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Abstract 

Spontaneous fetal loss (25-40%) leading to decrease in litter size is a significant concern to the 

pork industry. A deficit in the placental vasculature has emerged as one of the important factors 

associated with fetal loss. During early pig pregnancy, the endometrium becomes enriched with 

immune cells recruited by conceptus-derived signals including specific chemokine stimuli. These 

immune cells assist in various aspects of placental development and angiogenesis. Recent 

evidence suggests that microRNAs (miRNAs: small non-coding RNAs that regulate gene 

expression) regulate immune cell development and their functions. In addition, intercellular 

communication including exchange of biomolecules (e.g. miRNAs) between the conceptus and 

endometrium regulate key developmental processes during pregnancy. To understand the 

biological significance of immune cell enrichment, regulation of their functions by miRNAs and 

transfer of miRNAs across the maternal fetal-interface, we screened specific sets of chemokines 

and pro- and anti-angiogenic miRNAs in endometrial lymphocytes (ENDO LY), endometrium, 

and chorioallantoic membrane (CAM) isolated from conceptus attachment sites (CAS) during 

early, gestation day (gd)20 and mid-pregnancy (gd50). We report increased expression of 

selected chemokines including CXCR3 and CCR5 in ENDO LY and CXCL10, CXCR3, CCL5, 

CCR5 in endometrium associated with arresting CAS at gd20. Some of these differences were 

also noted at the protein level (CXCL10, CXCR3, CCL5, and CCR5) in endometrium and CAM. 

We report for the first time significant differences for miRNAs involved in immune cell-derived 

angiogenesis (miR-296-5P, miR-150, miR-17P-5P, miR-18a, and miR-19a) between ENDO LY 

associated with healthy and arresting CAS. Significant differences were also found in 

endometrium and CAM for some miRNAs (miR-17-5P, miR-18a, miR-15b-5P, and miR-222). 

Finally, we confirm that placenta specific-exosomes contain proteins and 14 select miRNAs 
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including miR-126-5P, miR-296-5P, miR-16, and miR-17-5P that are of relevance to early 

implantation events. We further demonstrated the bidirectional exosome shuttling between 

porcine trophectoderm cells (PTr2) and porcine aortic endothelial cells (PAOEC). PTr2-derived 

exosomes were able to modulate the endothelial cell proliferation that is crucial for the 

establishment of pregnancy. Our data unravels the selected chemokines and miRNAs associated 

with immune cell-regulated angiogenesis and reconfirm that exosome mediated cell-cell 

communication opens-up new avenues to understand porcine pregnancy. 
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1.1 Overview of porcine pregnancy 

The contribution to human food needs makes pig an important livestock species. Physiological 

similarities to humans also makes pig an excellent research animal model to better understand 

many human diseases1,2. In 2014, Food and Agriculture Organization of the United Nations 

(FAO) forecasted pork as the most widely consumed meat around the world amounting to 15.5 

million tons (37% of the total consumed meats)3. Compared with other livestock meats, pigs 

contribute to the lower cost of pork production because of their high productive and reproductive 

efficiencies. Each sow has the ability to produce an average of 23.6 piglets per year3. Thus the 

largest contributing factor to a higher level of pork production is litter size3. Many factors such 

as ovulation rate, fertilization rate and conceptus survival to term directly affect the number of 

live offspring born per gestation in pigs. Because of their high ovulation rate (20 and 25 oocytes 

per cycle)3 and fertilization rate (95%)4–6, pigs have the genetic potential to produce larger 

litters7. However, by the time when they reach term pregnancy, litter size is reduced down to 10 

to 13 piglets per sow7. Much of this reduction is mainly attributed to spontaneous fetal loss8. 

Spontaneous fetal loss in pigs occurs in two waves: the first wave (20-30%) occurs during the 

peri-attachment period and the second (10-15%) during mid- to late gestation. During the peri-

attachment period [gestation day (gd)10 - 30] when conceptuses are attaching to the receptive 

endometrium8–10, variations in conceptus elongation rates and overall embryonic growth alter the 

uterine environment leading to lower survivability of the less developed conceptuses. During 

mid-late gestation, increased fetal growth may result in some conceptus attachment sites (CAS) 

exceeding their uterine space and ultimately ending up with conceptus arrest of adjacent 

littermates8–10. Research over the last two decades has provided critical insights into how factors 

such as uterine capacity, nutrition, genetics, and placental development that affects conceptus 
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growth. However, the exact cause-effect relationship that leads to conceptus loss is still not well 

understood.  

1.2 Early embryonic development and placentation 

Conceptus attachment and establishment of the placenta are initiated by a series of events that 

allow for uterine receptivity of the developing conceptus. These events include but are not 

limited to: blastocyst hatching, migration, spacing, apposition, and interdigitation of the 

microvilli. The embryo must come in close contact and attach to the uterine epithelium in order 

to establish the pregnancy. Most of the stages of conceptus development starting from zygote to 

blastocyst are similar among livestock species11,12. However, it is the maternal-fetal interaction 

following blastocyst hatching that differs from one species to another. The pig embryo typically 

migrates down to the uterus between the four to eight cell stages and shortly develops into 

blastocyst around day five of pregnancy13. The hatching event of newly formed blastocyst from 

the zona pellucida presents the conceptus to the uterine epithelium and marks the beginning of 

elongation.  

 

The initial conceptus attachment begins around gd12 and requires uterine receptivity which is 

influenced by progesterone to regulate the action of cytokines, hormones and other factors14. 

Although trophoblasts in pigs possess invasive properties, placentation is non-invasive (true-

epitheliochorial), whereby uterine luminal epithelium lies in close apposition with trophectoderm 

layer. Epitheliochorial placentation is multi-layered; however, the distance between maternal and 

fetal blood is minimized by the indentation of maternal capillaries into the uterine epithelium and 

fetal capillaries into the trophoblast15. Conceptuses do not share blood supply through 

placentation and thus enabling them to stay independent of each other in the uterine horn. 



4 

 

Epitheliochorial placentation also allows detachment of the placenta at parturition with minimal 

damage to the uterus, this potentially speeds up the postpartum receptivity of the uterus as 

typically seen in pigs and horses16,17. 

Successful placentation in pigs depend on conceptus elongation to maximize the available 

surface area for gas and nutrient exchange. After zona hatching at approximately gd7, the 

conceptus elongates itself over the next few days by dramatic changes in morphology that 

transform it from spherical, to ovoid, tubular and finally to become long filamentous17. 

Elongation primarily occurs as a result of hypertrophy of the trophectoderm and endoderm cells. 

The rate of elongation increases from 0.25 mm/h during the initial stages to 150 to 200 mm/h 

around the stage of filament formation allowing the embryo to reach 80 to 100 cm by gd1617,18. 

Subsequent to zona hatching, the elongating embryos migrate and space out through the 

uterus19,20. Conceptus attachment occurs along the mesometrial side of the uterus. Microvilli of 

the uterine epithelium are covered with a thick layer of glycocalyx in addition to a thin layer of 

carbohydrate covering the fetal epithelium preventing it from premature attachment19. The 

glycocalyx layer has anti-adhesive properties and this property appears to be reduced when 

embryonic-maternal contact is initiated21,22.  

 

Crosstalk between the endometrium and the peri-attachment conceptus are crucial for survival 

and successful placentation. Previous studies have evaluated differential gene expression during 

the early stage elongation process of porcine embryo development23. These studies demonstrated 

that apoptosis-related genes are ranked higher when transitioning from gd12 to gd14 embryos 

suggesting that cell death is more critical during elongation and attachment. Pig conceptuses 

begin to secrete estrogen around gd11 to 12 in order to signal their presence to the dam24. 
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Estrogen helps in maintaining luteal progesterone secretion through preventing the prostaglandin 

F2α (PGF2α)-induced corpus luteum (CL) regression. Estrogen secretion is also directly related to 

the conceptus stage of development8. A second estrogen surge between gd14 and 18 is also 

required for CL maintenance beyond day 25 of pregnancy25.  

 

Migration and spacing of conceptuses within the uterus are required for the survival and 

pregnancy success in pigs20. Upon entering the uterus, the embryos freely migrate from one horn 

to the other by gd8 or gd9 and are completely spaced within the uterus by gd15 regardless of 

embryos or uterine size26. This migration is crucial to allow equal utilization of the available 

uterine resources such as space and nutrients. It has been suggested that conceptus estrogen 

secretion may contribute to this embryonic migration through uterine contractions within uterine 

horns27,28.  

 

Besides the maintenance of CL, estrogen also indirectly aids in embryonic attachment29,30. 

Around gd12, the uterine epithelium gradually loses its glycocalyx which will enable conceptus 

to loosely attach to the endometrium31. This period witnesses the rapid elongation of the 

conceptus to reach 1 m in length before firmly attaching to the luminal epithelium. Estrogen 

secreted by the conceptus stimulates the uterine epithelium to secrete osteopontin, an 

extracellular matrix protein, around gd1230. Osteopontin, in turn, binds with specific integrins 

(transmembrane glycoprotein receptors) on the trophectoderm (ITGAVB6) and uterine 

epithelium (ITGAVB3) to promote the firm attachment of the conceptus30. Recent work on 

microRNAs (miRNAs; non-coding RNAs) 181a and 181c on osteopontin expression have 

demonstrated a down-regulation of osteopontin gene (SPP1) expression at day 15 and 26 of 
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pregnancy32. Around gd13 and 14, the uterine epithelial protrusions hold the conceptus in place 

and thus, trophoblast is partially separated from the uterine epithelium by uterine milk. Uterine 

and trophoblastic membranes come closer to allow for the interdigitating microvilli to develop 

the apical domes of the uterine epithelium and the trophoblast covering the entire placenta except 

the openings of uterine glands. This association allows for a shift from primarily histotrophic to 

hemotrophic nutrition. Placental weight, size and surface area increases greatly between gd20 to 

30 and gd60 to 70 and remains the same thereafter. However, capillary bed volume continues to 

grow until term due to continuous blood supply and high nutrient demand of the developing 

fetus33. 

 

1.3 Spontaneous fetal loss 

Economics of swine production is affected by many factors including litter size. Despite having 

high ovulation and fertilization rates, pigs experience 30 to 45% conceptus loss8. Many different 

factors have been proposed to cause fetal loss and that can be divided into two main categories; 

embryological and maternal.  Embryological causes include abnormal embryonic karyotype; 

however, research has suggested a lower embryonic mortality prior to day seven of pregnancy7. 

