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ABSTRACT 

 

Porcine reproductive and respiratory syndrome (PRRS) is a disease with important 

economic impacts in the swine industry. Despite its importance, key events of its 

pathophysiology and transplacental transfer of the virus are still unknown. The objectives in our 

projects were to evaluate relevant factors in the physiology of placental tissues that can be 

affected by infection with PRRSV and the possible route that the virus uses to cross the 

transplacental barrier. For these evaluations, thirty-one pregnant gilts inoculated with a type 2 

PRRSV (PRRSV2) at gestation day 86±0.4, and seven sham-inoculated pregnant gilts were used. 

All gilts were euthanized at 12 days post-inoculation. Different phenotypic fetal groups were 

evaluated including uninfected (UNIF), placenta only infected (PLCO), high viral load viable 

(HVL-VIA), and HVL-meconium stained (MEC) from PRRSV-infected gilts, as well from 

sham-inoculated (CON) gilts. Finally, potential factors related to PRRSV2 localization, 

including the severity of inflammation in endometrium and placenta, and intrauterine growth 

restriction (IUGR) were assessed. Angiogenesis and cell proliferation in placental tissues are 

fundamental physiological events during pregnancy whereas PRRSV2 infections alter placental 

tissues through inflammatory and apoptotic pathways. Our first hypothesis was that PRRSV2 can 

alter these two physiological processes which can lead to compromised fetal development and 

survival. Angiogenesis and cell proliferation in the porcine maternal fetal interface (MFI) were 

determined through the detection of vascular endothelial growth factor (VEGF) and Ki-67, 

respectively in the porcine maternal fetal interface (MFI). VEGF immunostaining in the uterine 

submucosa was significantly lower in MEC compared to UNIF and HVL-VIA groups. 

Significantly greater Ki67 immunostaining was detected in the trophoblasts of CON fetuses 

versus all other groups, and in uterine epithelium of CON and UNIF fetuses versus HVL-VIA 

and MEC. These results suggest that fetal resilience may be related to greater cell proliferation in 

uterine epithelium, and fetal compromise with reduced uterine submucosal angiogenesis, except 

in intra-uterine growth retarded fetus (IUGR) fetuses in which inherently lower submucosal 

angiogenesis may be protective against PRRSV2 infection. In addition, we evaluated specialized 

structures in the placenta called areolae. These structures have high absorptive and substance 

transport capacity that facilitate embryonic development. The aim of this study was to 

characterize the localization of PRRSV2 in and adjacent to areolae. Our second hypothesis was 
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that transplacental transmission might occur through placental areolae. Presence of PRRSV2 and 

CD163+ macrophages were determined using immunofluorescence in cryosections of maternal-

fetal interface (MFI) with and without areolae. In the maternal, fetal and cavity of areolar 

regions, PRRSV2 particles were found both independently and in co-localization with CD163+ 

macrophages. These results suggest that transplacental transmission of PRRSV2 may occur 

through the areolae, either as non-cell associated or in association with infected CD163 

macrophages. 
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1 INTRODUCTION AND LITERATURE REVIEW 

1.1 General introduction  

The underlying pathologic mechanisms of porcine reproductive and respiratory syndrome 

(PRRS), caused by PRRS virus (PRRSV) are only partially understood. Research into the 

reproductive form of PRRS over the last decade has resulted in a closer examination of the feto-

maternal junction (FMJ) and the parts thereof that interact at this interface: placenta with 

trophoectoderm, endometrium with epithelium, and areolae, along with macrophages and other 

maternal host cells.  

Understanding the dynamics of the interactions of PRRSV at the FMJ requires 

knowledge of the placental and endometrial structures, including areolae, as well as the dynamic 

processes of angiogenesis and cell cycles within these tissues.  

1.2 Placenta 

The placenta is a transitory maternal-fetal organ where there is the apposition of fetal and 

maternal tissue with the purpose to maintain physiological exchanges, bioenergetic needs and 

which promotes a favorable and indispensable environment for growth, development, and 

survival of the fetus during each gestational stage (Maltepe & Fisher, 2015; Mossman, 1987). In 

placental tissues, an interface is formed between the maternal and fetal circulation facilitating 

transport activities and physiological exchange between the dam and the fetus of substances such 

as oxygen, water, glucose, lactate, amino acids, free fatty acids, vitamins, electrolytes, hormones, 

and antibodies (Leiser & Kaufmann, 1994; Watson & Cross, 2005). This transfer of nutrients and 

substances depends on the type of placental structure and in some animal species such as pigs, 

the placenta prevents the transfer of large molecules such as antibodies. 

The transport of substances from the mother to the fetus occurs through simple diffusion, 

facilitated diffusion, and active transport (Watson & Cross, 2005). These placental transport 

activities vary depending on the molecular characteristics of the substances and the type of 

placenta since the conformation and placental structure vary across mammals (Leiser & 

Kaufmann, 1994). Specific examples for each of these transports are: oxygen, carbon dioxide, 

glucose, free fatty acids, glycerol and sodium and chloride ions are small molecules that easily 

cross the placenta by simple diffusion. Water moves by simple diffusion according to hydrostatic 

and osmotic pressure gradients. Regarding glucose, in addition to simple diffusion, facilitated 

diffusion is also required using a variety of glucose transporters to complement fetal demands. 
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Amino acids for fetal protein synthesis are transferred from the mother to the fetus by active 

transport. Calcium, iron, and vitamins are transferred by carrier-mediated active transport  

(Leiser & Kaufmann, 1994). In addition to these forms of diffusion, the exchange of nutrients 

from the mother to the fetus is carried out in two ways. First, through the blood route, a form 

called hemotrophic nutrition, where the transfer of nutrients occurs from blood vessels maternal 

to fetal circulation, this process occurs when there is an indentation of fetal capillaries into the 

trophoblasts and maternal capillaries into the uterine epithelium that reduce the distance between 

the fetal and maternal blood, allowing the transfer of nutrients. Secondly, by the uterine glands, a 

form called histotrophic nutrition and which in some species is carried out by specialized 

structures called areolae which deposit uterine glandular secretions directly into the fetal space 

(Beck, 1976; Mossman, 1987; Vallet & Freking, 2007b). 

In addition to the transport capacities, the placenta also has endocrine functions, 

facilitating communication between the mother and the fetus through substances produced by the 

placental tissues that are distributed through the blood. Autocrine effects on the placenta occur 

when substances produced in the placental tissues have an effect on the placenta itself and on the 

uterus (Gude et al., 2004). Due to the non-innervation of the placenta, this form of hormone 

transfer, both autocrine and endocrine, is important for maternal-fetal communication (Gude et 

al., 2004; Reilly & Russell, 1977). 

Among some of the substances produced by the placenta, there are some hormones such 

as estrogens and progesterone.  In addition to the placenta, estrogens are also produced by the 

fetal adrenal gland and the fetal liver and act as specialized growth hormones for the mother's 

reproductive organs, including the breasts, uterus, cervix, and vagina (Gude et al., 2004). 

Progesterone is produced by the placenta and the corpus luteum, this hormone is released in the 

maternal and fetal circulation and its functions include inhibiting uterine contraction, suppressing 

estrus, and releasing luteinizing hormone from the pituitary gland (Gude et al., 2004). Another 

important hormone produced by placental cells is chorionic gonadotrophin, which participates in 

the maintenance of the corpus luteum, which in turn produces progesterone, estrogens, and 

androgens, thus maintaining a normal hormonal physiological cycle during pregnancy, 

guaranteeing an adequate development of both mother as the fetus (Cole, 2010). This last 

hormone is produced naturally in the human placenta and in addition to its functions in the 

corpus luteum, it also participates in the angiogenesis of the uterine vasculature, immune- 



   
 

 3 

suppression and blockage of phagocytosis of invading trophoblast cells, growth of uterus in line 

with fetal growth, and growth and differentiation of fetal organs (Cole, 2010).  

 

1.2.1 Types of placenta 

There are several criteria for placental classification. Among these is the morphological 

or anatomical classification of the placentas which depends on the way in which the chorionic 

villi are distributed in the placenta (Leiser & Kaufmann, 1994; Wooding & Burton, 2008). 

Placentas can also be histologically classified based on the number of cell layers that separate 

maternal from fetal blood and vary depending on the animal species. These generally include 

three maternal layers of epithelium of the uterine mucosa, maternal connective tissue, 

endothelium of maternal capillaries as well as three fetal layers or tissues of epithelium of the 

fetal chorion, fetal mesenchymal tissue, and endothelium of the fetal capillary (Leiser & 

Kaufmann, 1994; Wooding & Burton, 2008). 

Four main types of placentae are recognized according to the gross morphology: diffuse, 

cotyledonary, zonal and discoidal (Leiser & Kaufmann 1994). Diffuse placenta has chorionic 

villi that are evenly distributed across the entire surface of the uterine epithelium. These are 

intimate and opposed contact and form folds – found in pigs, horses, camelids, and cetaceans. 

Cotyledonary placentas are those where the fetal portions called cotyledons that interact with the 

endometrial caruncles of the uterus. The chorionic structures together form a structure called a 

placentome – found in ruminants such as cattle and sheep. Zonal placentas have an 

allantochorionic vesicle that is ovoid and surrounded by a band of chorionic villi surrounding the 

fetus and arranged equatorially – found in carnivores such as dogs and cats, seals, bears, and 

elephants. Discoidal placentas are those which the villi of the chorion are distributed circularly 

forming a single (discoid) or double (bidiscoid) disc where the maternal-fetal interaction occurs 

– found in primates including humans, rodents, and rabbits (Leiser & Kaufmann, 1994; 

Mossman, 1987; Perry, 1981; Wooding & Burton, 2008). 

Histologic evaluation of placentae results in four additional classifications: 

epitheliochorial, syndesmochorial, endotheliochorial and hemochorial (Leiser & Kaufmann 

1994). Epitheliochorial placentae are the most superficial because there is no invasion of 

trophoblastic cells in maternal tissues and the maternal and fetal circulation is separated by six 

cell layers. The tissues that are in contact in this type of placentation are the epithelium of the 
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uterine mucosa and the epithelium of the fetal chorion. The epitheliochorial type is found in 

horses, pigs, and ruminants. Syndesmochorial placentae exhibit partial destruction of the uterine 

epithelium and some trophoblasts fuse with uterine epithelial cells forming multinucleated cells. 

Endotheliochorial placenta penetrates deeply into uterine tissues and contacts the endothelium of 

the blood vessels without destroying them. This type of placentae is found in carnivores (cat and 

dog). Hemochorial placenta is the most invasive, in which all maternal tissue layers disappear 

through erosion and the chorionic villi float freely in the blood chamber and have direct contact 

with the maternal blood. This type of placentae are found in humans, rat, mouse, and nonhuman 

primates (Leiser & Kaufmann, 1994; Mossman, 1987; Perry, 1981). 

1.2.2 Porcine placenta 

1.2.2.1 Placental formation 

Pigs have a 21-day estrus cycle with an estrus period of 2 to 3 days and pregnancy of 114 

days. Ovulation is spontaneous and occurs 38–48 h after onset of estrus. After fertilization, at 8 

days, the blastocysts reach the uterus and 12 days later, a trophoblast adhesion occurs in the 

endometrium. On day 14, the allantois develops and after 17 days, placental development begins. 

By day 24–30 of gestation, the allantois attaches all around the periphery, the yolk sac shrinks 

and the placenta is completely established (Geisert & Yelich, 1997; Knox et al., 2018; Perry, 

1981; Wooding & Burton, 2008). 

1.2.2.2 General characterization 

The porcine placenta is classified as diffuse chorioallantoic and epitheliochorial, where 

the trophectoderm is in contact with the uterine epithelium and the fetal and maternal microvilli 

interdigitate between them (Mossman, 1987). In this type of placenta, there is no invasion of the 

trophoblasts into the endometrium therefore, embryonic development depends mainly on 

endometrial secretions, also called uterine milk (Raub et al., 1985). In addition, there are areas of 

the placental barrier where the maternal and fetal capillaries produce a progressive indentation 

on both sides of the placenta and causes a reduction in the intervascular distance, being less than 

2 μm, and facilitating the diffusion of substances through the placenta (Beck, 1976; Enders & 

Blankenship, 1999; Friess et al., 1980; Mossman, 1987). The uterine glands are numerous and 

with a high secretory activity during pregnancy and in the fetal area they expand forming 

specialized structures called areolae that are composed of cells specialized in histotrophic 

absorption (Abromavich Jr., 1926; Brambel, 1933). Macroscopically, this type of placenta has a 
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more gelatinous appearance compared to other mammals and there is one placenta for each fetus 

with ischemic extremities called necrotic tips. These necrotic extremes form due to lack of blood 

supply to these placental areas (Ashdown & Marrable, 1967; Mossman, 1987; Wright et al., 

2016). 

1.2.2.3 Placental areolae 

Porcine placental areolae are specialized, dome-shape structures where the uterine glands 

empty and release their contents. The areolar fetal epithelium is characterized by high columnar 

trophoblastic epithelium with high absorption capacity due to long microvilli, tubular systems 

and vesicles (Friess et al., 1981). The areolae are formed of fetal and maternal tissue, and are 

classified as “regular”, which accumulate secretions from a single uterine gland or “irregular”, 

areolas which accumulate secretions from various uterine glands. There are approximately 7,000 

regular and 1,500 irregular areolae per placenta (Dantzer & Leiser, 1993). Macroscopically, 

regular areolae appear as opaque circular spots measuring up to a few millimeters, while 

irregular areolae have a translucent appearance and are of variable shape (Dantzer & Leiser, 

1993). Macroscopically, the areolae are in the chorioallantoic membrane and are classified as 

regular areolae observed as opaque circular spots with few millimeters in length and irregular 

areolae observed as translucent and variably formed larger structures (Dantzer & Leiser, 1993). 

In the areolar cavity, the exchange of substances between the mother and the fetus takes 

place. Because these substances come from endometrial secretions they are classified as 

histotrophic secretions which are absorbed by the areolar trophoblasts and then are deposited in 

the amniotic cavity, allantoic cavity (Bazer et al., 2012) and into the fetal circulation and later 

these secretions are used for the development of the embryo during pregnancy (Mossman, 1987). 

There are different types of substances that are transported through the areola such as enzymes, 

growth factors, cytokines, lymphokines, hormones and a glycoprotein called uteroferrin (Bazer 

1975; Friess 1981). This last one is synthesized by the uterine epithelium and the uterine glands 

and is especially important because it carries iron from the mother to the fetus and it crosses the 

cell membranes of the areolae through the incorporation of a vesicle or lysosome and 

subsequently transfers iron to the fetus through the allantoic fluid (Bazer, 1975; Chen et al., 

1975; Friess et al., 1981; Wooding et al., 2000).  
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1.3 Angiogenesis  

Angiogenesis is the formation of new blood vessels from the pre-existing vasculature. 

This process includes the migration and proliferation of endothelial cells, the formation and 

organization of cells in tubular structures that will eventually unite, to finally mature into stable 

blood vessels (Dvorak, 2005; Folkman & Shing, 1992). 

There are several steps in the formation of new blood vessels. First, the components of 

the endothelial extracellular matrix environment are degraded by proteases produced by the 

endothelial cell (Conway 2001; Risau 1997; Wilting & Christ 1996). After this, chemotactic 

migration of endothelial cells occurs where new blood vessels will develop. Precursor 

endothelial cells give rise to the new blood vessels, which assemble into a primitive vascular 

plexus of small capillaries (Risau 1997; Wilting & Christ 1996). This vascular plexus expands 

progressively due to the creation of new vessels and is remodeled constantly forming a highly 

organized vascular network of large vessels that branch into small vessels (Carmeliet 2005; 

Conway 2001; Risau & Flamme 1995). The newly formed vessels are covered by pericytes and 

smooth muscle cells, which regulate the contraction and dilation of the blood vessels and 

regulate the perfusion of the new blood vessels (Carmeliet, 2005; Conway et al., 2001; Risau, 

1997; Risau & Flamme, 1995; Wilting & Christ, 1996).  

The generation of new capillaries is the result of the balance between the signals of 

proangiogenic factors and antiangiogenic factors. Proangiogenic molecules involved in 

upregulation of angiogenesis include fibroblast growth factor (FGF), vascular endothelial growth 

factor (VEGF), transforming growth factor alpha and beta (TGF-α and TGF-β), hepatocyte 

growth factor (HGF), tumor necrosis factor alpha (TNF-α), angiogenin, interleukin (IL)-8, 

angiopoietins 1 and 2, platelet-derived growth factor (PDGF), leptin, prostaglandins, among 

others (Dvorak, 2005; Ferrara, 2004; Polverini, 1995; Yancopoulos et al., 2000). Antiangiogenic 

molecules include thrombospondin-1 (TSP-1), interferon-a (INF-a), and platelet factor 4 (PF-4) 

(Indraccolo, 2010; Maione et al., 1990; Mosher, 1990).  

There are two types of angiogenesis, normal or physiological angiogenesis and abnormal 

or pathological angiogenesis. Physiological angiogenesis occurs during the necessary growth of 

the blood vasculature that begins in embryogenesis and continues after birth in postnatal 

development, to adequately provide the oxygen and nutrients required by the growing organs and 

during repair processes in adult tissues (Ferrara, 2002; Folkman & Shing, 1992). Abnormal 
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angiogenic processes are present in pathological conditions such as malignant tumors where the 

formation of new blood vessels contributes to the exponential growth of neoplastic masses. In 

these neoplastic tissues, the formation of new blood vessels is defective, which leads to 

hemorrhagic events and facilitates the entry of neoplastic cells and the propagation of these cells 

to other tissues (Crivellato et al., 2008). 

