fetal endothelium (Senger, 2005). Every porcine fetus has individual fetal membranes (which form 

the placenta), and by the end of the first trimester five different placental zones can be 

distinguished: placental zone, two paraplacental zones, and necrotic tips at the terminal ends 

(Ashdown and Marrable, 1967). The necrotic tip formation can be apparent by 27 days of gestation 

(Wright et al., 2016). The placental zone, closest to the fetus, is more vascularized compared to 

the paraplacental zones that are adjacent to the fetus and are relatively less vascularized (Flood, 

1973).  

 

1.1.2. Porcine placenta form and function 

Within the porcine placenta, different structures are present with specific functions to 

maintain the fetus throughout the gestation. The uterine glands are structures present in the 

maternal side of the uterine compartment which play an essential role in nutrition of the conceptus 

at all stages of gestation, especially because in this type of placenta, there are no invasion of 

maternal and fetal tissues (Dantzer and Leiser, 1993). The porcine placenta is also characterized 
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by an interdigitation of the maternal uterine epithelium with the fetal chorionic epithelium or 

trophoblast, known to be the maternal-fetal interface (Friess et al., 1981). This anchorage and tight 

contact is established by folds and interwoven ridges, that link the apical cell membrane of the 

trophoblast to the uterine epithelial cell membrane (Dantzer, 1984). Microfold formation in early 

gestation starts at the fetus (placental zone) by 27 gestational days and works its way to the 

paraplacental zone fetus by day 37 increasing the surface area of the placenta (Wright et al., 2016). 

Thereafter, the folds develop even deeper, with extensive folds expanding the surface, allowing 

more vascularization for nutrient exchange (Leiser and Dantzer, 1994; Wright et al., 2016). In 

early gestation, by day 30, the maternal network of capillaries is close to the uterine epithelium. 

By day 58 of gestation, the capillaries on the fetal side indent into the fetal epithelium on the 

lateral, top and basal sides of the folds. During late gestation, the indentation of fetal vessels 

continues into the trophoblast and the maternal capillaries develop between the uterine epithelial 

cells (Friess et al., 1980). The maternal and fetal capillaries in the folded bilayer are arranged in a 

cross-countercurrent fashion where the maternal blood enters the folded structure near the top of 

the folds and leaves from the bottom, and the fetal blood enters the folded structure near the bottom 

and leaves from the top (Leiser and Dantzer, 1988). The progressive indentation of capillaries on 

both sides leads to a reduced transplacental intervascular distance, where the maternal and fetal 

blood separation is approximately 2 μm, ensuring nutrient transfer for proper conceptus 

development (Friess et al., 1980). The maternal and fetal interdigitations that form the MFI are 

usually interrupted by regular areolae (Leiser et al., 1998).  

Areolae are considered special structures that appear around 30 days of gestation. There 

are two types: regular areolae that accumulate secretions from one uterine gland, and irregular 

areolae that accumulate secretions from several uterine glands. The maternal side of regular 

areolae are characterized by a cup-shaped smooth depression around one glandular opening, while 

the fetal side is characterized by its emersion from the interareolar surroundings as a dome-shaped 

structure with many papillae protruding into the areolar cavity (Dantzer, 1984; Dantzer and Leiser, 

1993; Friess et al., 1981). When observed trough the fetal membranes, the areolae are paque, 

variable translucent circular spots measuring a few millimetres and form a large structure 

(Bertasoli et al., 2015). Their average in height is about 45 μm (Friess et al., 1981).On the other 

hand, irregular areolae are characterized by enlargements of the maternal side through corrugations 

or folds (Dantzer and Leiser, 1993), while the fetal side is extended by a small number of little 
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papillae, being practically flat (Perry, 1981). The lumen of the areolae is filled with histiotroph, 

secretions from the uterine glands. Areolar epithelium is tall columnar with long microvilli, well 

developed apical tubular system, and many coated vesicles. In later stages of pregnancy (day 58-

110) the fetal trophoblast is thrown into numerous folds, increasing the internal surface area. The 

areolar subunits are responsible for highly efficient absorption of secretions from the uterine glands 

(uteroferrin), predicted specifically to involve in diaplacental nutrition (Friess et al., 1981; 

Palludan et al., 1970). For example, uteroferrin  is synthesized by uterine epithelium and glandular 

epithelium, while placental areola serves as sites of absorption and transport of this protein (Chen 

et al., 1975). Additionally, calcium has also been stated to cross the areolar cell and trophoblast, 

however, through the cytoplasm (Wooding et al., 2000). 

It is described that in each conceptus 7,000 regular areolas may be present, while the 

irregular areola around 1,500 per placenta (Miglino, M. A et al.,2001). 

 

1.1.3. Transport mechanism - Nutrient Transfer 

As explained in the previous sections the porcine placenta undergoes a lot of changes to 

ensure the efficiency of placental transport of nutrients. Physical changes that occur throughout 

gestation are crucial to maintain this efficiency, including maternal and fetal blood flow, the 

development of placental folds increasing the maternal-fetal interface area, and the reduced space 

between the maternal and fetal capillaries (Vallet et al., 2014). Paracellular nutrients pass through 

two sets of epithelial cell tight junctions (selective barriers in which passage of solutes depends on 

its permeability), whereas transcellular nutrients pass through four sets of cell membranes and 

cytoplasm of two epithelial cells to transfer from the maternal blood to the fetal blood (Vallet et 

al., 2009). That is why it is crucial that the distance between the maternal and fetal epithelium is 

as small as possible. 

The placenta uses various transport mechanisms to regulate the exchange between the dam 

and the fetus, including simple diffusion, facilitated diffusion, active transport and transport via 

macropinocytotic processes (Senger, 2005; Vallet et al., 2009), transport from dam to fetus is 

facilitated by the high number of pinocytotic vesicles in the fetal epithelium (Friess et al., 1980). 

Gases and water pass across the placental membranes by simple diffusion, from high to low 

concentrations. For sodium, potassium and calcium the placenta contains active transport pumps, 

whereas glucose and amino acids are transported by facilitated diffusion with specific carrier 
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molecules. Vitamins B and K pass with relative ease and other nutrients also are transferred by 

pinocytosis and phagocytosis (Senger, 2005).  

During early gestation, fetuses depend on the histotrophic nutrition derived from the uterine 

glands until the epitheliochorial placenta is formed and hemotrophic nutrition originating from the 

maternal blood stream commences (Mossman HW, 1987). The areola absorbs secretions from 

superficial and deep glandular epithelia. Molecules from maternal serum transfer into uterine gland 

and luminal epithelium, then are transported by fluid-phase pinocytosis across the chorionic 

placenta to be released into the fetal circulation (Dantzer and Leiser, 1993; Renegar et al., 1982). 

For example, uteroferrin is secreted by the uterine glands and taken up by pinocytosis into cells of 

the chorionic areolae, then is transported to the base of the areolar cells and release into the fetal 

capillaries (Renegar et al., 1982). 

The apical aspect of the trophoblast cells is columnar and narrowly apposed at their apical 

lateral borders with well-developed tight junctions. Epithelium at the base of the placental folds is 

cuboidal in shape (Friess et al., 1980; Hong et al., 2017). The apical surface of trophoblast cells is 

thought to take up and metabolize less diffusible material while the folds, which includes maternal 

and fetal epithelium at the apical and lateral sides, appear to be a preferable site for transport of 

blood borne nutrients, especially gaseous exchange (Friess et al., 1980).  

Some materials cannot be transported across the placental barrier including lipids, large 

peptide hormones, fat soluble vitamins and maternal proteins (Senger, 2005) with the exception of 

some immunoglobulins. One study suggests that maternal IgM are secreted into the uterine lumen 

together with acid mucopolysaccharides, by the maternal epithelium of the irregular areola and 

then absorbed by the chorionic epithelium of the fetal irregular areola and subsequently introduced 

into the fetal circulatory system (Yano et al., 1988). However, detrimental substances can also be 

transferred from the dam. Toxic substances and pathogenic materials can also easily cross the 

placental barrier. A variety of microorganism can infect the fetus. Specific to swine, some of the 

viruses and bacteria that can be transmitted from the dam to the fetus are parvovirus, porcine 

reproductive and respiratory syndrome virus, and Brucella suis (Kranker et al., 1998; Mengeling 

et al., 1980; Zriba et al., 2019). The placenta and endometrium are known to be fundamental in the 

pathogenesis of reproductive PRRS. 
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1.2. PRRS overview 

Outbreaks characterized by reproductive and respiratory signs were reported in the United 

States in the late nineteen-eighties with unknown etiology (Keffaber, 1989). In the following years, 

with the quick spread of the virus, Europe also reported cases of the “mystery swine disease” 

(Wensvoort et al., 1991). In 1991, the term “porcine reproductive and respiratory syndrome” 

(PRRS) was the consensus term decided by an international group of researchers at a conference 

held in the US. Nowadays the disease is known to be present all around the world, challenging the 

pig industry causing mortality and economic losses (Tian et al., 2007). The causative agent is the 

porcine reproductive and respiratory syndrome virus (PRRSV), which is highly contagious and a 

threat to the swine production. It is an enveloped, single-stranded, positive-sense RNA virus of the 

family Arteriviridae, Genus Porarterivirus. Two species of the virus are described: PRRSV1, 

mainly European and PRRSV2, mainly North American (Adams et al., 2017). PRRS is known to 

be one of the most devastating diseases in the swine industry, due to high mortality and morbidity 

and decreased reproductive health. PRRSV infects pigs of all ages, leading to respiratory disease 

mostly in nursery and growing-finishing pigs, and reproductive failure in late gestation in sows 

and gilts (Zimmerman et al., 2012). The respiratory manifestations in piglets and grower pigs 

include dyspnea, anorexia, lethargy, cutaneous hyperaemia, rough hair coats and decreased weight 

gain. In chronic disease, pigs usually develop secondary infections from bacterial and viral 

pathogens that co-infect the respiratory tract (Zimmerman et al., 2012). The reproductive clinical 

manifestations are described as reproductive failure, causing abortions, red or blue discoloration 

of the ears and vulva, premature farrowing, infertility, stillborn, weak and mummified piglets, and 

birth of weak piglets. The clinical signs during an infection can vary from fever, anorexia, 

pneumonia, lethargy, delayed or irregular return to estrus to the absence of clinical signs in some 

sows (Done and Paton, 1995; Terpstra et al., 1991).  My project is focused on the reproductive 

form of the disease; therefore, the detailed information provided below is specific to this form.  

 

1.2.1. PRRS transmission 

Intranasal, intramuscular, oral, intrauterine and vaginal are considered routes of PRRSV 

transmission in pigs (Tan, 2009). During PRRSV infection the virus can be detected in saliva, 

semen, blood, feces, colostrum and milk. Transmission can occur vertically or horizontally. In the 

horizontal transmission, the infection can occur by direct contact between infected and non-
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infected animals (Satoshi Otake et al., 2002; Otake et al., 2004; Rapp-Gabrielson VJO, S. R; 

Pijoan, 2012; Wills et al., 1997; Zimmerman et al., 2012). Vertical transmission occurs from the 

dam to the fetuses through the placenta (Bøtner et al., 1994; Christianson et al., 1992) following 

maternal infection, viremia and replication of PRRSV in the endometrium (Karniychuk and 

Nauwynck, 2013). Indirect transmission can occur when pigs have contact with PRRSV-

contaminated objects such as needles, fomites, transport vehicles or workers contaminated with 

oral fluid or blood from infected pigs (S Otake et al., 2002; S. Otake et al., 2002). Mosquitos and 

flies may also transmit PRRSV mechanically between pigs and closely located farms (Satoshi 

Otake et al., 2002; Pileri and Mateu, 2016). 

 

1.2.2. PRRS treatments or control strategies 

PRRS has a negative economic impact on swine production due to decreased farrowing 

rates and decreased number of weaned pigs, and elevated mortality. The goal of prevention is to 

impede PRRSV spread and consecutively its entry into a herd (Pitkin et al., 2009). Control of 

PRRS is very complex which involves a mixture of measures involving monitoring, diagnosis, 

biosecurity, herd management and immunization aimed at limiting the effects of the virus in 

different stages of production (Pileri and Mateu, 2016; Zimmerman et al., 2012). 

The first way to keep PRRSV out of farms is by implementing good management practices 

including biosecurity and sanitization (Alarcón et al., 2021). There are different methods by which 

this is done that are somewhat effective but not totally. External biosecurity encompasses 

procedures with the objective to prevent the introduction of a new pathogen into the barn, whereas 

internal biosecurity pertains to procedures such as good hygiene that limits the spread of viruses 

and bacteria within the barn. For external biosecurity, air filtration of incoming air is somewhat 

effective for farms located in pig dense areas (Otake et al., 2010). Internal biosecurity is also 

important to prevent horizontal transmission within an infected farm. Some of the 

recommendations for improving internal biosecurity are: changing needles and gloves between 

sows and litters, isolating aborting sows, stopping movement of PRRSV-positive pigs to negative 

nurseries, sanitizing crates or pens where abortion occurred, cleaning hands, boots and changing 

coveralls after working with sick pigs, apply disinfectants to hallways, setting up recovery pens 

and euthanizing animals with minimal hope of recovery on a timely bases (Charbonneau and 

McCaw MB, 1995). 
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There is a herd classification system for describing the PRRSV status of herds. The 

classification was developed by a definitions committee formed by the American Association of 

Swine Veterinarians and the United States Department of Agriculture. Breeding herds, with or 

without growing pigs on the same premises, are categorised on the basis of herd shedding and 

exposure status as: Positive Unstable, high prevalence (Category I-A); Positive Unstable (Category 

I-B); Positive Stable (Category II); Positive Stable with Vaccination (Category II-vx); Provisional 

Negative (Category III), or Negative (Category IV). Locations with only growing pigs are 

categorized as positive (any virus detected on site with clinical signs) or negative (no positive 

results by enzyme-linked immunosorbent assay (ELISA)). To confirm the shedding status of a 

herd polymerase chain reaction (PCR) is the preferable assay, while to determine exposure, ELISA 

is the preferable assay (Holtkamp et al., 2021; Holtkamp et al., 2011). Below are the AASV 

PRRSV classification definitions for breeding herds in more detail, with or without growing pigs: 

Positive Unstable, high prevalence (Category I-A): herds that do not have supporting 

evidence are in this category, with presence of clinical signs consistent with PRRS. 

Positive Unstable (Category I-B): initiates after 90 days without viremia in weaning-age 

pigs provided no clinical sign in the breeding herd with no initiation of an elimination program. 

Positive Stable (Category II): initiates after 90 days without viremia in weaning-age pigs 

provided no clinical sign in the breeding herd, but with initiation of an elimination program that 

intends to bring the herd to negative status. 

Positive Stable with Vaccination (Category II-vx): After 90 days of diagnostic testing to 

demonstrate a sustained lack of viremia of wild-type PRRSV in weaning-age pigs, a herd may be 

promoted to Category II-vx (with the characteristic of piglets weaning consistently negative for 

PRRSV RNA by RT-PCR. The manly difference from Category II is that replacement animals, 

sows, and piglets may be immunized with a modified-live virus vaccine. 

Provisional Negative (Category III): initiates 60 days after breeding stock are introduced 

that remain PRRSV negative confirmed diagnostic assays. If there are growing pigs on site a 

negative exposure status is required.  

Negative (Category IV): initiates when all previously infected animals have been removed 

from the herd. Alternatively, this category can also initiate if all animals in the herd are 

seronegative by ELISA after being classified as Category III (Holtkamp et al., 2021; Holtkamp et 

al., 2011). 
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Management Changes to Reduce Exposure to Bacteria to Eliminate Losses (McREBELÔ), 

consists of a management strategy in which the goal is to decrease PRRSV transmission and 

secondary bacterial infections, minimizing nursery and farrowing room losses while the breeding 

herd is being stabilized. Breeding herd stabilization pertains to processes undertaken by producers 

to improve the immune status of the reproductive animals to minimize the risk of vertical 

transmission. The aim is to quickly recover normal production levels in clinically affected PRRSV 

infected herds to pre-outbreak levels (McCaw MB, 1995). 

Establishing a gilt acclimation program is an important control strategy in breeding herds 

that are infected with PRRSV. The introduction of new naïve gilts into a PRRSV positive farm 

becomes a problem. The aim of the PRRSV acclimation program is to expose the replacement gilts 

to the virus strain that is present in that farm, ensuring that all animals in the herd are exposed to 

this strain, thereby producing a uniformly seropositive herd (Corzo et al., 2010). Some of the 

infective sources for the virus exposure are: vaccination, live virus injection (LVI), which is not 

commonly used (Batista et al., 2002) and contact with infected shedding animals (Corzo et al., 

2010), which may not successfully build immunity because there is rarely enough virus to infect 

all the gilts before breeding. The exposure to gilts should occur before puberty, because if it is too 

close to breeding, the gilts will be PRRSV positive in late gestation. 

There are abundant discussions and studies regarding PRRS vaccines, which aim to provide 

efficient protective immunity against PRRSV to aide in the control of disease. There are 

inactivated PRRSV vaccines and modified live virus (MLV) vaccines registered worldwide. 