In addition, abnormal genetic make-up of conceptuses could be another potential cause, but it 

only accounts for less than 1.8% of fetal loss in pigs34. The second category includes 

abnormalities in both maternal and in placental development35. A previous study has indicated 

that approximately 20% of sows ovulate fewer ova per estrous cycle (~8-10); however, they do 

not experience the same fetal loss as the majority8. The etiology of early embryonic mortality is 

not yet fully understood; however, a combination of factors from both maternal and fetal origin 

as well as immunological mechanisms have been attributed to fetal loss.  
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Uterine capacity is another important criterion that affects the growth of developing conceptus to 

term. Uterine capacity entails physical and physiological components to support the growth of 

fetus. The average length of a uterine horn in pigs at day three of pregnancy is about 170 cm 

(ranging from 80 to 255 cm). Each developing conceptus physically requires enough uterine 

space for proper growth. Conceptuses require at least 20 cm of uterine space before gd17 as well 

as between gd29 and 3536. Physiological components include many factors that assist in proper 

conceptus growth. Chinese Meishan pig is an exception as it possesses a greater uterine capacity 

without having larger uteri compared to other breeds37. Compared to North American and 

European breeds, Chinese Meishan pig farrows three to five more piglets per litter despite having 

a similar ovulation rate38. The effect of uterine type and conceptus genotype in this breed were 

assessed in order to determine underlying causes for increased litter size. Meishan conceptuses 

have slower development4 and reduced estrogen production39 early on in pregnancy. In addition, 

their placentae tend to be more densely vascularized than commercial breeds towards the end of 

gestation40. Genetic selection for increased uterine capacity is a lengthy process; however, it 

yields minimal results. Selection for this trait over 11 generations yielded an increase of only one 

conceptus per litter41.  

 

The estrogen production by embryos increases as they develop from spherical to long 

filamentous structures8. Differences in the developmental stage among littermates are translated 

into differential estrogen production by the blastocysts. Thus, inadequate production of estrogen 

may have negative effect on the uterine microenvironment resulting in less developed 

littermates42.  These findings emphasize the need for exploring how maternal and conceptus 
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factors affect survival to term. In an effort to better understand the underlying physiological 

causes for spontaneous fetal loss, previous studies in our laboratory have investigated changes 

encountered by healthy and arresting conceptus attachment sites (CAS) at specific gestational 

time points that represents major losses in early and mid-gestation43. The majority of our work 

has addressed the disparity between healthy and arresting CAS during peri-attachment (gd20) 

and mid-gestational (gd50) periods to reflect the two waves of spontaneous fetal loss43–46. Our 

research model is based on visual and changes at the molecular level between healthy and 

arresting conceptuses at both gd20 and gd50. In addition, other important criteria to assess the 

health status are length, weight, and vascularity of placental membranes43,44. Because of non-

invasive placentation, we were able to accurately separate the fetal and maternal tissues and 

study each one without mixing the tissues from both sides47,48. Using state-of-the-art approaches 

such as laser capture microdissection, we were able to understand the role of immune cells in 

regulating angiogenesis during placental development44,49.  

 

Previous studies in our laboratory have evaluated the expression of several angiogenic factors 

such as VEGF, hypoxia inducible factor-1α (HIF-1α), placental growth factor (PlGF), fibroblast 

growth factor (bFGF), platelet-derived growth factor (PDGF) and some of their receptors that 

may contribute to angiogenesis regulation at the porcine maternal-fetal interface. Overall, these 

factors were up-regulated in the endometrium and ENDO LY associated with healthy compared 

to arresting CAS. Furthermore, we have also evaluated the expression of pro-inflammatory 

cytokines or apoptosis related genes such as IFN-γ, TNF-α, Fas and FasL during early pregnancy 

gd23. Most of these cytokines and apoptosis related genes were highly expressed in maternal and 

fetal tissues associated with arresting CAS43,44,50. However, arresting conceptuses transcribed 



9 

 

pro-angiogenic cytokines similar to (PlGF, VEGFRI and PDGF) or greater than (bFGF, FGFR1, 

and FGFR2) their healthy counterparts48,50. These findings suggest that stress signals from 

arresting conceptuses may result in the withdrawal of maternal angiogenic support. However, the 

arresting conceptuses respond by activating some of their angiogenic signals in an effort to 

compensate for decline in maternal factors.  

 

Studies from our laboratory focusing on the immune-angiogenesis axis have revealed that ENDO 

LY transcribe higher amounts of angiogenic growth factors mRNAs and thus regulate the 

placental angiogenesis43,44. Our studies have linked spontaneous fetal loss with the inability of 

ENDO LY to produce sufficient angiogenic factors required for blood vessel development to 

support the growing conceptuses43,44. At arresting CAS, ENDO LY transcribed much lower 

levels of VEGF mRNAs compared to their healthy counterparts43. In addition, HIF1α, a key 

transcription factor driving VEGF expression, was not expressed in ENDO LY isolated from 

arresting CAS43. Transcript levels of Fas, FasL, and IFN-γ at gd2043,44 and TNF-α at gd50 were 

elevated in ENDO LY isolated from arresting CAS44. Furthermore, ENDO LY and endothelial 

cells appear to transcribe PlGF, VEGFRI and VEGFRII mRNAs at both peri-attachment as well 

as mid gestation in CAS51. Taken together, it appears that lymphocyte-regulated angiogenesis 

and oxygen sensing are imbalanced at arresting CAS, resulting in improper nutrient and gas 

exchange in addition to apoptosis, and are likely contributing to the withdrawal of maternal 

support and thus conceptus death. 
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1.4 Immune cell enrichment at the maternal-fetal interface 

Blastocyst implantation, placentation and a successful pregnancy require coordinated vascular 

development, tissue differentiation, remodeling and functional adaptations on both the maternal-

fetal sides of implantation sites17,26,33,52. Successful mammalian pregnancy requires a delicate 

immunological balance between the mother’s immune system and developing conceptus that 

carries paternal antigens. Immunological tolerance against the allogeneic fetus enables 

maintenance and establishment of proper maternal-fetal interface53. Around gd15 (post-

attachment), major vascular changes and angiogenesis occur in the endometrium to support the 

growth and development of the conceptus by facilitating greater blood supply33,54. Studies from 

our laboratory and those of others suggest that deprived vasculature at the maternal-fetal 

interface is one of the main mechanisms associated with early pregnancy loss in porcine 

species43,44,55. During early pregnancy in most mammals, including pigs, these vascular changes 

coincide with extensive recruitment of lymphocytes, particularly natural killer (NK) cells, 

dendritic cells and macrophages at the maternal-fetal interface56,57. However, little information is 

available on how the immune cells are recruited to the maternal-fetal interface and/or their 

pregnancy specific functions. Unlike humans, mice, and rats (species with invasive hemochorial 

placentation), decidualization is not induced in pigs and conceptus attachment is required for 

uterine NK (uNK) cell recruitment57,58. In pigs, uNK cells are first detected at gd1257. After 

recruitment to the maternal-fetal interface in response to specific signals, the maternal immune 

cells adopt a specialized phenotype which assists in various physiological mechanisms including 

placental development and angiogenesis. 

 

Immune cell recruitment to the uterine endometrium is essential for pregnancy success in pigs. 

Natural killer and T cells get recruited to the porcine endometrium and, more specifically, NK 
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cells are recruited at sites of blastocyst attachment and placenta formation between gd15 and 28 

of pregnancy57,59. In contrast to humans and mice, conceptuses solely mediate NK cell 

recruitment and their enrichment is less dramatic in pigs, which only reaches three-fold higher at 

attachment sites compared to non-pregnant uterus. Natural killer cells tend to aggregate largely 

beneath the uterine luminal epithelium, around blood vessels and endometrial glands and are 

diffusely scattered throughout the stroma. In addition, subsets of T cells, T cytotoxic (Tc) and T 

helper (Th) cells, are also recruited to the endometrium and are suggested to play a role in 

establishment of the placenta60. Overall, the specific mechanisms regulating the dynamics of 

maternal-fetal interface and recruitment of immune cells during porcine pregnancy remain to be 

completely understood.  

 

Maternal-fetal crosstalk is essential to ensure that both the maternal and fetal needs are met. 

Modulation of intrauterine immune response to the conceptus results in its protection from 

rejection by the maternal immune system61. This is facilitated by many mechanisms, but not 

limited to the expression of monomorphic major histocompatibility complex (MHC) molecules 

by trophectoderm, intrauterine immune suppression and expression of immunoprotective 

molecules including FasL (CD95L) by the trophoblast in mouse and human61–63.  Swine 

leukocyte antigens (SLA), MHC class I molecules, are not expressed by placental cells during 

porcine pregnancy64. However, during the peri-attachment period, the luminal epithelial cells and 

stromal cells express classical and non-classical SLA class I molecules (SLA-1, -2, -3, -6, -7, and 

-8) and β2-microglobulin. In addition, their expression decreases significantly after successful 

implantation65. Swine leukocyte antigen DQA (SLA-DQA), MHC class II gene, is upregulated in 

the endometrium during pregnancy and is demonstrated to increase around the window of 
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implantation in response to conceptus-derived IFN-γ66. MHC class II molecules are involved in 

antigen presentation to immune cells and it is likely that the conceptus alters SLA-DQA 

expression as well as the maternal immune system leading to successful attachment and survival 

of fetal allograft66. Overall, a localized immunological change, especially from cytotoxic state to 

tolerance, involving innate and adaptive immunity in the uterine microenvironment that leads to 

successful attachment and survival of the developing conceptus.  

 

Molecular understanding of seminal fluid signaling into the female reproductive tract has 

provided evidence into the effect of paternal factors on conceptus attachment. Uterine epithelium 

is exposed to various cytokines and prostaglandins present in seminal fluid during coitus or 

insemination. These cytokines bind to uterine receptors resulting in changes in gene expression 

and later modification in structure and function of the female reproductive tissues. Consequently, 

the maternal immune system becomes primed to tolerate the seminal fluid and facilitate embryo 

development and implantation67. Factors present in the seminal plasma are able to trigger the 

expression of pro-inflammatory cytokines such as IL-6, GM-CSF and a chemokine [C-C motif 

ligand 2 (CCL2)] as well as cyclooxygenase-2 enzyme in the endometrium. Consequently, 

macrophages and dendritic cells are recruited to the porcine endometrium. The dynamic changes 

in uterine immune cell population and cytokine expression persists during the peri-attachment 

period. Moreover, the number of dendritic cells and macrophages are more abundant around the 

time of ovulation and insemination indicating that seminal fluid antigens prime the uterine 

microenvironment for the approaching pregnancy68. 
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1.5 Regulation of immune cell-derived angiogenesis at the maternal-fetal interface 

Angiogenesis plays an important role in mammalian pregnancy. In pigs, physiological 

angiogenesis occurs at the maternal-fetal interface and is absolutely critical for post-attachment 

(>gd15) development of growing conceptuses. Around gd15, sub-epithelial plexus is 

characterized by major endometrial vascular changes33 and specifically angiogenesis that 

coincide with vast infiltration of immune cells to the maternal-fetal interface57.  