1.3.1 Angiogenesis in the placenta 

Normal placental growth and development is essential for placental hormone synthesis 

and nutritional and excretory functions during fetal growth. These physiological processes are 

produced due to the extensive formation of vascular networks growing and developing from the 

endometrium to the placenta (Elsayes et al., 2009; Redmer et al., 2005). This placental vascular 

network is generated through two consecutive processes, vasculogenesis and angiogenesis. 

Vasculogenesis is the formation of blood vessels that originate from the differentiation of 

pluripotential mesenchymal cells from hemangiogenic progenitor cells (Demir 2007). By 

contrast (as discussed above), angiogenesis is characterized by the formation of new blood 

vessels from those already existing (Demir et al., 2007; Folkman & Shing, 1992). This sequential 

process has been demonstrated in the human placenta where vasculogenesis is the predominant 

vascular formation process in the fetal placental unit between 21-31 days of gestation, whereas 

after 32 gestation days the vascular formation in placental tissues occurs mainly by angiogenesis 

(Charnock-Jones et al., 2004).  

 The physiological process of angiogenesis in placental tissues provides an adequate 

blood supply in this organ during gestation and, at the same time, the blood flow produced in this 

process is correlated with fetal growth and survival and the weight of the newborn at birth. The 

increased blood flow provides a suitable uterine environment to meet the metabolic demands of 

the developing fetus or fetuses, and influences the rate of physiological exchange between 

mother and fetus during pregnancy (Reynolds & Redmer, 1995, 2001).  

Placental growth decreases during the last half of pregnancy, but the placental functional 

capacity increases to support the exponential growth of the fetus (Reynolds et al., 2005; 

Reynolds & Redmer, 1995). This correlation between the functional properties of the placenta 

with the increase in the size of the fetus has been reported in swine where the vascular 

development and the expression of angiogenic factors are related to the increase in the weight 
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and size of fetuses. Therefore, reductions in the vascular development of the placenta have been 

associated with early embryonic mortality (Reynolds & Redmer, 2001; Vonnahme et al., 2001). 

1.3.2 Vascular endothelial growth factor 

VEGF is a protein that stimulates the growth, survival and proliferation of endothelial 

cells and has been identified as one of the most powerful and predominant factors that participate 

in the angiogenesis process (Ferrara, 2004; Ferrara & Davis-Smyth, 1997b). VEGF is produced 

by different types of cells including endothelial cells, tumor cells, macrophages, platelets, and 

keratinocytes (Frank et al., 1995; Itakura et al., 2000; Sunderkötter et al., 1994; Verheul et al., 

1997). In addition to its effects to stimulate the survival, proliferation, and motility of endothelial 

cells, it also participates in physiological functions such as hematopoiesis and wound healing 

(Bao et al., 2009; Gerber & Ferrara, 2003).  

Hypoxia is the main regulator of VEGF expression. Decreases in available oxygen in the 

cellular environment induces the synthesis of hypoxia-inducible factor (HIF) (Krock et al., 2011; 

Liu et al., 1995). HIF is a heterodimeric transcription factor made up of HIF-1α and HIF-1β. In 

hypoxic situations, HIF-1α and HIF-1β accumulate in the nucleus, where they form a dimer 

called HIF-1, which promotes VEGF transcription (Morfoisse et al., 2015). VEGF production is 

regulated by cytokines and growth factors, such as IL-1, IL-6, fibroblast growth factor 4 (FGF-

4), platelet-derived growth factor (PDGF), insulin-like growth factor 1 (IGF-1), TGF β, KGF, 

TNF-α and interferon-β that increase VEGF production, (Kawaguchi et al., 2004; Li et al., 1995). 

VEGF inhibitory factors include IL-10 and IL-13 (Matsumoto et al., 1997).  

The VEGF family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and 

placental growth factor (PlGF). Collectively, they act on target cells through three receptors: 

VEGFR-1, VEGFR-2 and VEGFR-3, located in endothelial and other cell types (Ferrara, 2004; 

Gille et al., 2001; Meyer et al., 1999). VEGF-A regulates angiogenesis and vascular permeability 

by activating two receptors, VEGFR-1 and VEGFR-2 (Ferrara et al., 2003; Shibuya, 2011). 

VEGF-B and PlGF and their receptors FLT1 and FLK1 respectively, stimulate angiogenesis in 

normal tissues, but their activities are much weaker than VEGF-A. VEGF-B plays a role in the 

maintenance of newly formed blood vessels during pathological conditions and PlGF is primarily 

involved in angiogenesis and vasculogenesis during embryogenesis (Yamazaki & Morita, 2006; 

Zhang et al., 2009). VEGF-C and its receptor FLT4 are implicated in the formation of the 

lymphatic endothelium (lymphangiogenesis). VEGF-D binds to its receptors KDR and FLT4 and 
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also stimulates lymphangiogenesis (Holmes & Zachary, 2005; Jia et al., 2004). VEGF-E 

promotes angiogenesis and epidermal regeneration through its interaction with VEGFR-2 and 

induces dermal vascularization and epidermal proliferation (Holmes & Zachary, 2005; Wise et 

al., 2012). 

VEGF stimulates vascular permeability in blood vessels, promoting vascular leakage due 

to the phosphorylation effect that VEGF produces in cellular adhesion proteins such as E-

cadherin and β-catenin (Nelson, 2008; Weis & Cheresh, 2005). These two proteins participate in 

intercellular junctions stabilizing the adhesion between endothelial cells, therefore, modifications 

in E-cadherin and β-catenin will alter the control in vascular permeability (Guo 2008). Regarding 

the viability of immature blood vessels, VEGF participates in the survival of endothelial cells by 

inducing the expression of anti-apoptotic proteins such as Bcl-2 and A1 (Gerber et al., 1998). 

When regulation and / or synthesis of VEGF is normal, multiple physiological processes 

are produced such as: vascular remodeling during the ovarian cycle and embryonic implantation, 

vasculogenesis, early hematopoiesis (Carmeliet et al., 1996; Eichmann et al., 1997). In adult 

tissues, VEGF contributes to the formation of the corpus luteum in the ovaries; stimulates the 

growth of endometrial vessels in the uterus, and participates in the proliferative phase of wound 

healing (Ferrara et al., 1998). When VEGF synthesis is produced abnormally, pathological 

processes may occur such as tumor development promoting angiogenesis in these neoplastic 

masses further stimulating their growth (Carmeliet, 2005; Salven et al., 1997). Growing tumors 

produce hypoxic conditions that result in increased concentrations of VEGF through HIF-1 and 

stabilization of VEGF mRNA. Subsequently, VEGF is responsible for endothelial cell growth, 

vascular permeability, and promotes survival of newly formed endothelial cells in tumorous 

alterations (Carmeliet et al., 1998; Dvorak, 2002; Levy et al., 1998; Straume & Akslen, 2001).  

1.4 Cell cycle  

The cell cycle is a set of events that culminates in the division, proliferation and growth 

of the cell. During this process, the cell divides into two. In each of the cells formed, there is 

genome replication, distribution of cell mass, and chromosome segregation. All of these 

elements allow the repetition of the division process (Schafer, 1998). A typical cell cycle occurs 

in two phases: the interphase that is divided into three phases: G1, S and G2, and mitosis that is 

divided into prophase, metaphase, anaphase, and telophase. 
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During the G1 phase, called the first growth phase, the cell is enabled to grow and 

produce all the proteins necessary for DNA synthesis. The cell increases in size and new 

cytoplasmic material is synthesized, especially proteins and RNA (Zetterberg et al., 1995). The S 

phase, is the period in which DNA duplication takes place. When finished, the nucleus contains 

twice as much DNA and nuclear protein. This ensures that as each cell divides it has a complete 

copy of DNA (Resnitzky et al., 1994). In the G2 phase, the second phase of growth, RNA and 

proteins continue to be synthesized, and cytoplasmic proteins and organelles increase. The cell 

increases in size and there are visible changes in the cellular structure that indicate the beginning 

of mitosis or cellular division (Elledge, 1996; Kill & Hutchison, 1995). The time that elapses 

during the G1, S and G2 periods, is called the interphase. The M or mitotic phase is when 

nuclear and cellular division occurs, and the chromosomes separate and cytokinesis occurs (Jin et 

al., 1998; Schafer, 1998). 

The G0 phase is outside the cell cycle during which the cell is "quiescent", that is, it is 

not dividing. Cells proliferate only when stimulated to do so by intracellular signals such as 

transcription factors and extracellular signals such as growth factors, hormones, and mitogens 

(Duronio & Xiong, 2013; Schafer, 1998). If such signals are deprived, the cell cycle will stop at 

a G1 checkpoint and the cell will enter the G0 phase. The cell can remain in G0 for days, weeks, 

or even years before it divides again. Once it receives signals again, especially extracellular, it is 

stimulated to exit G0 and enter G1 to start a new division cycle (Hustedt & Durocher, 2016; 

Schafer, 1998). 

1.4.1 Mitosis 

Mitosis is the process in which eukaryotic cells prepare for cell division, or cytokinesis. 

In this process, the chromatin condenses to form chromosomes, the nuclear membrane ruptures, 

the cytoskeleton organizes to form the mitotic spindle, and chromosomes move to opposite poles 

(McIntosh, 2016). Mitosis is divided into four stages known as prophase, prometaphase, 

metaphase, anaphase, and telophase, during which the necessary movements are made to 

distribute the genetic material (McIntosh, 2016; McIntosh et al., 2012; Miettinen et al., 2019). 

Prophase is the first stage of mitosis, begins with the chromosome’s condensation, 

rupture and disintegration of the nuclear envelope and the nucleolus disappears. Each 

chromosome is made up of two chromatids arranged closely together longitudinally and 

connected by the centromere. In the prometaphase, the second stage of mitosis, the condensation 
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of the chromosomes continues, later the microtubules of the mitotic spindle adhere to the 

kinetochore and the centrosomes move towards opposite poles. The third step in mitosis is the 

metaphase, during this stage the mitotic spindle is fully developed, the pairs of chromatids move 

within the spindle and finally, they are arranged in the medial plane of the cell. In anaphase the 

chromatids separate and are led to the opposite poles of the spindle, while the elongation of the 

spindle increases the separation between the poles, each chromatid becomes a separate 

chromosome and are pulled toward opposite poles. In telophase, the chromosomes reached 

opposite poles and the spindle begins to disperse into tubulin dimers and begin to decondense 

nuclear envelope material, finally, nuclear envelopes are formed around the sets of chromosomes 

(McIntosh, 2016; Miettinen et al., 2019).   

1.4.2 Cellular apoptosis 

Apoptosis is a form of programmed cell death where intrinsic and extrinsic stimuli 

produce alterations in cells that eventually lead to cell death and destruction (Elmore 2007). 

Apoptosis can be stimulated by physiological causes or pathological causes. Physiologically, 

apoptosis is a homeostatic control mechanism to maintain cell populations in tissues in order to 

control their development and growth. This process can be observed in embryogenesis for 

embryonic remodelling and tissue formation. In adult tissues, endometrial apoptosis, follicular 

atresia, and regression of the breast can be observed after infancy. Under pathological conditions, 

apoptosis can be stimulated by viral lesions or direct lesions to DNA due to radiation (Elmore, 

2007; Norbury & Hickson, 2001; Taylor et al., 2008). Apoptosis can be triggered by a pathway 

originating within the cell (intrinsic pathway) or by a pathway initiated by an external signal in 

the cellular membrane (extrinsic pathway). Both pathways culminate in the activation of specific 

proteases called caspases that digest intracellular proteins, triggering programmed cell death 

(Nuñez et al., 1998). 

The intrinsic pathway can be programmed to occur at a specific point in cell development 

or in response to cell damage. This pathway begins with alterations in the permeability of the 

mitochondrial membrane, which produces the release of cytochrome C. This binds to the 

activating factor of apoptotic protease 1 (APAF-1) present in the cytoplasm, forming the 

apoptosome, which is associated with pro-caspase 9, transforming it into caspase 9, which later 

activates executor caspases (Heazell & Crocker, 2008; Nicholson & Thornberry, 2003). By 

contrast, the extrinsic pathway uses a receptor that binds to a pro-apoptotic ligand. An example is 
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the family of receptors for tumor necrosis factor (TNF), among which TNF-R1 stands out. TNFα 

binds to this receptor, thus activating caspase 8 and subsequently the executing caspases 

(caspase-3, -6, and -7) (Nicholson & Thornberry, 2003; Zheng et al., 1995).  

1.4.3 Cell proliferation in placenta 

Normal placental development depends on cell proliferation, differentiation and 

programmed cell death by apoptosis (Chan et al., 1999; Genbacev et al., 2000). During the 

placental proliferative process, the most important cell is the trophoblast since its normal 

proliferation and differentiation is essential in implantation and formation of the maternal-fetal 

interface which participates in communication and nutritional exchange between mother and 

fetus (Genbacev et al., 2000; Maccani & Marsit, 2009). The trophoblast is the layer of cells that 

are located in the periphery of the blastocyst and is the first cell line that differentiates in the 

embryo, with a fundamental role during implantation and placentation (Veenstra van 

Nieuwenhoven et al., 2003). 

Apoptosis is an important component of placental development and is intimately 

involved in placental homeostasis, growth, and remodeling of placental cells due to programmed 

death of cells that are no longer necessary for the tissue or that will be replaced by new cells. 

During this process there is an elimination of selected cells that is produced primarily during 

physiological development of tissues (Huppertz & Herrler, 2005). In apoptosis, the 

morphological alterations of the nucleus stand out compared to those of the cytoplasm, in 

contrast to what occurs in necrosis in general. The apoptotic cell shows, in the first place, cell 

retraction, the cytoplasm is denser and hypereosinophilic. The organelles are more densely 

arranged, there is condensation of chromatin in the periphery in dense masses of various shapes 

and sizes. Then there is an extensive formation of cytoplasmic bullae that, later, fragment into 

apoptotic bodies surrounded by membrane, made up of densely aggregated cytoplasm and 

organelles, associated or not with nuclear fragments. There is a chemotaxis of macrophages to 

the apoptotic area and phagocytosis of the apoptotic bodies and their degradation by lysosomal 

enzymes occurs, this type of phagocytosis does not stimulate an inflammatory response (Kerr et 

al., 1995). 

1.5 Porcine reproductive and respiratory syndrome virus 

PRRSV is an enveloped, positive-stranded RNA virus, of the Arteriviridae family 

(Snijder et al., 2013). The virus is classified in two species, PRRSV1 originated in Europe and 
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PRRSV2 originated in North America; this last variant is more pneumovirulent and inducing 

more macroscopic lesions in the lungs (Martínez-Lobo et al., 2011). PRRSV is a roughly 

spherical to oval-shaped particle that is 50-60 nm in diameter (Dokland, 2010).  

 

PRRS has an important economic impact for pig farmers worldwide due to the clinical 

signs it produces in animals and causing economic losses of more than 664 million dollars each 

year (Holtkamp 2013). In endemically infected farms, clinical presentations vary from no clinical 

symptoms to fever, lethargy, anorexia, depression, vomiting and red/blue discoloration of the 

ears and vulva (Done & Paton, 1995; Rossow, 1998; Terpstra et al., 1991b). In boars, together 

with the clinical signs mentioned above, decrease in semen quality has also been reported (Done 

& Paton, 1995; Hopper et al., 1992; Terpstra et al., 1991b). In addition to these general and 

nonspecific clinical signs, PRRS is characterized by respiratory and reproductive disease. 

Respiratory signs are more pronounced in pigs under 3 weeks of age, but have been reported in 

pigs at all stages of production (Terpstra et al., 1991b). Older nursery pigs develop respiratory 

signs often referred to as “thumping,” characterized by a whole-body shaking and loud thump 

heard when these pigs cough (Rossow, 1998; Terpstra et al., 1991b). Reproductive signs are 

characterized by delayed return to estrus, early farrowings, birth of weak or stillborn piglets, 

abortions, fetal death and mummification (Goyal, 1993; Hopper et al., 1992; Terpstra et al., 

1991b).  

1.5.1 Pathogenesis 

Virus infection mainly begins through the respiratory tract or the venereal route. Within 

the respiratory tract, the virus penetrates the nasal and tonsillar epithelium, and replicates in 

pulmonary macrophages (Done 1996). It reaches the regional lymphoid tissues and is 

subsequently distributed systemically through the blood and lymphoid pathways, circulating as 

free virus or intracellularly bound to circulating monocytes. PRRSV replication is observed in 

different organs and tissues, with a predilection for lymphoid tissues (spleen, thymus, tonsils, 

lymph nodes, Peyer’s patches) with alveolar macrophages being the main cell type in which its 

replication takes place and of importance for its pathogenesis (Done et al., 1996; Rossow, 1998). 

In venereal transmission, the viral infection of the male reproductive tract occurs and virus is 

shed semen (Christopher-Hennings et al., 1995).   
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During the viral infection in respiratory and reproductive tissues, PRRSV has a cellular 

tropism limited to the lineage of macrophages that express CD163 and CD169 receptor proteins 

(Novakovic et al., 2016a) These two receptors are involved in the attachment and internalization 

of PRRSV into the macrophages for its subsequent multiplication and transmission (Novakovic 

et al., 2016a; Van Gorp et al., 2008) although the latter receptor is not required for virus infection 

to occur (Prather et al., 2013). Between these two receptors, CD163 has been particularly 

important for PRRSV infection, since in addition to its ability to internalize the virus, 

(Whitworth et al., 2016) found that pigs with non-functional CD163 showed no clinical signs, 

lung pathology, viremia or antibody response and remained healthy after infection by PRRSV. 