Inactivated vaccines provide a better safety, because the virus is inactivated, however, their 

efficacy is poor, due to the lack of detectable production of PRRSV specific antibody 

(Charerntantanakul, 2012; Kim et al., 2011). MLV vaccines showed only weak humoral and cell-

mediated immune responses (Zuckermann et al., 2007), even though it conferred effective 

protection against homologous wild type PRRSV strain, it conferred only partial or no protection 

against heterologous strains (Charerntantanakul, 2012). Therefore, the ones currently used are not 

effective and do not always provide practical needs (Mengeling W.L. (National Animal Disease 

Center et al., 1998), because not only is efficacy needed, but safety is also a concern with the 

PRRSV-MLVs, as shedding and virus replication of MVL strains have been reported in vaccinated 

hosts (Charerntantanakul, 2012).  
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An effective method of PRRSV elimination from a population is eradication, however it is 

costly, and loss of valuable genetics might occur. Herd elimination can be achieved using specific 

protocols: total depopulation/repopulation, partial depopulation, segregated early weaning, test 

and removal, and herd closure. Total herd population and repopulation is usually an alternative for 

farrow-to-finish herds, where all breeding and growing swine are eliminated from the farm, 

followed by thorough washing and disinfection of the facilities and reintroduction of PRRSV 

negative pigs (Corzo et al., 2010). Partial depopulation involves removal of a portion of the 

population, for example the post-weaning nursery stage, creating a gap in production that 

eliminates horizontal transmission from old to young pigs. This can be for growing pigs when 

shedding from the breeding population has stopped (Dee et al., 1997). Segregated early weaning 

involves weaning piglets early and moving to a site isolated from the sows and other animals and 

has been used to produce PRRSV negative pigs from an infected farm as long as the breeding sows 

are stable (non-viremic). Herd closure is based on the interruption of introducing replacement 

females into the herd for at least six months and eliminating seropositive animals over time, usually 

followed by mass exposure to eliminate the susceptible (naïve) population (Torremorell and 

Christianson, 2002). Test and removal are based on testing animals for anti-PRRSV antibody and 

PRRSV RNA and removing all positive animals from the farm (Dee and Molitor, 1998; 

Zimmerman et al., 2012). 

Throughout the years, many studies have been conducted to provide the best possible 

control strategies to prevent and eliminate PRRS and to better understand the pathophysiology of 

reproductive PRRS. However, at present there are no effective treatments or completely effective 

and feasible control strategies available, and no complete understanding of how PRRSV crosses 

the maternal-fetal interface to infect the fetuses. Therefore, understanding PRRSV transmission 

across the MFI is important because it may lead to new strategies to control PRRSV. 

 

1.3 Reproductive PRRS 

The respiratory form of the disease is the focus of the majority of studies. However, in 

recent years more interest in the reproductive form of PRRS has emerged. Studies related to fetal 

death, cell death and transplacental transmission has broadened our knowledge of the 

pathophysiology of reproductive PRRS. 
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1.3.1. Pathophysiology of reproductive PRRS 

In addition to events that occurs at the maternal-fetal interface, events happening in the 

fetuses and in the uterine compartment are crucial in the pathogenesis of reproductive failure in 

late gestation gilts (Harding et al., 2017). Some of the knowledge gained in recent years to better 

understand reproductive PRRS is discussed below. It is known that there is an increase in the 

number of apoptotic cells in PRRSV-infected uterine and fetal placental tissue. This increase at 

the maternal-fetal interface is associated with PRRSV RNA concentration in the fetus and the 

severity of PRRSV induced vasculitis in the endometrium (Novakovic et al., 2017). PRRSV was 

shown to replicate in fetal implantation sites and cause apoptosis in infected macrophages and 

surrounding cells (Karniychuk et al., 2011). The CD163 entry mediator and sialoadhesin receptor 

(CD169) are two markers on the surface of macrophages. In an in vivo study with PRRSV1, both 

markers have shown to be required for the infection (VanGorp et al., 2008). Similarly, an 

experiment using PRRSV2 demonstrated increases in PRRSV, CD163 and CD169 positive cells 

at the MFI during late gestation (Novakovic et al., 2016c).  

Fetal birth weight, and levels of PRRSV in the sera and lymphoid tissue of the dam does 

not influence the reproductive outcome. However, events occurring in fetuses seem critical in the 

pathogenesis of reproductive PRRS, because the status of adjacent fetuses is associated with fetal 

outcome and suggests inter-fetal transmission of PRRSV occurs (Ladinig et al., 2015). Meconium-

stained fetuses are suggested to be an early pathological condition of reproductive PRRS, and viral 

infection was estimated to decrease the weight of surviving fetuses by 17% (Ladinig et al., 2014b). 

The virus can be detected in lung, liver, spleen, heart, kidney, lymph nodes, tonsil and thymus of 

infected fetuses, with the greatest consistency in lymphoid tissues where PRRSV starts replicating 

(Cheon and Chae, 2001). A recent study where gilts were inoculated in late gestation showed that 

the virus be can detected in fetal sera and umbilical cord by 5 days post infection (DPI) and in fetal 

thymus and amniotic fluid by 8 DPI (Malgarin et al., 2019). Histopathological studies confirmed 

inflammatory changes affecting the interdigitation areas of the MFI following PRRSV2 infection 

in the third trimester of pregnancy (Novakovic et al., 2016a).  

 

1.3.2. PRRS transplacental transmission 

In spite of the recent information regarding reproductive PRRS, some gaps exist pertinent 

to how the virus crosses the placental barrier and infects fetuses. It is known that the first barrier 
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to fetal infection is the MFI and it was suggested that the MFI plays a role in transplacental PRRSV 

infection (Karniychuk et al., 2011). A temporal study of PRRSV2 concentration in the MFI in gilts 

inoculated at 80 days of gestation showed that by 2 DPI the MFI is largely infected and within a 

week the virus crosses the placenta replicating in fetal tissues (Malgarin et al., 2019). Even though 

fetuses are susceptible to PRRSV at any stage of gestation, the virus does not cross the placenta in 

mid-gestation (Kranker et al., 1998). During early gestation, the virus can cause embryonic death 

(Prieto et al., 1996). On the other hand, transplacental PRRSV infection mainly occurs in the late 

gestation (Christianson et al., 1993; Harding et al., 2017; Kranker et al., 1998). Three different 

pathways of how the virus might cross the placental barrier and infect the fetuses have been 

reviewed by Karniychuk and Nauwynck in 2013 suggesting: 1) free virus movement straight 

through or in between the maternal epithelium and trophoblast cells (depending on the integrity of 

placental tissue layers), 2) direct cell to cell movement of PRRSV infected endometrial 

macrophages into and through epithelial layers, 3) migration of macrophages  from the dam to the 

fetus across the MFI (Karniychuk and Nauwynck, 2013). A recent study suggested that non-cell 

associated mechanisms are involved in PRRSV2 transmission, based on the presence of free 

PRRSV particle clusters in and around the maternal and fetal epithelial layers (Suleman et al., 

2018). It has also been shown that porcine trophoblast cells are susceptible to PRRSV2 infection 

and can transfer the virus to naïve cells, suggesting that the transmission could occur directly or 

by extracellular vesicles transferred from infected cells into and through the epithelial layers 

(Suleman et al., 2019).  

Although a proposed fetal transmission route is that the virus crosses the placental barrier 

through the epithelial layers, either freely or by macrophages, more research is necessary to 

understand the plausibility of this mechanism. There are no studies investigating tight junction 

proteins (TJ) following PRRSV infection of the MFI. Demonstrating if these proteins might be 

altered during infection resulting in changes in their permeability (losing capabilities of tightness 

or leakiness) could lead to possible strategies to prevent or impede fetal infection.  

 

1.3.3. PRRS resilience 

The terms resilience, resistance and susceptibility have been applied to PRRSV infection 

and outcome with various definitions, but are best defined in a universal contest by Bishop (Bishop 

and Woolliams, 2014), and in context of reproductive PRRS by Malgarin and colleagues (Malgarin 
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et al., 2019). Briefly, resilience is defined as continued productivity of an animal in the face of 

infection, in other words, the ability of the animal to avoid compromise despite a high level of 

infection (Richardson, 2016). On the other hand, resistance implies an animal’s ability to exert 

control over the pathogen’s life cycle or replication in case of PRRSV infection (Bishop and 

Woolliams, 2014). In the case of reproductive PRRS, fetuses with high viral load across many 

tissues that remain viable have “sustained performance in the face of infection” and are considered 

more resilient than non-viable fetuses, specifically, their meconium-stained or decomposed 

counterparts with similar high viral load in multiple fetal tissues. By contrast, resistant fetuses are 

viable with negative or low viral load in the majority of tissues. In terms of reproductive PRRSV, 

resistance and resilience are relative to other fetuses in the same litter or cohort population. 

Although the exact timing of fetal infection is not known, the dam and maternal tissues supporting 

each fetus are assumed to be simultaneously infected. That said, PRRSV replication and viral load 

throughout the endometrium is heterogeneous (Malgarin et al., 2021) and it is unknown if the 

relative resistance of uninfected (versus high viral load) fetuses is coincidental or associated with 

control over PRRSV replication in maternal and/or fetal tissues (Malgarin et al., 2019). 

Understanding the factors associated with resilience may lead to alternative control strategies, and 

investigating factors associated with the integrity of the maternal and fetal epithelial layers may 

help elucidate why there is variation in resilience amongst littermates. 

 

1.4. Cell-cell adhesion  

There are two ways that cells link together: by direct interactions or within the extracellular 

matrix. The mechanism of making and breaking the attachments between cells governs the way 

cells move within the organism, as the body grows, develops and repairs. Therefore, the apparatus 

of cell junctions and extracellular matrix is fundamental for the organization, function, dynamics 

of multicellular structures, and any defect in this apparatus may cause a variety of diseases. (Cross, 

Sarah J. Linker, Kay E. Leslie, 2016). In epithelial tissues, cells are closely linked but the 

extracellular matrix is less prominent, consisting of a thin layer called basal lamina. Thus, the 

epithelial cells are attached directly by cell-cell junctions (Alberts et al., 2015). There are four 

types of cell-cell junctions including tight junction, adherens junction, desmosome, and gap 

junction. These proteins provide mechanical stability, assist as gatekeepers for the paracellular 

pathway, and aid in preserving tissue homeostasis (Bhat et al., 2019). Tight junctions form a seal 
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between cells and fence between plasma membrane domains. Adherens junctions connect actin 

filament bundles in one cell with that in the next cell. Desmosomes connect intermediate filaments 

in one cell to those in the next cell and provide mechanical strength. Gap junction allows the 

passage of small water-soluble molecules from cell to cell through direct channels (Alberts et al., 

2015; Bhat et al., 2019). 

 

1.4.1. Tight junction proteins 

Tight junctions are one of the various types of specialized intercellular junctional 

complexes that mediates adhesion between epithelial and endothelial cells. Their role is to form 

tight seals between epithelial cells, holding cells together near the apex, and sealing the gap 

between cells, thus preventing molecules from leaking across the epithelium. Moreover, they serve 

as a “fences”; a barrier to intra-membrane diffusion of proteins and macromolecules (diffusion 

barrier) that help prevent apical or basolateral proteins from diffusing into the wrong region 

(Alberts et al., 2015; Farquhar and Palade, 1963; Shin et al., 2006). The seal of a tight junction is 

not unconditional. Even though they are impermeable to macromolecules, their permeability to 

ions and other small molecules varies between tissues. For example, the small intestine has a higher 

permeability compared to the urinary bladder. The movement between epithelial cells is called 

paracellular transport and the tissue-specific differences in transport rates generally result from 

differences in the proteins that form the tight junctions (Alberts et al., 2015). 

Visualization of tight junctions with electron microscopy reveals a branching network of 

sealing strands that encloses the apical end of the lateral membrane of epithelial cells (Claude and 

Goodenough, 1973). These strands are constituted of transmembrane proteins that interact with 

other proteins on neighboring cells, sealing the intercellular space and forming a complex protein 

network. There are three main transmembrane proteins found in TJ: claudins, which are essential 

for the TJ formation and paracellular barrier function (Tsukita et al., 2001), occludin which is 

important to limit junctional permeability, and junctional adhesion molecules (JAMs), members 

of the immunoglobulin superfamily of proteins and interact with peripheral scaffolding proteins 

(Alberts et al., 2015; Shin et al., 2006)  

There are 27 members of the claudin protein family identified in mouse and human (Mineta 

et al., 2011) and each claudin has been shown to have different ion selectivity and barrier function. 
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They are expressed in different combinations in different epithelia to confer particular permeability 

properties (Günzel and Yu, 2013). 

The organization of adhesion proteins in a tight junction depends on additional proteins 

that bind the cytoplasmic side of the adhesion protein. Tight junction protein (TJP) act as 

scaffolding proteins and interact with other proteins at the TJ including the transmembrane proteins 

and cytoskeletal proteins. They are known to provide structural support on which the tight junction 

is built. Three isoforms of TJP proteins are known: TJP1, TJP2, TJP3. TJP1 is localized to the TJ 

of endothelial and epithelial cells and plays an important role in the assembly and function of TJ. 

TJP2 and TJP3 are binding partners of TJP1 (González-Mariscal et al., 2000). One domain of these 

scaffold proteins can attach to a claudin protein, while others attach to 15ccluding or the actin 

cytoskeleton. Moreover, one molecule of scaffold protein can bind to another, and in this way, a 

cell can assemble a mat of intracellular proteins that organizes and positions the sealing strands of 

the tight junction (Alberts et al., 2015). 

 

1.4.2. Tight junctions and their relationship with diseases 

Cell to cell contacts are major determinants of tissue organization in both health and disease 

(Gomez et al., 2011). TJ selectively control the paracellular passage as a barrier, and also allow 

solutes, water, and some microorganism to pass through cells. When this barrier breaks down, 

bacteria and virus present in the lumina can enter the paracellular cavity and start replicating in the 

internal environment (Lu et al., 2014). TJ proteins can be dysregulated or genetically defective in 

many diseases of epithelial organs, leading to reduced or increased paracellular transport of 

solutes, increased paracellular transport of water, and increased permeability to large molecules 

(Krug et al., 2014). Moreover, alterations in TJ structure have been reported in many bacterial and 

viral diseases, by down- or up- regulating expression of TJ proteins, and redistribution and 

disruption of protein-to-protein interactions in different states of infection. Barrier breakdown and 

loss of cell polarity facilitates pathogen entry and spread (Lu et al., 2014). Permeability can be 

regulated differently, either through RhoA-p160ROCK dependent or independent (crucial 

regulators of the cytoskeleton, that might determine permeability) mechanisms. Recent studies 

found that occludin can be phosphorylated on serine-threonine (involved in cellular morphology 

and transformation) residues by both pathways (Hirase et al., 2001). 
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Some of the diseases where TJ are known to be altered or are used as a receptor for virus 

entry in humans are: hepatitis C virus (HCV) disease, where claudin-1 and occludin are used as 

co-receptors for HCV entry (Liu et al., 2009); reovirus infection, where the JAM act as a reovirus 

receptor (Barton et al., 2001); Crohn’s disease, where changes in the expression and distribution 

of claudin 2, 5 and 8 lead to barrier dysfunction (Zeissig et al., 2007); and human 

immunodeficiency virus (HIV-1), where low transepithelial resistance is correlated with the 

disruption of claudin 1, 2, 4, occludin and TJP1 and increased permeability (Nazli et al., 2010). 

 

1.4.2.1  TJ in pig diseases: Most studies of tight junctions in the pig have focused on the 

intestine. When the intestinal TJ barrier is disrupted, permeation of noxious luminal molecules can 

occur that can induce distress of the mucosal immune system and inflammation, which can lead to 

intestinal diseases (Lee, 2015). Various studies showed that TJs are altered in the pig intestine 

under different challenges. Weaning is always stressful and might impair the intestinal barrier 

function, therefore researchers evaluated the intestinal morphology and permeability, and mRNA 

expression of TJs of piglets during the two weeks after weaning. They showed that mRNA 

expressions of occludin, claudin 1 and TJP1 were reduced, suggesting impairment in the intestinal 

barrier (Hu et al., 2013). In porcine epidemic diarrhea (PED), the virus also decreased TJ protein 

expression, including TJP1, TJP2, occludin, CLDN1, CLDN4 and CLDN5 suggesting these 

proteins might be important in maintaining the integrity of the intestinal mucosal barrier and 

resistance to PEDV infection in piglets (Zong et al., 2019). Furthermore, porcine circovirus type 

2 (PCV-2) and porcine bocavirus infection of intestinal enterocytes compromised epithelial barrier 

integrity associated with a lower abundance of CLDN1 and occludin induced by a high expression 

of inflammatory cytokines. However, the effect of PCV-2 appears to be TJ specific, as TPJ1 

protein and mRNA expression were not altered (Zhang et al., 2018). 

 

1.4.2.2.  TJ in placenta: Claudins 3, 4, 7 and TJP1 were shown to be expressed by epithelial 

cells in the porcine endometrium (Hamonic et al., 2018), however, there are currently no studies 

investigating the porcine placenta or endometrium and their relationship with tight junction 

proteins and diseases. There are, however, some examples in the human placentae that provide 

examples of how TJs are altered in various disease states. In preeclampsia (a hypertensive disorder 

exclusive to human pregnancy), the expression of claudins 1, 3 and 5 in the placental endothelial 
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cells were reduced compared to normal placentae, suggesting leakier TJs (Liévano et al., 2006). 

Zika virus poses a huge threat during human pregnancy, and a study investigating if the virus 

exploits the paracellular pathway of syncytiotrophoblast (STB) cells, found lower expression of 

claudin 4 in Zika virus infected placentae in comparison to healthy individuals/placentae. The virus 

also reduced the transepithelial electrical resistance suggesting that it can open the paracellular 

pathway of STB cells (Miranda et al., 2019). In molar pregnancy, diabetic mothers and toxaemia, 

increased expression of claudin 4 was observed in diseased placental tissue when compared to 

normal placentae (Pirinen and Soini, 2014). 