 

Antigen presenting cells such as dendritic cells are the specialized cell types of the immune 

system. Their main function is to process and present the antigen on the cell surface MHC class I 

or II molecules to T cells. In addition to ENDO LY, dendritic cells are the other immune cell 

type present and involved in angiogenesis at the maternal-fetal interface. Angiogenic dendritic 

cells are present at the maternal-fetal interface in mice and appear to be associated with uNK 

cells directed spiral artery modification69. We have previously isolated dendritic cell-specific 

intercellular adhesion molecule-grabbing non-integrin (DC-SIGN)+ from the porcine 

endometrium70. The laser capture microdissection (LCM) isolated DCs express a variety of 

angiogenic growth factors and receptors including vascular endothelial growth factor (VEGF), 

VEGFRI, VEGFRII, plexins, semaphorins, and neurophilins 70. No significant differences in the 

transcript level of angiogenic factors were detected between DCs isolated from arresting and 

healthy CAS. However, the presence of these transcripts within the DCs confirms their 

participation in placental angiogenesis. 
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1.6 Cytokine and chemokine regulation at the maternal-fetal Interface  

Cytokines are a broad and loose category of small proteins important in early fetal development, 

and significantly contribute to elongation and attachment of the embryo71,72. Due to the complex 

network of cytokine-induced cellular signaling and cellular differentiation, the porcine maternal-

fetal interface is an ever-changing environment throughout gestation. Cytokines regulate a wide 

variety of cellular processes including angiogenesis, inflammation, and cell death73. To date, our 

laboratory has examined expression profiles of important angiogenic, inflammatory and 

regulatory genes associated with spontaneous fetal loss. These approaches have documented a 

shift between type 1 [pro-inflammatory cytokines such as interferon-γ (IFN-γ), tumor necrosis 

factor-α (TNF-α), interleukin-2 (IL-2)] and type 2 cytokines (anti-inflammatory cytokines such 

as IL-4, IL-5, IL-6, IL-10) during both early and mid-gestation fetal loss in pigs43,73. 

 

Chemokines are a subclass of cytokines which also play an important role in various cellular 

processes during porcine pregnancy. Previous studies in our laboratory have demonstrated a 

dysregulation of decoy receptors (duffy antigen receptor for chemokines or DARC), and 

chemocentryx decoy receptor (CCX CKR) mRNA in the endometrium and chorioallantoic 

membrane associated with arresting CAS73. However, protein analysis did not reveal differences, 

suggesting a role for post-transcriptional and/or epigenetic modification by these chemokines73. 

In addition to chemokines, many cytokines have been shown to contribute towards fetal loss. 

Ashworth and coworkers74 have demonstrated a crucial role of TNF-α, IL-6, tumor necrosis 

factor-a-inducible protein-6 (TNFAIP6) in extracellular matrix (ECM) expansion, and inter-a-

trypsin inhibitor heavy chains (ITIH) were detected during gd 9 to 10 and 15 to 18 of porcine 

pregnancy. Under the influence of abnormal estrogen levels, a decrease in ITIH2 can lead to loss 
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of ECM remodeling and glycocalyx formation, and that could lead to conceptus degeneration 

during early pregnancy. 

 

The role of IFN-γ in various cellular and inflammatory processes has been well characterized75. 

It has been shown to be secreted in the porcine uterine horn during early pregnancy at gd12, 

reaching a peak at approximately gd1676. The levels of IFN-γ dominates during peri-attachment 

period loss; however, their levels remain unaltered during mid-gestation. IFN-γ secreted by 

CAM can cross endometrial epithelium and promote conceptus attachment by acting on 

endometrial stroma76. The transient changes in it’s levels is also attributed to recruitment of 

immune cells to uterine micro-domain between gd 12 to 15. Furthermore, Tumor necrosis factor-

α (TNF-α), a multifunctional cytokine is also implicated in porcine pregnancy. It is expressed in 

moderate to high levels in both the maternal and fetal tissues77. It is capable of activating both 

pro-apoptotic and anti-apoptotic signaling cascades in human and mouse pregnancy. Our 

previous studies in pigs have found increased inflammatory cytokines (TNF-α as well as IL-1b 

and IL-1R) in arresting CAS during peri-attachment period suggesting an acute inflammatory 

reaction at the arresting sites resulting in death of fetus43,44.  

 

1.7 MicroRNAs, immune cells and pregnancy 

Only two decades ago, the majority of the non-coding regions in the genome of a species were 

considered to be ‘junk’ DNA. Any regions of DNA that did not bind promoters, enhancers, or 

repressors, were not thought to be useful for anything. However, our perception of these regions 

has profoundly changed as a result of the discovery of lin-4, the first miRNA in Caenorhabditis 

elegans by Lee, Feinbaum, and Ambros just over twenty years ago78. The discovery of miRNAs 
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has provided much insight into the regulation of gene expression, which affects many biological 

processes including mammalian reproduction79–83. MicroRNAs are small non-coding RNAs, 18-

22 nucleotides in length, that serve to negatively regulate translation of complementary RNAs by 

either repressing the translational machinery of the ribosome or by deadenylating and hence 

destabilizing the mRNA84. Over 2000 mature human miRNA sequences have been reported, and 

they are postulated to fine tune gene expression of ~50% of all protein coding genes84. The 

majority of miRNAs are highly conserved across mammalian species85, and each miRNA has the 

potential to repress the expression of several target genes, highlighting their intricate regulation 

of gene expression. Their conservation indicates the importance in regulating many biological 

processes including cellular differentiation, proliferation and apoptosis. Since their discovery, 

miRNAs have emerged as major bio-regulatory molecules of various processes including 

pregnancy83,86–88.   

 

Pregnancy is a complex physiological process, and we are just beginning to understand the 

function of miRNAs during pregnancy. Successful mammalian pregnancy depends upon the 

establishment and maintenance of an adequate maternal-fetal interface, and maternal immune 

tolerance of the semi-allogeneic fetus53. Initially the non-pregnant uterus must undergo 

transformation into a cellular and molecular environment suitable to support the implanting 

conceptus and maintain fetal survival56. This is facilitated by a coordinated interaction between 

two distinct, yet opposed organ systems: the endometrium and the placenta53,56. A precise 

interaction between the maternal immune cells and fetal trophoblasts at least in hemochorial 

placentation must occur to allow for placental development and initiation of blood vessel 

development. During early pregnancy, the maternal endometrium becomes populated with 
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immune cells, particularly NK cells, T cells, B cells, macrophages and dendritic cells53 that adopt 

specialized phenotypes. These cells assist in maintaining physiological homeostasis, 

placentation, and tolerance against the semi-allogeneic fetus. Extensive literature documents the 

presence of immune cells at the maternal-fetal interface56,89–94. However, it is not entirely clear 

how these immune cells are recruited or their pregnancy specific functions. Studies over the past 

decades have suggested the presence of progenitor stem cells in the uterus that differentiate 

during early pregnancy95 and/or that immune cells are recruited from the peripheral blood by 

conceptus dependent or independent signals96–99. The underlying mechanisms associated with 

placental development and functions are complex and comprise of intricate regulatory 

pathways100,101. Previous studies have documented the role of many protein-coding genes in the 

context of pregnancy102.  However, the miRNA networks in the context of the immunological 

mechanisms associated with pregnancy are poorly characterized. As such, a better understanding 

of miRNAs, their regulation, and functions will greatly enhance our ability to comprehend both 

physiological and pathological phenomena. Here, we explore and review the current literature 

surrounding miRNAs as well as our own research as it relates to reproductive biology, focusing 

primarily on miRNA regulatory action, immune-tolerance at the maternal-fetal interface, and the 

uterine-placental miRNA signatures. 

 

1.8 miRNA biogenesis and mechanism of action 

The mechanism of miRNA biogenesis and mRNA target repression has been extensively studied 

in recent years. miRNAs are mainly transcribed by RNA polymerase II which cleaves the long 

primary transcripts (pri-miRNAs) of the genes79,102,103. While some primary miRNA transcripts 

are contained within introns and produce a single miRNA, others are within exons and produce 
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several miRNAs103. After transcription, the long pri-miRNAs are cleaved by the enzymes Drosha 

(RNase III endonuclease) and DiGeorge syndrome critical region gene 8 (DGCR8) that together 

form a microprocessor complex in the nucleus and result in the formation of pre-cursor miRNAs 

(pre-miRNAs, 60-70 nucleotides). The pre-miRNAs are then transported out of the nucleus by 

Exportin 5 (Exp 5). Upon entering the cytoplasm, the pre-miRNAs are further processed by 

Dicer (RNase III enzyme) into miRNA duplexes104. Subsequently, the miRNA duplex is 

unwound leaving single strands, one of which will function as a mature miRNA (~20 

nucleotides). Finally, the mature miRNAs are loaded into the Argonaute (Ago) protein 

containing RNA induced silencing complex (RISC) for mRNA target recognition104–106 (Figure 

1-1).  
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Figure 1-1: miRNA biogenesis and mechanism of action (Adapted from: Winter et al. 

2009). 

 

MicroRNA regulation of gene expression is largely controlled by the mature miRNAs which 

post-transcriptionally target mRNAs and result in either the degradation of their target mRNA or 

repression of protein translation. The degradation of mRNA or translational repression occurs 

when the miRNA-RISC complex binds to specific sites in the 3’-untranslated region (3’UTR) of 
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target mRNA107. Recent studies strongly support the inhibition of translation as the main 

mechanism through which miRNAs repress mRNA function. However, the type of post-

transcriptional control depends on how the miRNA interacts with its target mRNA. The miRNAs 

associate with the mRNAs by the complementary pairing between a seed sequence (2-7 

nucleotide) within the miRNA and the 3’UTR region of the target mRNA108. This interaction can 

be exactly complementary, or nearly exact, and lead to cleavage and degradation of the mRNA, 

or it can be imperfect and lead to translational repression. As a result, one miRNA is able to 

regulate multiple mRNAs and, in turn, one mRNA can be regulated by multiple miRNAs. While 

the majority of the literature suggests an inhibitory role for miRNAs in gene regulation, some 

studies have explored alternate mechanisms that result in the fine-tuning of gene expression in 

diverse developmental settings109.  

 

 

1.9 miRNA regulation in the uterus 

Much of the current literature focuses on the dysregulation of miRNAs in many pathological 

conditions, but miRNAs also control many important physiological processes such as pregnancy. 