CD163 is a member of the scavenger receptor cysteine-rich protein superfamily and is 

expressed on the extracellular portion of macrophages.  These macrophages are capable of 

binding different kinds of host molecules and pathogens (Welch & Calvert, 2010). During 

PRRSV infection, there are increased numbers of CD163 macrophages demonstrating the 

participation of these cells during viral infection, but at the same time, in normal tissues without 

infection, CD163 macrophages have physiologic functions such as removing haemoglobin-

haptoglobin complexes from the blood and preventing the synthesis of reactive oxygen species 

(Moestrup & Møller, 2004; Novakovic et al., 2016a).   

1.5.2 Post-mortem lesions 

1.5.2.1 Respiratory lesions 

Lungs frequently appear normal in non-complicated cases. When lesions are overserved, 

the lungs are mottled, tan and red, and fail to collapse with rib impressions and with secondary 

infections (Rossow 1998). Bronchial, mediastinal, cervical, and inguinal Lymph nodes are 

enlarged white or tan. Microscopically, affected lungs show a characteristic pattern of histiocytic 

interstitial pneumonitis with alveolar septal infiltration with mononuclear cells, type 2 

pneumocyte hypertrophy and hyperplasia, and alveolar exudate consisting of mixed mononuclear 

cells and necrotic debris (Done & Paton, 1995; Rossow, 1998).  

1.5.2.2 Reproductive lesions  

Macroscopically, endometrial and placental tissues can be edematous or with no evident 

lesions. Microscopically, in endometrial and placental blood vessels, there is vasculitis with 

macrophages and perivascular lymphocytes, microseparations and areas of detachment between 

endometrial epithelium and placental trophoblast (Christianson et al., 1992; Novakovic et al., 
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2018b; Novakovic et al., 2016a). In stillborn and mummified fetuses, gross and microscopic 

lesions are uncommon and/or inconsistent and when they are observed, there are hemorrhagic 

lesions in the umbilical cord, mild gliosis in the thalamus and in the cortex of diencephalon, 

small aggregates of lymphocytes between cardiomyocytes, and occasional presence of small to 

moderate amounts of meconium in the airways (Christianson et al., 1992; Lager & Halbur, 

1996a; Novakovic et al., 2018b). In fetuses infected with PRRSV, a commonly observed 

characteristic is the presence of meconium staining of the skin, which indicates fetal stress events 

during gestation and has been associated with circulatory alterations originating from 

hemorrhagic lesions in the umbilical cord that produce states of fetal hypoxia (Lager & Halbur, 

1996a; Novakovic et al., 2016a). 

Due to the absence or inconsistency of fetal lesions and inflammatory lesions in the 

endometrium and placenta along with areas of detachment between placental and endometrial 

cells, historically, fetal death has been attributed primarily to lesions that are produced in the 

placenta during PRRSV infections (Karniychuk et al., 2011a; Lager & Halbur, 1996a). However, 

more recent research on the pathophysiology of PRRS showed that the virus affects 

physiological processes of the fetus during its development including hypothyroidism that 

disproportionally impacts the fetal heart over the brain (Pasternak et al., 2020d).  

Additionally, differences in cytokine expression among fetuses with different fetal 

preservation statuses are observed with upregulated levels of cytokines in the thymus and spleen 

of high viral load viable (HVL-VIA) and high viral load meconium stain (HVL-MEC) unlike 

uninfected fetuses (UNINF) fetuses (Alex Pasternak et al., 2020; Van Goor et al., 2020b), and 

hypoxia and apoptotic cell death occur in cardiac and brain cells in high viral load HVL fetuses 

(Malgarin et al., 2021b). 

1.5.3 Transplacental transmission of PRRSV 

Although it is known that PRRSV transmits transplacentally, the exact mechanism of how the 

virus crosses the maternal fetal barrier is still poorly understood. There are some theories proposed 

by (Lager & Mengeling, 1995; Mengeling et al., 2000) suggesting that due to the lack of CD163 

receptors in the porcine feto-maternal junction (FMJ; interdigitating trophoblastic epithelium and 

uterine epithelium), the transfer of free PRRSV particles through the MFI is unlikely, and that 

transmission by way of infected macrophages that traverse MFI is most likely. This theory 

however, has not been fully verified. (Suleman et al., 2018b) demonstrated that PRRSV-free 
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particles and infected macrophages are located adjacent to the MFI cells both on the maternal and 

fetal side, which suggests a possible transfer of the virus through the MFI cells. Until now, it has 

not been fully verified how the transfer of the virus occurs to produce fetal infection, furthermore, 

these previously mentioned studies focused mainly on the FMJ and not on the areolae. 

Regardless of the route that the virus uses to cross, once it reaches the fetuses, replication 

occurs in fetal tissues, mainly in the thymus, but the virus is also detected in lungs, heart, liver, 

spleen, and mesenteric lymph nodes (Karniychuk et al., 2011a; Rowland, 2010a). It has been 

shown that this viral detection in fetal tissues is variable, since in the same litter there are groups 

of fetuses classified as uninfected fetuses in which, despite coming from PRRSV infected females, 

the virus is not detected in placenta, serum or thymus. Another category are fetuses in which the 

virus was detected exclusively in the placenta but not in fetal tissues (Pasternak et al., 2020a; Van 

Goor et al., 2020b).  
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1.6 Rationale, Hypothesis, Objectives 

PRRSV is characterized by producing reproductive alterations during pregnancy such as 

late-term abortions, fetal death, and stillborn fetuses, among others. After several investigations, 

some pathological properties that the virus produces in the placental tissues and in fetuses have 

been determined, properties that could be related to death and fetal alterations. Even so, there are 

several doubts about how the pathological process of the virus produces fetal death and how 

some of the fetuses evade infection by PRRSV as well as if the severity of PRRSV infections are 

related to the retarded intrauterine growth exhibited by some fetuses during pregnancy (IUGR 

fetuses). In the same way, the routes that the virus uses to cross the maternal-fetal barrier have 

not yet been fully clarified.  

 

From this, the hypotheses of this dissertation are that:  

a) PRRSV infections alter placental physiological events such as angiogenesis and cell 

proliferation, which would affect the survival, development, and intrauterine growth of 

fetuses during gestation.  

b) the transfer of the virus from mother to fetus occurs through the areolas which are normal 

anatomical structures of the porcine placenta that have a high capacity for absorption and 

transfer substances from the maternal tissues to the fetal tissues. 

Based on these hypotheses, the objectives in addressing each hypothesis are to:  

a) analyze levels of angiogenesis and cellular proliferation in the maternal-fetal interface 

tissues, through the evaluation of VEGF and Ki67 immunostaining, respectively, and 

determine potential differences in fetal groups with different preservation statuses and in 

fetuses with and without intra-uterine growth restriction (IUGR) 

b) identify the location of the virus, both non-cell associated and in association with CD163 

positive macrophages, in the placental areolae through immunofluorescence techniques. 
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2 EFFECTS OF PORCINE REPRODUCTIVE AND RESPIRATORY SYNDROME 

VIRUS-2 ON ANGIOGENESIS AND CELL PROLIFERATION AT THE MATERNAL 

FETAL INTERFACE 

 

 

 

 

This chapter presents the starting point for this research investigating angiogenesis and cell 

proliferation in the porcine maternal fetal interface following maternal PRRSV2 infection and 

determine if these physiological processes were altered by the virus and to determine if 

alternations in these processes were associated with variation in fetal resilience. 
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2.1 Abstract 

 
Angiogenesis and cell proliferation in reproductive tissues are essential events for the 

maintenance of pregnancy, and alterations can lead to compromised fetal development and 

survival. Porcine reproductive and respiratory syndrome virus-2 (PRRSV2) induces reproductive 

disease with negative financial and production impact on the swine industry. PRRSV2 pathology 

alters placental physiology through inflammatory and apoptotic pathways, yet fetal susceptibility 

varies. This study aimed to evaluate angiogenesis and cell proliferation in the porcine maternal 

fetal interface (MFI) and determine if these physiological processes were altered by PRRSV2 

infection. Thirty-one pregnant gilts were inoculated with PRRSV2 at gestation day 86 ±0.4. 

Seven control gilts were sham-inoculated and all gilts were euthanized at 12 days post-

inoculation. Angiogenesis and cell proliferation were determined through the detection of 

vascular endothelial growth factor (VEGF) and Ki-67, respectively, using 

immunohistofluorescence of the MFI from four fetal resilience groups: uninfected (UNIF), high 

viral load viable (HVL-VIA), and HVL-meconium stained (MEC) from PRRSV-infected gilts, 

as well from sham-inoculated (CON) gilts. VEGF immunostaining in the uterine submucosa was 

significantly lower in MEC compared to UNIF and HVL-VIA groups. Significantly greater Ki67 

immunostaining was detected in the trophoblasts of CON fetuses versus all other groups, and in 

uterine epithelium of CON and UNIF fetuses versus HVL-VIA and MEC. These results suggest 

that fetal resilience may be related to greater cell proliferation in uterine epithelium, and fetal 

compromise with reduced uterine submucosal angiogenesis, except fetuses with intrauterine 

growth restriction, in which inherently lower submucosal angiogenesis may be protective against 

PRRSV infection. 

 

Keywords: Angiogenesis, PRRSV, maternal-fetal interface, fetomaternal junction, swine, fetus, 

disease resilience, Intrauterine Growth Restriction. 
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2.2 Introduction   

Porcine reproductive and respiratory syndrome virus type 2 (PRRSV2) (Betaarterivirus 

suid 2) causes disease characterized by reproductive failure and interstitial pneumonia in 

growing pigs and is considered one of the most significant viral pathogens in pig production due 

to economic and production losses in breeding and feeding herds (Holtkamp et al., 2013; Moura 

et al., 2019; Thomann et al., 2020). Reproductive losses are primarily due to late-term abortions 

and fetal death, but also include birth of stillborn and weak congenitally infected piglets, as well 

as infertility (Ladinig et al., 2014b; Mengeling et al., 1994a; Terpstra et al., 1991a). The growing 

pig losses are primarily associated with the role that PRRSV2 plays in the porcine respiratory 

disease complex that leads to increased nursery mortality and morbidity (Moura et al., 2019). 

Moreover, PRRSV2 is a profoundly immunosuppressive virus, exerting effects on both the 

innate and adaptive responses (Loving et al., 2015). 

Despite the severe reproductive disease caused by many PRRSV2 strains, the cellular 

mechanisms used by the virus to compromise fetal survival during the third trimester of 

pregnancy have not been determined. Within days of maternal infection, the virus may cross the 

maternal fetal interface (MFI; adherent uterine and fetal chorioallantois-allantochorion) to infect 

fetuses by way of the umbilical circulation (Malgarin et al., 2019a; Suleman et al., 2018a), but 

the timing of infection varies among fetuses within a litter and some escape infection. Different 

phenotypic fetal categories related to preservation states and viral load have been established to 

investigate factors associated with fetal resilience. Fetal preservation is based on the viability and 

gross pathology of the fetus at the time of necropsy and classified as viable, meconium-stained, 

decomposed and autolyzed (Ladinig et al., 2014b; Malgarin et al., 2019a). PRRSV2 RNA 

concentration in fetal thymus, serum and placenta varies between states of fetal preservation 

(Ladinig et al., 2014b). Fetuses may be classified as high viral load (HVL), low viral load (LVL), 

or uninfected (UNIF) which are fetuses from infected dams but where viral RNA is not detected 

in serum or thymus, and therefore considered relatively resistant compared to their HVL cohorts.  

Fetal compromise is likely associated with PRRSV related events occurring at the 

maternal-fetal interface, within the fetus or a combination of the two. While critical 

physiological changes in the fetus including hypothyroidism (Pasternak et al., 2020c), cytokine 

expression (Pasternak et al., 2020b; Van Goor et al., 2020a), hypoxia and apoptosis (Malgarin et 

al., 2021a), and endocrine disruption are related to fetal compromise, the lesions in endometrium 
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and placenta associated with PRRSV2 infection may alter the normal transplacental nutritive and 

physiological processes essential for fetal growth and survival. The most consistent microscopic 

lesions in reproductive tissues associated with PRRSV2 infection are inflammation and vasculitis 

in the endometrium (Novakovic et al., 2018a; Novakovic et al., 2016a) as well as apoptosis in 

placental endothelial cells, uterine epithelial cells (UEC) and trophoblasts (Karniychuk et al., 

2011b; Novakovic et al., 2018a; Novakovic et al., 2017) that historically have been considered 

important maternal factors contributing to reproductive failure.  

The porcine fetomaternal junction (FMJ; interdigitating trophoblastic epithelium and 

uterine epithelium) continually remodels throughout pregnancy through processes of apoptosis, 

cell proliferation and angiogenesis to maintain and support fetal development and survival 

(Sanchis et al., 2017; Stenhouse et al., 2018; Vallet & Freking, 2007a). Given the extensive 

lesions in the MFI following PRRSV2 infection and the wide variation in fetal outcome, it is 

possible that alterations in angiogenesis and cell proliferation at the MFI also contribute to fetal 

outcome. This study aimed to evaluate angiogenesis and cell proliferation in the porcine MFI 

following maternal PRRSV2 infection and to determine if alterations in these processes were 

associated with variation in fetal resilience. 

2.3 Materials and Methods 

2.3.1 Animal experimental and sample collection 

Thirty-one pregnant purebred Landrace gilts were intramuscularly and intranasally 

inoculated with PRRSV2 (NLSV 97-7895; 1 × 105 TCID50 total dose) on gestation day 86 ±0.4. 

At the same gestational stage, seven pregnant gilts were similarly sham-inoculated controls 

(CON) with sterile minimum essential media (MEM). All the gilts were euthanized by 

intravenous barbiturate overdose (Euthanyl Forte, 19200 mg/gilt 75-80 mg/kg) and cranial 

captive bolt at 12 days post-infection. The study protocols have been described in detail 

(Malgarin et al., 2021a; Pasternak et al., 2020c) and adhered to guidelines established by the 

Canadian Council on Animal Care and were reviewed and approved by the University of 

Saskatchewan Animal Research Ethics Board (permit #20160023). 

 At necropsy, the gravid uterus was removed and fetuses counted sequentially based on 

their position in each horn (starting L1/R1 at tip of left and right horns, respectively). The 

external fetal preservation status was assessed as viable (VIA; live with normal skin color), 

meconium-stained (MEC; live and meconium-stained on head and/or body) decomposed (DEC; 
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dead with pale skin ± edema) as previously described (Ladinig et al., 2014b; Novakovic et al., 

2018a). Fetuses were subsequently weighed, sexed and dissected. The weights of key organs 

including brain and liver were recorded and used to assess the proportionate growth of brain 

compared to the liver as a proxy measure for intrauterine growth restriction (IUGR; high 

brain:liver weight ratio)(Bauer et al., 1998b; Ladinig et al., 2014b).  

Sampling of the MFI was performed by cutting uterine wall (full thickness) into 

rectangular samples (approximately 3 x 20 cm). Per fetus (n=516), three sections were collected; 

centered on the umbilical stump (piece 1), 10-15 cm distant from the umbilical stump towards 

the ovary (piece 2), and 0-15 cm distant from the umbilical stump along the anti-mesometrial 

border (piece 3) (Malgarin et al., 2021a). All pieces were fixed in 10% buffered formalin, 

trimmed to 1 cm squares and processed routinely for H&E staining. Histological analyses of 

H&E stained sections evaluating the severity of inflammation in the endometrium, placenta and 

blood vessels was performed according to procedures described by Novakovic, et al. in 2016. 

(Novakovic et al., 2016a) Briefly, the inflammation scores in the endometrium and placenta were 

categorized as: score 0 for no inflammatory cell infiltrate in the tissues; score 1 for less than 10% 

of tissue section with inflammatory cell infiltrate; score 2 for 10%–25% of tissue section; score 3 

for 25%–50% of tissue section; and score 4 for greater than 50% of tissue section with 

inflammatory cell infiltrate. Scores for blood vessel inflammation (vasculitis) in the 

endometrium and placenta were classified as: score 0 for no vasculitis found; score 1 for 

vasculitis in less than 30% of blood vessels; score 2 for 30%–70%; and score 3 for greater than 

70% of inflamed blood vessels in the tissue sections. 

2.3.2 Assessment of fetal viral load 

Fetal viral load was evaluated by RT-qPCR as previously described in detail (Ladinig et 

al., 2014b; Malgarin et al., 2021a). Briefly, RNA was extracted from 140 μL of fetal sera using 

QIAamp Viral RNA mini kit and from 10-20 mg tissue using RNeasy extraction kit (Qiagen). A 

strain specific probe-based protocol targeting open reading frame 7 (ORF7) with a 5-point 

standard curve run in triplicate on each plate was used for quantification. Samples were run in 

duplicate in 96-well plates using corresponding positive controls. Viral concentration was 

reported as log10 target copies per mg/μL tissue/sera. The limits of quantification were defined 

by the least and most concentrated standards.  
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2.3.3 Fetal classification 

A classification system representative of disease progression (Pasternak 2020) was used 

to select a subset of fetuses for further analysis. First, control fetuses were randomly selected 

from 7 CON gilts. From PRRSV2-infected gilts, groups of uninfected (UNIF; non-

detectable/negative PRRSV RT-qPCR in fetal placenta, sera, and thymus), high viral load viable 

(HVL-VIA: >4.4 log10 genome copies per mg/μL in placenta, sera and thymus) and meconium 

stained (MEC; >3.6 log10 genome copies per mg/μL in placenta, sera and thymus) were selected 

(Table 1). All fetuses were spatially selected while considering their position in the uterine horns 

to obtain an equitable distribution among and within litter (Supplemental Figure 2.1-2.2). 