 

1.4.3. Tight junctions as therapeutic targets  

It is suggested that claudin proteins may help as diagnostic and prognostic markers for 

cancers, and may be targets for future therapy (Szabó et al., 2009). Due to the interactions between 

TJ and some viruses and bacteria, attempts to exploit TJ proteins for therapeutic interventions or 

drug transportation has been attempted. Considering that TJ integrity is dominant factor 

determining paracellular permeability, TJ may be influential for the paracellular transport of drugs 

or agents if favorably adapted or modified. Claudins are known to primarily define barrier 

properties, therefore, they are potential targets as their modulation might cause a transient and 

reversible opening of TJ (Lu et al., 2014).  

Several studies support this concept. Tight junctions have been studied and speculated as 

targets for paracellular absorption enhancement to promote drug delivery in different epithelia 

through selectively opening the paracellular pathway of epithelia for macromolecule passage using 

a variety of chemical compounds (Rosenthal et al., 2012). In another study, interferon-induced 

transmembrane protein 1 (IFITM1) was identified as a hepatocyte tight junction protein and a 

potent anti-HCV effector molecule through the interruption of viral coreceptor function. Therefore, 

strategies to induce IFITM1 expression and function might help existing anti-HCV therapies 

(Wilkins et al., 2013). 

Tight junctions and a number of claudins have been reported to be dysregulated in various 

cancerous conditions of epithelia (González-Mariscal et al., 2007; Tsukita et al., 2008). Therefore, 

suggestions have been made to use tight junctions as tumor markers as well as for anticancer 

therapy (Tsukita et al., 2008). A controlled administration of Clostridium perfringens enterotoxin 

(CPE) to cancer cells has been proposed as an approach for cancer therapy. The extracellular loops 
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of some claudins are known to bind to CPE (Fujita et al., 2000), thus, cancer cells with a higher 

expression of CPE binding type claudins could be more vulnerable to the cytolytic effects of CPE 

(González-Mariscal et al., 2007). An example employing this concept is an in vivo study that 

investigated claudin 3 and 4 expression in breast cancer and tested the potential of CPE-mediated 

therapy. The results showed cytolysis of cells that expressed claudin 3 and 4, suggesting that CPE 

might have potential in the treatment of breast cancer (Kominsky et al., 2004). Another example 

used a mouse model to investigate the effect of CPE on pancreatic cancer cells targeting claudin 4 

expression, where injections with CPE lead to large areas of tumor cell necrosis and significant 

reduction of tumor growth (Michl et al., 2001). 

While these potential therapies reveal potential opportunities to improve health outcome, 

the clinical application has concerns related to opening the paracellular pathway that need to be 

addressed. Therefore, researchers have suggested the need for a rapid and efficient method of 

reverting the effect of the drug. It can be difficult to apply pharmaceutical therapy because opening 

of TJs leads to the influx of substances other than the drug of interest, potentially resulting in global 

adverse drug reactions (Kondoh et al., 2008). 

 

1.5. IUGR as a PRRS risk factor 

Previous studies have investigated risk factors following PRRSV infection at a herd level. 

Some of these risk factors include: distance to the neighboring pig farms, buying semen 

(Mortensen et al., 2002), frequent purchase of gilts and boars, poor management and biosecurity 

practices (Weigel et al., 2000), use of modified live PRRSV vaccine, collection of dead pigs by 

rendering services (instead of using on-farm incinerators), high pig density and early weaning 

(Velasova et al., 2012). Low birth weight in dams was not correlated with PRRSV severity, 

however, intrauterine growth restricted (IUGR) fetuses was correlated with PRRSV2 RNA 

concentration, where IUGR had lower viral load in thymus and adjacent MFI than normal (non)-

IUGR fetuses (Ladinig et al., 2014a). The authors of this study suggested that non-IUGR fetuses 

appear to be more susceptible to PRRSV2 infection when compared to IUGR fetuses. Therefore, 

IUGR fetuses might be protected from fetal PRRSV infection in some way. A more recent study 

confirmed that IUGR fetuses had lower viral load and were less frequently compromised or dead 

compared to non IUGR (normal) fetuses, but IUGR did not have a direct association with fetal 
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resilience, resistance or susceptibility (Malgarin et al., 2019). However, the mechanism of fetal 

resilience is not totally understood.  

 

1.5.1. IUGR fetuses and its mechanism/development 

IUGR is defined by impaired growth of the fetus or its organs during pregnancy (Wu et al., 

2006). IUGR fetuses can be characterized based on their head morphology including features such 

as steep, dolphin-like forehead, bulging eyes and wrinkles perpendicular to the mouth when 

compared to non-IUGR fetuses (Hales et al., 2013). IUGR fetuses can also be identified as the 

neonates with lower birth weights than the normal distribution of birth weights within a litter, 

usually containing more than one growth retarded individual (Wootton et al., 1983). 

IUGR fetuses exhibit asymmetrical organ growth during gestation, where the relative 

weight of the liver, kidneys, heart, lungs, spleen and pancreas decrease in proportion to body 

weight as the fetus develops, whereas the weight of brain, pituitary, adrenal and thyroid do not 

significatively change, suggesting protection from the pathological effects of IUGR (Flecknell et 

al., 1981). This is a phenomenon, known as the brain-sparing effect, where the development of the 

brain is prioritized relative to other organs, as part of a fetal adaptive reaction to placental 

insufficiency (Roza et al., 2008). This brain sparing effect is a characteristic in piglets suffering 

from IUGR and an effective way of assessing IUGR in a litter of pigs is to measure the brain:liver 

weight ratio (Hales et al., 2013). 

The occurrence of IUGR in swine production is common and has a negative economic 

impact in terms of productivity. Studies shown that IUGR pigs have high rates of pre-weaning 

morbidity and mortality, an impaired growth potential, muscle accretion and duodenal mucosa 

morphology and a sub-optimal carcass quality (Alvarenga et al., 2013; Milligan et al., 2002; 

Rehfeldt and Kuhn, 2006; Wu et al., 2006). In general, IUGR fetuses are considered to have low 

rates of survival based on combined factors of altered glucose levels, reduced organ weights and 

the shape of their head (Amdi et al., 2013). 

There are several factors that regulate fetal growth and contribute to IUGR development. 

IUGR is regulated by genetic, epigenetic maternal maturity and environmental factors (nutrition, 

stress, disease and toxins). These factors affect placental growth including angiogenesis and 

vascular growth, thereby impairing nutrients transfer from the dam to the fetus and adversely 

impacting fetal growth (Wu et al., 2006). Placental insufficiency, inadequate maternal nutrition 
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and uterine capacity are the main factors that prejudice fetal growth (Wang et al., 2017; Wu et al., 

2006). 

In this literature review/chapter, more focus will be given to the placenta efficiency as a 

cause of IUGR, because it is the most related to PRRS and tight junction proteins. Placenta 

insufficiency is a major factor contributing to the high rates of embryonic/fetal mortality and the 

incidence of IUGR in swine (Wu et al., 2017). 

 

1.5.2. Placental efficiency 

The size of each placenta within the litter is determined by the interaction of the size of the 

uterus, the number of conceptuses, the relative timing of initiation of elongation amongst the 

conceptuses, speed of elongation, and the length at termination of elongation (Vallet et al., 2009). 

A crucial factor affecting uterine capacity is placental efficiency, which is the body weight of a 

fetus divided by the mass of its placenta. There is variation among conceptuses within a litter, 

demonstrating that placental efficiency is an individual conceptus trait (Wilson and Ford, 2001). 

Transplacental transport of nutrients regulates fetal growth and an insufficient transport of 

nutrients across the placenta is likely a factor for IUGR occurrence (Zhang et al., 2015). Numerous 

physical and nutrients specific factors can affect the efficiency of placental nutrient transport. For 

example, physical factors related to maternal and fetal blood flow, interactive surface area, and 

distance between capillaries (Vallet et al., 2014).  

Larger fetuses are associated with a large placenta through which flows a large blood 

supply. IUGR fetus on the other hand are not only characterized by their low birth weight, 

compared to the other littermates, but also because of a smaller placenta with a decreased blood 

flow and/or impaired angiogenesis at the maternal-fetal interface (Konje et al., 2003; Wootton et 

al., 1977). Therefore, a correlation between placental weight and fetal weight suggests that the 

small placenta size is crucial for the establishment of IUGR in pigs (Michael et al., 1983). 

Placenta efficiency is possibly affected by placental structure as well, such as the 

development of the trophoblast/endometrium epithelium interactive surface area or folds (Woods 

et al., 2018). Research has shown that the fold width increased during late gestation and was greater 

in the placentae of small fetuses, increasing interaction area between dam and fetus blood supplies. 

However, the width of stromal area between the top of the folds decreases throughout gestation, 

and was also less abundant in the small fetuses’ placentae when compared to large fetuses (Vallet 
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and Freking, 2007). Since the stromal tissue consists of fibroblasts embedded in the extracellular 

matrix whose main product is glycosaminoglycan originating from glucose, it was suggested that 

the restricted growth of porcine fetuses could be due to an insufficient glucose transport (Vallet et 

al., 2014). Moreover, several proteins related to energy metabolism, cell structure, nutrients 

transfer, stress response, cell turnover had different expression in endometrium and placenta of 

IUGR fetuses when compared to normal fetuses, suggesting decreased ATP production and 

nutrient transport, increased oxidative stress and apoptosis, and a deficiency in cell metabolism in 

IUGR fetuses. This all potentially leads to inadequate energy provision and insufficient nutrient 

transport (Chen et al., 2015).  

There are presently no studies that have investigated the relationship between IUGR and 

tight junction proteins in the porcine placenta. However, studies have shown that a lower 

expression of tight proteins (TJP1, claudin 1, occludin) was observed in the intestine of IUGR 

piglets when compared to normal piglets, suggesting a higher intestinal permeability (Wang et al., 

2016; Zhu et al., 2017). Considering that the intestine and placenta are both tissues formed by 

epithelial cells, it is possible that IUGR piglets have impaired or disturbed barrier function of tight 

junctions leading to increased or decreased permeability in the porcine placenta. 

 

1.6. Hypothesis and Objectives 

Notwithstanding all of the research and information gathered throughout the years 

regarding reproductive PRRS, there is a lack of knowledge on how the virus cross the placental 

barrier. Therefore, more research is needed on reproductive PRRS that will provide a better insight 

into how the transplacental transmission infection occurs within the uterine compartment. Also, 

even though there are some ways to help prevent PRRSV transmission, no treatment or control 

strategies are completely effective. Alternative approaches are therefore needed to try to prevent 

or impede fetal infection. Providing a foundation for elucidating a biomarker of PRRSV2 

resilience will enable improved animal selection strategies.  

 

1.6.1. Hypothesis 

The hypotheses of this thesis were developed to investigate how a paracellular mechanism 

might be used for PRRSV2 transplacental transmission and fetal susceptibility.  
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Hypothesis 1 – One of the possibilities of how the virus might cross the placental barrier 

is through the paracellular route, therefore; I hypothesize that tight junctions are somehow altered 

in the endometrium and placenta of PRRSV2 infected fetuses in such a way that permeability is 

increased. 

Hypothesis 2 – Non-IUGR fetuses appears to be more susceptible to PRRSV infection 

when compared to IUGR fetuses. Therefore, the resilience of IUGR fetuses following PRRSV 

infection relative to non-IUGR fetuses can be explained by changes in TJs abundance 

(histologically) and expression (quantitatively). 

Hypothesis 3 – Meconium staining is considered an early clinical or pathological sign of 

reproductive PRRS. Thus, alterations in the MFI tight junction of MEC fetuses will be more 

prominent when compared to viable or uninfected fetuses following PRRSV2 infection. 

 

1.6.2. Objectives 

The general objective of this research was to evaluate changes in tight junction proteins at 

the maternal-fetal interface (endometrium and placenta separately) that may be involved in a 

reduction in tight junction integrity, enhancing the movement of PRRSV2 across the maternal-

fetal boundary resulting in distinct fetal susceptibility groups characterized by preservation status. 

Objective 1 – To histologically characterize a subset of tight junction proteins at the MFI 

of control porcine placenta creating a baseline of cellular localization and staining intensity. 

Objective 2 – To histologically compare the tight junction baseline (control porcine 

placenta) with different susceptibility groups of PRRSV2 infected fetuses (IUGR, non-IUGR, 

MEC). 

Objective 3 – To quantitively determine if there are differences in the gene expression of 

a subset of tight junction proteins in the endometrium and/or placenta between IUGR and non-

IUGR fetuses following PRRSV2 infection. 

Objective 4 – To quantitively determine if there are differences in the gene expression of 

a subset of tight junction proteins in the endometrium and/or placenta among fetuses of various 

disease progression states following PRRSV2 infection. 
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2. Decreased Tight Junction Protein Intensity In The Placenta Of 

Porcine Reproductive And Respiratory Syndrome Virus-2 Infected 

Fetuses 

 

This chapter presents the starting point for this research investigating tight junction proteins in the 

maternal fetal interface of control and PRRSV2 infected fetuses, including intrauterine growth 

restricted (IUGR), meconium stained, and non-IUGR fetuses, and is relevant because IUGR 

fetuses appears to be more resilient to PRRSV2 infection. To start, the cellular localization and 

intensity of a baseline subset of tight junction proteins was evaluated. This was subsequently 

compared to phenotypic groups of PRRSV2-infected fetuses. Only CLDN4 was significant 

different between IUGR and CTRL/MEC, but no major findings explained why IUGR fetuses 

might be more resilient than non-IUGR fetuses following PRRSV2 infection. 
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2.1. Abstract  

Introduction: Existing strategies to control porcine reproductive and respiratory syndrome (PRRS) 

are not completely effective and require alternative approaches. Although intrauterine growth 

restricted (IUGR) fetuses are more resilient to transplacental PRRS virus-2 (PRRSV2) infection 

compared to normal fetuses, the exact mechanisms are unknown. The objective of this research 

was to assess abundance and localization of a subset of tight junction (TJ) proteins in the maternal-

fetal interface and any alterations that may affect the movement of nutrients or PRRSV2 across 

the epitheliochorial placenta.  

Methods: Paraffin-embedded samples of placenta from non-infected control (CTRL) and PRRSV2 

infected fetuses (IUGR, non(N)-IUGR, meconium-stained (MEC) (n=6 per group) were randomly 

selected from a large challenge trial and immunostained for claudins (CLDN) 1, 3, 4, 7 and tight 

junction protein 1 (TJP1). Immunostaining intensity was semi-subjectively scored by region.  

Results: Intensity of CLDN1 was lower in placenta of IUGR, MEC, and N-IUGR fetuses compared 

to CTRL, mainly in fetal epithelium and maternal endothelial cells (MECL). CLDN4 intensity was 

lower in MECL of IUGR compared to CTRL and MEC fetuses. TJP1 intensity was lower in 

maternal and fetal epithelia of placenta within IUGR, MEC, and N-IUGR fetuses versus CTRL. 

Discussion: Differences were mainly observed between PRRSV2 infected and non-infected 

groups indicating TJ integrity was affected by PRRSV2 infection. These results provide insights 

into the potential mechanisms of transplacental transmission of PRRSV2; however, since only 

CLDN4 differed amongst the infected groups, PRRSV2 induced changes in TJ integrity do not 

appear to explain variation in fetal outcomes after infection.  
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2.2. Introduction 

Intrauterine growth retardation (IUGR) is the impaired growth and development of the 

mammalian conceptus and its organs during gestation, caused by various maternal, fetal, and 

placental factors (Bertasoli et al., 2015) and leads to disproportionate growth of brain compared to 

other fetal organs (Wu et al., 2006). Placental insufficiency is one of the main causes of IUGR 

(Swanson and David, 2015). Within the swine industry, IUGR has been a persistent issue related 

to intensive selection for increased litter size (Wu et al., 2006). Interestingly, IUGR in swine has 

been associated with fetal resilience to porcine reproductive and respiratory syndrome virus 2 

(PRRSV2) infection. PRRSV2 can cause economically devastating reproductive disease by 

reducing productivity through a combination of infertility, abortions, fetal death, stillbirths, and 

the birth of weakened neonates (Mengeling et al., 1994; Terpstra et al., 1991). Although the 

relationship between IUGR and disease resilience is poorly understood, IUGR fetuses have lower 

PRRSV2 RNA concentration in thymus compared to non-IUGR fetuses following third-trimester 

infection (Ladinig et al., 2014a). However, the mechanism of their relative resilience is not 

understood. 

PRRSV2 (formerly genotype 2) is vertically transmitted through the placenta (Bøtner et 

al., 1994; Christianson et al., 1992) and most PRRSV2 strains cross the placenta efficiently during 

the final trimester (Harding et al., 2017; Mengeling et al., 1994). The maternal and fetal epithelium 

of the porcine placenta adhere to each other by way of interdigitations of both tissues (Geisert et 

al., 1982), known as the maternofetal junction (MFJ) (Suleman et al., 2018) that maintains the two 

surfaces in close contact. The maternal fetal interface (MFI: uterus with adherent fetal placenta) is 

considered the first barrier to fetal infection and plays a role in transplacental PRRSV2 infection 

(Karniychuk et al., 2011). Previous studies described potential mechanisms of infection related to 

virus movement across the MFI, proposing that transmission could occur by PRRSV2-infected 

maternal macrophages (Karniychuk and Nauwynck, 2013) or by free virus translocating through 

or between the maternal and fetal epithelial layers (Suleman et al., 2018). However, the mechanism 

of PRRSV2 transplacental transmission is not entirely understood, and in particular, if the virus 

uses additional pathways such as microvesicles (Suleman et al., 2019), to infect the fetuses.  