We are only beginning to discover the roles of miRNAs in reproduction. MicroRNAs have been 

implicated in endometrial receptivity110–112, implantation32,113–117, labor118–121, and even 

spontaneous fetal loss in the pig122,123. In the uterus, most of the physiological changes occurring 

over the estrous/menstrual cycle and during pregnancy are driven by the ovarian hormones. In 

other organs and tissues, research has shown that there are many opportunities to regulate 

miRNAs; their transcription, processing, RNA editing, function, and intracellular localization 

can all be modified, and thus affect miRNA binding of mRNAs84,124,125. Within the uterus, both 



21 

 

estrogen and progesterone are able to regulate miRNA expression directly and indirectly by 

enhancing or repressing these processes126–131.  

 

Estrogen, one of the major reproductive hormones, regulates miRNA in endometrial cells and the 

uterus126–131. It can directly regulate miRNAs by binding estrogen receptor 1 (ESR1) and 

modifying the consortium of cofactors recruited, either promoting or suppressing their 

transcription132. Nothnick and Healy (2010) showed that the effect of estradiol (E2) on the uterine 

expression of miRNAs can be in either direction; in mice exposed to E2, miR-451, -429, -99b, -

155, and -7a are increased, while miR-24, and -181b are decreased129. In the same experiment, 

the effect was abrogated by concurrent treatment with ICI-182-780, an estrogen receptor 

antagonist, indicating that the effect was dependent upon E2-ESR interactions. Alternatively, 

estrogen can indirectly regulate miRNA maturation by altering concentrations of the biosynthetic 

or miRNA transport components: Drosha, Dicer, and Exportin130,133. For instance, the maturation 

of several miRNAs in the mouse uterus was inhibited by E2-ESR1 repression of Drosha 

processing133. Additionally, E2 rapidly increases Exportin-5 in the uterus, within 4-8 hours post-

treatment130. Progesterone is also able to increase transport of uterine miRNAs by increasing 

Exportin-5 expression130. When estrogen and progesterone are combined, a synergistic effect is 

observed. Dicer, Drosha, and Exportin-5 are all increased in the uterus as a result of combined 

estrogen and progesterone treatment, while antagonists (ICI-182-780 and RU486) blocked the 

effect130. Thus, both estrogen and progesterone are able to modulate miRNA expression in the 

uterus, mainly via interaction with the nuclear steroid receptors which then rapidly increase the 

bioavailability or expression of miRNA processing machinery and transporters. Ultimately it 

seems that the effect of the steroid hormones in the uterus is to expedite the conversion of pri- to 
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pre-miRNAs, the transport of pre-miRs to the cytoplasm, and the processing of pre- to mature 

miRNAs; all serving to increase the bioavailability of mature miRNAs. The regulation of 

miRNAs by both gonadal hormones suggests that miRNAs are important regulators of mRNA 

translation in the reproductive system and during pregnancy. Interestingly, the regulation of 

miRNA processing and expression is reported to be at least partly under ovarian steroid hormone 

control126,127,129–131,133 and generally miRNA expression is repressed. 

 

1.10 miRNAs and immune cells at the maternal-fetal interface 

The paradoxical nature of mammalian pregnancy, where an intimate immunological relationship 

exists between mother and allogeneic fetus was recognized in the 1950s by Peter Medawar134. 

The implantation site is the main location where the blastocyst establishes physical contact with 

the endometrium resulting in maternal allo-recognition of the fetal antigens. Blastocyst 

implantation occurs at 7 days post-coitum in humans and 4.5 days post-coitum in mice. The 

extravillous trophoblast (EVT) cells of the conceptus invade into the uterine endometrium and 

intermingle with the leukocytes. Approximately 70% of the leukocytes in early decidua are uNK 

cells that are likely involved in fine tuning placental development, vascularity and subsequently 

fetal growth135–137. Unlike most cells of the human body, trophoblasts have limited or poor 

expression of the major histocompatibility antigens-human leukocyte antigen (HLA)-A and –B 

that are highly polymorphic. Limited or poor expression of HLA-A and -B is postulated to 

support the development of maternal tolerance to the fetus during pregnancy. Other HLA 

isoforms, HLA-G and HLA-C, are the main molecules expressed by the trophoblasts. HLA-G 

has five alleles138 and HLA-C has two major alleles56,139. These molecules interact with maternal 

killer immunoglobulin-like receptors (KIRs), KIR-A and KIR-B,66 expressed by uNK cells and 
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result in immunological tolerance. The tolerogenic properties of HLA-G have been explored in 

various immunological disciplines other than pregnancy, namely transplantation research and 

cancer. In 2007, Tan and colleagues 140 showed that miR-152 regulated the expression of HLA-G 

of EVT origin in children with asthma. However, it had previously been demonstrated in the 

context of pregnancy that HLA-G expressed mainly by the EVTs of the placenta could be down-

regulated by miR-148a and miR-152 by binding to its 3’ UTR141. Similarly miR-152 has been 

shown to repress HLA-G without affecting the invasiveness of JEG-3 choriocarcinoma cells142. 

In addition, NK cell-mediated cytolysis was increased by over-expression of miR-152142, and the 

down-regulation of HLA-G effected LILRB1 (inhibitory receptor) recognition which resulted in 

enhanced killing activity of NK cells141. These studies further suggest a major role for miR-152 

in mediating immune responses. In a more recent study, activated CD4+ T lymphocytes cultured 

in the presence or absence of HLA-G were screened for 87 miRNAs and it was found that miR-

451 and miR-210 were modulated by soluble HLA-G143. The interaction between miR-148 and 

HLA-C has been reported in studies of HIV infection144. Although miR-148 targeting of HLA-C 

has not been studied in the context of trophoblast cells or pregnancy, it has been reported that 

HLA-C is expressed by invading trophoblast cells139,145. Thus, miR-148 may a play a role in 

regulating the expression of HLA-C in trophoblasts where further investigations are warranted. 

Taken together, these results indicate that miRNAs are involved in the immunological 

mechanisms associated with pregnancy, and they pave the way toward further research in this 

area. 

 

Although several studies have profiled miRNAs in individual cell types, especially cells of the 

immune system, very little information is available on miRNA expression in the individual cell 
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types of the decidua or the immune cells present at the maternal-fetal interface. A recent study 

demonstrated temporal and spatial regulation of let-7a and miR-320 that were differentially 

expressed in the rat uterus with expression affected by decidualization during the window of 

embryo implantation146,147. Additionally, a subset of miRNAs (hsa-miR-222, 221, 181b, 27b, 

29b, 507, 143, 101, 30d, 30c, and 23a) participated in gene reprogramming during endometrial 

stromal cell (ESC) decidualization in vitro and hsa-miR-222 was found to play a key role in 

differentiation of ESCs by regulating their terminal withdrawal from the cell cycle148. In our 

laboratory, studies on spontaneous fetal loss in pigs have provided evidence of selective miRNA 

expression in ENDO LY. Our research shows that miRNAs reported to be involved in immune 

cell development and angiogenesis (miR-150, miR-17-5P, miR-18a, miR-19a and miR-296-5P) 

differ significantly between ENDO LY isolated by laser capture microdissection from conceptus 

attachment sites associated with growth arrest compared with healthy embryos. These findings 

indicate that miRNAs that are involved in immune cell development and in angiogenesis may be 

selectively regulating the placental development as well as subsequent conceptus viability in pigs 

and thus, they could set the uterine lineage as distinct from circulation or other organs. We 

previously identified specific miRNAs associated with spontaneous fetal loss in the pig123. As 

miRNAs are found within the individual placental immune cells and within uterine environment 

during pregnancy, they are capable of regulating the fine balance between the mother and her 

offspring, and likely help to regulate successful placentation and pregnancy.  

 

1.11 miRNA regulation in the placenta 

MicroRNAs are highly expressed in the placenta throughout most mammalian pregnancy149–151. 

Placental miRNAs are crucial for the regulation of the ever-changing placental environment as 
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well as its development152–154. From 2009-2014, increasing numbers of studies on miRNA 

control over placentation and pregnancy have been reported. During placentation and pregnancy, 

miRNAs play an important role not only in the regulation of placental genes, but also in the 

grand scheme of global gene regulation networks between the mother and fetus155. Several 

studies have thoroughly illustrated that miRNAs from different gene clusters, or chromosomal 

positions are differentially expressed between normal and pathological human pregnancies, and 

across trimesters155. 

 

At this point in time, the regulation of miRNAs in the placenta is not entirely clear. Many studies 

have investigated miRNA regulation of gene expression in the context of various pathologies, 

particularly those affecting humans. These include fetal weight restriction and low fetal birth 

weight (intrauterine growth retardation or IUGR)156–159, toxin exposures such as environmental 

toxins160,161, cancer (hepatocellular carcinoma)162, diabetes mellitus163, and, the most heavily 

studied, human pre-eclampsia153,164–171. Many of the pre-eclampsia studies have investigated 

miRNA expression using high throughput microarray, and qPCR (primarily in order to validate 

specific microarray findings). Previous studies have established that oxygen tension is implicated 

in placental development in humans and mice164,165,172–174. Traditionally, hypoxia inducible 

factor-alpha (HIF-1α) has been associated with regulation of placental cell differentiation in 

vivo165,172. In addition to HIF-1α, the heme oxygenase (HO) family has been found to have a 

direct dependence on oxygen availability, as well as in the down-regulation of several crucial 

genes involved in angiogenesis173. Recent studies have outlined how miR-210 is specifically 

implicated in pre-eclampsia, a condition of systemic endothelial inflammation that occurs after 

mid-pregnancy in humans. miR-210 was found to be up-regulated in trophoblast cells cultured 
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under hypoxic conditions, and in pre-eclamptic patients as compared to healthy controls166,175. 

Interestingly, another study found that miR-210 expression under hypoxia can be regulated by 

the p50 transcription factor, which in turn regulates HIF-1α in the trophoblast cells166. Therefore, 

miRNAs share regulatory pathways with other placental genes that are altered in pre-

eclampsia166.   

 

In addition to miR-210, other important miRNAs including the miR-17-92 family, which is 

involved in angiogenesis176,177 and immune cell development178, miR-93, miR-205, miR-335, 

miR-224, miR-424, miR-451, and miR-491 have been found to be differentially expressed in 

primary human trophoblasts that were exposed to hypoxia179. Additionally, miR-205 has been 

found to be linked to placental development in humans179. miR-205 silenced mediator complex 

coregulator, or MED1 in primary human trophoblasts that were subjected to hypoxic conditions.  