2.3.4 Immunohistofluorescence  

Assessment of angiogenesis in MFI tissues was determined through the detection of 

vascular endothelial growth factor (VEGF) using an anti-VEGFA rabbit polyclonal antibody 

(ab39250; 1:50 dilution) and immunohistofluorescence (IHF) with serially sectioned paraffin 

tissue blocks from CON (n=9), UNIF (n=9), HVL-VIA (n=10) and MEC (n=8) fetuses. While 

the objective was to include 10 fetuses per group, the distribution was not equitable because the 

immunostaining was of poor quality in some of the three pieces of MFI within each paraffin 

block. To delineate cell borders and facilitate the identification of each cell type, sections were 

co-stained with Tight junction protein-1 (TJP1; also known as zonula occludens-1) antibody 

(anti-ZO-1 rat monoclonal antibody IgG2a; clone R40.76, sc-33725; 1:100 dilution) that 

identifies tight junctions to distinguish trophoblastic epithelium from uterine epithelium of the 

FMJ (Anderson et al., 1988b).  

After deparaffinization and rehydration, 5-μm thick tissue sections on glass slides 

underwent antigen retrieval using Tris-EDTA (pH 9) for 30 minutes at 95°C. Primary antibodies 

were incubated on the slides overnight at 4°C. The respective secondary antibodies, donkey anti-

rabbit-IgG (Cytm 5, Jackson Immuno Research; 711545152; 1:200 dilution) and donkey anti-rat-

IgG (Fluorescein (FITC), Jackson Immuno Research; 712095153; 1:200 dilution) were incubated 

for 4h at room temperature. Counterstaining with 4′,6-diamidino-2-phenylindole (DAPI) was 

used to visualize cell nuclei. The slides were stained in two batches and non-specific rabbit IgG 

was used at the same concentration as the primary antibody as a negative control. 

Serially sectioned slides of paraffin tissues from the same fetuses used for VEGF staining 

were stained for Ki-67 (anti-human Ki-67 mouse monoclonal; clone MIB-1 (Dako Omnis); 
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1:100 dilution), a proliferation marker expressed in the nucleus of proliferating cells (Scholzen & 

Gerdes, 2000). As described above, slides were also stained for TJP1 and DAPI. The secondary 

antibody used for the detection of Ki-67 was donkey anti-mouse-IgG (Rhodamine Redtm; 

Jackson Immuno Research; 711545152; 1:200 dilution). The same four fetal groups were 

assessed (n = 10 fetuses/group). The slides were stained in two batches and non-specific mouse 

IgG was used with the same concentration as the primary antibody as a negative control. 

Immunostaining details are outlined in Supplementary Table 2.1. 

2.3.5 Image analysis 

All sections and images were obtained and analyzed using an Olympus® IX83 

microscope system equipped with an Andor Zyla 4.2 sCMOS camera (2048 × 2048 pixel array; 

Andor USA, Concord, MA) and CellSens® imaging software. In all analyses, placental areolae 

and areas of detachment in the MFI were excluded. Evaluation and quantification of both 

placental angiogenesis and cell proliferation were performed with ImageJ using a series of semi-

automated macros. For angiogenesis (detection of VEGF antibody), the ImageJ macro evaluated 

the median staining intensity in each region (FMJ, submucosa, and myometrium). For this 

analysis, each region was analyzed in its entirety, and the median intensity values for each piece 

were averaged to calculate a composite score for each region of each fetus. 

For cell proliferation (detection of Ki-67 antibody), another ImageJ macro was developed 

to semi-automate the manual counting of positive cell nuclei per mm2 of tissue independently in 

the uterine and trophoblast epithelium. For this analysis, representative sections of MFI were 

chosen by placing three identical rectangles (307,265 um2) along the total length of the MFI of 

each of the three pieces from each fetus. 

2.3.6 Statistical analysis 

All statistical analyses were performed using Stata 15.1 (Stata-Corp LP, TX, USA). 

Group differences in histological scores and PRRSV2 concentration were assessed using a 

Kruskal Wallis with post hoc Dunn’s test and Benjamin Hochberg adjustment. The Ki67 and 

VEGF data was natural log transformed to obtain a normal distribution. Differences in median 

VEGF pixel intensity (per mm2) and counts of Ki67 positive stained nuclei (per mm) among fetal 

classification groups were assessed using linear regression, followed by a pairwise comparison 

with Tukey multiple comparison adjustments. Full regression models were built that included 

other biologically relevant predictor variables (sex, within litter Z-score of brain:liver ratio 
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[proxy for IUGR], and staining batch) potentially associated with fetal PRRS severity, 

angiogenesis and cell proliferation. A backwards stepwise elimination was performed by 

removing non-significant variables until a parsimonious final model was achieved. For 

angiogenesis, separate models were created for each region investigated (FMJ, submucosa, and 

myometrium). For cell proliferation, separate models were created to assess staining in the 

uterine and trophoblastic epithelium. For all analyses, P < 0.05 was considered statistically 

significant. All models were assessed for linearity and homoskedasticity of residuals using 

appropriate QQ and scatter plots.  

2.4 Results 

2.4.1 Histopathology and viral load 

In the endometrial area of infected fetuses there was an accumulation of inflammatory 

cells (endometritis) characterized by lymphocytes, macrophages and some plasma cells. An 

inflammatory reaction was also observed in the placental area (placentitis) of these fetuses, with 

less severity than the endometrium, and characterized mainly by the accumulation of 

macrophages. In infected fetuses, it was also observed that endothelial cells of the endometrial 

area presented an accumulation of lymphocytes and macrophages (vasculitis). This inflammatory 

alteration was not observed in the placental area. In the CON fetuses, a few randomly distributed 

inflammatory cells were observed. 

The severity of endometritis, placentitis and endometrial vasculitis did not differ among 

the UNIF, HVL-VIA and MEC groups, but all PRRSV-inoculated groups had greater lesion 

scores (P < 0.04 for all) than the CON group that had no inflammation in any of the three areas 

evaluated (Table 2.1).   

Regarding PRRSV RNA concentration in the placenta, sera and thymus, by experimental 

design there were no statistical differences between the HVL-VIA and MEC fetal groups, but 

both differed from CON and UNIF fetuses (P < 0.001).  

2.4.2 Localization of VEGF in the maternal-fetal interface 

Immunolocalization of VEGF within the FMJ (Figure 2.1) was more intensive in the 

cytoplasm of trophoblastic epithelial cells compared to the cytoplasm of UEC (Figure 2.2). In 

trophoblasts, the expression of VEGF was observed to be potentially vesicular and with a 

tendency towards accumulation in the basolateral surface of the cell (Figure 2.2). Despite the 

lower intensity of VEGF expression in UEC compared to trophoblasts, it was possible to observe 
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the expression of this protein in the form of vesicles located mostly around the nucleus (Figure 

2.2).    

In the endometrial submucosa, VEGF positive immunostaining was demonstrated in the 

cytoplasm of uterine glands (Figure 2.3) with a spatial bias towards the apical part of the 

glandular cell, suggesting the potential diffuse release of VEGF in the glandular lumen (Figure 

2.4). Also in endometrial submucosa, positive staining for VEGF was detected in endothelial 

cells (Figure 2.5) with the distribution of positive staining through the entire cytoplasm (Figure 

2.6).   

While the detection of VEGF was observed mainly in vesicular form in the cytoplasm of 

MFI cells mentioned above, the presence of what may be positive immunostained vesicles were 

also detected in the extracellular spaces throughout the different regions evaluated. VEGF was 

also detected in myometrial cells (Figure 2.7) in possible vesicles with random distribution in the 

cytoplasm (Figure 2.8). These areas previously described as positive for VEGF staining were 

identified in all fetuses evaluated without obvious visual difference between the groups. 

2.4.3 Evaluation of VEGF staining intensity by fetal group 

Given the complex and diffuse staining pattern described above, the analyses comparing 

differences in the intensity of VEGF staining by fetal group were conducted on a whole region 

basis (FMJ, uterine submucosa and myometrium) rather than by tissue type or element within 

region. The resulting analysis (Figure 2.9 to 2.11) showed that group differences were only 

significant (P = 0.05) in the submucosa, with greater expression of VEGF observed in UNIF and 

HVL-VIA fetuses compared to the MEC, with CON being intermediary (Figure 2.10). Regarding 

the potential effects of sex and IUGR on VEGF staining intensity, a significant association was 

only demonstrated in the submucosa where intensity was greater for female versus males (P = 

0.027) fetuses, and inversely related to brain:liver weight ratio (lower intensity in IUGR versus 

non-IUGR fetuses; P = 0.013)(Figure 2.12). Staining batch was also significantly associated with 

intensity in the submucosa (P = 0.003) and myometrial (P = 0.02) regions, but not in FMJ.  

2.4.4 Localization of Ki-67 in the maternal-fetal interface 

Immunolocalization of Ki-67 was randomly detected throughout the MFI in both 

trophoblastic epithelium and UEC (Figure 2.13) and as expected was exclusively found in the 

nucleus (Figure 2.14). Ki-67 protein was granular to condensed and observed scattered 
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throughout the nuclei. The staining differentiated cells in a state of proliferation (pink stain - Ki-

67) and quiescent cells (blue staining - DAPI) along the FMJ. 

2.4.5 Evaluation of positive Ki-67staining by fetal group 

In the maternal epithelium, the number of Ki-67 stained cells differed across fetal 

classification groups (P < 0.001) with CON and UNIF fetuses having greater Ki-67 counts 

(indicative of greater proliferation) in UEC compared to the VIA and MEC groups (Figure 2.15). 

Significant group differences were also observed among the fetal disease progression groups 

with respect to the number of Ki-67 positive trophoblastic epithelial cells (P=0.001). Greater 

trophoblastic cell proliferation was evident in the CON group compared to all infected groups 

(Figure 2.16). 

 

Neither sex nor brain:liver ratio was associated with Ki67 staining in the maternal and 

fetal epithelium, however, staining batch was significant (P < 0.001) for both types of cells with 

greater staining intensity in the second versus the first batch. 

 

2.5 Discussion  

The objective of this study was to evaluate angiogenesis and cell proliferation in the 

porcine MFI to determine if these processes were altered by PRRSV2 infection. Examining 

VEGF immunohistofluorescence staining intensity and count of nuclei immunopositive for Ki67 

in MFI tissues across a range of disease progression fetal phenotypic groups, from non-infected 

to high viral load meconium stained, provided insight into the possible mechanisms of fetal 

compromise.  

With regards to reproductive PRRS, it has been shown that the infection of uterine tissues 

and transplacental transmission of PRRSV2 to the fetus occurs rapidly. After 

intramuscular/intranasal viral inoculation in the gilts, viral replication in uterine tissues occurs 

within 2 days and transplacental transmission of the virus to fetuses is evident within 5 days 

(Malgarin et al., 2019a). The virus has been demonstrated in different fetal organs including 

thymus, tonsils, lymph nodes, lungs, liver, spleen, heart and kidneys following infection 

(Malgarin et al., 2019a; Mengeling et al., 1994a; Rowland, 2010b). Classification of fetuses 

along a spectrum of relative fetal resilience based on fetal preservation and viral load is highly 

desirable to study PRRSV2 pathophysiology. UNIF fetuses are classified as more resistant to the 
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virus than the HVL groups because viral replication is suppressed or prevented in fetal tissues. 

The UNIF fetuses were purposely selected for this study based on absence of virus in placenta, 

sera and fetal thymus. By contrast, HVL-VIA and MEC fetuses had high levels of virus in all 

three tissues tested. Previous research has proposed that high viral load-viable fetuses are more 

tolerant than their meconium-stained cohorts that show early to advanced signs of fetal 

compromise preceding death (Ladinig et al., 2014b; Malgarin et al., 2019a; Pasternak et al., 

2020b; Van Goor et al., 2020a). The relationship between viral infection and fetal death has been 

difficult to understand in part because microscopic lesions are limited in the fetus in both 

research and diagnostic specimens (Cheon & Chae, 2001a; Lager & Halbur, 1996b; Novakovic 

et al., 2016a; Rossow et al., 1996a). On the other hand, another fundamental organ during pig 

pregnancy that has been widely evaluated during PRRSV infections is the placenta. Frequent 

inflammatory lesions associated with PRRSV infection are observed in the endometrium, 

placenta, myometrium and blood vessels, along with hemorrhagic areas, apoptotic cell death in 

MFI cells and areas of separation between trophoblasts and UEC (Karniychuk & Nauwynck, 

2013b; Karniychuk et al., 2011b; Novakovic et al., 2018a; Novakovic et al., 2017). These 

PRRSV-related lesions in the MFI have historically been considered important in terms of the 

possible mechanisms of fetal death.  

Angiogenesis is a process involving the formation and development of new blood vessels 

from the existing vasculature (Folkman, 1984) and is an essential physiological component of 

placental development during pregnancy to enhance the exchange of gases and nutrients between 

the dam and litter (Carter, 2012). While contributing toward placental development (Burton et 

al., 2009), the importance of angiogenesis in placental tissues during pregnancy is highlighted 

best by the alterations in angiogenesis that can compromise pregnancies in animals and women 

(Conroy et al., 2009; Lacko et al., 2017; Redman & Sargent, 2005; Reynolds et al., 2006). 

Vascular endothelial growth factor (VEGF) is one of several angiogenic factors that participate 

in the formation and development of new blood vessels in the placenta (Carmeliet, 2000; Ferrara, 

2001) through its involvement in stimulating mitosis and proliferation of endothelial cells. While 

intuitive that VEGF immmunostaining should be localized around endothelial cells, in the 

present study, VEGF immunostaining was also localized in uterine and trophoblastic epithelium, 

uterine gland cells and myometrial cells. These results are consistent with previous investigations 

where VEGF was detected in different types of porcine placental cells (Charnock-Jones et al., 
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2001; Guimarães et al., 2017; Vonnahme & Ford, 2004; Winther et al., 1999). It has been 

proposed that extra-endothelial localization of VEGF in cells, such as the uterine or trophoblastic 

epithelium, might be related to the differentiation and cell maturation functions that VEGF 

produces in these cells (Winther et al., 1999; Zhou et al., 2002). Similarly, the expression of 

VEGF in the uterine glandular epithelium might be associated with the differentiation, 

development, and secretory functions that VEGF promotes in the glandular cells (Winther et al., 

1999). 

Despite the similarity in the area of MFI among the fetal groups in our study, MEC 

fetuses presented a lower expression of VEGF in the endometrial submucosa where abundant 

uterine glands and blood vessels are located. Considering the numerous functions that VEGF has 

on these cellular structures, low expression of VEGF in the submucosa of MEC fetuses may 

negatively impact cellular transport capacities in placental cells, mitosis, development and 

differentiation of uterine glands and endothelial cells compromising normal fetal development 

and survival of these fetuses, thereby resulting in fetal compromise and meconium staining 

following PRRSV infection. A possible reason for the decreased expression of VEGF in MEC 

fetuses may be related to the other pathophysiological processes induced by PRRSV.  

Karniychuk, et al. demonstrated in 2011 that apoptotic effects in MFI cells following 

PRRSV1 infection (Karniychuk et al., 2011b). Previous investigations have also demonstrated 

that MEC fetuses, compared to other states of fetal preservation, have greater apoptotic cell death 

in MFI and greater histologic lesion scores in fetal tissues and umbilical cord (Novakovic et al., 

2017; Novakovic et al., 2016a). Histological lesion scores interestingly did not differ among the 

PRRSV-2 inoculated groups, and viral load was similar in the HVL-VIA and MEC groups. Thus, 

these traits cannot explain the decreased VEGF observed in MEC fetuses. Given the paracrine 

effects both UEC and trophoblasts have on endothelial cells of the uterine submucosa, apoptosis 

of these types of MFI cells could potentially alter the levels of VEGF production and their effects 

on submucosal blood vessels. 

The VEGF immunostaining in the cytoplasm of MFI cells and in extracellular areas 

demonstrates that the cellular storage and release to the extracellular medium of this glycoprotein 

is carried via vesicles. This vesicular form could lead to signaling between cells and the resulting 

angiogenic effects of VEGF between neighboring or distant cells (Gai et al., 2016; Todorova et 

al., 2017).  
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In the present study, females presented with significantly greater levels of VEGF in the 

submucosa than male fetuses and trended similarly in the MFI. Finding sex differences was not 

entirely unexpected as these were reported for angiogenic signaling in tissue of the porcine MFI 

(Stenhouse et al., 2018). Although these previous differences were detected in vitro, it suggests 

that male and female fetuses communicate differently during different periods of gestation (pre-

implantation, migrating around the uterus and implantation). Based on the present results, it is 

also plausible that male and female fetuses may have differing angiogenic responses when 

infected by PRRSV.  

The angiogenic response in IUGR fetuses in this study are partially consistent with other 

investigations that demonstrate that VEGF is an important growth factor associated with fetal 

development and alterations in placental angiogenesis may predispose to compromised nutrient 

transport due to alterations in the development of new placental blood vessels (Guimarães et al., 

2017; Reynolds et al., 2006). While the reduction in VEGF in IUGR fetuses in this study was 

only noted in the submucosa and its effect was variable, IUGR fetuses that have lower viral load 

are at greater odds of being uninfected compared to non-IUGR littermates (Ladinig et al., 

2014a). It is possible that the lower vascularization in IUGR fetuses could reduce the opportunity 

for transplacental infection because of fewer vessels or increase the distance separating maternal 

and fetal circulation at the FMJ.  