Tight junction (TJ) proteins play a role in paracellular transport across the epithelia 

(Madara, 1998). They are complexes of proteins that create intercellular boundaries between the 

plasma membrane domains of epithelial and endothelial cells, and function as selective barriers in 
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the paracellular space between the cells (González-Mariscal et al., 2003; Krug et al., 2014). There 

are three main transmembrane protein families found in TJs: claudin, occludin and junctional 

adhesion molecules, which interact with peripheral scaffolding proteins, such as tight junction 

protein 1 (TJP1; formerly zonula occludens) (Alberts et al., 2015; Bhat et al., 2019; Shin et al., 

2006). TJs can be defective in some diseases of epithelial organs potentially resulting in altered 

paracellular transport of solutes or increased permeability to large molecules (Al-Sadi et al., 2011; 

Sandle, 2005; Simon et al., 1999). Such examples include infections caused by human 

immunodeficiency virus (HIV-1) and Zika virus in humans, where claudins are displaced or 

expression suppressed (Miranda et al., 2019; Nazli et al., 2010).  

The overarching goal of this research was to assess a subset of TJ proteins in the MFI of 

third trimester porcine placentae in strategically selected fetal phenotypes. We had two specific 

objectives. First, to characterize the immunostaining intensity of claudins 1, 3, 4, 7 and TJP1 in 

normal/healthy porcine MFI. Second, to compare TJ immunostaining intensity across unique fetal 

phenotypic PRRSV2 susceptibility groups to determine if there is a relationship between altered 

TJs and PRRSV2 transplacental infection, that could explain variation in fetal preservation status 

and the relative resilience of IUGR fetuses.  

  

2.3 Materials and Methods 

 

2.3.1. Animal experiment:  

The samples used originated from a PRRSV2 challenge experiment previously described 

and approved by the University of Saskatchewan’s Animal Research Ethics Board (#20110102) 

(Ladinig et al., 2014b). Briefly, 7-month-old, purebred Landrace gilts (n=133) were synchronized, 

artificially inseminated and transported to the University of Saskatchewan at gestation day 80 (of 

115-day gestation). Gilts were randomly allocated to PRRSV2-challenged (n=114; 1 ´ 105 

TCID50 PRRSV2 NVSL 97–7895) or control (n=19; Minimal Essential Media) groups placed in 

separate rooms. On day 21 post inoculation (gestation day 106), gilts and fetuses were euthanized 

by barbiturate overdose administered intravenously to the dam. The gravid reproductive tract was 

removed and opened, and fetal preservation status recorded as viable, meconium-stained, 

decomposed, autolyzed, or mummified. Samples of fetal serum and thymus were collected, and 

the weight of fetal organs including brain and liver were obtained. Serum, thymus and a portion 
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of MFI adjacent to the umbilical stump were collected into microcentrifugation tubes and frozen 

at -80 °C. Additional samples were fixed in 10% buffered formalin then paraffin embedded.  

 

2.3.2. Sample selection:  

Experiment 1 - TJs expression in healthy control fetuses: Six fetuses were randomly 

selected from the non-challenged control group (comprised of 19 gilts and 231 fetuses total) 

following the criteria of unique gilt (no more than one fetus per gilt), fetal preservation status (only 

viable fetuses) and sex (balanced males and females). 

Experiment 2 - TJs expression across fetal PRRSV2 susceptibility groups: PRRSV2 

RNA concentration was assessed in fetal sera and thymus by RT-qPCR as previously described 

(Ladinig et al., 2014b). The brain:liver ratio was calculated and IUGR fetuses were identified as 

viable fetuses having a brain:liver in the top 10% of the PRRSV2 inoculated fetal population. Non-

IUGR fetuses were identified as viable fetuses with brain:liver ratios in the bottom 10%. From this 

data, fetuses were randomly selected that fell into one of four groups (6 fetuses/group): control 

fetuses (CTRL) from non-inoculated dams; viable IUGR fetuses with high PRRSV2 viral 

concentration in sera and thymus; viable non-IUGR fetuses (N-IUGR) with high viral load, and 

high viral load meconium stained (MEC) fetuses. The viral load in all PRRSV2 infected fetuses 

averaged 7.0 log10 copies/µl in sera (range 6.0 to 8.38) and 7.65 log10 copies/mg in thymus (range 

6.82 to 8.62). Across the entire fetal population, only one fetus per dam was selected, and the 

selected fetuses were roughly balanced across experimental repetition. The sample size per group 

was limited by the limited number of high viral load IUGR fetuses, that were sparse because of 

their PRRSV resilience. 

2.3.3. Immunofluorescence: 

Paraffinized blocks of MFI were sectioned at 5 μm and mounted on slides, deparaffinized 

in xylene for 3 x 5 minutes, and rehydrated through decreasing concentrations of ethanol (100%, 

95%, 90%, 80%, 70% 50% for three minutes each). Heat mediated antigen retrieval was performed 

in Tris-EDTA solution (10 mM Tris, 1 mM EDTA, 0.05% Tween-20, pH 9) for 30 min at 90°C. 

Slides were then washed in PBS prior to the addition of 200 μl blocking solution (1 % w/v Bovine 

Serum Albumin (BSA) in PBS) per slide followed by a one-hour incubation in the dark at room 

temperature. Immunofluorescent staining was performed using a 1:200 dilution of rabbit CLDN1 

[0.5 mg/ml], CLDN3 [0.0375 mg/ml], and CLDN7 [2 mg/ml]; 1:400 dilution of rabbit CLDN4 [1 
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mg/ml] and a 1:100 dilution of rat TJP1 [0.2 mg/ml] (Table 2-1). Slides were incubated either in 

a 1:200 dilution of donkey anti-rat Alexa 488 or donkey anti-rabbit Alexa 647. More details of the 

primary and secondary antibodies are presented in (Table 2-2). Antibodies were diluted in 

incubation buffer consisting of 1% BSA, 1% horse serum and 0.5% Triton X-100 in PBS and 

samples incubated overnight at 4°C in the dark. Slides were then washed three times in PBS and 

incubated with secondary antibodies in incubation buffer for 4 hr at room temperature in the dark. 

Slides were washed in PBS once before immersion in a solution of  0.1 μg/ml of DAPI in methanol 

for 5 minutes in the dark at room temperature prior to applying a coverslip with 25μl of Mowiol 

(Pasternak et al., 2018). The claudin proteins (CLDN) and TJP1 selected for this study were based 

on an analysis of publicly available RNAseq data from normal day 113 day gestation pig placentae 

(Accession # SRX178700) along with a reanalysis of RNAseq data from the porcine MFI from 

our earlier reproductive PRRSV2 challenge study (Wilkinson et al., 2016). In short, CLDN 1, 3, 4 

and 7 were the most transcriptionally abundant claudins in the pig placenta of the 18 identified, 

and TJP1 was the most abundant of the three members of its family. 

 

2.3.4 Images selection: 

Images were recorded on an Olympus® IX83 microscope system equipped with a high-

resolution Andor Zyla 4.2 sCMOS (2048 × 2048 pixel array) camera (Andor, Concord, MA, USA) 

and CellSens® imaging software (Olympus, Richmond Hill, ON, CA) using 10´ and 20´ objective 

lenses. Firstly, an overview image of every tissue was captured with a 10´ objective to visualize 

all regions across the MFI tissue. Then using the 20´ objective, images were captured of the 

maternal-fetal junction (n=6/slide), glandular epithelia (n=6/slide), all visible areola (n=0 to 

5/slide), amnion (n=1/slide), and maternal (n=1/slide) and fetal (n=1/slide) endothelial cells. 

Images were taken evenly spaced across the tissue (Figure 2.1A). 

Scoring system: The staining intensity of all images was analyzed with Image J using a 

series of custom macro functions and a semi-subjective scoring system (0-absent, 1- mild, 2- 

moderate, 3- abundant). For each target protein, a background value was established as the average 

threshold of all images using a standard algorithm, IsoData Classifier 

(https://imagej.net/IsoData_Classifier). A three-point intensity scale was established by dividing 

the area under the curve for positive pixels across all images into three equal parts. The images 

were then color-coded based on a unique look up table for each protein target. The resulting image 
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was pseudo-colored for the target specific channel to score each pixel on a three-point scale with 

blue identifying the lowest one third of all positive pixels; red indicating the most intense third of 

all positive pixels and green indicating those with an intermediate value. The images were 

manually reviewed by a single trained observer (PBG) who subjectively scored each region for the 

dominant staining intensity (Figure 2.1B). 

 

2.3.5. Regions of the MFI and cellular localization: 

The interaction between maternal and fetal tissues is similar in appearance to interdigitating 

villi with unique cellular physiology at either end (Vallet et al., 2014). For ease of special 

referencing, we have designated these interdigitations as villus tip and base of maternal and fetal 

sides (Figure 2.2 A). The cellular location of the TJ was assessed in the villus tip fetal and maternal 

epithelium, villus base fetal and maternal epithelium, fetal and maternal endothelial cells, fetal and 

maternal areola epithelium, glandular epithelium and amnion. Assessment of cellular localization 

was undertaken using in 20´ objective and classified as basolateral, apical, intracellular, nuclear, 

or paracellular (Figure 2.2 B). 

2.3.6. Statistical Analysis: 

Data analysis was assessed using STATA v15.1. The presence of group differences was 

determined by Kruskal Wallis test followed by a post hoc two-sample Wilcoxon rank-sum (Mann 

Whitney) test or Dunn’s test with Benjamini-Hochberg correction. Statistical differences were 

considered significant if P < 0.05.  

 

2.4. Results 

2.4.1 Experiment 1: TJ expression in healthy control fetuses 

2.4.1.1.  Immunofluorescence intensity (Figure 2.3, Table 2-3): Immunostaining for TJP1 

was consistent across all MFI regions and was abundant (median score 3) in all regions except 

fetal and maternal endothelial cells (FECL, MECL). Claudin immunostaining was more variable 

across region. CLDN1 was most abundant in fetal epithelium (areolae, villus tip and base) and 

amnion (AMN) and less abundant in maternal tissues and fetal endothelium. Even in areas where 

the maternal and fetal villus epithelium were adjacent (opposing bilayers), the maternal epithelium 

had lower intensity (mostly score 1) than the fetal epithelium (mostly score 3). By contrast, the 

opposite trend was noted with CLDN4, specifically in the villus epithelium where the maternal tip 
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and base had greater intensity (mostly score 2) compared to the adjacent fetal base and tip (mostly 

score 1). The strongest CLDN4 immunostaining was in the amnion and fetal areolar epithelia. 

These two regions also had abundant CLDN1 and CLDN7 staining and showed the most consistent 

and intensive staining across all TJ proteins. The fetal and maternal endothelial cells had the least 

abundant immunostaining across all TJ proteins. 

 

2.4.1.2  Cellular localization (Table 2-4): With a large area of MFI examined for each 

tissue, there was a degree of variability noted for every target, therefore, the localization results 

are generalizations representative of the majority of a given cell type. TJP1 immunostaining was 

located apically in every region. Claudin staining in the maternal villus epithelium (tip and base) 

was always basolateral while the opposing fetal villus epithelium (base and tip) generally had 

paracellular staining. Paracellular detection was also predominant in the amnion and maternal 

areola epithelium. Claudin immunodetection in fetal areola epithelium was always basolateral 

whereas endothelial cells, either in the fetal or maternal side, were always intracellular. Except for 

CLDN7 that was basolaterally localized, the glandular epithelium was predominantly intracellular. 

There was very little variation in cellular localization for CLDN detection within a given tissue 

type.  

 

2.4.2. Experiment 2: TJ expression across fetal PRRSV2 susceptibility groups 

 

2.4.2.1  Staining intensity (Figure 2.4, Table 2-5): No significant groups differences in 

immunodetection of any TJs were observed in the maternal or fetal areola, or in villus tip maternal 

epithelium. IUGR and MEC fetuses had lower expression of CLDN1 protein in villus tip and base 

fetal epithelium (VTFE, VBFE) and in endothelial cells (MECL, FECL) compared to control 

fetuses (Figure 2.4 A). A similar pattern was observed in N-IUGR compared to control fetuses, 

except that CLDN1 detection in VTFE was numerically (P = 0.11) lower than control fetuses. For 

CLDN4, the only significant group difference was observed in maternal endothelium (MECL) 

where IUGR fetuses had less abundant immunostaining than control and MEC fetuses, with N-

IUGR being intermediary (Figure 2.4 B). This result is not likely related to infection dynamics 

since viral load was equivalent among the PRRSV2 infected groups (Table 2-6). For TPJ1, two 

similar staining intensity patterns were observed. First, detection of TPJ1 was significantly less 
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abundant in the amnion and villus base epithelium (VBME, VBFE) in all groups versus control. 

Second, maternal TPJ1 immunostaining was less abundant in the endothelium (MECL) and 

glandular epithelium in IUGR and MEC fetuses versus control, with the IUGR group intermediary 

(Figure 2.4 C).  

 

2.4.2.2  Cellular localization: The cellular localization of CLDN1, CLDN4, and TJP1 

immunostaining across the different PRRSV2 susceptibility groups were identical to those 

observed in Experiment 1, with one notable exception. CLDN1 staining was localized apically in 

the villus base fetal epithelium of PRRSV2 infected fetuses (Experiment 2) compared to 

paracellular localization in healthy control fetuses (Experiment 1).  

 

2.5. Discussion 

The porcine epitheliochorial placenta should create a significant barrier to PRRSV2 

transmission. Much of this barrier is created through the collective function of intercellular 

junctions including TJ proteins. Changes in this barrier function are also likely to control nutrient 

permeability and therefore, placental efficiency which is a factor contributing to IUGR. Given the 

established relationship between PRRSV2 resistance and IUGR, we investigated the abundance 

and localization of a subset of TJ proteins in normal healthy and PRRSV2-infected porcine 

placentae allowing an indirect assessment of placental permeability. The most abundantly 

expressed TJ proteins and CLDNs in the porcine MFI were investigated. While 

immunohistofluorescence/chemistry is useful for evaluating protein abundance and localization, it 

cannot directly assess changes in nutrient transport across the placenta that may be altered in 

reproductive infections such as PRRSV. The transport of nutrients from dam to fetus is dependent 

on the complex arrangement of maternal and fetal tissues, which is further complicated in the 

context of an infection by a mix of maternal and fetal signals. Such a system would be difficult to 

replicate ex vivo but would enable future experiments directly evaluating potential changes in 

permeability of the porcine placenta using non-metabolizable substrates or other labeled markers. 

Although TJ proteins have been studied in other pig organs, particularly the intestine 

(Friess et al., 1981; Hu et al., 2013; Tossou et al., 2017), to our knowledge, few TJ proteins have 

been assessed in the normal porcine placenta, or correlated with reproductive diseases. Perhaps the 

closest example is a study of non-pregnant porcine uterine epithelial cells (Hamonic et al., 2018) 
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that reported CLDN 3, 4 and 7 were expressed paracellularly in the uterine epithelium. By contrast, 

CLDN immunostaining in maternal and fetal epithelium was predominantly basolateral and 

paracellular, respectively in our study. This study is novel being the first to describe intensity and 

distribution of CLDN1, CLDN3, CLDN4, CLDN7 and TJP1 in the porcine placenta and to 

evaluate a subset of these proteins following PRRSV2 infection across phenotypic fetal 

susceptibility groups.  

First, we first assessed claudins 1, 3, 4, 7 and TJP1 in endothelial and epithelial cells in the 

MFI of healthy control fetuses. While CLDN5 is the tight junction protein most often associated 

with endothelial cells, others such as CLDN1, 3, 4 and 7 along with TJP1 have been identified in 

the endothelium within tissues such as the brain and cornea (Inagaki et al., 2013; Liebner et al., 

2000; Wolburg et al., 2003). We observed CLDN1, 3,4,7 and TJP1 in the endothelium of the 

porcine MFI but the intensity of staining was lower than in epithelial cells. In endothelial cells, the 

cellular localization for all claudin proteins evaluated was intracellular and immunostaining 

intensity low in maternal and fetal tissue, except for CLDN7 that was mostly absent in fetal 

endothelium. By contrast, TJP1 protein was apically localized and had generally moderate staining 

intensity in maternal and fetal endothelium. This pattern has also been observed in the healthy non-

pregnant porcine uterine epithelium where TJP1 was confined to apical cellular localization 

(Hamonic et al., 2018). In normal human placentae, TJP1 and occludin proteins were apically 

detected in fetal endothelial cells throughout the gestation, suggesting they participate in normal 

placental development by maintaining the organization and functions of different tissue 

components (Marzioni, 2001).  

Strong TJP1 immunostaining in epithelial cells was detected in all regions, and claudin 

proteins in general tended to stain with greater intensity in fetal compared to maternal epithelium. 

The intensity of all claudin proteins was strong and most consistent in fetal areolae and weakest in 

endothelium. Immunostaining in maternal regions was more variable. This variation may reflect 

the tight regulation of compounds transported across the placenta. Claudins are typically associated 

with the small pore pathway, which facilitates permeability to small ions and neutral solutes 

(Günzel and Yu, 2013). These results may, therefore, reflect the differing functionality associated 

with transfer of ions and solutes from the dam to fetus considering that fetal epithelial tissue is 

composed of highly absorptive cells types, especially in the fetal areola epithelium (Friess et al., 
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1981), while the maternal villus tip and base epithelium, is composed of more secretory cell types 

(Vallet et al., 2014). 