Since MED1 is established as a regulator of placental development, it may serve as a mediator in 

pre-eclampsia179. Due to their dysregulation under hypoxic conditions, it seems likely that 

multiple miRNAs are important for the various functions of the placenta179. This is further 

supported by the fact that miRNAs have multiple roles and share regulatory pathways in the 

placenta166,179.  

 

The involvement of miRNAs in human trophoblast differentiation was demonstrated recently 

when the members of the miR-17-92 cluster as well as the miR-106a-363 family, which are 

regulated by c-myc oncoprotein, were found to inhibit trophoblast differentiation via repression 

of aromatase (hCYP19A1), and the transcription factor responsible for murine labyrinthine 

trophoblast development, human GCM1 or hGCM1180. Another miRNA, miR-29b, that appears 
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to have a similar role to the miR-17-92 cluster, has also been implicated in pre-eclampsia181. 

miR-29b regulates the expression of induced myeloid leukemia cell differentiation protein 

(MCL1), as well as matrix metalloproteinase-2 (MMP2), and the angiogenic gene, vascular 

endothelial growth factor (VEGF) A, and ITGB1 (integrin beta1) genes. This suggests that miR-

29b is involved in the regulation of placental functions including invasion, apoptosis and 

angiogenesis181. Cumulatively, these studies suggest that many different miRNAs present in 

trophoblast cell populations might contribute to the pathogenesis of pre-eclampsia. 

 

MicroRNAs perform multiple functions during placental development. They can exert their 

actions by binding to target genes responsible for cellular invasion, proliferation, apoptosis and 

angiogenesis. One major way of accomplishing this is by targeting Nodal, which is an important 

gene involved in early embryogenesis as well as cell differentiation182. There are many miRNAs 

that are differentially expressed between the first and third trimesters of human pregnancy as 

demonstrated by in vitro experiments on first and third trimester cell lines86. Additionally, certain 

families of miRNAs are clustered together in chromosomal regions. As a result, although many 

of the miRNAs found to be differentially expressed in the placenta have different targets, they 

may be controlled by the same promoters and work in a synergistic manner87,183. Three miRNA 

clusters have recently been assessed as potential biomarkers of placenta-related pregnancy 

disorders such as pre-term labor, neuroblastoma, pre-eclampsia, and hepatocellular carcinoma. 

These clusters include C19MC, miR-371-3 (both located on chromosome 19), and C14 (located 

on chromosome 14)87,183. The C19MC miRNA cluster (the most extensively researched of the 

three) is expressed in trophoblast and placenta-derived stromal cells184. Previously, three 

miRNAs from the C19MC family, miR517a-3P, miR519a-3P, and miR-520c-3P, were found in 



28 

 

the choriocarcinoma trophoblast cell lines JEG-3, and BeWo. However, the HTR8/SVneo first 

trimester trophoblast cell line did not express these miRNAs87. From this group of miRNAs, 

miR-519-3P was recently shown to target Calcineurin subunit B type 1 (PPP3R1) and to encode 

a regulatory subunit of calcineurin in the human trophoblast185.  These studies illustrate the 

importance of the C19MC miRNA cluster in human placenta. 

 

Another exciting discovery was the presence of miRNAs in human placental exosomes186,187. 

Exosomes are microvesicles secreted by cells as a method of intercellular communication. 

Exosomes from the placental syncytiotrophoblasts are released into the circulation and are 

present at the shared placental intervillous space between the fetus and its mother188. Much akin 

to miRNAs, exosomes were traditionally believed to be a mechanism of cellular waste/disposal 

transport, but miRNAs, specifically C19MC, are abundantly released from primary human 

trophoblasts186. Exosomes containing the C19MC miRNA cluster infer viral resistance to 

recipient cells through autophagy189, and may help immunologically protect the developing fetus. 

These recent studies illustrate that exosomes may play an important role in maternal-fetal 

exchange186,190 as well as in embryo implantation through maternal-fetal cross-talk187. The most 

abundant miRNAs in placental exosomes are miR-17, and miR-106a, and miR-200c187. Using 

bioinformatics analysis, Ng and colleagues187 showed that exosome specific miRNAs share 

common targets that were previously implicated in embryo implantation187. Future research in 

this field will reveal the importance of exosomal miRNA with respect to gene regulation in the 

placenta and in feto-maternal exchange. Such research will determine whether or not there is an 

overlap between miRNA regulation of gene expression and other forms of gene regulation 

(mRNA destabilizing/stabilizing factors).  
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The C19MC gene cluster including miRNA-21, miR-155, and miR-519d target genes associated 

with apoptosis/tumor suppression such as protein kinase B gamma (AKT3), TIMP 

metallopeptidase inhibitor 3 (TIMP3), cyclin-dependent kinase inhibitor 1 (CDKN1A/p21), and 

importantly, phosphatase and tensin homolog (PTEN)87,162,191. The suppressive effects of miR-

155 can regulate PTEN in HTR8/SVneo cells, and can thus aid in the regulation of apoptosis 

through the AP-1/NF-κB pathway191. In a similar study, miR-21 was shown to have a direct 

regulatory effect on PTEN, since miR-21 overexpression in a third trimester human placental cell 

line down-regulated PTEN mRNA and protein192.  

 

Our laboratory identified miRNAs associated with spontaneous fetal loss in pigs123. The pig 

serves as a unique model for pregnancy research due to its epitheliochorial type of placentation. 

Therefore, we can obtain distinct miRNA profiles from maternal and fetal tissues without cross 

contamination of cells. Recently, we characterized selected expression of miRNAs (miR-15b-5P, 

miR-222 and miR-18a) in trophoblasts/chorioallantoic membrane isolated from attachment sites 

containing growth restricted versus healthy conceptuses193. These findings provide new 

information on spontaneous fetal loss, which is common in North American breeds of swine.  

 

1.12 miRNA regulation of angiogenesis 

By most appraisals, angiogenesis is a key physiological process during pregnancy. Regulation of 

angiogenesis by miRNAs occurs in both physiological and pathological conditions where both 

pro- and anti-angiogenic mRNAs can be targeted194. The most widely studied pro-angiogenic 

factor is VEGF, and miRNA-mediated control over angiogenesis, specifically by modulating 

VEGF transcripts, has been demonstrated195–199. While there are many pro- and anti-angiogenic 

miRNAs, each member of the  miRNA-17-92 cluster (miR-17, -18a, -19a, -19b, -20a, and -92a), 
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has been shown to have anti-angiogenic effects on endothelial cell sprouting in vitro, and 

inhibition of these miRNAs increased endothelial sprouting200. This effect can also be seen in 

vivo in a mouse lung cancer model where systemic blockade of the miR-17-92 cluster promoted 

tumor neovascularization200. The precise mechanism through which the miR-17-92 cluster 

inhibits angiogenesis is unknown, and may be multi-faceted. First, VEGF is a direct target of 

some cluster members in human nasopharyngeal carcinoma cells195. Second, they also target the 

VEGF transcription factor, HIF-1α.201,202 Third, these miRNAs are reported to regulate VEGF-

mediated endothelial cell migration via the MEK/MAPK pathway203.  

Cancer cells exploit miRNA regulation of angiogenesis and promote tumor growth by down-

regulating VEGF-targeting miRNAs (miR-17/20, -199a, and -125b)196,199, tipping the scale 

towards conditions favoring angiogenesis. Not only does miR-125b target VEGF, but it also 

targets placental growth factor (PGF), another angiogenic factor, in hepatocellular cancer204. 

Therapeutically, the over-expression of miR-199a and -125b in ovarian cancer cells reduces 

VEGF and thus angiogenesis199. While much of the current literature focuses on miRNA 

regulation of angiogenesis in cancer, some evidence implicates miRNAs in angiogenesis in 

reproductive pathologies. In patients with pre-eclampsia, placental angiogenesis is inadequate, 

and the under-developed vasculature is associated with an up-regulation of miRNAs (miR-17, -

20a, -20b205, miR-29b181, and miR-182*206) that target VEGF, and thus inhibit angiogenesis. A 

recent study has assessed the therapeutic efficacy of miR-126, a pro-angiogenic miRNA, in 

reversing the inadequate vasculogenesis that occurs in pre-eclampsia207. In a pre-eclamptic rat 

model, miR-126 replacement therapy by agomiR-126 increased placental area, weight, and 

microvessel density compared to saline injected control animals207. The under-expression of 

VEGF-targeting miRNAs in pathologies associated with abundant angiogenesis, and the over-
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expression of miRNAs in pathologies associated with insufficient angiogenesis suggest 

important roles for miRNAs in controlling this process. 

 

Placental villi from women with recurrent spontaneous abortion have increased levels of several 

miRNAs when compared to controls, including the VEGF-targeting miR-125b208. Additionally, 

our previous work identified endometrial dysregulation of several miRNAs including miR-

10a123, which has been associated with angiogenesis209 and endothelial cell inflammation210 in 

porcine spontaneous fetal loss. Under physiological conditions including pregnancy, an 

appropriate array of angiogenic miRNAs is likely required. Thus, an off-set in this balance might 

contribute to some of the pathologies of pregnancy. In the pig, a variety of VEGF-targeting 

miRNAs (miR-17, -20, -92b and -125b) are differentially expressed between gestation days 30 

and 90211, and in our study profiling miRNAs at the porcine maternal-fetal interface, we 

identified regulation of blood vessel development/angiogenesis as being the third most important 

functional cluster increased in endometrium from pregnant pigs versus non-pregnant pigs123. 

Taken together, miRNA regulation of angiogenesis participates in both pathological and 

physiological angiogenesis, and offers a novel therapeutic avenue to explore. 

 

Several lines of evidence support a central role for miRNAs in regulating the pathways 

controlling fundamental cellular processes associated with pregnancy success and failure. 

However, miRNA-mediated repression of the uterine transcriptome in pregnancy is not entirely 

clear. Further investigations are required to explore the functional implications of miRNAs in 

successful pregnancy. Cells of the immune system play an absolutely critical role in establishing 
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maternal tolerance against the allogeneic fetus and in supporting uterine vascular transformation 

during pregnancy. So far, very few studies have investigated the role of specific miRNAs in 

various immune cell types at the maternal-fetal interface or their involvement in regulation of 

immune cell development. Since each miRNA is predicted to interact with many mRNAs and 

each mRNA in turn interacts with many miRNAs, it is critical to understand their regulation in 

order to maintain the delicate balance between successful and unsuccessful pregnancy.  