Ki-67 was used to evaluate cell proliferation because the protein is expressed in the 

nucleus of cells in a state of proliferation and its immunoreactivity is detected at all stages of the 

cell cycle except G0 or resting phase (Scholzen & Gerdes, 2000). In this study, Ki-67 was 

detected in both endometrial cells and trophoblastic epithelium indicating cell proliferation of 

these cell types during pregnancy.  

In the UEC, Ki-67 immunoreactivity was statistically different among fetal classification 

groups, with CON and UNIF fetuses having greater cell proliferation than the infected VIA and 

MEC groups. This suggests that proliferation of uterine epithelium is reduced following PRRSV 

infection, but only after the fetus is infected. This is noteworthy because the severity of 

endometritis and vasculitis in UNIF fetuses was similar to the other infected groups (Table 1) 

suggesting endometrial pathology is not underlying cell proliferation of UEC. By contrast, Ki-67 

immunoreactivity in trophoblastic epithelial cells was decreased in all fetal groups from 

inoculated gilts (UNIF, VIA, and MEC) compared to CON fetuses. This suggests the continuous 



   
 

 31 

remodeling of trophoblast cells that normally occurs during porcine gestation is adversely 

affected as soon as the endometrium is PRRSV-infected, independent of fetal infection. This 

may be due to apoptotic cell death in placental cells of the MFI (Karniychuk et al., 2011b; 

Novakovic et al., 2017). Arrests the cell cycle was confirmed during PRRSV2 infection of 

cultured porcine trophoblast cells at the G2/M phase (Suleman et al., 2018a).  

These results also support the concept of cross talk between the fetus and MFI whereby 

some host responses in MFI are only induced after fetal infection is established. For example, 

Van Goor et al (2020) reported that a core set of interferon-induced genes were upregulated in 

fetal placenta and thymus of low and high viral load fetuses but only after the fetal thymus 

became infected (Van Goor et al., 2020a). These genes were not upregulated in either tissue of 

fetuses that were completely uninfected or fetuses with corresponding placental tissue (but not 

thymus) infected with PRRSV (Van Goor et al., 2020a). Our results may indicate that the cell 

cycle may be downregulated in the trophoblast prior to the initiation of the host (fetal) immune 

response, but is downregulated simultaneously with the immune response and after fetal 

infection in the endometrium.   

Another event that can alter the levels of cell proliferation in MFI is a simultaneous 

decrease in VEGF. In addition to the proliferative factors that VEGF has in endothelial cells 

(Ferrara, 2001; Ferrara & Davis-Smyth, 1997a), these proliferative characteristics have also been 

demonstrated in lung and renal epithelial cells (Brown et al., 2001; Villegas et al., 2005). 

However, as illustrated in this experiment, decreased VEGF only occurred in PRRSV-infected 

MEC fetuses. Decreased VEGF cannot explain the observed decreases in cell proliferation in the 

VIA and UNIF fetuses. 

It was previously demonstrated that the decrease in cell proliferation factors in placental 

tissues was associated with the lightest fetuses and intrauterine growth restriction during 

different periods of gestation, potentially affecting cell proliferation or remodeling and the 

exchange of nutrients between the dam and the fetus during development (Chen et al., 2015; 

Stenhouse et al., 2018). While our results demonstrate that VEGF staining was decreased in the 

submucosa of IUGR fetuses, no such relationship was found to be associated with the amount of 

Ki67 immunoreactivity.  
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2.6 Conclusion  

Angiogenesis and proliferation of maternal and placental cells are indispensable 

physiological processes during pregnancy that ensures adequate development and maintenance 

of MFI tissues while also ensuring the proper development and survival of the fetus. PRRSV has 

direct and indirect effects on different types of reproductive tissues through inflammatory 

processes, apoptosis and cell cycle arrest. Fetuses classified as resistant to PRRSV infection due 

to lack of virus detected in fetal tissues (UNIF) demonstrated levels of angiogenesis in the 

submucosa and cell proliferation in UEC similar to those of CON fetuses. Thus, the homeostasis 

of angiogenesis in the endometrium of UNIF fetuses could be described as a characteristic of 

resistance to PRRSV infection. By contrast, decreased angiogenesis was observed in the 

submucosa of the most susceptible fetuses (MEC) and may underlie an important mechanism 

associated with fetal demise. Furthermore, decreased angiogenesis in the submucosa of IUGR 

fetuses may help to prevent PRRSV-infection, explaining the relative resilience of this 

phenotype. While cell proliferation decreased in the trophoblast of all fetuses post-infection, 

similar changes in the UEC appear to be dependent on infection of the fetus. None of these 

changes, however, are related to severity of endometritis, placentitis or endometrial vasculitis. In 

addition to the pathological effects that PRRSV produces in endometrial and placental tissues 

reported in other investigations, we confirm that PRRSV infection of reproductive tissues also 

decreases VEGF levels which plausibly alters the angiogenesis processes in the submucosa and 

cell proliferation in MFI cells that adversely affects fetal viability. 
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Figure 2.1 to 2.8: Immunohistofluorescence of VEGF in paraffinized maternal fetal interface of 
a pregnant gilt infected by porcine reproductive and respiratory syndrome virus 2 (PRRSV2) at 
12dpi. Figure 2.1. Feto-maternal junction (MFJ) with positive immunostaining for VEGF (red) 
diffusely expressed in all trophoblastic cells and with a higher intensity in comparison to uterine 
epithelial cells. Figure 2.2. Higher magnification of the white box in Figure 2.1. Trophoblasts 
(T) with VEGF expression (red) observed diffusely in the cytoplasm with a tendency towards 
accumulation in the basolateral part of the cell (oval with dashed line). Uterine epithelial cells 
(UEC) with VEGF expression (red) observed mostly around the nucleus (circle). Figure 
2.3. Uterine glands showing positive staining for VEGF (red) diffusely expressed in the 
cytoplasm. Figure 2.4. Higher magnification of the white box in Figure 2.3 showing the diffuse 
distribution of positive VEGF immunostaining (red) with a tendency towards the apical part of 
the cell (oval with dashed line).  Figure 2.5. Endothelial cells showing positive immunostaining 
for VEGF (red) diffusely expressed in the cytoplasm. Figure 2.6. Higher magnification of the 
white box in Figure 5 showing the diffuse distribution of positive immunostaining through the 
cytoplasm (oval with dashed line). Figure 2.7. Myometrial cells showing positive 
immunostaining for VEGF (red) randomly expressed in the cytoplasm. Figure 2.8. Higher 
magnification of the white box in Figure 2.7 showing the randomly distribution of positive 
immunostaining through the entire cytoplasm. Positive immunostaining was detected in the 
extracellular spaces in various areas evaluated (arrow heads in Figure 4, 6, 8). DAPI (blue) 
nuclear counterstaining, TJP-1 (green) cell boundary identification.  
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Figure 2. 9 to 2.12: Margin plots comparing predicted VEGF immunostaining intensity among 
fetal PRRSV2 resilience groups: control (CON), uninfected (UNIF), high viral load viable 
(HVL-VIA), and meconium stained (MEC) in different regions of the MFI. Figure 2.9. Feto-
maternal junction where no significant differences were observed. Figure 2.10. Submucosa 
where VEGF immunostaining intensity was significantly lower in MEC versus UNIF and HVL-
VIA groups. Figure 2.11. Myometrium where there were no significant differences among 
groups were observed. Figure 2.12. Submucosa showing relationship between VEGF staining 
and brain:liver weight ratio, a proxy measure for intrauterine growth restriction (IUGR fetuses 
with greater brain:liver ratios and lower VEGF staining). Dots represent individual predicted 
values for each fetus. 
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Figure 2. 13 to 2.14: Immunohistofluorescence of Ki67 in paraffinized maternal fetal interface 
of a pregnant gilt infected by porcine reproductive and respiratory syndrome virus 2 (PRRSV2) 
at 12dpi. Figure 2.13. Feto-maternal junction (FMJ). Trophoblast and uterine epithelial cells 
showing positive staining for Ki67 (pink) expressed randomly through the FMJ (ovals with 
dashed line). Figure 2.14. Higher magnification of the white box in Figure 2.13 showing 
positive staining for Ki67 (pink) in the nucleus of trophoblastic cells (T) (oval with dashed line) 
and nucleus in the uterine epithelial cell (UEC) (circle). DAPI (blue) nuclear counterstaining, 
TJP-1 (green) cell boundary identification. 
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Figure 2. 15 to 2.16: Margin plots comparing predicted Ki67 immunostaining intensity among 
fetal PRRSV2 resilience groups: control (CON), uninfected (UNIF), high viral load viable 
(HVL-VIA), and meconium stained (MEC) in epithelial layers of the feto-maternal junction. 
Figure 2.15. Uterine epithelial cells showing statistically decreased immunostaining (lower cell 
proliferation) in HVL-VIA and MEC groups. Figure 2.16. Trophoblasts cells showing 
statistically decreased immunostaining in all fetal groups from infected gilts. Dots represent 
individual predicted values for each fetus. 
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Table 2.1. Summary of median histologic lesion severity scores and PRRS viral load by fetal 
group  

 PRRS histological lesion scores (minimum/maximum)  PRRSV RNA concentration 

 Endometritis Vasculitis 
Endometrium Placentitis Vasculitis 

Placenta 
 Placenta Serum Thymus 

CON 
0a 

(0 / 0) 
0 a 

(0 / 0.3) 
0 a 

(0 / 0) 
0 

(0 / 0) 
 

NA NA NA 

UNIF 
3.0b 

(1.6 / 3.6) 
2.6 b 

(1 / 3) 
0 b 

(0 / 1.3) 
0 

(0 / 0) 
 0.0 a 

(0 / 0) 
0.0 a 

(0 / 0) 
0a 

(0 / 1.3) 

HVL-
VIA 

2.6b 

(2 / 4) 
1.8 b 

(1 / 3) 
0.1 b 

(0 / 0.6) 
0 

(0 / 0) 

 6.8 b 

(4.4 / 9.1) 

7.4 b 

(5.8 / 
8.3) 

5.6 b 

(4.8 / 6.6) 

MEC 
2.6 b 

(2 / 4) 
2.1 b 

(0.3 / 3) 
0.1 b 

(0 / 1.3) 
0 

(0 / 0) 

 7.1 b 

(6.0 / 8.5) 

8.0 b 

(6.4 / 
9.6) 

5.8 b 

(3.6 / 6.2) 

P 
value <0.001 <0.001 0.03   <0.001 <0.001 <0.001 

CON control, UNIF uninfected fetuses from inoculated dams, HVL-VIA high viral load viable 
fetuses, MEC high viral load meconium stained fetuses. NA – viral load not assessed CON 
fetuses. PRRSV RNA concentration in copies per uL sera or mg tissue. 
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Supplemental Figure 2.1: Fetal distribution map for angiogenesis (VEGF) analysis. Individual cells represent the position of each 
fetus. Fetal location within the left (L) and right (R) uterine horns is specified along the header (L1-L8, R1-R9). Each row represents 
gilt identity listed in the left column. CON= control fetuses, UNIF= uninfected fetuses, HVL= High viral load fetuses, MEC= 
meconium fetuses 
 
. 

GILT ID L1 L2 L3 L4 L5 L6 L7 L8 R9 R8 R7 R6 R5 R4 R3 R2 R1
G186 UNIF UNIF

G187 HVL MEC MEC 
G188 UNIF
G189 MEC HVL
G191 CON
G192 UNIF
G196 MEC
G197 CON CON
G200 CON
G201 MEC UNIF
G203 UNIF MEC
G204 UNIF
G206 CON CON
G207 HVL HVL
G208 UNIF MEC
G211 HVL
G212 CON
G213 HVL
G216 HVL MEC 
G218 CON CON
G219 HVL
G221 UNIF HVL HVL
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Supplemental Figure 2.2: Fetal distribution map for cell proliferation (Ki67) analysis. Individual cells represent the position of each 

fetus. Fetal location within the left (L) and right (R) uterine horns is specified along the header (L1-L8, R1-R9). Each row represents 

gilt identity listed in the left column. CON= control fetuses, UNIF= uninfected fetuses, HVL= High viral load fetuses, MEC= 

meconium fetuses. 

GILT ID L1 L2 L3 L4 L5 L6 L7 L8 R9 R8 R7 R6 R5 R4 R3 R2 R1
G185 CON
G186 UNIF

G187 HVL MEC MEC
G189 MEC HVL MEC
G191 CON CON
G196 MEC
G200 CON
G201 MEC UNIF
G202 UNIF
G203 UNIF MEC
G204 UNIF
G206 CON CON
G207 HVL HVL UNIF
G208 UNIF MEC UNIF
G211 HVL
G212 CON CON
G213 HVL
G216 HVL MEC MEC
G218 CON CON
G219 HVL UNIF
G221 UNIF HVL HVL
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Supplemental Figure 2.3: Primary antibodies used for detection of angiogenesis (VEFG) and 

cell proliferation (Ki67) 

 

Target 

Host 

species 

 

Concentration 

 

Dilution 

Microscope 

channel 

 

Exposure 

Antigen 

Retrieval 

 

VEGF 

 

rabbit 
6.4 ug/ml 

 

1:50 

 

Cy5 
300 ms 

Tris-EDTA 

ph9.0 

 

Ki67 

 

mouse 
0.46 ug/ml 

 

1:100 

 

RFP 
2 s 

Tris-EDTA 

ph9.0 

 

TJP-1 

 

rat 
2ug/ml 

 

1:200 

 

GFP 
500 ms 

Tris-EDTA 

ph9.0 

Legend: VEGF= vascular endotelial growth fator, TJP-1= tight junction protein 
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3 DETECTION OF PRRSV2 ALONE AND IN COMBINATION WITH CD163+ 

MACROPHAGES IN PORCINE PLACENTAL AREOLAE 

 

 

 

 

In Chapter 2 we demonstrated the effects of PRRVS-2 infections on the physiological processes of 

angiogenesis and cell proliferation in the MFI. From this, our objective in Chapter 3 is to continue 

with the evaluation of MFI during PRRSV-2 infections but this time in relation to the areolas in 

the MFI evaluating the participation or not of these structures during PRRSV2 infections and 

providing evidence of how the virus presents itself in the areolas, whether individually or in 

association with macrophages. 
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3.1 Abstract 

Porcine reproductive and respiratory syndrome (PRRS), caused by PRRS virus-2 

(PRRSV2), is among the diseases with the greatest economic impact in modern pig production 

due in part to its reproductive impacts on pigs at different ages. Despite the importance of the 

disease, it is still not well understood how transplacental transmission of the virus occurs. 

Because the porcine epitheliochorial placenta creates a barrier for the transplacental transfer of 

some nutrients from the dam to the fetus, there are specialized structures, areolae, with a high 

absorptive and substance transport capacity that facilitate embryonic development. The 

overarching aim of this study was to characterize the localization of PRRSV2 in and adjacent to 

areolae to provide insight into whether transplacental transmission might occur through placental 

areolae. Four phenotypic fetal groups were evaluated to determine if fetal resilience was related 

to differences in PRRSV2 localization, alone or co-localized with CD163+ macrophages. 

Finally, potential factors related to PRRSV2 localization, including the severity of inflammation 

in endometrium and placenta, and intrauterine growth restriction, a known resilience factor were 

assessed. Thirty-one pregnant gilts were inoculated with PRRSV2 at gestation day 86±0.4. Seven 

pregnant gilts were sham-inoculated. Gilts were euthanized at 12 days post-infection. Presence of 

PRRSV and CD163+ macrophages were determined using immunofluorescence in cryosections 

of maternal-fetal interface (MFI) with and without areolae. In the maternal, fetal and cavity of 

areolar region PRRS particles were found both independently and in co-localization with 

CD163+ macrophages. Similarly, individual, and co-localized particles were observed in the 

maternal and fetal sides of the MFI region of infected fetuses. Weak positive correlations were 

observed between the counts of CD163+ macrophages and some inflammation scores in 

endometrial and placental tissues, but no correlations with PRRSV2 localization. and with no 

differences across the four fetal groups evaluated. These results suggest that transplacental 

transmission of PRRSV may occur through the areolae, either as non-cell associated or in 

association with infected CD163 macrophages. 

 

Keywords: Areola, maternal fetal interface, histotrophic, immunofluorescence, porcine 

reproductive and respiratory syndrome 
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3.2 Introduction 

Porcine reproductive and respiratory syndrome virus (PRRSV2) causes reproductive 

disease in pregnant pigs with symptoms including anorexia, delayed return to estrus, abortions, 

fetal death and mummification, early farrowing and birth of weak or stillborn piglets (Goyal, 

1993; Hopper et al., 1992; Terpstra et al., 1991b). Despite the importance of PRRSV2 in global 

pig production, there are still some uncertainties regarding the pathophysiologic aspects of the 

reproductive form of the disease. Following transplacental transmission in late gestation 

(Kranker et al., 1998), virus can be detected in different fetal organs including lungs, liver, 

spleen, heart, kidneys, thymus, tonsils, and lymph nodes (Karniychuk et al., 2011a; Mengeling et 

al., 1994b; Rowland, 2010a). However, fetal outcome and viral load vary within and between 

litters. Rare fetuses escape infection while many others develop high viral load and some 

succumb to infection (Ladinig et al., 2014b; Rowland, 2010a). Understanding how the virus 

transmits through the maternal-fetal interface (MFI; uterine tissue with adherent fetal placenta) 

may provide insight into improving fetal resilience.   