Certain TJ proteins are known to be defective in some diseases and are used as biomarkers 

and therapeutic targets (Günzel and Yu, 2013). CLDN1 and 4 are predominantly barrier-forming 

TJ proteins, thus, decreased expression may lead to increased permeability (Günzel and Yu, 2013). 

CLDN4 upregulation in human placentae across all trimesters is associated with diseases such as 

diabetes, toxemia, and molar pregnancies, suggesting that upregulation might lead to disturbance 

of the normal nutrient flux through the trophoblastic intercellular space (Pirinen and Soini, 2014). 

By contrast, CLDN4 was less abundant in endothelial cells following PRRSV2 infection. Human 

placentae infected with zika virus also showed downregulated CLDN4 within the trophoblast 

suggesting diseased placentae are leakier than normal placentae and a paracellular pathway 

through the syncytiotrophoblast layer could serve as a route of vertical transmission (Miranda et 

al., 2019). Even though the porcine placenta is anatomically and structurally distinct from the 

human placenta, we propose that PRRSV2 might exploit the paracellular pathway of the 

endothelial cells to move in and out of blood into (and out of) surrounding interstitial tissue.  

Our study confirmed decreased intensity of CLDN1 in villus base and tips of fetal 

epithelium and minimal expression in fetal and maternal endothelial cells of PRRSV2 infected 

fetuses, suggesting that the inflammatory response to the viral infection diminishes CLDN1 

expression possibly facilitating paracellular viral transmission (Wettschureck et al., 2019). Porcine 

epidemic diarrhea virus (PEDV) also decreases TJ protein expression, including TJP1, TJP2, 

occludin, CLDN1, CLDN4 and CLDN5 suggesting these proteins might be important in 

maintaining the integrity of the intestinal mucosal barrier and resistance to PEDV infection in 

piglets (Zong et al., 2019). Furthermore, porcine circovirus type 2 (PCV-2) and porcine bocavirus 

infection of intestinal enterocytes compromised epithelial barrier integrity associated with a lower 

abundance of CLDN1 and occludin induced by a high expression of inflammatory cytokines. 

However, the effect of PCV-2 appears to be TJ specific, as TPJ1 protein and mRNA expression 

were not altered (Zhang et al., 2018) in contrast to our study in which lower intensity of TPJ1 

protein levels in villus and glandular epithelium, and amnion was observed.  

In conditions of acute and chronic inflammation, the endothelium is capable of modulating 

its permeability (Aird, 2007) through alterations in cellular contractility and opening of 

intercellular junctions (Wettschureck et al., 2019). Loss of barrier function in endothelial cells in 
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many conditions including cancer, diabetes and chronic inflammatory conditions leads to the 

leakage of larger molecules and blood with life-threatening outcomes (Rahimi, 2017). Leukocytes 

cross endothelial cells by extravasation (Daniel and Van Buul, 2013) using either the paracellular 

or transcellular route (Aird, 2007). In our study, a lower intensity of CLDN1, CLDN4 and TJP1 

were observed in endothelial cells of PRRSV2 infected groups compared to control. Previous 

studies partially described mechanisms of virus movement across the MFI proposing that the 

transmission occurs by PRRSV2-infected maternal macrophages (Karniychuk and Nauwynck, 

2013). Claudins not only create the paracellular barrier between epithelial and endothelial cells, 

but though their organization can also form pores. Knowing that the vascular permeability leads 

to extravasation of leukocytes, the decrease in TJ proteins in maternal endothelial cells during 

PRRSV2 infection might be related to the greater vessel permeability, enabling infected 

macrophages and potentially free virus, to cross paracellularly into maternal tissues. 

Normally developed (non-IUGR) fetuses appear to be more susceptible to PRRSV2 

infection compared to IUGR fetuses, however, the mechanism is not fully understood (Ladinig et 

al., 2014a). In our study, PRRSV2 infected IUGR fetuses had a decreased intensity of CLDN4 in 

maternal endothelial cells compared to control and MEC fetuses. CLDN4 is considered a tighter 

claudin, and in lung, it maintains a tight alveolar Na+ barrier preventing leakage of fluid into the 

alveolar space. In the colon, it is proposed that CLDN4 acts to tighten paracellular pathways, based 

on evidence suggesting CLDN4 down-regulation results in increased permeability (Günzel and 

Yu, 2013). Given that CLDN4 strengthens barrier function, this finding is contrary to the concept 

that IUGR fetuses are more resilient to PRRSV2 infection compared to normal fetuses. That said, 

CLDN4 could potentially be a biomarker of disease progression in PRRSV2-infected fetuses. 

While IUGR fetuses are characteristically more resilient to PRRS2 infection, meconium 

staining is an early clinical sign and indicative of fetal susceptibility relative to viable littermates. 

Unfortunately, we found no major TJ alterations that explain why MEC and non-IUGR fetuses are 

more susceptible to PRRSV2 infection than IUGR fetuses. Similar alterations in TJ were noted in 

all PRRSV2 infected groups regardless of disease progression. Previous investigations suggested 

that fetal compromise is the result of placental damage (Karniychuk and Nauwynck, 2013), 

however, in our study we found no effect. By contrast, transcriptomic investigations have shown 

that disease progression is most likely influenced by events occurring at the MFI (placenta and 

endometrium combined) and within PRRSV2-infected fetus (Wilkinson et al., 2016). More recent 
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data suggests the transcriptional response in the placenta does not start until the fetus is infected 

(VanGoor et al., 2020). Ultimately, determining the cause of fetal death following PRRSV2 

infection remains an important area for further study. 

 

2.6. Conclusion 

To the best of our knowledge this is the first study to describe the intensity and localization 

of claudins 1, 3, 4, 7 and TPJ1 in the healthy porcine placenta and to assess TJ protein expression 

across different PRRSV2 fetal susceptibility groups. The decreased intensity of CLDN1, CLDN4 

and TJP1 in PRRSV2 infected groups compared to the control group provides potential evidence 

of altered epithelial permeability of TJ, potentially enabling the virus to cross the maternal-fetal 

boundary in a paracellular manner and infect the fetuses. A significant decreased intensity of these 

proteins was observed in endothelial cells suggesting the virus induced inflammation leading to 

vascular permeability and leukocytes extravasation. However, our results indicate that alterations 

in TJ proteins within the MFI do not explain why IUGR fetuses are more resilient to PRRSV2. 

Evaluate a larger subset of TJ proteins using a more sensitive and quantitative test, such as qPCR, 

may provide further insight on the resilience of IUGR fetuses.  
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Table 2-1: Primary antibodies used to assess tight junction proteins in porcine maternal-fetal 

interface.  

Target 
Host  

Species 
Concentration Dilution 

Microscope  

Channel 
Exposure 

Antigen 

Retrieval 

CLDN1 Rabbit 0.5mg/ml 1:200 Cy5 250ms Tris-EDTA pH9.0 

CLDN3 Rabbit 0.0375mg/ml 1:200 Cy5 600 ms Tris-EDTA pH9.0 

CLDN4 Rabbit 1mg/ml 1:400 Cy5 230 ms Tris-EDTA pH9.0 

CLDN7 Rabbit 2mg/ml 1:200 Cy5 165 ms Tris-EDTA pH9.0 

TJP1 Rat 0.2mg/ml 1:100 GFP 350 ms Tris-EDTA pH9.0 

Legend: anti-claudin 1 (CLDN1), anti-claudin 3 (CLDN3), anti-claudin 4 (CLDN4), anti-claudin 

7 (CLDN7) and tight junction protein ZO1 (TJP1) with its specific concentrations, dilutions, 

antigen retrieval, fluorochrome, the channel used in the fluorescence microscope and exposure 

time. 
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Table 2-2: Secondary antibodies used to assess tight junction proteins in porcine maternal-fetal 

interface. 

Antibody Catalog # Dilution 
Microscope 

Channel 

DonkeyRat-Alexa488 
712-545-150 

(Jackson) 
1:200 GFP 

DonkeyRabbit-

Alexa647 

711-605-152 

(Jackson) 
1:200 Cy5 

Legend: Secondary antibodies used in the experiment with its respective dilutions and microscope 

channel. 
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Table 2-3: Median staining intensity scores of tight junction proteins in the maternal-fetal interface 

of control fetuses by region in control fetuses. 

 CLDN1 CLDN3 CLDN4 CLDN7 TJP1 

Villus tip maternal epithelium 
(VTME) 

1 (0) 1.5 (1) 2 (1) 2 (1) 3 (0) 

Villus tip fetal epithelium 
(VTFE) 

3 (0.5) 2 (1) 1 (0) 1.5 (1) 3 (0) 

Villus base maternal epithelium 
(VBME) 

1 (0.5) 2 (1) 2 (0) 2 (0) 3 (0) 

Villus base fetal epithelium 
(VBFE) 

3 (1) 2 (0) 1 (0) 1.5 (1) 3 (0) 

Maternal endothelial cells 
(MECL) 

1 (0) 1 (0) 1 (0) 1 (1) 2 (0) 

Fetal endothelial cells (FECL) 1 (0) 1 (1) 0.5 (1) 0 (1) 2 (0) 

Maternal areola epithelium 
(MAE) 

2 (0) 1.5 (1) 2.5 (1) 3 (1) 3 (0) 

Fetal areola epithelium (FAE) 3 (0) 3 (0) 3 (0) 3 (2) 3 (0) 

Amnion (AMN) 3 (0) 2.5 (1) 3 (0) 3 (1) 3 (0) 

Glandular epithelium (GE) 1 (0) 3 (1) 1.5 (1) 3 (0.5) 3 (0) 

Legend: Median (interquartile range, IQR) staining score of tight junction proteins: anti-claudin 1 

(CLDN1), anti-claudin 3 (CLDN3), anti-claudin 4 (CLDN4), anti-claudin 7 (CLDN7) and tight 

junction protein ZO1 (TJP1). 
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Table 2-4: Cellular localization of tight junction proteins by region of the porcine maternal-fetal 

interface regions in healthy control fetuses. 

Cellular localization across the MFI regions 

 VTME VBME VTFE VBFE MAE FAE MECL FECL GE AMN 

CLDN1 B B P A P B I I I P 

CLDN3 B B P P P B I I I P 

CLDN4 B B P P P B I I I P 

CLDN7 B B P P P B I I B P 

TJP1 A A A A A A A A A A 

Legend: Cellular localization: A = apical, P = paracellular, I = intracellular and B = basolateral of 

anti-claudin 1 (CLDN1), anti-claudin 3 (CLDN3), anti-claudin 4 (CLDN4), anti-claudin 7 

(CLDN7) and tight junction protein ZO1 (TJP1) staining within maternal fetal interface (MFI) 

regions: VTME = villus tip maternal epithelium, VTFE = villus tip fetal epithelium, VBME = 

villus base maternal epithelium, VBFE = villus base fetal epithelium, MECL = maternal 

endothelial cells, FECL = fetal endothelial cells, MAE = maternal areola epithelium, FAE = fetal 

areola epithelium, AMN = amnion, GE = glandular epithelium. 
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Table 2-5: Tight junction protein expression by region in the maternal-fetal interface across four 

PRRSV2 infected fetal groups. 

 CONTROL IUGR NON-IUGR MEC P value 
Villus tip maternal epithelium (n=6 per fetus)  

CLDN4       2.5 (1) 2.25 (1) 3 (1) 3 (0) 0.22 
CLDN1 1 (0) 1 (0) 1(1) 1 (0) 0.16 

TJP1 3 (0) 3 (0) 3 (0) 2.75 (0.5) 0.26 
Villus tip fetal epithelium (n=6 per fetus)  

CLDN4 1 (0) 1 (0) 1 (0) 1 (0) 0.39 
CLDN1 3 (0) a 2.25 (0.5) b 2.25 (1) ab 1.75 (1) b 0.04 

TJP1 3 (0) 3 (0) 3 (0) 3 (0.5) 0.28 
Villus base maternal epithelium (n=6 per fetus)  

CLDN4 2 (0) 2 (0) 2 (0) 2 (0) 0.28 
CLDN1 1 (0) 1 (0) 1 (0)  1 (0)   0.28 

TJP1   3 (0) a 2 (0.5) b 2.5 (0.5) b   2 (0) b 0.008 
Villus base fetal epithelium (n=6 per fetus)  

CLDN4 1 (0) 1 (0.5) 1 (1)  1 (0) 0.20 
CLDN1 2.75 (0.5) a 2 (0) b 1.75 (1) b 1.5 (0.5) b 0.007 

TJP1 3 (0) a 2 (0.5) b 2.5 (0.5) b   2 (0) b 0.008 
Maternal endothelial cells (n=1 per fetus)  

CLDN4          1 (0) a 0 (0) b 0 (1) ab 1 (0) a   0.04  
CLDN1  1 (0) a   0 (0) b   0 (0) b   0 (0) b 0.005 

TJP1  2 (0) a   1 (0) b   2 (1) ab   1 (1) b 0.02 
Fetal endothelial cells (n=1 per fetus)  

CLDN4 0.5 (1) 0 (1) 0 (1) 1 (1) 0.62 
CLDN1   1 (0) a   0 (1) b    0 (1) b   0 (0) b 0.02 

TJP1 2 (0) 1 (1) 1.5 (1) 1 (1) 0.07 
Maternal areola epithelium (averaged 1.4 - 1.67 per fetus)  

CLDN4 2.5 (1) 2.25 (1) 3 (1) 3 (0) 0.07 
CLDN1 1 (0) 1 (0) 1(1) 1 (0) 0.28 

TJP1 3 (0) 3 (0) 3 (0) 2.75 (0.5) 0.28 
Fetal areola epithelium (averaged 1.4 - 1.67 per fetus)  

CLDN4 3 (0) 2.5 (1) 2.5 (1) 3 (0.5) 0.53 
CLDN1 3 (0) 2 (0) 2.5 (1) 2.25 (1.5) 0.12 

TJP1 3 (0) 3 (0) 3 (0) 3 (0.5) 0.28 
Amnion (n=1 per fetus)  

CLDN4 3(0) 2 (1) 2.5 (1) 3 (1) 0.47 
CLDN1 3 (0) 3 (0) 3 (0) 3 (0) 0.54 

TJP1 3 (0) a 1 (1) b 1.5 (3) b 1 (2) b 0.02 
Glandular epithelium (n=1 per fetus)  

CLDN4 1.5 (1) 1.5 (1) 1.5 (1) 1.75 (1) 0.98 
CLDN1 1 (0) 1 (0.5) 0.75 (1) 1 (0) 0.06 

TJP1 3 (0) a 2.25 (1) b 3 (0) ab 2.25 (1) b         0.03  
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Legend: Medians (interquartile range) and P values for every region assessed in the maternal-fetal 
interface of anti-claudin 1 (CLDN1), anti-claudin 4 (CLDN4) and tight junction protein ZO1 
(TJP1) expression, between control fetuses, intrauterine growth restricted (IUGR) fetuses, non- 
intrauterine growth restricted (non-IUGR) fetuses and meconium-stained (MEC) fetuses. Group 
differences were determined using two sample Wilcoxon rank sum (Mann Whitney) test. 
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Table 2-6: Mean brain to liver ratio (Z-score; min, max) and viral load (min, max) and number 

areolae (median, min, max) by fetal group. 

Group N Brn/Lvr Z-score VL SER VL THY 

CTRL 6 1.11 (-0.475, 3.202) 0 0 

IUGR 6 -1.81 (-2.501, -1.211) 6.9 (6.3, 7.4) 7.5 (6.8, 8.0) 

N-IUGR 6 1.18 (-0.896, 1.920) 6.8 (6.2, 7.7) 7.5 (7.2, 7.9) 

MEC 6 0.16 (-0.451, 0.969) 7.5 (6.9, 8.4) 8.0 (7.3, 8.6) 

Legend: N = number of fetuses per group, Brn/Lvr Z-score = brain to liver ratio Z-score, VL = 

viral load in serum (SER) or thymus (THY), CTRL = control, IUGR = intrauterine growth 

restricted fetuses, N-IUGR = non- intrauterine growth restricted fetuses and MEC = meconium-

stained fetuses.  
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Figure 2.1 A and B: Overview of image selection from MFI and semi-subjective scoring system 

applied by custom macro in Image J. 

(A) Overview of the maternal fetal interface (MFI) tissue. The squares represent the locations 

where the 20× images were taken evenly spaced across the entire MFI: six of maternal-fetal 

junction (white), six of glandular epithelium (pink), one of amnion (blue), two of endothelial cells 
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(red) and all areolae per tissue sample (yellow). (B) Images from the custom macro in Image J 

used to score staining intensity. Top row (left to right): white square with an absent color within 

represents score 0, mostly blue = score 1, mostly green = score 2, and mostly = red score 3. Bottom 

row (left-right): Corresponding original images taken using the Olympus ® IX83 Microscope with 

respective antibodies in red (CLDN1 or CLDN4) or green = TJP1. 

 

 

 

  



 
 

45 

 
Figure 2.2 A and B: Maternal-fetal interface regions and localization of tight junction proteins. 