 

1.13 Vesicle mediated cellular communications 

Cellular communication is of crucial importance for all biological processes212. Cells use 

different mechanisms to communicate and exchange information. One mechanism is via soluble 

mediators such as cytokines, hormones, chemokines, bioactive ions and lipids released by the 

cell of origin and these molecules act in autocrine or paracrine manner. Secondly, a direct 

adhesion between signaling and recipient/target cell and finally, exchanging the information 

through intercellular nanotubules213,214. However, recent advances in cell-cell communication 

have suggested a fourth mechanism that is built on release and uptake of membrane-bound 

microvesicles. Microvesicles that are released by various cells execute cell-to-cell 

communication by delivering signals and transferring packages of information from a cell of 

origin to a recipient cell locally and/or at a distance215. Exosomes are the smallest (nanometer-

sized) members of microvesicle family and are actively secreted by most cell types of the 

body190. Functions of exosomes are diverse and related to the physiological functions of the cell 

of origin212.  
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Over the past few years, exosomes have received most attention because of their implication in 

various physiological functions. Due to their involvement in both physiological 216and disease 

states217, exosomes have been suggested to constitute valuable biomarkers. Most body fluids 

contain significant amount of exosomes. However, their physiopathological relevance has been 

difficult to evaluate due to their origin, biogenesis, and secretory mechanisms.  

 

1.14 Biogenesis and release of exosomes 

Cells release extracellular vesicles under normal viable conditions188. A study on platelets 

demonstrated the release of both microvesicles and exosomes upon stimulation. Microvesicles 

are of 0.1-1 µm diameter shed from the plasma membrane while exosomes whose size is much 

lesser than microvesicles218. Exosomes were further classified to measure in the range of 30-100 

nm. These two vesicle types appear to possess distinct bioactivities as microvesicles have been 

shown to inhibit the immune response219, whereas exosomes from immunocompetent cells were 

shown to stimulate the immune response220.  

 

Exosomes originate in the late endosomal membrane compartment by inward budding of the 

limiting membrane of late multivesicular bodies221. These contain cell surface expressed proteins 

and cytosolic components. Exosomes are actively secreted into extracellular space by fusion of 

the microvesicles with the plasma membrane. The molecular constituents in exosomes originate 

from various cellular compartments such as the endoplasmic reticulum, the Golgi apparatus, the 

nucleus, the plasma membrane, and the cytosol (See Figure 1-2)221,222.  
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Figure 1-2: Release of microvesicles and exosomes (Adapted from: Raposo and Stoorvogel 

2013). 

 

Discovery of exosomes and their potential functions have boosted the field of extracellular 

vesicles. In 1986, exosomes were first characterized as a mechanism to get rid of obsolete 

proteins during reticulocyte maturation223. A decade later, they were demonstrated to contain 

MHC II antigen presenting molecules 224 that were able to trigger immune response against 

tumors225. Furthermore, exosomes were characterized about ten years later to carry mRNAs and 

miRNAs226. In addition, they have also been demonstrated to be carriers of bioactive lipids such 

as prostaglandins 227 and leukotrienes 228 along with several enzymes required for the metabolism 
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of these lipids. These developments in extracellular vesicle research has established the 

exosomes as a new molecules of intercellular communication. 

 

1.15 Characteristics and biochemical composition of exosomes 

The exosome membrane is a bilayer whose transmembrane orientation of the constituents is 

similar to that of the plasma membrane of the originating cells. Using electron microscopy, 

exosomes are visualized in situ as uniform spherical vesicles 30-100 nm in size situated within 

the lumen of multivesicular bodies. However, the electron microscopy image of isolated 

exosomes is different. They are typically cup-shaped, heterogeneous in size, varying between 30-

100 nm212,229. The detergent resistant exosomal membrane is a lipid raft-rich bilayer, built up of 

cholesterol, sphingolipids and tetraspanins, where proteins with transmembrane linkage are 

inserted230,231. Like other microvesicles, exosomes expose phosphatidylserine at low level on 

their surface. They can be captured by phosphatidylserine receptors expressed on surface of 

activated T lymphocytes and phagocytes232. A detailed characteristics of exosomes in 

comparison with ectosomes have been provided in Table 1-1 (Adapted from 233). Exosomes have 

been shown to contain/carry proteins, mRNAs and miRNAs and is dependent on the tissue/cell 

of their origin234. However, irrespective of their origin, all exosomes carry a conserved set of 

proteins230. For example, commonly found exosomal proteins are tubulin, actin, annexins, actin-

binding proteins, and Rab proteins; heat shock proteins hsp70 and hsp90221. Common membrane 

proteins include MHC class I molecules, adhesion molecules such as beta integrins, and ICAM-I 

as well as a class of proteins that have been well established as exosomal markers – the 

tetraspanins, CD9, CD63, CD81 and CD82230,235. 
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Table 1-1: Characteristics of exosomes in comparison with ectosomes 

Characteristic Exosomesa Ectosomes 

Assembly and release 

Membrane of Assembly MVB Plasma membrane 

Diameter 50-100 nm 100-350 nmb 

Ceramide Large + 

ESCRT machinery +c + 

Protein/Membrane Anchorage Small Large 

Piggyback of Luminal proteins/RNAs Small + 

ESCRT-III/Vps4 in pinch off + + 

MVB exocytosis Large  

Timing of release Delayed Seconds 

Interaction in extracellular space and with target cells 

Rapid dissolution + + 

Rolling and membrane fusion + + 

Rolling and endocytosis + + 

Navigation of EV mixtures + + 

Markersd CD63, CD61 TyA, C1q 

Diagnosis and therapy + + 
aUnder ‘Exosomes’, vesicles both before (ILVs) and after MVB exocytosis are noted. 
bThe 350 nm given for the large diameter of ectosomes is a mean of the values in the literature, 

varying from 200 to 500 nm. 
c+, mechanism/response present; difference in size represents differential intensity. 
dHere only two markers are indicated. Uncertainty about others is due to the differences and 

changes known to occur between different cells and in the same cell under different conditions. 

Adapted from: Cocussi and Meldolesi 2015 

 

1.16 Exosome-mediated transfer of miRNAs and proteins 

Recent advances in cell signaling research have suggested exosomes to be a multi-signaling 

device carrying multiple bioactive molecules221. These molecules can signal in a target cell both 

from the periphery and from an intracellular compartment. Few studies have shown that 

exosomes released from a cell only bind to the surface of the target cell236, but many studies have 
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demonstrated that exosomes can be internalized by recipient cells212,237. Exosome internalization 

occurs in basophil leukemia cells after a lag time of 15 mins227. During this time, exosomes are 

bound to plasma membrane where they can trigger calcium influx238 and signal via G protein 

coupled receptors such as the EP1-EP4 prostaglandin E2 (PGE2) receptors, indicating that 

exosomal PGE2 is accessible to these receptors239. This uptake is mostly receptor mediated and 

involves endocytosis receptors including Hsp90, CD91 and phosphatidylserine receptors, TIM-4 

240. Exosome mediated miRNA transfer allows the delivery of miRNAs originating from the 

chromosome19 microRNA cluster (C19MC). C19MC generates more than 50 miRNAs and 

which appear as immunomodulators in pregnancy241. Some of the miRNAs from C19MC cluster 

packaged within trophoblast-derived exosomes confer viral resistance to adjacent recipient cells 

by induction of autophagy. Therefore, exosomes derived from trophoblasts can participate in 

blocking viral transfer via placenta 242.   

 

1.17 Exosomes and microvesicles in the uterine microdomain 

Both microvesicles and exosomes can be isolated from reproductive tissues and more 

specifically from placenta243. Release of these two types of vesicles might occur in time-

dependent manner. Exosome appear to be released mainly during the first trimester of pregnancy 

244. whereas microvesicles can be released during the second trimester and they increase as 

pregnancy progresses 245,246. This time-dependent release of these vesicles might reflect different 

functions as exosomes can contain molecules such as HLA-G that are immunosuppressive 

involved in the immune tolerance toward the fetus244. However, microvesicles derived from 

syncytiotrophoblast can contribute to pro-inflammatory state required for normal pregnancy243. 

Exosomes have been demonstrated to be released by many cell types of uterine microdomain 
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such as extravillous and villous trophoblasts243, primary trophoblast from term human placenta 

and ovine endometrial glandular epithelial cells247. Extracellular vesicles have also been 

identified in many bodily fluids including blood248, urine249, cerebrospinal fluid. Fluid secreted 

by the reproductive tissues such as amniotic fluid250, human251, ovine247 and porcine uterine 

luminal fluid252 also contain exosomes/microvesicles. However, a detailed understanding of the 

role of exosomes at the porcine maternal-fetal interface during pregnancy as well as pregnancy 

complications is yet to be determined.    

 

In summary, spontaneous fetal loss that occurs in North American pigs is a prime concern to 

pork industry. Although many factors contribute towards the death of the conceptus, recruitment 

of immune cells and their angiogenic functions as well as cell-to-cell communication appear to 

play a major role in the growth and/or death of conceptus during two well characterized waves of 

fetal loss. Since development of new blood vessels is critical for establishment and survival of 

developing conceptus, understanding the role of immune-angiogenesis axis in the context of fetal 

loss in pigs remains crucial. Further, immune cell derived miRNA regulation of angiogenesis at 

the porcine maternal-fetal interface sheds light on molecular events that are contributing to 

conceptus arrest. On the contrary, it is essential that cell-cell communication across maternal-

fetal interface should occur to help the growth of healthy conceptus and thus successful 

pregnancy. Taken this into account, I have grouped my thesis findings into three related research 

themes. 

1. Studies on altered expression of chemokines and their receptors at the porcine maternal-

fetal interface during early and mid-gestational fetal loss 
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2. Studies on microRNA expression in ENDO LY, endometrium and 

trophoblast/chorioallantoic membrane during spontaneous porcine fetal loss 

3. Studies on exosome mediated cell-cell communication at the porcine maternal-fetal 

interface 
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1.18 Hypothesis and Objectives 

General hypothesis: Immune-angiogenesis mechanisms are crucial for the growth of conceptus 

and dysregulation would be one of the important contributing factors towards the early and mid-

gestational fetal loss.  

Research hypothesis 1: Specific set of chemokines and their receptors are associated with 

recruitment of lymphocytes to the endometrium during pregnancy and their altered expression 

might contribute to fetal loss. 

 Objective 1a: To determine and compare the expression levels of specific set of 

chemokines and their receptors in ENDO LY, endometrium and 

trophoblast/chorioallantoic membrane at gd20 and gd50. 

 Objective 1b: To study the recruitment and immunolocalization of lymphocytes 

(CD45+) in the endometrium at gd20 

Research hypothesis 2: A distinct set of miRNAs are associated with the regulation of immune 

cell derived angiogenesis at the porcine maternal-fetal interface 

 Objective 2a: To determine the expression levels of pro- and anti-angiogenic miRNAs 

isolated from ENDO LY, endometrium and trophoblasts/chorioallantoic membrane at 

gd20 and gd50.  