Using electron microscopy, PRRSV has been observed in the endometrium and placenta 

of infected sows in the form of free viral particles (Stockhofe-Zurwieden et al., 1993), and using 

immunofluorescence, in association with macrophages positive for CD163 transmembrane 

receptors in the endometrial and placental area (Karniychuk et al., 2011a; Suleman et al., 2018b). 

Based on how the virus is presented in maternal and placental tissues and its association with 

macrophages, (Lager & Mengeling, 1995) and (Mengeling et al., 1994b) proposed transplacental 

transmission may occur “as a passenger on bodily fluids”, by “progressive replication through 

contiguous” layers of the MFI, or “in or on cells such as macrophages”. The authors concluded 

the latter theory was most probable in the absence of evidence of PRRSV replication in the 

maternal or fetal epithelium and its impermeability to immunoglobins that are much smaller than 

the virus. This theory was later supported by (Karniychuk & Nauwynck, 2013a) adding that 

PRRSV has a restricted affinity for and replicates within macrophages with transmembrane 

receptors CD163 and sialoadhesin (Sn) and this type macrophage is highly prevalent in 

endometrial and placental tissues, but not maternal uterine or fetal trophoblastic epithelial cells. 

However, (Suleman et al., 2019) added uncertainty in demonstrating that PRRSV2 porcine 

trophoblastic cells (PTr2) originating from day 12 embryos can internalize PRRSV2 in vitro, and 

that virus upon exiting the PTr2 cells could infect MARC-145 cells (Suleman et al., 2019). While 
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it is possible that third trimester porcine trophoblast epithelium is not as permissive as PTr2 cells, 

both cell-associated and non-cell associated (free) virus are of potential biologic relevance when 

localized in the MFI and areolae because either or both may be involved in transmitting 

transplacentally.   

Another important factor to consider in the context of transplacental viral transmission is 

the type of placenta and its characteristics. The porcine placenta is classified as diffuse 

epitheliochorial, folded, adeciduate and non-invasive with interdigitations of the trophectoderm 

and uterine epithelium (Dantzer et al., 1981; Leiser & Kaufmann, 1994). Unlike the other types 

of placentae, the epitheliochorial structure results in greater separation between the fetal and 

maternal blood due to the six cell layers that exist in the maternal-fetal interface (MFI); three cell 

layers on the maternal side (endothelium, connective tissue and uterine epithelium) and three cell 

layers on the fetal side (endothelium, connective tissue and trophoblast) (Karniychuk & 

Nauwynck, 2013a; Leiser & Kaufmann, 1994). This placental barrier selectively limits the 

transplacental transport of macromolecules, such as immunoglobulins (Moffett & Loke, 2006; 

Sterzl et al., 1966) and other substances important for fetal development such as iron, which 

during pregnancy is transported in the form of uteroferrin through of specialized, dome-shaped 

structures called areolae (Friess et al., 1981; Renegar et al., 1982) located at the openings of the 

uterine glands (Friess et al., 1981). Areolae are comprised of a fetal portion of linearly oriented 

columnar trophoblasts with a high absorptive capacity and a maternal portion adjacent to the 

opening of the uterine gland ducts. These fetal and maternal portions surround the cavity of the 

areola where substances and nutrients produced by the uterine glands accumulate and are 

subsequently absorbed by trophoblast cells and transferred to the fetuses (Dantzer & Leiser, 

1993; Raub et al., 1985). 

Given the selective impermeability of the porcine MFI and the high absorptive and 

substance transfer capacity of the areolae, it is important to evaluate if transplacental transfer of 

PRRSV can occur directly through the areolae and/or in combination with CD163+ 

macrophages. The objectives of this study were to quantify PRRSV2 in the areolae and non-

areolar portions of the MFI across four fetal resilience groups and determine if it is co-localized 

with CD163+ cells or present as independent (non-cell-associated) particles. A secondary 

objective was to correlate PRRSV2 counts in the areolae and MFI with underlying 
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histopathologic lesion severity. These objectives were collectively aimed at providing further 

insight on the routes of PRRSV2 transplacental transmission and mechanisms of fetal resilience. 

 

3.2 Materials and methods 

3.2.1 Animal experiment 

Thirty-one pregnant purebred Landrace gilts were intramuscularly and intranasally 

inoculated with PRRSV2 (NLSV 97-7895; 105 TCID50) on gestation day 86±0.4. Seven pregnant 

gilts were similarly sham inoculated with sterile minimal essential media (MEM) (CTRL). All 

animals were euthanized by intravenous barbiturate overdose (Euthanyl Forte, Bimeda MTC 

Animal Health, 16,200 mg/gilt, 75-80 mg/kg) and cranial captive bolt at 12 days post-infection. 

The study protocols adhered to guidelines established by the Canadian Council on Animal Care 

and were reviewed and approved by the Animal Research Ethics Board (AREB) at the 

University of Saskatchewan (permit #20160023). 

Following euthanasia, the gravid uterus was removed intact, placed in a linear manner 

and opened starting at the tip of each horn. Fetuses and corresponding MFI (adherent uterus and 

placenta) were placed on individual trays and ordered sequentially from tip to body (L1-left horn 

tip and R1-right horn tip). Fetal external preservation status was recorded as viable (VIA: live, 

normal skin color), meconium-stained (MEC = live, normal skin covered with meconium), 

decomposed (DEC: dead, pale skin, sometimes edematous), and autolyzed (AUT: dead, 

discoloured, edematous) as previously described (Ladinig et al., 2014b). Blood from the axillary 

vasculature was collected from the VIA and MEC fetuses, then refrigerated. Serum was 

subsequently separated and frozen at -80 °C within 2 hours of collection. Each fetus was 

dissected, and portions of thymus snap frozen in liquid nitrogen. The brain and liver were 

weighed individually to obtain the brain: liver weight ratio. Fetuses with disproportionate brain 

weight compared to liver (large brain:liver weight ratio) were classified as intrauterine growth 

restricted fetuses (IUGR)(Bauer et al., 1998a). 

A 3 x 1 cm sample of MFI from each fetus adjacent to the umbilical stump was fixed in 

10% neutral buffered formalin, paraffin embedded, and hematoxylin and eosin (H&E) stained for 

histopathologic evaluation. Two adjacent 1 x 1 cm MFI samples were collected for 

cryosectioning and immunohistofluorescence. Three pieces of MFI were collected for 

quantification of viral load: i) adjacent to the umbilical stump, ii) 10-15 cm towards the ovary, 



   
 

 47 

and iii) 10-15 cm along the anti-mesometrial border. From these, the placenta and endometrium 

were separated manually, then multiple pieces of both tissues were snap frozen in liquid nitrogen 

and stored at -80 °C.  

3.2.2 Assessment of viral load and fetal classifications 

PRRSV2 RNA concentration was quantified in fetal placenta, serum and thymus by qRT-

PCR as previously described (Ladinig et al., 2014a; Malgarin et al., 2019b). Briefly, RNA was 

extracted from 30 mg tissue and 140 μL sera using commercial kits (RNeasy MiniKit for tissue, 

Qiamp Viral RNA kit for sera; QIAGEN, Toronto, Canada) according to the manufacturer’s 

instructions. Specific primers for a conserved region at the C-terminal end of ORF7 of strain 

NVSL 97–7895 were used. Samples were tested in duplicate using iTaq Universal Probes One-

Step Kit (Bio-Rad Laboratories Inc., Hercules, CA, USA) along with extraction, positive, and 

non-template controls. A standard curve of linearized plasmid (101, 102, 103, 105, 107) was 

tested in triplicate on each plate. Results were reported as log10 target RNA concentration per 

milligram of tissue. The limits of quantification were defined by the least and most concentrated 

standards. Samples were recorded as negative if target RNA was not detected.  

Fetal viral load along with preservation status was used to categorize fetuses into four 

phenotypic resilience groups for comparative purposes. Control fetuses (CON) were randomly 

selected from six non-infected gilts. Uninfected fetuses (UNINF) had no detectable virus in fetal 

placenta, serum and thymus despite originating from nine dams infected with PRRSV2 

(Pasternak et al., 2020a). These represented the most resilient fetal phenotype. The placenta only 

group (PLCO) included fetuses from seven dams infected with PRRSV2, in which PRRSV RNA 

was detected only in the placenta and not in the fetal tissues (Van Goor et al., 2020b). The final 

group was high viral load viable fetuses (HVL-VIA) from six dams infected with PRRSV2, 

which had viral load in fetal thymus > 4.8 log10 copies/mg (mean 5.4 ±0.5) and represented the 

most susceptible fetal group included in this experiment. Except for one CON fetus, none of the 

fetuses used in this study were stained with meconium, which is observed as a yellow-brown 

material on the skin of fetuses and is an early indicator of fetal death (Pasternak et al, 2020). This 

CON fetus had mild meconium staining on his head, and originated from a litter with 11 live, 

seven of which had similar mild meconium staining.   
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3.3.3 Immunofluorescence assays  

At necropsy, two samples of MFI of each fetus were oriented vertically in individual 

standard cryomolds and covered with OCT compound (Tissue Tek®, USA), frozen in isopentane 

immersed on dry ice, then stored at -80 °C until sectioned (Suleman et al., 2018b).  

Since placental areolae vary in location and it is not possible to identify them 

macroscopically, 20 fetuses per group and two cryoblocks per fetus were screened with the aim 

of obtaining 7 fetuses per group with at least one areola. Five micrometer thick cryosections 

were obtained from cryo-blocks with a Leica CM3050 S cryostat (Leica® Biosystems, Concord, 

Ontario, CA) and a rapid H&E stain was performed on these sections to locate the areolae. After 

this review, the total areolae found in each group were: 7 in six CON fetuses, 10 in nine UNINF 

fetuses, 7 in seven PLCO fetuses and 8 in six HVL-VIA fetuses. 

Cryo-blocks were processed for multi-parametric fluorescent immunostaining as 

previously described by (Suleman et al., 2018b). Briefly, cryo-blocks were cut and 5 μm thick 

sections placed on slides. The slides were air dried for 1–2 min and placed in a glass jar with 

chilled methanol/acetone (1:1) for 10 min at −20° C. Slides were dried at room temperature for 

15 s, washed twice for 5 min in phosphate buffered saline (PBS), and blocked with 6% goat/3% 

donkey/1% FBS in PBS for 1 h at room temperature to avoid nonspecific antisera binding.   

For multi-parametric detection of PRRSV antigens and CD163 cellular receptors, anti-

PRRSV mouse monoclonal antibody (Clone SDOW17, Rural Technologies, Inc. Brookings, SD, 

USA; 1:100 dilution) and anti-CD163 rabbit polyclonal antibody (ab 87099, Cambridge, MA, 

USA: 1:400 dilution) respectively, were used. To facilitate the visualization and identification of 

the different cellular areas, the Tight junction protein-1 (TJP1; also known as zonula occludens-

1) antibody (anti-ZO-1 rat monoclonal antibody IgG2a; clone R40.76, sc-33725; 1:100 dilution) 

was used for the identification of cell tight cell junctions (Anderson et al., 1988a). The antibodies 

were used simultaneously, and slides incubated for 1 h at room temperature within a humid 

chamber. The slides were washed four times for 5 min each in cold PBS with 0.02% Tween 20 

(PBST), followed by simultaneous incubation with secondary antibodies donkey anti-mouse-IgG 

(Rhodamine Redtm - Jackson Immuno Research - 711545152; 1:200 dilution), donkey anti-

rabbit-IgG (Cytm 5 - Jackson Immuno Research - 711545152; 1:200 dilution) and donkey anti-

rat-IgG (Fluorescein (FITC) - Jackson Immuno Research - 712095153; 1:200 dilution) for 1 h at 

room temperature. Slides were washed four times for 5 min in cold PBST. Finally, the slides 
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were dipped into chilled methanol/DAPI (Life Technologies®, USA) (1:1) in a glass coplin jar 

for 5 min to highlight nuclei and then mounted with ProlongTM Diamond mounting media.  

For negative controls in all the experiments, non-specific anti-mouse IgG, anti-rabbit 

IgG, and anti-rat IgG were used at the same concentration as their corresponding primary 

antibody to verify that there was no non-specific reactivity with these antibodies. 

In addition to the morphological identification of the areolae using H&E, the anti-

Cathepsin mouse monoclonal antibody (L+V [33/2] (ab6314) 1:100 dilution) was used on a 

separate slide for the visualization of the areola cells (Novakovic et al., 2016b) using the same 

procedure mentioned above and adding its respective secondary antibody donkey anti-Mouse-

IgG (Rhodamine Redtm - Jackson Immuno Research - 711545152; 1:200 dilution). 

Immunostaining details are outlined in Supplementary Tables 3.1 and 3.2. 

3.3.4 Image analysis 

All images were analyzed using an Olympus® IX83 microscope system equipped with an 

Andor Zyla 4.2 sCMOS camera (2048 × 2048-pixel array; Andor USA, Concord, MA) and 

CellSens® imaging software. Identification, location and counting of PRRSV viral particles and 

CD163+ macrophages in areolae and MFI regions was performed with ImageJ and a series of 

semi-automated macros calibrated to detect and count positive immunostaining of PRRSV and 

CD163 in three areas of the areolae (maternal side, areolar cavity and fetal side; Figure 3.1) and 

in two areas of the non-areolar MFI (maternal and fetal sides; Figure 3.2). Lines that demarcated 

each area/side of the areola and MFI were drawn manually by following the cell layers in the 

MFI and the morphology of the areola. Subsequently, the custom macro automatically detected 

and counted CD163 and PRRSV staining in each region based on pixel intensity (thresholds: 

CD163 = 300, PRRSV = 800).  

3.3.5 Correlation with inflammatory scores and IUGR fetuses 

Histological analyses of H&E stained sections was conducted by evaluating the severity 

of inflammation in the endometrium, placenta and blood vessels as previously described by 

(Novakovic et al., 2016a). Briefly, inflammation in the endometrium and placenta was 

categorized as: score 0, no inflammatory cell infiltrate in the tissues; score 1, <10% of tissue 

section with inflammatory cell infiltrate; score 2, 10%–25% of tissue section with inflammatory 

cell infiltrate; score 3, 25%–50% of tissue section with inflammatory cell infiltrate), and score 4, 

>50% of tissue section with inflammatory cell infiltrate. Inflammation in blood vessels 
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(vasculitis) in the endometrium and placenta were classified as: score 0, no blood vessels 

inflamed in the tissues; score 1, <30% of inflamed blood vessels in the tissue section; score 2, 

30%–70% of inflamed blood vessels in the tissue; score 3 >70% of inflamed blood vessels in the 

tissue sections.  

3.3.6 Statistical analysis 

To account for the size variability of the non-areolar MFI sections examined, the raw 

macrophage and viral particles counts in each side (fetal, maternal) were normalized by dividing 

by the length (mm) of interdigitating uterine and trophoblastic epithelial surfaces. The same 

technique was applied to the maternal and fetal areas of the areolae. For the areolar cavities, raw 

macrophage and viral particles counts were normalized by dividing by the overall area (mm2) of 

each areola. All statistical analyses were performed using Stata 15.1 (Stata-Corp LP, TX, USA). 

Because the data were not normally distributed, differences among fetal groups in viral particle 

and CD163+ macrophage counts were assessed in the areola and MFI regions using Dunn's Test 

with Benjamini-Hochberg adjustment. Additionally, a Kruskal Wallis test was used to assess 

differences in counts between the areola and non-areolar MFI regions in both the maternal and 

fetal sides. Finally, correlation analysis was undertaken to elucidate potential factors underlying 

the variation in PRRSV and CD163 localization among fetuses using Kendall's rank correlation 

test. For this, the inflammation scores (endometritis, placentitis and vasculitis) and Z-score for 

fetal brain:liver weight ratio were correlated with the normalized PRRSV and CD163+ 

macrophage counts in each region. For all analyses, P < 0.05 was considered statistically 

significant. 

3.4 Results 

3.4.1 PRRSV, CD163 and cathepsin immunostaining 

In the areolae (Figure 3.3A), immunostained PRRSV particles were identified as 

irregularly shaped particles either individually (arrow) or in association with CD163+ 

macrophages (circle) in fetuses from infected gilts. Immunostained CD163+ macrophages were 

observed individually or in clusters most commonly in the maternal area (Figure 3.3A dashed 

circle) and in the areolar cavity. In the control fetuses, only positive labeling for CD163+ 

macrophages were identified (Figure 3.3B). Areolar epithelial cells with positive cathepsin 

immunostaining were observed lining the areolar cavity in all the fetuses evaluated (Figure 
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3.3C). Non-specific staining was not identified in any of the IgG isotype control slides for each 

antibody used (Figure 3.3D). 

3.4.2 PRRSV and CD163 localization in areolae 

PRRSV2 specific immunostaining in the areolar region (Figure 3.4) was detected 

adjacent to the uterine epithelium cells (UEC) in the maternal side (Figure 3.4A), randomly 

distributed within the areola cavity (Figure 3.4B), and adjacent to the trophoblasts areolar cells as 

well as in the placental mesenchyme on the fetal side (Figure 3.4C) of fetuses from gilts infected 

with PRRSV2 (UNINF, PLCO, HVL-VIA), but not consistently in each region of all fetal 

groups. Free virus particles were mainly observed, but were occasionally co-localized with 

CD163 immunostained macrophages (Figure 3.4B).  

Our most biologically relevant finding was that in the areolar region, individual and co-

localized PRRSV particles were more frequently observed in the areolar cavity, compared to the 

maternal and fetal sides (Figure 3.5B, D and F). By contrast, CD163+ macrophages were more 

frequently observed on the maternal side, compared to the areolar cavity and particularly the 

fetal side where these CD163+ cells were infrequent (Figure 3.5A, C and E). 