(A) Regions assessed within the maternal fetal interface: (1) villus base fetal epithelium (VBFE), 

(2) villus base maternal epithelium (VBME), (3) villus tip fetal epithelium (VTFE), (4) villus tip 

maternal epithelium (VTME), (5) amnion (AMN), (6) fetal endothelial cells (FECL), (7) fetal 

areola epithelium (FAE), (8) maternal areola epithelium (MAE), (9) maternal endothelial cells 

(MECL), (10) glandular epithelium (GE). (B) Localization of tight junction proteins: Basolateral 
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adhere opposed to the lumen; Apical adjacent the lumen; Intracellular adhere within the cells; 

Nuclear adhere within the cell nucleus, and Paracellular adhere between the cells. 
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Figure 2.3: Representative images of tight junction proteins by region across the maternal-fetal 

interface of control fetuses. 

Isotype controls to differentiate non-specific background signal for each claudin antibody at its 

respective concentration. Columns: CLDN1 = anti-claudin 1, CLDN3 = anti-claudin 3, CLDN4 = 

anti-claudin 4, CLDN7 = anti-claudin 7, TJP1 = tight junction protein ZO1. Rows: region of 

maternal fetal interface: MFJ = maternal-fetal junction. Areola, Amnion, GE = glandular 

epithelium, FECL = fetal endothelial cells, MECL = maternal endothelial cells (MECL). These 

example images are of paraffin embedded tissue samples dual stained with a CLDN protein (red) 

and TJP1 (green). Tissue sections are 5.0 μm thick.  All images are of control (non-infected) 

fetuses. 
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Figure 2.4 A, B and C: Median tight junction staining intensity scores by fetal phenotypic group 

across maternal interface regions. 

Dot plots of median staining intensity scores (0 = absent, 1 = mild, 2 = moderate, 3 = abundant 

staining intensity) across regions: VTME = villus tip maternal epithelium, VTFE = villus tip fetal 

epithelium, VBME = villus base maternal epithelium, VBFE = villus base fetal epithelium, MECL 

= maternal endothelial cells, FECL = fetal endothelial cells, MAE = maternal areola epithelium, 

FAE = fetal areola epithelium, AMN = amnion, GE = glandular epithelium. Fetal phenotypic 

groups: Control = fetuses from non-infected gilts, IUGR = PRRSV2-infected viable intrauterine 

growth retarded fetuses, N-IUGR = PRRSV2-infected viable non-intrauterine growth retarded 

fetuses, MEC = PRRSV2-infected meconium-stained fetuses. P values by region established using 

Kruskal Wallis followed by a post hoc two-sample Wilcoxon rank-sum (Mann Whitney) test by 

pairwise two sample Wilcoxon rank sum (Mann Whitney) test. Statistical differences were 

considered significant at P < 0.05. (A) CLDN1, (B) CLDN4, (C) TJP1.  
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3. Is Placental Tight Junction Gene Expression Related To Porcine 

Reproductive And Respiratory Syndrome Virus 2 Resilience Or 

Disease Progression? 

 
Whereas chapter 2 served to create a baseline of TJ proteins histologically observed in the porcine 

MFI, and subsequently evaluated TJ protein abundance in MFI following PRRSV infection in 

IUGR and non-IUGR fetuses, in chapter 3 we quantitatively assessed the expression of a larger 

number of TJ genes in the placenta and endometrium across different fetal PRRSV susceptibility 

groups. In addition, we compared TJ gene expression in IUGR and non-IUGR fetuses to help 

provide insight into mechanisms of PRRS resilience. 

 

Copyright: This Chapter has been submitted for publication and will be revised according to 

comments of the editor and reviewers. The copyright of the revised manuscript will belong to the 

journal it is published in. 
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3.1. Abstract  

Understanding why intrauterine growth restricted (IUGR) fetuses are more resilient to 

transplacental porcine reproductive and respiratory syndrome virus-2 (PRRSV2) infection 

compared to normal fetuses may lead to alternative approaches to control PRRS. Our objective 

was to compare gene expression of a subset of tight junction proteins in the endometrium (END) 

and placenta (PLC) of i) IUGR vs N-IUGR fetuses, and ii) across disease progression phenotypes 

following PRRSV2 infection. In experiment 1, snap frozen END and PLC from fetuses of non-

infected control dams (CTRL) and from high viral load viable (HVL-VIA) fetuses, with both 

groups further classified as either IUGR or non(N)-IUGR based on brain: liver weight ratio were 

randomly selected from a large challenge trial. In experiment 2, similar tissues were randomly 

selected from CTRL and from uninfected thymus (UNIF), (HVL-VIA) and HVL meconium 

stained in the body (HVL-MEC-B) of PRRSV-infected dams. The expression of claudin (CLDN) 

1, 3, 4, 5, 6, 7, 10, tight junction protein 1 (TJP1) and occludin (OCLN) genes were evaluated by 

PCR. There were no significant group differences between IUGR and N-IUGR groups, regardless 

of infection status, that explained the resilience of IUGR fetuses. Regarding disease progression, 

elevated CLDN3 and suppressed TJP1 were observed in UNIF, CLDN6 expression was lower in 

PLC when the fetus became infected (HVL-VIA), and CLDN10 elevated in PLC in fetuses 

showing evidence of compromise (HVL-MEC-B). Lastly, OCLN gene expression was higher in 

the END and PLC following maternal infection. In conclusion, differences in TJ integrity were 

mainly observed following PRRSV2 infection with stepwise changes corresponding with disease 

progression.  
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3.2. Introduction 

Porcine reproductive and respiratory syndrome (PRRS) is one of the most devastating 

diseases affecting the global swine industry. The disease is characterized by respiratory signs as 

well as reproductive failure (Mengeling et al., 1994; Terpstra et al., 1991). The causative virus 

(PRRSV2, betaarterivirus2, formerly genotype 2) is highly contagious (Adams et al., 2017) and 

can be vertically transmitted through the maternal fetal interface (MFI), comprised of adherent and 

interdigitating maternal and fetal epithelial layers (Geisert et al., 1982; Suleman et al., 2018)), 

during the final third (>70 d) of pregnancy (Bøtner et al., 1994; Christianson et al., 1992; Harding 

et al., 2017). Potential mechanisms of transplacental infection have been previously proposed, and 

include migration of PRRSV2 infected macrophages across the MFI, or free virus translocation 

through or in between the maternal and fetal layers (Lager and Mengeling, 1995; Mengeling et al., 

2000). Nevertheless, the mechanism of PRRSV2 transplacental transmission is not totally 

understood. 

Intrauterine growth retardation (IUGR) (asymmetric growth of the fetus and its organ 

during development) (Wu et al., 2006) is common in litter bearing species and typified by an 

increase in the relative weight of the brain compared to all organs. A previous study investigating 

PRRSV2 fetal susceptibility, IUGR and birth weight found that IUGR fetuses had lower viral load 

in thymus than non-IUGR fetuses, suggesting that IUGR fetuses are more resistant to 

transplacental PRRSV2 infection than non-IUGR fetuses (Ladinig et al., 2014a). These results 

were replicated in another study population confirming that non-IUGR fetuses had higher viral 

load in umbilical cord, serum, thymus and amniotic fluid, at 14 days post infection. It was 

demonstrated that IUGR fetuses express proteins involved in energy metabolism, stress response, 

cell structure and turn-over, transport and metabolism of nutrients in placenta and endometrium 

differently compared to normal fetuses (Chen et al., 2015). The mechanism in which IUGR fetuses 

alter nutrient absorption from the dam (Chen et al., 2015), may be a contributing factor to changes 

in viral transmission if similar pathways are used. Although IUGR fetuses have lower PRRSV2 

RNA concentration in thymus compared to non-IUGR fetuses following third-trimester infection 

(Ladinig et al., 2014a), the relationship between IUGR and disease resilience is not totally 

understood prompting ongoing investigation by our research group.  

During the later stages of gestation, when the porcine placenta becomes permeable to 

PRRSV2(Harding et al., 2017), the fetus initiates a phase of rapid growth (McPherson et al., 2004). 
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The resulting increase in fetal demands, requires the placenta to undergo substantive changes 

including the development of placental folds which increases the maternal-fetal interface area to 

ensure efficient transport of nutrients(Vallet et al., 2014). Tight junctions form a seal between 

adjacent epithelial and endothelial cells preventing leakage of molecules (Alberts et al., 2015; 

Farquhar and Palade, 1963; Shin et al., 2006). Each transmembrane protein has a different 

functional role. For example, claudins are involved in  TJ formation and paracellular barrier 

function, occludin limits junctional permeability, and junctional adhesion molecules (JAMs) 

interact with scaffolding proteins such as tight junction protein 1 (TJP1; formerly zonula 

occludens) (Alberts et al., 2015; Shin et al., 2006). Tight junction proteins can be defective in some 

diseases, leading to altered paracellular transport of solutes or increased permeability to larger 

molecules (Al-Sadi et al., 2011; Sandle, 2005; Simon et al., 1999).  

Our recent study showed that the abundance of CLDN1, CLDN4 and TJP1 protein was 

decreased in the placenta and endometrium of PRRSV2 infected versus control fetuses (Guidoni 

et al., 2021), however, this study failed to demonstrate significant differences in tight junction 

protein abundance between IUGR and non-IUGR fetuses following PRRSV infection using a 

fluorescent immunostaining technique (Guidoni et al., 2021). The approach used was limited by 

both the availability of cross-reactive antibodies and the semi-quantitative approach. Given the 

diversity of proteins involved in formation of the epithelial barrier a broader and more quantitative 

technique such as RT-qPCR may provide greater insights. The objectives of this research were 

therefore to quantitatively determine potential differences in the gene expression in a larger subset 

of tight junction proteins in the endometrium and/or placenta: a) between IUGR and non(N)-IUGR 

fetuses following PRRSV2 infection, and b) among disease progression fetal groups.  

 

3.3. Materials and Methods 

3.3.1. Animal experimental model 

A PRRSV-challenge experiment (pregnant gilt model 3; PGM3) was conducted at the 

University of Saskatchewan involving 27 pregnant purebred Yorkshire gilts that were artificially 

inseminated using homospermic Landrace semen and purchased from a commercial source barn. 

Detailed methods are previously reported (Haesu, submitted). Briefly, pregnant gilts were housed 

at the commercial source barn in gestation stalls until gestation day 80 when they were then 

transported to a biosafety level 2 animal care facility. Gilts were purchased in 6 batches with the 
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first designated as reference control (CTRL) and the remaining PRRSV-inoculated (INOC) 

groups. After 5 days of acclimation, INOC gilts (n =22) were inoculated with 1 × 105 TCID50 

PRRSV2 strain NVSL 97–7895; split evenly between intramuscular and intranasal delivery. CTRL 

gilts (n =5) were similarly mock infected with minimum essential media (MEM). On day 21 

(gestation day 106 of 115-day gestation), gilts were euthanized by intravenous barbiturate 

overdose (Euthanyl Forte, Bimeda MTC Animal Health, 16,200 mg/gilt, 75-80 mg/kg 

pentobarbital sodium) followed by captive cranial bolt and exsanguination. The gravid 

reproductive tract was removed, linearized and carefully opened from each uterotubal junction 

inward to the cervix. The preservation status of each fetus was recorded as viable, meconium-

stained in the body or head, decomposed, autolyzed, or mummified. The umbilical cords were 

clamped, and each fetus removed with its umbilical cord, placenta, and corresponding portion of 

uterus centered on the umbilical stump. Each was placed on a disposable tray to prevent 

contamination with necropsy surfaces. Fetuses were then dissected, and the weight of key organs 

including the brain and liver recorded. The endometrium (END) and placenta (PLC) were 

manually separated and samples of each collected into cryotubes, and flash frozen in liquid 

nitrogen. Ethical approval was obtained from the University of Saskatchewan’s Animal Research 

Ethics Board and adhered to the Canadian Council on Animal Care guidelines for humane animal 

use (permit #20180071).   

 

3.3.2. Assessment of PRRS viral load by RT-qPCR in fetal thymus, serum and placenta 

Extraction of PRRSV RNA followed by quantitative reverse transcription-polymerase 

chain reaction (qRT-PCR) were performed as previously described (Ladinig et al., 2014b) to assess 

infection status and quantify PRRSV RNA concentration in fetal placenta, serum and thymus. In 

short, commercial kits were used for PRRSV RNA extraction from 140 µL sera (QIAamp Viral 

RNA Mini kit, QIAGEN Inc., Toronto, Ontario, CA) or 30 mg tissues, (RNeasy Mini kit, QIAGEN 

Inc., Toronto, Ontario, CA) and for qRT-PCR (iTaq Universal Probes One-Step Kit, Bio-Rad 

Laboratories Inc., Hercules, CA, USA) following manufacturer instructions. For tissue RNA 

extraction, samples were lysed in a mixed solution of beta-mercaptoethanol and RLT buffer (1:100 

ratio) with a bead mill homogenizer. A previously designed primer pair and probe set (Ladinig et 

al., 2014b) were used to amplify a 113 bp region in the PRRSV NVSL 97–7895 genome sequence 

(AY545985.1, 15260-15372 bp):  
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• forward primer, 5′‐ TAATGGGCTGGCATTCCT‐3′;  

• reverse primer, 5′‐ ACACGGTCGCCCTAATTG‐3;  

• probe, 5′-HEX-TGTGGTGAATGGCACTGATTGRCA-BHQ2-3′.  

The reaction volume and composition, and thermal cycling condition were set as previously 

described (Ladinig et al., 2014b). A five-point standard curve comprised of serial dilutions (101 to 

107) of the extracted plasmid DNA harboring PRRSV ORF7 region with 446 bp length was used 

to estimate PRRSV RNA copies per unit (log10 transformed per µL or mg). Samples were run in 

duplicate as well as negative and positive controls and the standard curve in triplicate or 

quadruplicate as previously described (Haesu – submitted). 

 

3.3.3. Sample Selection 

 

3.3.3.1. Experiment 1: Matched pairs of IUGR and N-IUGR fetuses from 13 INOC and 5 

CTRL gilts were selected based on Z-score of brain to liver ratio calculated by litter with IUGR > 

1.0 and N-IUGR < -0.9 standard deviations from the litter mean. Only live fetuses were selected 

with fetal preservation status of viable (VIA) or meconium stained (MEC). Additional criteria for 

fetuses from INOC dams included being high viral load (HVL) in thymus, serum and placenta (> 

5 log10/mg or µL; details below). This 2 x 2 factorial selection resulted in the following four 

phenotypically distinct groups of 11 fetuses: CTRL-IUGR, CTRL-N-IUGR, HVL-IUGR, HVL-

N-IUGR (Table 3-1). 

 

3.3.3.2. Experiment 2: A second subset of fetuses with brain to liver Z-scores, calculated by 

litter, near as possible to the median value were selected (n=11/group) based on a principal similar 

to a previously established experimental paradigm evaluating fetal resistance, resilience and 

susceptibility (Pasternak et al., 2020). In short, resistant fetuses were defined as those with no 

detectable virus in the thymus (UNIF-THY), resilient fetuses were viable but showed high viral 

load (HVL-VIA) and susceptible as those with equivalently high viral loads but meconium staining 

in the body (HVL-MEC-B). A fourth group of control fetuses (CRTL) were selected from the 

sham-inoculated gilts. Viral load ranges for these groups are presented in (Table 3-2). 
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3.3.4. Quantification of tight junction gene expression  

Endometrium and PLC samples were ground to a fine powder under liquid nitrogen using 

pre-cooled mortar and pestles and 40-50 mg of PLC and 20-30 mg END used for subsequent 

processing. Total RNA was extracted using the PureLink® RNA kit (Invitrogen) with an on-

column DNase treatment (Invitrogen), as per manufacturer’s directions. RNA integrity was 

determined by bleach agarose gel (Aranda et al., 2012), and RNA purity was determined with a 

NanoDrop spectrophotometer. After the quality control, reverse transcription (RT) was performed 

on 2 μg of RNA using the High-Capacity Reverse Transcription kit (Applied Biosystems) 

following manufacturer specifications. Quantitative real-time polymerase chain reaction (qPCR) 

was undertaken in duplicate, using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) in 

15µl reactions containing 20 ng equivalent cDNA and 0.3 mM of forward and reverse primers. 

Where possible, primers (Table 3-3) were designed to span exon-exon junctions identified in 

relation to the Sus scrofa 11.1 genome. Primer amplification efficiency, evaluated across a serial 

dilution (1, 1/5, 1/25, 1/125, 1/625) of PLC and END pooled control samples and for all primer 

pairs at optimal annealing temperatures, was between 90-110% in all instances. qPCR data was 

normalized to the geometric mean of stable housekeeping genes as follows: Exp 1 PLC (HPRT1, 

YWHAZ), Exp 1 END (GAPDH, HPRT1, YWHAZ), Exp 2 PLC (GAPDH, HPRT1, YWHAZ), and 

Exp 2 END (RPL19).  Data are presented in the form of fold change (2−∆∆Ct). 

 

3.3.5. Analyses: 

Data analysis was conducted using STATA v15.1 using non-parametric inferential tests. 

Group differences were determined using a Kruskal-Wallis and posthoc Dunn’s test for pairwise 

comparisons with Benjamini-Hochberg multiple comparison adjustment. Differences were 

considered significant at P< 0.05.  

 

3.4. Results  

3.4.1 Experiment 1: (IUGR resilience) 

In PLC (Figure 3.1), expression of CLDN6 differed in infected fetuses compared to 

controls (CTRL-IUGR, CTRL-N-IUGR), with significant downregulations in both HVL-IUGR (x̃ 

=-1.74 fold, P=0.018) and HVL-N-IUGR (x̃ =-1.95 fold, P=0.014) relative to CTRL-N-IUGR. 