 Objective 2b: To assess the expression levels of putative mRNA targets of miRNAs in 

order to address the biological functions affected at the CAS associated with fetal loss.  

Research hypothesis 3: Exosomes containing specific angiogenic miRNAs and proteins are 

present at the maternal-fetal interface and are capable of successfully delivering their cargo in 

vitro as well as alter the functions of recipient cells. 
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 Objective 3a: To establish the presence and characterization of exosomes at the porcine 

maternal-fetal interface. 

 Objective 3b: To determine the content of exosomes derived from cells of porcine origin 

and assess their effect on the biological functions of recipient cells in vitro.   
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Chapter 2                                                                                                        

Altered expression of chemokines and their receptors at the porcine maternal-

fetal interface during early and mid-gestational fetal loss 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been modified from the original publication: Mallikarjun Bidarimath, Kasra 

Khalaj, Rami T Kridli, Jocelyn M. Wessels, Madhuri Koti and Chandrakant Tayade. Altered 

expression of chemokines and their receptors at the porcine maternal-fetal interface during early 

and mid-gestational fetal loss. Cell and Tissue Research. 2016 August; 1-15; 

doi:10.1007/s00441-016-2470-2. 
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2.1 Abstract 

Chemokines play a significant role in pregnancy, especially during embryonic attachment and 

placental development. During early pregnancy, immune cells are recruited extensively to the 

endometrium in several species including pigs. However, this recruitment is solely mediated by 

the presence of conceptuses in pigs making it a unique feature compared to other species 

(humans, primates and mice). To understand the biological significance of chemokine expression 

and immune cell recruitment in the context of fetal loss, we conducted this study in a well-

characterized porcine fetal loss model during the window of early gestation day (gd)20 and mid-

pregnancy (gd50). These periods coincide with 25-40% of conceptus loss. Using targeted Q-PCR 

and western blot approaches, we screened a specific set of chemokines. Comparisons were made 

with endometrial lymphocytes (ENDO LY), endometrium, and chorioallantoic membranes 

(CAM) associated with spontaneously arresting and healthy conceptus attachment sites (CAS). 

mRNA expression studies reveal increased expression of CXCR3 and CCR5 in ENDO LY and 

CXCL10, CXCR3, CCL5, CCR5 in endometrium associated with arresting CAS at gd20. In 

addition, DARC was decreased in the endometrium at gd50. CCL1 was increased in CAM 

associated with arresting CAS at gd50. Some of these differences were also noted at protein level 

(CXCL10, CXCR3, CCL5, and CCR5) in endometrium and CAM. CD45+ 

immunohistochemistry revealed significantly higher localization of ENDO LY in endometrium 

associated with healthy compared to their arresting counterparts. Most of these differences were 

observed in early pregnancy and may potentially contribute towards a shift in immune cell 

functions.  
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2.2 Introduction 

Successful embryo implantation requires a delicate balance between pro- and anti-inflammatory 

molecules in order to maintain integrity of the maternal immune system, while preventing 

rejection of the developing embryo 253. During embryo implantation, the blastocyst enters the 

immediate vicinity of the implantation site within the uterus and that enables soluble mediators 

such as growth factors and cytokines to establish a dialogue between maternal cells and those of 

the conceptus 17. The maternal immune system actively surveys the endometrium during early 

pregnancy, which is characterized by the extensive recruitment of immune cells. The embryo 

modulates the maternal response by inducing the molecules in the endometrium that suppress 

immune responses and/or promote tolerance towards fetal antigens 56,57,89. The cross-talk on 

either side of the maternal-fetal interface has a great impact on the development of the peri-

implantation blastocyst and endometrial receptivity. This also leads to the expression of a unique 

repertoire of adhesive molecules on the surface of both maternal and fetal cells and thus assisting 

in the attachment of the outer layer of the blastocyst, trophectoderm, to the endometrial luminal 

epithelium 17.  

Traditionally recognized for recruiting immune cells to mediate inflammation, chemokines are 

now known to regulate a range of biological processes including placental development and 

angiogenesis 254. Chemokines and their receptors are expressed by a variety of cell types 

including leukocytes, endothelial cells and trophoblasts suggesting their primary role in 

physiological or pathological processes during mammalian pregnancy 255,256. More than 50 

chemokines have been identified and they are divided into four subclasses (CC, C, CXC and 

CX3C) based on the arrangement of four conserved cysteine residues in the mature protein 

257,258. 
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Pigs have a non-invasive, epitheliochorial type of placentation where the fetal tissues do not 

invade the maternal endometrium but, instead, lay in apposition and can easily be separated by 

mechanical dissection. This unique feature makes the pig an excellent animal model to study the 

chemokine signaling network. Unlike humans and mice, endometrial decidualization does not 

occur in the pig and conceptus attachment is essential to initiate the immune cell recruitment to 

the endometrium 57,58. Major vascular changes and angiogenesis occur at the porcine maternal-

fetal interface around day 15 (post-attachment) of pregnancy in order to supply nutrients to the 

developing conceptus 33,54. In response to specific chemokine signals, immune cells are recruited 

to the endometrium and are thought to adopt a specialized phenotype in order to assist in various 

aspects of physiological processes associated with placental development including 

angiogenesis.  

Spontaneous conceptus loss in pigs resulting in significant decrease in litter size is a prime 

concern and has a negative economic impact on the North American swine industry. 

Approximately 25 - 40 % of conceptuses are lost during early and mid-gestation 42,259. Earlier 

studies from our laboratory established that endometrial lymphocytes (ENDO LY) are recruited 

to the maternal-fetal interface and regulate angiogenesis during porcine pregnancy 43,44,193. 

Furthermore, we have also demonstrated that a deficit in vascular blood supply and increased 

pro-inflammatory cytokines at the maternal-fetal interface are associated with conceptus loss 

43,44,73. The maternal uterine proinflammatory and immune response are regulated by inducible 

transcription factors such as nuclear factor kappa B (NFKB) that is in turn stimulated by 

cytokines released by the elongating conceptuses within the uterus. Cytokines (interleukin 1B 

and interferons) and estrogens or a combination of conceptus release factors may be involved in 

the immune cell trafficking to the uterine surface260. Although immune cell recruitment has been 
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widely studied in the context of the immune response 57,59,261,262, how immune cells are recruited 

to the endometrium and/or their pregnancy specific functions remain unknown. 

 

The current study was primarily conducted to evaluate a specific set of chemokines involved in 

lymphocyte recruitment to the endometrium and determine their impact on conceptus 

development. Specific chemokine mRNA expression levels of laser capture microdissected 

ENDO LY, endometrial biopsies, and chorioallantoic membrane (CAM) in healthy and arresting 

CAS were compared at gestational days (gd) 20 and 50. In addition, chemokines that were 

significantly different at the mRNA level were quantified by western blot in order to validate and 

confirm whether these differences translated over to protein level. We then assessed lymphocyte 

recruitment to the endometrium in order to address the spatial enrichment of immune cells and 

physiological functions affected at the CAS associated with fetal arrest. Interestingly most of 

these changes were observed in early pregnancy. We provide evidence on differential regulation 

of selected chemokines and their receptors, such as CXCL10, CCL5, and CXCR3 and potential 

contribution towards endometrial immune cell recruitment and functions in abortive and 

successful pregnancy in pigs.  
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2.3 Materials and Methods 

2.3.1 Experimental animals and tissue collection 

Yorkshire pigs were housed under specific pathogen free conditions at the Arkell Swine research 

station at the University of Guelph. The recommendation and guidelines approved by the Animal 

Care Committee of the University of Guelph were followed in order to conduct this study 

(Animal Utilization Protocol Number 10R061). Second to third parity sows were detected daily 

for signs of estrus using an intact boar and were artificially inseminated twice (24 hours apart) 

using pooled boar semen. The day of first mating was used to calculate the gestational age. 

Pregnant sows were euthanized on gd20 (n= at least six conceptuses obtained from three 

different sows) and gd50 (n= at least six conceptuses obtained from three different sows), and the 

reproductive tissues were collected at the University of Guelph abattoir.  Reproductive tissues 

were transported on ice to an RNase-free dissection area and at least three sets of healthy and 

arresting conceptuses were examined. The uteri were cut open to visually classify and categorize 

based on disparity in conceptus length, weight, and vascularity of placental membrane as 

previously described 45,47,55. The collected tissue samples were not pooled but studied as 

independent attachment sites. Samples intended for RNA extraction were immediately flash 

frozen and stored at -80°C until required. Tissues meant for lymphocyte isolation using laser 

capture microdissection were embedded in a plastic biopsy mold using optimum cutting 

temperature (OCT) medium (Cryomatrix, Thermoshandon, Pittsburg, PA, USA).   

  

2.3.2 Isolation of endometrial lymphocytes using laser capture microdissection 

Endometrial lymphocytes were isolated from endometrial biopsies using our established protocol 

as previously described 193,263,264. Briefly, endometrial biopsies were cut at 5 µm thick sections 
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and mounted onto PEN membrane slides. A modified rapid toluidine blue staining procedure was 

used to identify the endometrial lymphocytes 265. ENDO LY were dissected individually and 

collected onto high sensitivity adhesive caps. Approximately 500 ENDO LY were isolated from 

randomly chosen locations on the sections as well as in close proximity to blood vessels and 

subsequently used for cell lysate preparation. Cell lysate was prepared by adding 300 µL lysate 

solution to adhesive capped tubes and incubating them at 42°C for 30 mins. Subsequently after 

incubation, lysate was combined with 70% ethanol and used for RNA extraction.         

 

2.3.3 Preparation of tissue lysate from endometrial and chorioallantoic membrane samples 

Tissues were disrupted and homogenized using RNase-free Kontes pestles (Fisher Scientific, 

Ottawa, ON, Canada). Tissue lysates were prepared using the reagents supplied with Total RNA 

purification kit (Norgen BioTek Corp, Thorold, ON, Canada) as per the manufacturer’s 

instructions. Briefly, ~30 mg of frozen sample was disrupted in 600 µL lysis solution and 

homogenized using RNase free rotor-stator for 30 s at room temperature. In order to homogenize 

completely, tissue lysate was passed 10 times through a 25-guage needle attached to a syringe. 

After centrifuging the tissue lysate for 2 min, the supernatant was collected in an RNase-free 

microcentrifuge tube and an equal volume of 70 % ethanol was added for further use. 