In no fetuses included in this study were viral particles (free or co-localized with CD163+ 

macrophages) simultaneously visualized in all three areolar areas (maternal, areolar cavity and 

fetal). In the areolar cavity, PRRSV particles counts were significantly greater in UNINF than 

CON, with PLCO and HVL-VIA being intermediary (Figure 3.5D, Supplementary Table 3.3). In 

each group, there were fetuses with extreme values (outliers), but individual outlier fetuses in 

one area were not typically outliers in the other areas as indicated by specific symbols in Figure 

3.5.  

Immunostained CD163+ macrophages were localized in all areas in CON as well as 

fetuses from infected gilts with more immunostained macrophages detected in the maternal side 

than other regions (Figure 3.5). In the areolar cavity, greater CD163 immunostaining was 

detected in PLCO than in CON or HVL-VIA, with UNINF being intermediary (Figure 3.5C). 

Occasional macrophages were co-localized with PRRSV. 

Immunostaining of PRRSV and CD163 in the maternal and fetal sides did not differ 

among fetal phenotype groups (Figure 3.5B and F). Co-localization of PRRSV particles with 

CD163+ macrophages also did not differ among fetal phenotypic groups from infected gilts 

(Figure 3.5G). Outlier fetuses with extreme PRRSV or CD163 counts in one area often did not 
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have extreme values in the other areas evaluated, indicating the outliers were not attributable to a 

specific subset of fetuses.  

3.4.3 PRRSV and CD163 localization in the non-areolar MFI 

In the non-areolar MFI (Figure 3.6), PRRSV particles were identified both in the 

maternal and fetal sides of all infected groups. The particles had an irregular shape and were 

located adjacent to UEC (Figure 3.6A) and trophoblasts (Figure 3.6B). No positive 

immunostaining for PRRSV was identified in CON fetuses. CD163 positive immunostaining was 

also detected in the maternal and fetal area of all fetal groups, as was co-localized PRRSV and 

CD163 (Figure 3.6A). However, there were no statistical differences in the quantity of PRRSV 

particles or CD163 stained macrophages across fetal groups in either the maternal or fetal areas, 

nor in the co-localization of PRRSV and CD163 in the MFI region (Figure 3.7). 

3.4.4 Correlation with inflammatory scores and IUGR fetuses 

Correlation analyses were undertaken to determine if PRRSV and CD163 counts were 

related to the severity of the underlying inflammatory process in the MFI or IUGR, a proposed 

resilience factor. In areolae, CD163 counts in the maternal area were positively correlated with 

endometritis and placentitis, as well as with Z-scores of the brain:liver weigh ratio (Table 3.1). 

CD163 counts in the fetal region showed a negative correlation with endometrial vasculitis that 

trended towards significance (Table 3.1). In the non-areolar MFI, CD163 immunostaining on the 

maternal area was positively correlated with endometritis and endometrial vasculitis scores. In 

the fetal side, CD163 immunostaining was positively correlated with the fetal brain weight but 

not brain:liver weight ratio or its corresponding Z-score (classical measures of IUGR)(Table 

3.2). The strength of all aforementioned correlations were considered low (Mukaka, 2012). 

PRRSV immunostaining was not associated with inflammation scores or IUGR status in either 

region. 

3.4.5 Comparison between maternal and fetal areas of the areola and MFI regions 

To help provide insight on the relative importance of the areolae compared to the non-

areolar MFI in terms of transmission potential, PRRSV particle and CD163 counts were directly 

compared in these two regions in both the maternal and fetal sides. The only statistical difference 

detected was in the maternal side where PRRSV counts were greater in the areolar compared to 

the non-areolar MFI region (P = 0.04), however this statistical difference was due to extreme 

values (observed in Figure 5B and 7B) in the areola region. No statistical difference between the 
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MFI and areola regions was detected in PRRSV particle counts in the fetal sides. Similarly, 

CD163+ macrophage counts in the maternal or the fetal sides did not differ between the regions.  

3.5 Discussion 

The objective of this study was to quantify PRRSV and CD163 in areolae and non-

areolar-MFI to provide insight on mechanisms of transplacental PRRSV transmission and 

specifically the potential involvement of the areolae. Our results demonstrate that PRRSV2 

localizes as both free virus particles and in associated with CD163+ macrophages in the cavities 

of the areolae, suggesting that, in addition to the MFI, the areolae may be involved in the 

transmission of PRRSV from dam to the fetus. 

Regarding the transmission of PRRSV from the dam to the fetus, previous authors 

(Karniychuk & Nauwynck, 2013a; Lager & Mengeling, 1995; Mengeling et al., 2000) have 

postulated that due to the “impermeable” characteristics of the MFI (endometrial cells and 

trophoblasts) for some substances (Leiser & Kaufmann, 1994; Sterzl et al., 1966), it was unlikely 

that the transfer of the virus occurs directly through the MFI. On the other hand, (Suleman et al., 

2018b) analyzed MFI from infected gilts at different post-inoculation days and demonstrated the 

presence of non-CD163 associated PRRSV particles in the maternal and fetal portions of the 

MFI, but could not distinguish if virus was within or between the maternal and fetal epithelial 

cells. Suleman et al. also demonstrated the relationship of PRRSV and CD163+ macrophages 

and noted that infected macrophages were not identified between the MFI cells. These latter 

results are consistent with our findings where we identified PRRSV viral particles in the 

maternal and fetal sides of the MFI as well as the co-localization of PRRSV with CD163+ 

macrophages, but these types of infected macrophages were not identified between MFI cells. 

Importantly, this is the first time that PRRSV and infected macrophages have been reported in 

the cavities of the areolae.  

The areolae are critical for histotrophic nutrition, which consists of the absorption of 

secretions from the uterine glands and transudate from maternal serum that accumulate in the 

cavities of the areolae and are subsequently transferred to the fetal circulation (Friess et al., 

1981). These absorption and transfer capacities of the placental areolae could facilitate the 

transfer of pathogens during placental infections, as has been reported in pregnant mares (Del 

Piero et al., 1997). Mares, like pigs, have areolar structures in the placenta that participate in fetal 

nutrition and development. (Del Piero et al., 1997) demonstrated the presence of antigens of 
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equine arteritis virus (EAV) in the trophoblasts of the areolae, also suggesting that transplacental 

transmission of EAV occurs through these placental structures. Interestingly, macrophages have 

been identified in the milk of the mammary glands indicating their ability to migrate into 

glandular tissue, so this is evidence of a route that macrophages might use to access the 

secretions of the areolae (Denis et al., 2006). 

Although our results clearly indicate that PRRSV was present in the cavities of the 

areolae, it is difficult to accurately quantify and compare PRRSV counts in each area of the 

areola because the maternal and fetal areas were normalized based on linear length (mm), 

whereas the areolar cavity was normalized based on area (mm2) due to differences in the 

complexity of the maternal and fetal surface. That being said, abundance of PRRSV in the 

areolar cavities along with the substance transfer capacity that occurs in these structures suggests 

they may be a major route of transplacental transmission PRRSV from the dam to the fetus, 

either in the form of free particles or virus co-localized with CD163+ macrophages. Another 

interesting finding was in relation to UNINF fetuses that are categorized as resistant to viral 

infection based on the absence of PRRSV RNA in serum or thymus despite originating from 

infected dams. In these fetuses, we observed viral particles in the areolar cavity at levels similar 

to the other PRRSV infected groups. This suggests that the relative PRRSV resistance of the 

UNINF fetuses might be related to the fetal immune response against PRRSV infection that 

somehow prevents or impedes viral replication. However, an alternative explanation for the 

abundant PRRSV observed in the cavity of the areola of all infected groups is that the virus is 

incapable of transiting through or between the trophoblast epithelium and thereby accumulates in 

the cavity. In this scenario, the virus most likely enters the areolar cavity by way of the uterine 

endometrial gland.  

In agreement with past reports (Karniychuk & Nauwynck, 2009; Novakovic et al., 

2016b), we observed CD163+ macrophages in MFI of non-infected control gilts. These cells are 

normal residents of endometrial and placental tissues with hemostatic functions related to the 

endocytosis of hemoglobin:haptoglobin complexes and with immunological functions regulating 

the release of cytokines (Fabriek et al., 2005; Møller, 2012). In the present study, CD163+ 

macrophages were also identified in endometrial and placental tissues of fetuses infected with 

the virus and in all fetal phenotypic groups. Previous reports have demonstrated the relationship 

and tropism of PRRSV for this subtype of macrophages which, due to their normal cleaning and 
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viral deactivation properties, increase in numbers in tissues infected by the virus likely in 

response to inflammation and the cellular damage associated with viral infection including 

vasculitis, necrosis, and apoptosis (Karniychuk & Nauwynck, 2009; Novakovic et al., 2016b). 

Despite the antiviral functions of CD163+ macrophages, this subtype of macrophage is used by 

PRRSV to replicate and a possible means of transport from the mother to the fetus through the 

placental barrier (Karniychuk & Nauwynck, 2013a). Unfortunately, the specific route(s) of 

transmission have not been fully elucidated. 

In the non-areolar MFI region, there were no statistical differences between the fetal 

groups but non-CD163 associated PRRSV viral particles were identified both on the maternal 

and fetal sides. Similarly, co-localization of PRRSV with CD163+ macrophages were identified 

in the MFI region, both on the maternal and fetal sides but not directly in or between the uterine 

epithelial cells and trophoblasts. Our results in the MFI region agree with (Suleman et al., 2018b) 

who also localized PRRSV viral particles on the maternal and fetal side of the MFI, supporting 

the transfer of virus particles in spite of the highly selective nature of the MFI.  

The positive correlation detected in this study between CD163+ macrophages and the 

scores of inflammation (endometritis and placentitis) is likely related to the properties of 

macrophages for inactivating viruses and which are attracted to locations where pathogenic 

agents are present producing inflammatory effects, damage and cell death (Herbein & Varin, 

2010; Novakovic et al., 2016b; Rock & Kono, 2008). Unlike endometritis and placentitis, the 

correlation of macrophages and vasculitis to CD163 was negative, in our study. Interestingly, 

Novakovic reported a negative correlation between CD163+ macrophage counts in fetal placenta 

and viral load in the MFI and fetal thymus where the corresponding correlations of CD163 

counts in endometrium were positive (Novakovic et al., 2016b). These opposing responses in 

placenta and endometrium in terms of CD163+ macrophage counts in response to PRRSV2 

infection, now verified in two independent animal experiments, suggest the placental CD163 

macrophages may be in limited numbers that are not readily replenished when lysed by 

PRRSV2.  

There was no correlation between PRRSV immunostaining and the evaluated parameters 

of inflammation and IUGR fetuses. By contrast, Suleman et al (2018) reported low positive 

correlations between PRRSV immunostaining and the parameters of inflammation. These 

contrasting results are likely due to differences in the termination point of the animals, as 
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Suleman et al. used infected placentas from gilts at 21 DPI compared to 12 DPI used in our 

experiment. It is possible that the cellular alterations that were produced by the virus at 12 dpi, 

stimulate an immune response and subsequent migration of inflammatory cells that persist in the 

tissues due to the release of cellular content from affected cells that stimulates this inflammatory 

reaction (Rock & Kono, 2008). 

3.6 Conclusion 

The exact route of transplacental transmission of PRRSV from the dam to the fetus has 

not been fully elucidated. The epitheliochorial placenta of pigs normally prevents the transfer of 

macro particles or nutrients from the dam to the fetus, unlike more invasive types of placentae 

where the exchange more easily occurs. The porcine placenta has specialized areolae that 

facilitate the transplacental transport of nutrients required for fetal development. The absorption 

and transfer characteristics of the areolae may facilitate the transfer of viral agents such as 

PRRSV. Our results show the presence of PRRSV2 in all areas of the areolae in the form of free 

(non-cell associated) viral particles and co-localized with CD163+ macrophages. In addition to 

being a replication site for PRRSV, CD163+ macrophages are a proposed means of virus 

transport through the porcine MFI. Our results also provide evidence of PRRSV transmission 

through the bilayered fetal maternal epithelium, but does not provide substantive insight on 

whether this occurs as free of cell-associated virus. Furthermore, our results indicate the presence 

of non-cell-associated virus particles and PRRSV co-localized with CD163+ macrophages within 

the areolar cavity suggesting that the transplacental transfer of the virus may also occur through 

the placental areolae, or alternatively, that virus is secreted from the endometrial glands and 

accumulates in the areolar cavity without subsequent passage through the areolar trophoblast. 

However, the quantification of PRRSV and CD163 in the MFI using immunohistofluorescence 

did not explain the phenotypic differences among fetal resilience groups.  
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Figure 3.1: Regionalization and macro analysis of areola to quantify porcine reproductive and 

respiratory syndrome virus 2 (PRRSV2) and CD163. (A) Macro-generated schematic showing 

areola regions designated as maternal side (MS, green), areolar cavity (Ar, black) and fetal side 

(blue, FS). (B) Immunofluorescent image of areola corresponding to (A) showing positive 

immunostaining for PRRSV (red spots) and CD163 (yellow) with some co-localized (circles) (C) 
Macro schematic used for quantification and (D) corresponding immunofluorescent image of 

areola showing positive CD163 immunostaining (yellow) in the maternal side, areola cavity and 

fetal side. (E) Macro schematic used for quantification and (F) corresponding 

immunofluorescent image of areola showing positive immunostaining for PRRSV (red) in the 

areola cavity. Dashed with circles in Figure 1B-F are showing the co-localization of PRRSV 

particles and CD163 in the areola cavity. DAPI (blue) nuclear counterstaining, TJP1 (green) cell 

boundary identification.   
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Figure 3.2: Regionalization and macro analysis of the maternal fetal interface (MFI) region to 
quantify porcine reproductive and respiratory syndrome virus 2 (PRRSV2) and CD163. 

(A) Macro-generated schematic showing regions of MFI designated as maternal side (MS, green) 
and fetal side (FS, blue). (B) Immunofluorescent image of MFI corresponding to (A) showing 

positive immunostaining for PRRSV (red spots) and CD163 (yellow) in the maternal side. (C) 
Macro schematic used for quantification and (D) corresponding immunofluorescent image of 

MFI showing CD163 positive immunostaining (yellow) in the maternal side. b Macro image 
used for quantification and (F) corresponding immunofluorescent image showing the detection 

of PRRSV in the maternal side. Dashed withe circles in Figure 2B-F show the colocalization of 
PRRSV particles and CD163 in the maternal side. DAPI (blue) nuclear counterstaining, TJP1 

(green) cell boundary identification. 
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Figure 3.3: Representative immunofluorescent images of PRRSV, CD163 and cathepsin in 

cryosections of maternal fetal interface (MFI) of a pregnant gilt infected by porcine reproductive 

and respiratory syndrome virus 2 (PRRSV2) at 12dpi. (A) Areola of a fetus showing positive 

immunostaining for PRRSV (red spots) in the cavity of areola (white circle) and macrophages 

CD163 (yellow) in the maternal side (dashed circle). (B) Areola of control fetus showing CD163 

positive immunostaining (yellow) in the maternal side and a few on the fetal side. There was no 

positive immunostaining for PRRSV. (C) Immunofluorescence of cathepsin showing positive 

areola epithelial cells in maternal and fetal sides. (D) Isotype control immunofluorescence in 

areola using non-specific anti-mouse IgG, anti-rabbit IgG, and anti-rat IgG. No cross 

immunoreactivity was detected. DAPI (blue) nuclear counterstaining, TJP1 (green) cell boundary 

identification.     
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Figure 3.4: Representative immunofluorescent images of PRRSV and CD163 in the areolar 

region in cryosections of placental tissues of a pregnant gilt infected by porcine reproductive and 

respiratory syndrome virus 2 (PRRSV2) at 12dpi. (A) Areola of infected fetus showing positive 

immunostaining for PRRSV (red spots) in the maternal side (MS) (dashed white circle) and 

CD163 macrophages (yellow) in the maternal side (arrow heads). (B) Areola of infected fetus 

showing positive immunostaining for PRRSV (red) in the areola region (Ar) (dashed white 

circle) and CD163macrophages (yellow) in the maternal side (arrow heads). (C) Areola of 

infected fetus showing positive immunostaining for PRRSV (red) in the fetal side (FS) (dashed 

white circles) and CD163 macrophages (yellow) in the maternal side (arrow heads). DAPI (blue) 

nuclear counterstaining, TJP1 (green) cell boundary identification.   
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Figure 3.5: Box plots of CD163 (left) and PRRSV (right) immunostaining (spot counts per mm 

for maternal and fetal sides, spots /mm2 for areolar cavity) among fetal PRRS phenotypic groups: 

control (CON), uninfected (UNINF), infected placenta only (PLCO), and high viral load viable 

(HVL-VIA) in the areolae region (maternal side (A-B), areolar cavity (C-D), fetal side (E-F)) 
from females infected with PRRSV2 and from non-inoculated control gilts. (G) Counts of 

PRRSV-CD163 co-localized cells. Statistical group differences within plot are represented by 

superscript letters (P < 0.05). Within each group (across plots) individual fetuses are identified 

with a unique symbol.  
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Figure 3.6: Representative immunofluorescent images of PRRSV and CD163 macrophages in 

the maternal fetal interface (MFI) region in cryosections of placental tissues of a pregnant gilt 

infected by porcine reproductive and respiratory syndrome virus 2 (PRRSV2) at 12dpi. (A) MFI 

of infected fetus showing positive immunostaining for PRRSV (red spots) in the maternal side 

(MS) and CD163 macrophages (yellow) in the maternal side (arrow heads). (B) MFI of infected 

fetus showing positive immunostaining for PRRSV (red spots) in the fetal side (FS), or between 

trophoblast cells (dashed circle) and few macrophages CD163 (yellow) in the fetal side (arrow 

heads). DAPI (blue) nuclear counterstaining, TJP1 (green) cell boundary identification. 
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Figure 3.7: Box plots of CD163 (left) and PRRSV (right) immunostaining (spot counts per mm) 

among fetal PRRS phenotypic groups: control (CON), uninfected (UNINF), infected placenta 

only (PLCO), and high viral load viable (HVL-VIA) in the maternal (A-B) and fetal (C-D) sides 

of the maternal fetal interface from females infected with PRRSV2 and from non-inoculated 

control gilts. (E) Counts of PRRSV-CD163 co-localized cells. Statistical group differences 

within plot are represented by superscript letters (P < 0.05). Within each group (across plots) 

individual fetuses are identified with a unique symbol.  
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Table 3.1 Correlation of PRRSV and CD163 immunostaining with inflammation scores and organ weights in the areolar region of 

fetuses from PRRSV2 infected gilts. 