Expression of TJP1 was also significantly lower in HVL-IUGR (x̃ =-1.57 fold, P=0.035) compared 
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to CTRL-N-IUGR, with the other two groups being intermediary. All other TJ proteins examined 

(CLDN1, 3, 4, 5, 7, 10 and OCLN) were found to be expressed in the placental tissue, but no 

significant group differences were observed.  

In ENDO (Figure 3.2) expression of CLDN3 was significantly greater in CTRL-IUGR 

compared to all others, with a median fold change of 1.32 relative to CTRL-N-IUGR. By contrast, 

expression of CLDN7 was greater in both HVL-IUGR (x̃ =1.33 fold, P=0.046) and HVL-N-IUGR 

(x̃ =1.63 fold, P=0.014) compared to CTRL-N-IUGR. Expression of CLDN5 was lower in HVL-

IUGR (x̃ =-2.17 fold, P=0.015) fetuses compared to CTRL-N-IUGR fetuses. Expression of OCLN 

was significantly higher in HVL-N-IUGR (x̃ =1.36 fold, P=0.015) compared to CTRL-N-IUGR . 

All other TJ proteins examined were expressed in the porcine endometrium, but no significant 

group differences were observed. 

 

3.4.2. Experiment 2: (Disease progression) 

In PLC (Figure 3.3), expression of CLDN6 was significantly lower in HVL-VIA (x̃ =-1.51 

fold, P=0.011) compared to CTRL fetuses, with HVL-MEC-B fetuses trending lower (x̃ =-1.25 

fold, P=0.070) compared to the CTRL. In addition, HVL-MEC-B fetuses had lower expression of 

CLDN10 (x̃ =-3.63 fold, P=0.019) than control groups, with no significant difference between 

either UNIF-THY or HVL-VIA and CTRL. On the other hand, expression of OCLN in all fetuses 

from inoculated gilts differed from CTRL with small but significant decreases observed in UNIF-

THY (x̃ =-1.15 fold, P=0.036), HVL-VIA (x̃ =-1.21 fold, P=0.014) and HVL-MEC-B (x̃ =-1.19 

fold, P=0.007). While CLDN1, 3, 4, 5, 7 and TJP1 were expressed in PLC, no statistically 

significant group differences were observed.  

In END (Figure 3.4), CLDN3 expression, relative to control CTRL, was significantly 

supressed in UNIF-THY (x̃ =-1.33 fold, P=0.038) and HVL-VIA (x̃ =-1.35 fold, P=0.003), with a 

similar trend toward a significant downregulation observed in HVL-MEC-B (x̃ =-1.27 fold, 

P=0.050). Expression of TJP1 was significantly elevated relative to CTRL fetuses in UNIF-THY 

(x̃ =1.25 fold, P=0.037) and HVL-MEC-B (x̃ =1.23 fold, P=0.018) fetuses with HVL-VIA (x̃ 

=1.21 fold, P=0.097) showing a trending towards significance. Similarly, OCLN was significantly 

upregulated in UNIF-THY (x̃ =1.67 fold, P=0.001) and HVL-MEC-B (x̃ =1.39 fold, P=0.010) and 

a trend toward significance in HVL-VIA (x̃ =1.39 fold, P=0.065).  There were no group differences 

in endometrial expression of the remaining genes assessed.  
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3.5. Discussion  

PRRS is a serious disease associated with reproductive failure and abortions, mortality in 

neonatal and postweaning pigs and respiratory disease concomitant with immunosuppression 

(Balasuriya and Carossino, 2017; Rossow, 1998). High virus concentrations in fetal tissues, 

meconium-stained in the body, fetal death are characteristic fetal outcomes in PRRSV reproductive 

cases (Ladinig et al., 2014b; Malgarin et al., 2019). Unfortunately, vaccines are not 100% effective 

nor are there effective treatments for this disease, therefore, alternative control strategies are 

needed. Various pathophysiological events may be associated with fetal compromise, including 

high PRRSV viral load concentration at the maternal-fetal interface and in fetal tissues, and 

apoptosis of maternal endometrial macrophages and surrounding cells (Karniychuk and 

Nauwynck, 2013; Ladinig et al., 2015). Importantly, IUGR has been previously found to be 

associated with fetal resilience to PRRSV2 infection (Ladinig et al., 2014a). The MFI is the first 

barrier to PRRSV fetal infection (Karniychuk et al., 2011). For PRRSV viral particles to enter fetal 

circulation, they must cross three maternal (endothelium, interstitium, and  epithelium) and three 

fetal (epithelium, interstitium and endothelium) layers (Karniychuk and Nauwynck, 2013). While 

different theories exist on how the virus may cross these layers to infect fetuses, paracellular 

migration of macrophage-associated virus between epithelial cells is the census opinion at present  

(Karniychuk and Nauwynck, 2013; Lager and Mengeling, 1995; Mengeling et al., 1994). 

Apoptosis, inflammation or necrosis of maternal epithelium and fetal epithelium might change cell 

membrane and tight junction integrity facilitating paracellular transmission (Cronqvist et al., 2017; 

Tong and Chamley, 2015). Therefore, our research focused on assessing tight junction proteins 

(TJs) at the maternal fetal interface (MFI) following PRRSV infection and specifically, whether 

changes in integrity are related to fetal preservation status, fetal development (IUGR or not) and 

viral load.  

The TJs studied in this experiment were selected based on an analysis of RNA seq data 

from normal gestation day 113 pig placenta generated by researchers at Wageningen University 

(Accession # SRX178700) along with a reanalysis of RNAseq data from the porcine MFI from 

our earlier reproductive PRRSV challenge study (Wilkinson et al., 2016). In short, CLDN1, 3, 4, 

5, 6, 7 and 10 were found to be the most transcriptionally abundant claudins in the pig placenta.  

The results of this present study confirm that relative expression of these genes in the late gestation 
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porcine MFI were abundant. The seven claudin genes can be ranked in descending order as: 

CLDN4 > CLDN3 > CLDN7 > CLDN1 > CLDN5 > CLDN6 > CLDN10. As for other targets 

OCLN is also abundantly expressed, while TJP1 is the most expressed member of its family.  

Tight junction proteins have been extensively studied due to their importance in many 

tissues and especially their relation to diseases and drug treatment in humans (Krug et al., 2014; 

Lu et al., 2014; Szabó et al., 2009). However, the literature is not so extensive for the swine 

placenta, therefore, our research not only provides insight related to which are present and 

expressed in the porcine placenta versus endometrium, but also novel findings related to how these 

specific subsets of TJs, are associated with IUGR and PRRSV infection status. In short, differential 

expression was observed in CLDN3, CLDN5, CLDN6, CLDN7, CLDN10, OCLN, TJP1 in either 

the porcine endometrium and placenta of IUGR or PRRSV infected fetuses relative to healthy 

(control) fetuses. This concurs with our previous results in which CLDN1, 3, 4, 7 and TJP1 were 

detected in the porcine endometrium and placenta when assessed through 

immunohistofluorescence (Guidoni et al., 2021; Hamonic et al., 2018). 

 

3.5.1. IUGR resilience and PRRSV infection  

Even though studies investigating PRRSV2 fetal susceptibility and IUGR have shown that 

IUGR had lower viral load in thymus than N-IUGR fetuses (Ladinig et al., 2014a; Malgarin et al., 

2019), the mechanism of fetal IUGR that confers resistance is not fully understood. IUGR is an 

industry-wide problem in swine production with a negative economic impact in terms of 

productivity. Affected pigs have high rates of pre-weaning morbidity and mortality, impaired 

growth potential and muscle accretion (Alvarenga et al., 2013; Rehfeldt and Kuhn, 2006; Wu et 

al., 2006). Several factors regulate fetal growth and contribute to IUGR, including genetic, 

epigenetic and environmental factors (nutrition, stress, disease and toxins). Among other things, 

these factors affect placental growth including angiogenesis thereby impairing nutrient transfer 

from the dam to the fetus (Wu et al., 2006). Regarding the expression of TJs, statistical differences 

were mainly observed between uninfected control and one, or both, of the high viral load (IUGR 

and N-IUGR) groups. This included CLDN5 and CLDN7 and OCLN in endometrium, and CLDN6 

and TJP1 in placenta. We interpret these statistical differences as mainly related to PRRSV2 

infection, not specifically between IUGR and N-IUGR groups. By contrast, in our previous study 

investigating TJ protein immunostaining in the MFI, CLDN4 had a lower staining intensity in 
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IUGR compared to non-infected control fetuses, however, we concluded this finding by itself 

cannot explain PRRSV IUGR resistance (Guidoni et al., 2021).  

In the present study, expression of CLDN7 was higher in the endometrium of the PRRSV-

infected IUGR and N-IUGR groups, unlike the other claudins that had decreased expression the 

PRRSV-infected groups. CLDN7 is involved in regulating intercellular exchange and cell polarity 

in epithelial cells. The knockdown of CLDN7 expression in porcine embryos by microinjection of 

siRNA reduced blastocyst rates and cell numbers, disrupted tight junction assembly and 

paracellular sealing in the trophectoderm suggesting that CLDN7 plays a critical role in blastocyst 

development by modulating the trophectoderm barrier function (Gao et al., 2020). By contrast, 

CLDN7 was overexpressed in the endometrium of the HVL groups in the present study. 

Overexpression of this TJ has been studied in the context of epithelium ovarian and human gastric 

cancers (Dahiya et al., 2011; Johnson et al., 2005) and HIV infection (Zheng et al., 2005). With 

respect to the latter, CLDN7 present on the cell membranes of CD4- epithelial cells had increased 

susceptibility to HIV infection, in the absence of GP120 which plays a vital role in viral entry 

(Zheng et al., 2005). Moreover, the same authors reported that human peripheral blood leukocytes 

and macrophages express CLDN7 on their surface, as did a number of other urogenital and 

intestinal tissues. Although HIV incorporates host proteins within its viral envelope unlike 

PRRSV, it is plausible that overexpression of CLDN7 in MFI epithelium or macrophages may 

facilitate greater PRRSV load by either enhancing viral entry into susceptible macrophages or by 

crossing epithelial barriers using transcytosis, a mechanism proposed for HIV (Bomsel, 1997). 

Interestingly, PRRSV has been shown to enter and exit porcine trophoblastic cells (PTr2) in vitro 

without replicating (Suleman et al., 2019) it is presently unknown if this occurs in the maternal or 

trophoblastic epithelia of late gestation fetuses.  

CLDN5 had lower expression in the porcine END in the PRRSV-infected IUGR group. 

CLDN5 is the predominant claudin expressed in endothelial tight junctions (Morita et al., 1999) 

and is very important in maintaining the impermeability of the blood brain barrier to 

macromolecules (Reese and Karnovsky, 1967). Knockout of this claudin allowed rapid 

extravasation of tracers (Nitta et al., 2003). Therefore, if CLDN5 acts similarly in the MFI, the 

lower expression may facilitate virus transmission across the maternal fetal junction paracellularly 

facilitating fetal infection. 

 



 
 

62 

3.5.2. Disease progression and PRRSV infection 

In response to PRRSV infection of the MFI, our results demonstrate that expression of 

TJP1 and OCLN increased in END while expression of CLDN3 decreased in END and OCLN 

decreased in PLC. More specifically, while differing significantly from the non-infected CTRL 

group, the UNIF group did not differ from HVL-VIA or HVL-MEC-B groups in terms of OCLN 

expression in PLC or OCLN, TJP1 and CLDN3 expression in END. Importantly, these changes 

are induced prior to infection of the fetal thymus and are sustained as the disease progresses 

through the high viral load and meconium staining stages. Although uninfected fetuses in this 

study were selected based on absence of virus in fetal thymus, 5/11 had low levels of virus detected 

in placenta and 3/11 in serum. Thus, the UNIF group is roughly split between fetuses in which no 

virus was detected in any tissue and those that were becoming infected. Previous research has 

shown the virus migrates sequentially from endometrium to fetal placenta, umbilical cord and 

thymus within 8-12 days of maternal infection (Malgarin et al., 2019). Given that tissue collection 

occurred at 21 DPI in this present study, the UNIF fetuses are still a relatively resilient group in 

spite of the low levels of virus detected in some placentae and sera.  

OCLN overexpression increases transepithelial electrical resilience in mammalian 

epithelial cells, which indicates the tightness of the paracellular seal (Balda et al., 1996). Knockout 

of OCLN in mice leads to atrophic gastritis, chronic inflammation, and hyperplasia of the gastric 

epithelium (Saitou et al., 2000). TJs in general provide the first line of defense against microbial 

infection, nevertheless, some bacteria and viruses have developed specific strategies to utilize and 

modify TJs to enter a host (Gonzalez-Mariscal et al., 2009). For instance, OCLN is reported to be 

essential for cell-cell transmission utilized by hepatitis C virus to escape from the host immune 

response (Benedicto et al., 2012; Lu et al., 2014). In our study, alteration in OCLN expression 

appears to be related to maternal infection of endometrium which is sustained after the placenta is 

also infected. Moreover,  transfection of MDCK II cells with human CLDN3 decreased their 

permeability (Milatz et al., 2010), suggesting that the observed decreased expression of CLDN3 at 

the porcine MFI might facilitate PRRSV infection. Overall, these changes in TJ expression at the 

MFI following PRRSV infection reflect a mixed response, with decreased CLDN3 and increased 

TJP1 and OCLN expression in the END compared to predominantly lower expression in the PLC 

that is sustained after fetal infection. This suggests that in response to PRRSV2 infection, the END 
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(maternal) response is to put up barriers initially and the fetus (PLC) responds to these by 

increasing permeability in an attempt to maintain the transfer of necessary nutritive factors.   

 High viral load viable fetuses had a lower expression of CLDN6 in the PLC compared to 

CTRL and UNIF groups which also trended lower in the HVL-MEC-B group. These changes occur 

after the fetus has become highly infected with PRRSV2. CLDN6 is expressed during epithelial 

differentiation, and it is vitally important during embryonic and fetal life (Abuazza et al., 2006; 

Hashizume et al., 2004; Turksen and Troy, 2001) in the trophectoderm which covers the surface 

of the blastocyst and form a permeability seal (Biggers et al., 1988). Because it is known to be 

important during fetal life, decreased expression of this gene due to PRRSV2 infection likely alters 

permeability. It is noteworthy that CLDN6 expression was neither decreased nor increased in the 

endometrium, suggesting again the relatively susceptibility of the placenta, as well as its potential 

importance well beyond the blastocyst stage. 

High viral load meconium-stained fetuses had a lower expression of CLDN10 in the 

placenta, which was the only change distinguishing this stage of disease progression.  Considering 

that meconium staining is an early clinicopathological sign of PRRS, the lower expression of 

CLDN10 in the placenta indicates a potential relationship with fetal compromise, over and above 

those resulting from PRRSV infection. CLDN10 are channel-forming claudins, and size selective 

(Günzel and Yu, 2013). A study showed that CLDN3, CLDN7 and CLDN10 had different 

distribution during decidualization and trophoblast invasion in human and mouse placenta, and 

even though both mice and humans have hemochorial placentae, it might suggest downregulation 

of CLDN10 may compromise placental development and function in other species (Schumann et 

al., 2015).  

 Although qPCR technique used herein provided quantitative results of the expression level 

for specific genes in the specific tissues assessed, the localization of these TJ proteins at the cellular 

level could not be ascertained. Continuing this research using  laser capture micro-dissection 

(Hamonic et al., 2018; Keays et al., 2005) to evaluate specific regions within the MFI would be 

beneficial. 

 

3.6. Conclusion 

PRRSV2 infection alters the expression of a number of tight junction protein genes at the 

MFI. Although the expression of a number of claudins differ between non-infected and high-viral 
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load groups, changes in TJ protein gene expression could not explain the relative resilience of 

IUGR fetuses compared to N-IUGR cohorts. Regarding disease progression, changes in the 

expression of CLDN3, TJ and OCLN were initiated following PRRSV infection of the MFI but 

were not associated with fetal resilience. Placental gene expression was more revealing with 

decreased expression of OCLN corresponding to infection of the MFI, CLDN6 with high viral load, 

and CLDN10 with signs of fetal compromise. 
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 Table 3-1: Mean (minimun, maximun) brain:liver weight ratios and viral load by IUGR group (Experiment 1). 

 
 

 
 
 
 

 
 
 

Legend: Brain to liver weight ratio Z-score (Brn:Lvr Z) by fetal IUGR groups: control (CTRL) intrauterine growth restricted (IUGR), 

control non-IUGR (N-IUGR), high viral load (HVL) IUGR and HVL-N-IUGR.  Viral load placenta (VL PLC), viral load serum (VL 

SER), viral load thymus (VL THY) in log10 RNA copies/mg or μL; number (N) of fetuses per fetal preservation status: viable (VIA), 

meconium stained in the head (MEC-H), meconium stained in the body (MEC-B). 

 

  

Group N Brn:Lvr Z VL PLC VL SER VL THY VIA 
MEC-
H 

MEC-
B 

Ctrl IUGR 11 1.943 (1.042, 2.707) 0 0 0 10 1 . 

Ctrl N-
IUGR 

11 
-1.172 (-0.917, -

1.667) 
0 0 0 11 . . 

HVL-IUGR 11 1.632 (1.143, 2.326) 5.7 (2.7, 7) 7.7(2.2, 8.8) 6.7 (5.06, 7.71) 6 4 1 

HVL N-

IUGR 
11 

-1.375 (-1024, -

1.874) 

5.9 (5.1, 

6.8) 
8.2 (7.5, 9) 6.8 (5.2, 8.1) 1 2 8 
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 Table 3-2: Mean viral load and brain:liver weight ratios (minimum, maximum) by fetal disease 

progression group (Experiment 2). 