 

 PRRSV CD163 PRRSV/CD163 

 Maternal Fetal Areola Maternal Areola Fetal  

 Tau_b / P Tau_b / P Tau_b / P Tau_b / P Tau_b / P Tau_b / P Tau_b / P 

Wt_liver -0.20 / 0.23 0.02 / 0.92 0.03 / 0.83 -0.15 / 0.29 0.07 / 0.65 -0.19 / 0.23 0.11 / 0.46 

Wt_brain -0.09 / 0.60 0.15 / 0.35 -0.16 / 0.29 -0.05 / 0.70 0.10 / 0.52 -0.04 / 0.81 0.22 / 0.14 

brain_liver 0.16 / 0.36 0.0 / 1 -0.03 / 0.85 0.15 / 0.30 -0.0 / 1 0.19 / 0.22 -0.02 / 0.88 

Z_score 0.25 / 0.15 -0.05 / 0.74 0.0 / 1 0.28 / 0.05** 0.03 / 0.82 0.24 / 0.13 -0.07 / 0.65 

Endometritis -0.11 / 0.53 0.05 / 0.79 -0.09 / 0.55 0.32 / 0.03* 0.02 / 0.91 -0.18 / 0.28 -0.01 / 0.93 

Placentitis -0.01 / 0.96 -0.12 / 0.52 -0.04 / 0.81 0.32 / 0.05** -0.21 / 0.25 -0.26 / 0.15 -0.24 / 0.15 

Endometrial 

vasculitis 
-0.05 / 0.79 0.05 / 0.79 0.17 / 0.28 0.21 / 0.16 0.22 / 0.17 

-0.30 / 

0.07** 
0.18 / 0.25 

 

Abbreviations: Wt, weight  

*(P < 0.05); **(P < 0.1) 
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Table 3.2 Correlations of PRRSV and CD163 immunostaining with inflammation scores and organ weights in the MFI region of 

fetuses from PRRSV2 infected gilts. 

 

 PRRSV CD163 PRRSV/CD163 

 Maternal Fetal Maternal Fetal  

 Tau_b / P Tau_b / P Tau_b / P Tau_b / P Tau_b / P 

Wt_liver -0.11 / 0.48 0.13 / 0.42 -0.03 / 0.84 0.21 / 0.16 0.07 / 0.64 

Wt_brain -0.02 / 0.88 -0.03 / 0.85 0.09 / 0.53 0.31 / 0.04* 0.03 / 0.81 

brain_liver 0.14 / 0.37 -0.15 / 0.35 0.0 / 1 -0.14 / 0.37 -0.09 / 0.53 

Z_score 0.16 / 0.31 -0.21 / 0.20 0.08 / 0.56 -0.20 / 0.19 0.0 / 1 

Endometritis 0.08 / 0.61 -0.14 / 0.41 0.42 / <0.001* 0.19 / 0.23 -0.04 / 0.81 

Placentitis 0.18 / 0.31 -0.11 / 0.54 0.19 / 0.24 -0.13 / 0.45 -0.25 / 0.15 

Endometrial 

vasculitis 
0.07 / 0.65 0.14 / 0.39 0.29 / 0.05** 0.08 / 0.61 0.07 / 0.65 

 

Abbreviations: Wt, weight  

*(P < 0.05); **(P < 0.05) 
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Supplemental figures 

 

Supplemental Figure 3.1: Primary antibodies used for detection of PRRSV and receptors CD163 

Target Host species Concentration Dilution 
Microscope 

channel 

PRRSV mouse 10 ug/ml  1:100 RFP 

CD163 rabbit 2.5 ug/ml 1:400 Cy5 

TJP1 rat 2 ug/ml 1:100 GFP 

Cathepsin mouse 9 ug/ml 1:100 RFP 

Legend: PRRSV porcine reproductive and respiratory syndrome virus, TJP1= tight junction protein 1 (zonula occludens 1) 
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Supplemental Figure 3.2: Secondary antibodies used for detection of PRRSV and receptors CD163 

Target Concentration Dilution 
Microscope 

channel 

Donkey anti-mouse-IgG 5 ug/ml 1:200 RFP 

Donkey anti-rabbit-IgG 5 ug/ml 1:200 Cy5 

Donkey anti-rat-IgG  5 ug/ml 1:200 GFP 
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Supplemental Figure 3.3: Summary of PRRSV and CD163 positive macrophage counts by group in areolae and maternal fetal 
interface of fetuses with different states of fetal preservation from females infected with PRRSV2 and fetuses from non-inoculated 
control gilts. 

Abbreviations: CON, control; UNINF, uninfected; PLCO, placenta only; HVL-VIA, high viral load-viable; MFI, maternal fetal 
interface. Superscripts indicated significantly differences within row (P < .05). 

 

Group   

CON                             

(7)                                    

UNINF                       

(10) 

PLCO                           

(7) 

HVL-VIA                        

(8) 
  

Median IQR  Median IQR Median IQR Median IQR P 

A
re

ol
a 

Maternal 

Side 

CD163 5.04 4.41 7.60 4.56 10.01 7.35 8.92 7.00 0.28 

PRRSV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 0.28 

Areola 
CD163 0a 1.04 0ab 2.23 3.77b 15.36 0a 0 0.04 

PRRSV                    0a 0.00 2.54b 7.03 0.94ab  15.61 1.11ab 7.76 0.04 

Fetal side 
CD163 0.37 0.99 0.00 0.43 0.00 0.25 0.23 0.97 0.72 

PRRSV 0.00 0.00 0.00 0.21 0.00 0.25 0.00 0.00 0.09 

Colocalization 

PRRSV/CD163 
0a 0.00 0.26b 0.81 0.40b 0.69 0.13ab 0.20 0.01 

M
FI

 

Maternal 

Side 

CD163 5.39 2.22 5.67 6.32 6.63 8.06 5.95 6.54 0.94 

PRRSV 0 0 0 0.07 0 0.17 0.05 0.19 0.15 

Fetal side 
CD163 0.12 0.26 0.1 0.24 0.16 0.28 0 0.05 0.59 

PRRSV 0 0 0 0.05 0 0.2 0.05 0.12 0.24 

Colocalization 

PRRSV/CD163 
0 0 0.007 0.125 0.001 0.07 0.004 0.032 0.08 
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4 GENERAL DISCUSSION 
4.1 Discussion 

The objectives of the research described in this thesis were established due to the 

knowledge gaps in aspects or events that facilitate or result in fetal death following PRRSV2 

infection, and gaps in understanding the possible routes of transplacental transmission that the 

virus uses to cross the maternal-fetal layers in an epitheliochorial placenta to reach fetal tissues. 

Our hypotheses were that PRRSV2 infections alter placental physiological events of 

angiogenesis and cell proliferation, which would eventually impair placental survival and 

development. Our results support our hypothesis by demonstrating that PRRSV2 produced 

alterations in VEGF levels and therefore could alter angiogenesis in the submucosa and cell 

proliferation at the FMJ (uterine epithelial cells and trophoblasts) with differences between the 

various states of fetal preservation (Chapter 2). Our second hypothesis pertained to the transfer 

of virus from the dam to the fetus. For this analysis, we examined the placental areolae, normal 

anatomical structures of the porcine placenta which have a high capacity for absorption and 

release of substances from the maternal tissues to fetal tissues. In this investigation, it was 

possible to identify free PRRSV2 particles and PRRSV2 particles in association with CD163+ 

macrophages within the cavities of the areolae, which could suggest possible participation of the 

areolae in viral transfer (Chapter 3). 

PRRSV2 has been internationally recognized as one of the main viral diseases in swine, 

which in addition to producing respiratory disorders, results in reproductive disease characterized 

by late-term abortions, fetal death, stillborn fetuses and weak congenitally infected piglets, as 

well as infertility (Ladinig et al., 2014b; Mengeling et al., 1994b; Terpstra et al., 1991b). This 

disease was discovered and characterized in the mid-1980s and although it has been extensively 

investigated, there are still questions to be answered regarding the pathophysiology of the virus 

and the mechanisms causing fetal death. These uncertainties arise because, although the virus is 

detected in several fetal organs, serious lesions that could be related to the cause of death are not 

evident (Cheon & Chae, 2001b; Lager & Halbur, 1996a; Novakovic et al., 2016a; Rossow et al., 

1996b). Previous research has shown that the virus is capable of producing inflammatory lesions 

in the MFI such as endometritis, placentitis and vasculitis, as well as areas of separation between 

the FMJ but it was suggested that these events of placental separation are not sufficient to 

produce fetal death (Karniychuk & Nauwynck, 2013a; Karniychuk et al., 2011a; Novakovic et 
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al., 2018b; Novakovic et al., 2017). At the same time, the identification of the virus in fetal 

tissues shows that there is transplacental transmission of the virus, but the exact route or routes 

of transmission that the virus uses has not been described.  

In chapter 2, we provide information on events that occur in the pathophysiology of 

PRRSV2 during placental infections, which together with the lesions of inflammation and 

placental detachment of FMJ cells reported by others (Karniychuk & Nauwynck, 2013a; 

Karniychuk et al., 2011a; Novakovic et al., 2018b; Novakovic et al., 2017), could cause death 

and/or alterations in fetal development. More specifically, we demonstrate that PRRSV2 

infection alters VEGF levels in the endometrial submucosa of meconium stained fetuses (Figure 

4.1) and decreases the rate of cellular proliferation in FMJ cells (Figure 4.2). Furthermore, our 

results show that the processes of cellular proliferation of uterine epithelial cells provide 

characteristics that could be related to the capacities of some fetuses to evade and / or resist viral 

infection (UNIF fetuses) because their levels are similar to control fetuses (Figure 4.2). On the 

other hand, we also show that the decrease in the intensity of VEGF staining, reflective of the 

physiological angiogenesis process, was related to the presentation of meconium staining of 

fetuses, a clinical factor that represents the relative susceptibility of these fetuses during late 

pregnancy (Figure 4.2). Regarding the IUGR fetuses, characterized by impaired growth and 

lower viral load compared to the other developmentally normal fetuses in the litter (Ladinig et 

al., 2014b), our results show that there were lower levels of VEGF in the submucosal area. 

Therefore, we suggest that these lower levels of VEGF may decrease vascular expression in 

endometrial tissues, which could reduce the levels of infection in this class of fetuses. 

In previous investigations, several authors have proposed different theories of how the 

virus could cross the maternal-fetal barrier (Lager & Mengeling, 1995; Mengeling et al., 1994b). 

They suggest that the virus can freely cross through FMJ cells or that transmission is carried out 

through infected macrophages (Lager & Mengeling, 1995; Mengeling et al., 1994b). Another 

author identified non-cell associated viral particles on both sides of the FMJ and suggested the 

direct transfer of the virus through the FMJ (Suleman et al., 2018b), but none of these theories 

were fully proven. In our Chapter 3, we took into account the absorptive features of the placental 

areolae to formulate our hypothesis that these placental structures are capable of facilitating the 

transport of substances from the dam to the fetus; substances that are incapable of crossing the 

FMJ (Dantzer & Leiser, 1993; Raub et al., 1985). Our results indicate that PRRSV2 accumulates 
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in the cavities of the areolae in the form of free particles and in association with CD163 positive 

macrophages (Figure 4.3). Based on these results, we can suggest two alternative theories of 

transmission. The first is that PRRSV2 is transmitted from the dam to the fetus using the areolae 

and this transmission is in the form of free particles and using CD163 infected macrophages as a 

means of transport. The second theory is that there is simply an accumulation of viral particles 

and infected macrophages in the cavities of the areolae without any transfer of the virus to the 

fetal side. This second theory arises from our findings in UNINF fetuses. Despite originating 

from infected dams having no detectable virus in fetal tissues, we detected PRRSV2 in the 

areolae of these fetuses, which suggests that the virus is not absorbed or taken up by the areolar 

trophoblast or that, following our first theory, the virus crosses the areolae and the immune 

response generated by the UNINF fetuses is able to control the viral infection. 

In accordance with other investigations, we demonstrated in Chapter 3, the co-

localization of PRRSV2 and macrophages with CD163 receptors. Paradoxically, these 

macrophages migrate to infected tissues in an attempt to control viral infection (Karniychuk & 

Nauwynck, 2009; Novakovic et al., 2016b), but as has been reported, the CD163 receptors of 

these macrophages are used by the virus for its internalization and its eventual intracellular 

replication (Karniychuk et al., 2011a; Suleman et al., 2018b). Taking into account our novel 

results in the analysis of the areolae, this type of macrophage could also function as a possible 

means of transport that PRRSV2 uses to cross the maternal-fetal barrier and reach the fetal 

tissues. 

In conclusion, these studies presented new insights into the pathophysiology of PRRSV2 

that help elucidate the cause of fetal death and potential reasons associated with fetal resilience 

and susceptibility, which based on our results are possibly related to the lesions and 

physiological alterations produced by PRRSV2 in the placental tissues. Furthermore, we provide 

novel findings regarding transplacental transmission by suggesting that virus transmission may 

occur in the form of free particles and in association with macrophages through the placental 

areolae. 

4.2  Limitations 
Despite the importance of our findings, the small sample sizes of the experimental groups 

with which we worked with was a limitation of the experiments described herein and impeded 

our ability to obtain a more complete evaluation of cell proliferation, angiogenesis and viral 
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transplacental transmission. Our difficulty in obtaining a greater number of fetuses in each group 

was related to the fact that the number of fetuses with different states of preservation always 

varied, making the number of fetuses smaller in some groups. In the same way, the difficulty of 

macroscopically identifying areolae in the placentae during the necropsy of the females, 

restricted the total number of areolar samples that we obtained for our analysis of transplacental 

transmission through the areolae.  

4.3 Future Directions 

Following on from our results, more questions arise in relation to the pathology of 

PRRSV2 that could be evaluated in future research, such as the participation of the uterine 

glands in the transplacental transfer of the virus, for which a specific analysis could be carried 

out trying to identify viral particles and infected macrophages between the glandular cells or in 

the glandular lumen. Another additional investigation would be to carry out an analysis in 

placental tissues across different days post infection to determine the location and distribution of 

PRRSV2 in relation to the areolae, and rates of cell proliferation and angiogenesis in the MFI.  

Regarding angiogenesis, there are several factors that could be also evaluated such as 

fibroblast growth factor (FGF), transforming growth factor alpha and beta (TGF-α and TGF-β), 

hepatocyte growth factor (HGF), tumor necrosis factor alpha (TNF-α), angiogenin, interleukin (IL)-

8, angiopoietins 1 and 2, platelet-derived growth factor (PDGF), and leptin to evaluate the complete 

process of angiogenesis in placental tissues. 

In this study, the detection of the protein cathepsin was used to identify the cells of the 

placental areoles. Considering the usefulness of this protein and its possible functions in cells, 

this could be further developed to assess whether there is a difference in the expression of 

cathepsin in areoles of fetuses with different states of fetal preservation. 
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Figure 4.1: Representation of levels of angiogenesis in the submucosa of control fetuses, 
uninfected fetuses (UNINF), High viral load – viable fetuses (HVL-VIA) and meconium-stained 
fetuses (MEC). The vertical red bar in gradient shows the intensity of the angiogenesis levels in 
the endometrial submucosa area, with a higher intensity (upper part-intense red) for the control, 
UNINF and HVL fetuses and a lower intensity (lower part-red pale) for fetuses MEC. 
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Figure 4.2: Representation of levels of cellular proliferation in the fetal maternal junction of 
control fetuses, uninfected fetuses (UNINF), High viral load – viable fetuses (HVL-VIA) and 
meconium-stained fetuses (MEC). Control fetuses show greater cell proliferation (green arrow 
up) in uterine epithelial cells and trophoblasts represented by Ki67 positivity in the nuclei. 
UNINF fetuses show cellular proliferation similar to control fetuses only in uterine epithelial 
cells (green arrow up) but not in trophoblasts (orange arrow down). HVL-VIA and MEC fetuses 
have lower cell proliferation in both uterine epithelial cells and trophoblasts (orange down 
arrow) compared to control fetuses. 
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A  

B  

Figure 4.3: Representation of PRRSV2 infection in placental areolae in control fetuses (A) and 
infected fetuses (B). A. maternal fetal interface of control fetus showing the areas of endometrial 
submucosa, areola, and placenta. B. Accumulation of PRRSV-free particles and in association 
with macrophages in the cavity of the placental areolae and PRRSV-free particles on both sides 
of the FMJ. 
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