Legend: Viral load in placenta (VL PLC), viral load serum (VL SER), viral load thymus (VL THY) 

in log10 RNA copies/mg or μL; number (N) of fetuses per group, brain to liver ratio Z-score 

(Brn:Lvr Z) per group, groups: control (CTRL), uninfected thymus (UNIF-THY), high viral load 

viable (HVL-VIA), high viral load meconium in the body (HVL-MEC-B) 

 

Group N Brn:Lvr Z VL PLC VL SER VL THY 

CTRL 11 -0.061 (-0.035, -0.394) 0 0 0 

UNIF-THY 11 0.001 (-0.114, 0.221) 0.9 (0, 2.09) 0.3 (0, 1.5) 0 

HVL-VIA 11 0.005 (0.015, 0.699) 4.6 (2.4, 6.5) 6.2 (1.9, 9.2) 7.1 (5.5, 8.7) 

HVL-MEC-B 11 0.001 (-0.796, -1.202) 6.01 (3.6,6.9) 
7.61 (2.4, 

9.08) 

7.07 (4.8, 

8.3) 
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Table 3-3: Table of primers, optimal annealing temperature (Tm) and amplicon length. 

Legend: Housekeeping genes: Hypoxanthine Phosphoribosyltransferase 1(HPRT1); Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH); ribosomal protein L19 (RPL19); Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta 

(YWHAZ). Tight junction proteins: claudin (CLDN) 1, 3, 4, 5, 6, 7, 10; tight junction protein 1 (TJP1) and occludin (OCLN) 

 

Gene 

Name 

Forward Primer (5’-3’) Reverse Primer (5’-3’) Tm 

(°C) 

Amplicon 

length (bp) 

Target sequence or 

reference 

HPRT1 GGACTTGAATCATGTTTGTG CAGATGTTTCCAAACTCAAC 60°C 91 (Nygard et al., 2007) 

GAPDH CTTCACGACCATGGAGAAGG CCAAGCAGTTGGTGGTACAG 63°C 170 (Bruel et al., 2010) 

RPL19 AACTCCCGTCAGCAGATCC AGTACCCTTCCGCTTACCG 60°C 147 (Meurens et al., 2009) 

YWHAZ TGATGATAAGAAAGGGATTGTGG GTTCAGCAATGGCTTCATCA 60°C 203 (Nygard et al., 2007) 

CLDN1 TGGAAGATGATGAGGTGCAG CCATGCTGTGGCAACTAAGAT 60°C 95 NM_001244539 

CLDN3 GCCAAAGCCAAGATCCTCTAC AGCATCTGGGTGGACTGGT 60°C 190 (Pasternak et al., 2018) 

CLDN4 CAACTGCGTGGATGATGAGA CCAGGGGATTGTAGAAGTCG 60°C 140 (Pasternak et al., 2018) 

CLDN5 CCTTCCTGGACCACAACATC CACCGAGTCGTACACCTTGC 60°C 110 NM_001161636.1 

CLDN6 CTTCATCGGCAACAGCATC CAGCAGCGAGTCATACACCT 63°C 112 (Pasternak et al., 2018) 

CLDN7 ATCGTGGCAGGTCTTTGTG CTCACTCCCAGGACAAGAGC 60°C 192 (Pasternak et al., 2018) 

CLDN10 TGGTTCCATATTTGCCCTGT GCACAGCCCTGACAGTATGA 60°C 115 XM_021065094.1 

OCLN GAGTACATGGCTGCTGCTGA TTTGCTCTTCAACTGCTTGC 60°C 102 (Pasternak et al., 2018) 

TJP1 ACGGCGAAGGTAATTCAGTG CTTCTCGGTTTGGTGGTCTG 60°C 111 (Pasternak et al., 2018) 
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Figure 3.1. Tight junction gene expression of the porcine placenta of IUGR and N-IUGR groups. 
Boxplot of fold changes (-2 delta delta Ct) of tight junction proteins: claudin (CLDN) 1, 3, 4, 5, 6, 

7, 10, tight junction protein 1 (TJP1) and occludin (OCLN) by fetal groups: control (CTRL) 

intrauterine growth restricted fetuses (IUGR); CTRL non (N)- IUGR; high viral load (HVL) IUGR 

and HVL-N-IGUR. Statistical differences were considered significant at P < 0.05. 
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Figure 3.2: Tight junction gene expression of the porcine endometrium of IUGR and N-IUGR 

groups. 
Boxplot of fold changes (-2 delta delta Ct) of tight junction proteins: claudin (CLDN) 1, 3, 4, 5, 6, 

7, 10, tight junction protein 1 (TJP1) and occludin (OCLN) by fetal groups: control (CTRL) 

intrauterine growth restricted fetuses (IUGR); CTRL non (N)- IUGR; high viral load (HVL) IUGR 

and HVL-N-IGUR. Statistical differences were considered significant at P < 0.05. 
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Figure 3.3: Tight junction gene expression of the porcine placenta across PRRSV disease 

progression groups. 
Boxplot of fold changes (-2 delta delta Ct) of tight junction proteins: claudin (CLDN) 1, 3, 4, 5, 6, 

7, 10, tight junction protein 1 (TJP1) and occludin (OCLN) by fetal resilience groups: control 

(CTRL); uninfected thymus (UNIF-THY); high viral load viable (HVL-VIA); high viral load 

meconium stained in the body (HVL-MEC-B). Statistical differences were considered significant 

at P < 0.05. 
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Figure 3.4: Tight junction gene expression of the porcine endometrium across PRRSV disease 

progression groups. 

Boxplot of fold changes (-2 delta delta Ct) of tight junction proteins: claudin (CLDN) 3, 4, 5, 6, 7, 

10, tight junction protein 1 (TJP1) and occludin (OCLN) by fetal resilience groups: control (CTRL) 

uninfected thymus (UNIF-THY); high viral load viable (HVL-VIA); high viral load meconium 

stained in the body (HVL-MEC-B). Statistical differences were considered significant at P < 0.05. 
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4. General Discussion, Conclusions, Future Directions  
The overarching hypothesis of this dissertation was that some tight junction proteins (TJs) 

would be differentially expressed in the porcine placenta and/or endometrium of porcine 

reproductive and respiratory syndrome virus (PRRSV) infected, intrauterine growth restricted 

fetuses (IUGR) when compared to non-IUGR fetuses, suggesting reasons why they are more 

resilient to PRRSV2 infection. Furthermore, we hypothesized that TJs could be differentially 

expressed in MFI tissues following PRRSV2 and during disease progression represented by 

different fetal preservation status groups. In short, there were significant differences in protein and 

gene expression between PRRSV2 infected groups, however, no association was found, regardless 

of fetal PRRSV2 resilience, between IUGR and non-IUGR fetuses. In addition, our research 

provided a novel understanding of the tight junction proteins at the porcine maternal fetal interface 

and how PRRSV2 relates to it. 

Many questions about PRRS pathophysiology have been raised since it was first described, 

and many answers are still “missing”, especially regarding the reproductive form of the disease.  

In later stages of gestation, the fetus initiates a phase of rapid growth (McPherson et al., 2004) and 

it is when the placenta becomes more permeable to PRRSV2 (Harding et al., 2017). This fetal 

demand requires the placenta to undergo changes, including the development of placental folds, 

increasing the surface area of the maternal fetal interface (MFI) for an efficient transport of 

nutrients (Vallet et al., 2014). Earlier studies have demonstrated the importance of assessing the 

MFI to better understand the factors associated with reproductive losses and transplacental viral 

transmission (Karniychuk et al., 2011; Karniychuk and Nauwynck, 2013; Novakovic et al., 2016a, 

2016b, 2018). 

Chapter 2 and 3 of this thesis report novel findings, being the first to describe a larger 

subset of TJs in the porcine placenta and endometrium histologically and quantitatively, using 

either a semi-subjective scoring system applied to IHF images to assess protein abundance 

(Chapter 2) or qPCR to assess gene expression (Chapter 3). The tight junction proteins assessed 
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herein included claudins CLDN1, CLDN3, CLDN4, CLDN5, CLDN6, CLDN7 CLDN10, OCLN 

and the scaffold protein, TJP1. Using IHF (Chapter 2), we built a baseline assessment of TJs at the 

MFI, determining “what are normally present”, and then compared to what looked to be abnormal 

following exposure to PRRSV2. We found that PRRSV2 infection reduced the intensity of some 

tight junctions in epithelial and endothelial cells at the maternal-fetal interface. The intensity of 

CLDN4 protein was decreased in endothelial cells in meconium-stained fetuses compared to 

control and IUGR fetuses, however, changes in tight junction proteins were not related to 

intrauterine growth restricted resilience. Continuing our research, we moved to a more quantitative 

technique, to assess tight junction gene expression by qPCR, as described in Chapter 3. Similarly, 

there was no relationship between IUGR and non-IUGR PRRSV2 resilience, however, interesting 

changes in tight junction gene expression were found as the diseased progressed. Occludin 

expression increased in the endometrium and placenta after maternal infection, CLDN6 expression 

decreased in placenta when the fetus became infected, and CLDN10 expression increased in 

placenta in fetuses showing evidence of compromise. 

Previous studies suggested that IUGR fetuses appear to be more resilient to PRRSV 

infection when compared to non-IUGR fetuses, and have lower viral load in thymus, umbilical 

cord, serum and amniotic fluid (Ladinig et al., 2014b; Malgarin et al., 2019). This was the 

justification to investigate further the IUGR group, to determine if tight junction proteins played a 

role in PRRSV2 and resilience in IUGR fetuses. However, in both Chapter 2 and 3 we failed to 

demonstrate significant differences in abundance of tight junction proteins and expression between 

IUGR and non IUGR fetuses following PRRSV2 infection. On the other hand, Chapter 2 and 3 

provided insights into the potential mechanisms of transplacental PRRSV2 transmission based on 

the differences in TJ integrity we observed following PRRSV2 infection with stepwise changes 

corresponding with disease progression. 

In Chapter 2 we found interesting results, possibly related to acute and chronic 

inflammation, suggesting higher permeability of the MFI may make it easier for the virus to cross 

the placental barrier, either with infected macrophages or free virus movement through the MFI. 

This finding was related to less abundant CLDN1, CLDN4 and TJP1 immunostaining in 

MECL/FECL. In short, CLDN1 immunostaining was less abundant in MECL and FECL in IUGR 

and meconium stained (MEC) groups when compared to control. Similarly, TPJ1 immunostaining 

was less abundant in MECL in IUGR and MEC groups compared to control group. Additionally, 
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CLDN4 had less abundant immunostaining in MECL in IUGR groups compared to MEC and 

control groups. It is known that the endothelial cell can modulate its permeability by alterations in 

cellular contractility and opening of intercellular junctions (Aird, 2007; Wettschureck et al., 2019; 

Zhang et al., 2018; Zong et al., 2019). Moreover, TJs play an important role in paracellular 

transport across the epithelia and endothelia, and can also be defective in some diseases, potentially 

resulting in altered paracellular transport or increased permeability (Al-Sadi et al., 2011; Madara, 

1998; Simon et al., 1999). Increased vascular permeability leads to extravasation of leukocytes 

either paracellularly or transcellularly, therefore, the loss of barrier function in endothelial cells 

leads to the leakage of larger molecules and blood with potentially life-threatening consequences. 

Considering that previous studies proposed that the transmission might occur by PRRSV-infected 

macrophages, the decrease in TJs in maternal endothelial cells during PRRSV2 infection may 

relate to greater vessel permeability facilitating the extravasation of infected macrophages into the 

endometrial stroma that subsequently migrate to the maternal-fetal boundary. 

Regarding the localization of TJ proteins in/around the cell, the only difference observed 

between healthy control samples and PRRSV2 infected samples was with CLDN1 protein in 

VBFE, where in controls it was mostly paracellularly localized while in PRRSV-infected it was 

mostly apically localized. It is known that the localization of the junctional complexes is important 

to maintain the functionality of nutrient transfer between dam to fetus, therefore, I hypothesize that 

this alteration might be due PRRSV2 infection. However, a limitation of this aspect of the research 

was that the image magnification should have been higher to enable a more accurate assessment 

of localization. 

Chapter 3 was designated to evaluate a larger subset of TJ proteins using a more sensitive 

and quantitative test (qPCR) and to provide further insight on the resilience of IUGR fetuses and 

disease progression. The first experiment of Chapter 3 focused on IUGR and non-IUGR groups 

(control and PRRSV2 infected), however, similar to Chapter 2, no significant differences were 

found between IUGR and non-IUGR fetuses, indicting again that there is no correlation between 

resilience, tight junction and PRRSV2 infection with the genes herein assessed. However, CDLN7 

and CLDN5 were genes that emerged as being interesting due to the significant difference between 

control and PRRSV2 groups. CLDN7 is involved in regulating intercellular exchange and cell 

polarity in epithelial cells. This gene also plays a role in HIV viral entry  and human peripheral 

blood leukocytes (PBMC) and macrophages express CLDN7 on their surface (Zheng et al., 2005). 
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While very speculative, it’s overexpression in the endometrium may facilitate greater PRRSV2 

load by enhancing viral entry into susceptible macrophages or by crossing epithelial barrier. On 

the other hand, CLDN5 is predominantly expressed in endothelial cells (Morita et al., 1999), and 

studies reported extravasation of tracers after knockout of this claudin in the blood-brain barrier in 

mice (Nitta et al., 2003). Lower expression of CLDN5 may facilitate extravasation of macrophages 

from maternal blood vessel followed by migration to and through the epithelium.  

In experiment 2 of Chapter 3, fetal disease progression group were investigated, and several 

results were insightful. There were three specific genes that had decreased in expression across the 

disease progression groups. Alteration in OCLN expression appears to be related to maternal 

infection of the endometrium which is sustained after the placenta is also infected. Related 

specifically to the fetal side, CLDN6 had lower expression in high viral load viable fetuses in the 

placenta compared to controls. Therefore, this change happened after the fetus itself became highly 

PRRSV2 infected. Because CLDN6 is known to be important during embryonic and fetal life, the 

decreased expression may alter placental permeability. Moving on as the disease progressed, 

CLDN10 expression was lower in the placenta of high viral load meconium-stained fetuses (an 

early clinicopathological sign of PRRS), thus, the lower expression in this stage indicates a 

potential relationship between fetal compromise and CDLN10. 

Comparing both chapters, the only tight junction that was significantly altered in terms of 

both protein abundance and gene expression was TJP1. All other TJs investigated were not found 

to be significantly altered in both chapters, possibly due to the different techniques using in the 

respective experiments. Furthermore, in the Chapter 2 we evaluated and scored all the regions of 

the MFI separately, while in Chapter 3 the analyses were done in the placenta tissue and/or 

endometrium, not being able to separate regions within the MFI. 

The limitations of Chapter 2 are that the immunofluorescent approach used was limited by 

both the availability of cross-reactive antibodies and the semi-quantitative approach, important 

given the diversity of proteins involved in formation of the epithelial barrier. While for Chapter 3, 

even though the RT-qPCR used was a broader and more quantitative technique that could provide 

greater insights, we could not determine TJs expression quantitatively in every region of the MFI, 

only the placenta and endometrium tissue as a whole. Other general limitations to consider are that 

all the maternal subjects of this research were obtained from the same commercial breeding 

company, with the same breed (Landrace), only gilts (primiparous), mostly free of other disease-
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causing agents, the projects were based on one specific PRRSV2 strain (NSVL-97–7895). 

Additionally, period of gestation, only late placenta was assessed. Therefore, caution should be 

taken when extrapolating these results, because they may not reflect the exact conditions of 

commercial pig farms or infection by other PRRSV2 strains.  

In conclusion, these studies provide potential evidence of altered epithelial permeability of 

TJ, that may enable the virus to more easily cross the maternal-fetal boundary in a paracellular 

manner to infect the fetuses. A significant decrease in the intensity of these proteins was observed 

in endothelial cells suggesting the virus induced inflammation leads to vascular permeability and 

leukocyte extravasation with PRRSV-infected macrophages subsequently crossing the stroma to 

the epithelium, subsequently infecting the fetus. Thus, this research provides new insights into the 

paracellular transplacental transmission of PRRSV2. Placental gene expression was more 

revealing with decreased expression of OCLN corresponding to infection of the MFI, CLDN6 with 

high viral load, and CLDN10 with signs of fetal compromise.  Lastly, changes in TJ protein gene 

expression could not explain the relative resilience of IUGR fetuses compared to N-IUGR cohorts. 

However, transplacental transmission investigations are not complete. Future studies could follow 

up at least some of the finding herein presented: 

• Continuing this research using laser capture micro-dissection to evaluate specific regions 

within the MFI with the specific TJs used herein could identify significant differences 

between PRRSV2 infected groups and controls. 

• Assess CLDN5, CLDN6, CLDN7, CLDN10 and OCLN abundance using the 

immunohistofluorescence technique in MFI would also be beneficial, firstly because of 

their function and role in the paracellular pathway and pore forming, and also based on the 

interesting relationship between PRRSV2 and disease progression identified in Chapter 3.  

• Go further and find prospective genes and proteins related to nutrient flow, different 

pathways that the virus may use to cross the barrier to infect the fetus, such as desmosomes 

and gap junctions. 

• Investigate TJs in an earlier period time of gestation, to compare to changes that happens 

later on. 

• Determine the cause of fetal death following PRRSV2 infection that remains an important 

question unresolved by the studies conducted to date. 
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