 

2.3.4 Total RNA Extraction 

RNA binding columns (Norgen BioTek Corp, Thorold, ON, Canada) were used to extract total 

RNA from either LCM isolated ENDO LY or tissues (endometrium and CAM) as previously 

described 193. Briefly, approximately 600 µL of cell/tissue lysate were applied onto RNA binding 

columns and centrifuged for 1 min at room temperature. The flow-through collected in 
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microcentrifuge tubes was discarded and columns were washed three times by centrifuging for 1 

min with 400 µL of wash solution. In order to thoroughly dry the resin/membrane, the columns 

were centrifuged for an additional 1 min. RNA binding columns were attached to fresh 1.7 mL 

elution tubes and 50 µL of elution solution was added. Finally, total RNA was eluted after 

centrifuging the assembly at 200 X g for 2 min, followed by 14000 X g for 1 min. The 

concentration and purity of extracted total RNA was measured using a Nanodrop 2000C UV-Vis 

Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and stored at -80°C until further 

use.  

     

2.3.5 cDNA synthesis and RT2 profiler PCR arrays 

mRNA isolated either from ENDO LY or tissues (endometrium and CAM) was reverse 

transcribed and real-time PCR was performed as previously described according to the 

manufacturer’s instructions (Qiagen, Mississauga, ON, Canada; Bidarimath et al. 2015b)193. 

Briefly, a genomic elimination mixture was prepared in a microcentrifuge tube by adding 2 µL 

of buffer GE to 1 µg of total RNA and incubated at 45°C for 5 min. Reverse transcription mix, 

containing 4 µL of 5x buffer BC3, 1 µL of control P2, 2 µL of RE3 reverse transcriptase mix, 

was added to 10 µL genomic DNA elimination mix and incubated at 42°C for 15 min followed 

by 95°C for 5 min in order to stop the reaction. The resultant cDNA mixture was checked for 

concentration and purity using Nanodrop 2000C UV-Vis Spectrophotometer. The cDNA was 

diluted by adding 91 µL of RNase-free water and stored at -20°C until further use. 

The relative expression of genes of interest relative to β-actin (ACTB; normalization control) 

was measured using real time PCR arrays. β-actin was chosen as an appropriate normalization 

control and we had validated its expression in tissues derived from Pig conceptuses 73. The 
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primers for porcine-specific chemokine mRNAs for PCR array were custom designed by the 

manufacturer using sequences available in GenBank (Qiagen, Mississauga, ON, Canada). 

Targeted mRNA PCR array was designed based on an extensive literature search 47,257,266–269. 

Gene ID and GenBank accession numbers for each chemokine are listed in Table 1. A reaction 

mixture containing 2x RT2 SYBR green master mix and cDNA was prepared a 24X4 custom 

arrays. PCR reactions were performed following standard cycling conditions as per the 

manufacturer’s instructions (Heat Activation: 95 °C; 10 min, 45 cycles of denaturation: 95 °C; 

15 s, annealing: 55 °C; 30 s, and extension: 60 °C; 1 min, melting curve: 70–95 °C at a rate of 

0.1 °C per second).     

 

2.3.6 Localization of endometrial lymphocytes using immunohistochemistry 

Localization of lymphocytes associated with arresting as well as healthy conceptus attachment 

sites were performed using a mouse monoclonal antibody to CD45RC (ab14125; Abcam, 

Cambridge, MA, USA) as per the manufacturer’s instructions. Briefly, endometrial tissues were 

fixed in paraformaldehyde (4 %) and embedded in paraffin, cut (5 µm thick), and then mounted 

on superfrost plus microscope slides (VWR, Mississauga, ON, Canada). Endometrial sections 

were deparaffinized, heated in a water bath at 95°C for 15 min in sodium citrate buffer (0.01M 

pH = 6.0) for antigen retrieval, rinsed and incubated in phosphate-buffered saline (PBS) for 5 

min, blocked in 1% bovine serum albumin for 15 min, placed in 3% H2O2 to block endogenous 

peroxidases for 5 min, blocked in Avidin (Anti-mouse HRP-DAB cell and tissue staining kit, 

#CTS002, R & D Systems, Minneapolis, MN, USA) and biotin for 15 min each and incubated 

overnight in a humidified chamber at 4°C with 50 µL of primary antibody (1:500). Negative 

control endometrial sections were incubated overnight at 4°C with 50 µL of isotype control. 
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Slides consisting of sections were rinsed thoroughly with PBS and incubated for 30 min with 50 

µL of secondary antibody (Goat anti-mouse IgG; H & L biotinylated; 1:5000; ab97023, Abcam, 

Cambridge, MA, USA). Slides were thoroughly rinsed with PBS and allowed to incubate with 

HSS-HRP for 30 min. DAB buffer was applied for 4 min and sections counterstained with 

hematoxylin for 10 s and then dehydrated with series of alcohol and coverslips were added using 

Permount mounting medium (Electron Microscopy Sciences, Hatfield, PA, USA). Tissue 

sections were visualized and subsequently scanned using a microscope and Aperio CS2 image 

capture device (Leica Microsystems Inc, Concord, ON, Canada). Only lymphocytes present in 

the endometrial stroma but not in blood vessels were counted in randomly selected 6 microscopic 

areas within each section. The quantification was conducted in a blinded manner.  

 

Similarly, Foxp3 staining was also performed on paraffin embedded sections of endometrium 

associated with healthy as well as arresting CAS using monoclonal antibody (mAb) to Foxp3 

(FJK-16s, Anti-Mouse/Rat Foxp3 conjugated to PE, eBioscience, Inc. San Diego, CA, USA). 

The slides were incubated overnight in a humidified chamber at 4°C with 50 µL of primary 

antibody (1:1000). ProLong® Gold Antifade Mountant with DAPI (Thermofisher Scientific, Inc. 

Carlsbad, CA, USA) was directly applied to stained slides. The slides were visualized by 

epifluorescence microscopy and photographed with an AxioCam-equipped M1 imager (Zeiss, 

Toronto, ON, Canada) with Axiovision 4.8 software. 

 

2.3.7 Protein extraction 

Endometrial and CAM samples isolated from both healthy and arresting CAS at gd20 and gd50 

were utilized for protein quantification. Extraction of total protein was performed as previously 
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described 270. Briefly, endometrial and CAM tissue was dissected out from whole tissue and 

placed in a 1.5 mL centrifuge tube. Each individual tube containing tissues was aliquoted with 2 

µL of aprotinin and 200 µL of PBS. The tissue was lysed and homogenized on ice in 

approximately 30 s using an RNase free rotor-stator. The homogenized samples were centrifuged 

for 15 min at 16,000 X g and only supernatant was collected. Using a protein assay (Bio-Rad, 

Hercules, CA, USA), total protein concentrations of each sample were measured and 

subsequently diluted with RNase free water to 5 µg/µL and stored at -80°C until used.  

   

2.3.8 Western blotting 

Quantification of proteins was performed using western blot technique as previously described 

270. Briefly, protein samples were denatured on thermal cycler at 100°C for 5 min and stored at 

4°C. A total of 5 µg of protein were added to each gel lane of 4-20% pre-cast mini-PROTEAN 

TGX gels (Bio-Rad Laboratories, Mississauga, ON, Canada) and separated at 140 V for 1 h. 

Transfer by electro-blotting step was carried out at 40 V for approximately 90 min. 

Subsequently, membranes were washed in TBST followed by TBS and blocked for minimum of 

1 h at room temperature using 5 % skim milk in TBST. Membranes were incubated overnight at 

4°C on rocker with primary antibody prepared according to the desired dilution in 5% blocking 

solution. The concentration of primary antibody used for quantification was diluted according to 

the manufacturer’s instructions. Briefly, the dilutions for primary antibodies were: CXCL10 

(PB0119S-100; Kingfisher Biotech, Inc., St. Paul, MN, USA): 1:1000; CXCR3 (ab64714; 

Abcam, Cambridge, MA, USA): 1:1000; CCL1 (bs-2450R; Bioss antibodies, Woburn, MA, 

USA): 1:1000; CCL5 (AV37191-100UG; Sigma-Aldrich, St. Louis, MO, USA): 1:1000; and 

CCR5 (LS-C79949/60993; Lifespan Biosciences, Inc., Seattle, WA, USA): 1:500; respectively.  
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Membranes were quickly rinsed in TBST and incubated with appropriate secondary antibodies 

(Goat anti-rabbit IgG H&L (HRP), ab97051, 1:10000; Goat anti-mouse IgG H&L (HRP), 

ab97023, 1:10000) at a desired dilution in 5% blocking solution for 1 h. After final rinses with 

TBST and TBS, enhanced electro-chemiluminescence detection was performed using Bio-Rad 

Immun-Star Clarity Chemiluminescence kit (Bio-Rad Laboratories, Mississauga, ON, Canada). 

Subsequently, membranes were exposed to X-ray films and developed using X-ray film 

developer. The membranes were stripped and re-probed for ACTB using appropriate anti-ACTB 

antibody (ab20272; Abcam, Cambridge, MA, USA) at a concentration of 1:5000. The X-ray 

films were analyzed using Image J software (NIH, Bethesda, MD, USA) to obtain densitometry 

values.        
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2.3.9 Statistical Analysis 

The PCR array data were analyzed using the ∆∆Ct method; gene expression levels were 

measured using an integrated web-based software package for chemokine mRNA RT2 profiler 

PCR array (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php?target=upload). PCR 

array data were normalized using the geometric mean method. mRNA data are presented in the 

form of scatter plot showing the fold change/regulation values with cut-off value of 2. P ≤ 0.05 

value between groups was considered to be statistically significant. For mRNA data, P values 

were calculated based on a unpaired Student’s t-test of the replicate 2^(- Delta Ct) values for 

each gene in the arresting group and healthy groups. Positive gene expression values indicate up-

regulation and negative gene expression value indicates down-regulation. Western blot data were 

analyzed using an unpaired student’s t-test using GraphPad Prism 6.01 (GraphPad Software, La 

Jolla, CA, USA) to compare arresting and healthy groups within tissue types and gestational day. 

Data were presented as histograms depicting densitometry values normalized to ACTB. 
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2.4 Results 

2.4.1 mRNA expression of chemokines and their receptors in laser capture microdissected 

endometrial lymphocytes  

All of the selected chemokines and their receptors as well as cytokines were detected in the LCM 

isolated ENDO LY and their expression was altered by the health status of the associated fetus. 

At gd20, the transcripts for CXCR3 and CCR5, receptors for CXCL10 and CCL5, respectively, 

were significantly upregulated (P<0.05) in AEL compared with HEL (Fig. 2-1a). However, no 

significant differences were evident for the other chemokines assessed or their receptors. 

Although chemokines and their receptors were found to be expressed at gd50, they did not differ 

significantly between AEL and HEL (Fig. 2-1b).    

 

2.4.2 mRNA expression of chemokines and their receptors in endometrial biopsies 

To explore the differential chemokine expression and their role in the ENDO LY recruitment as 

well as angiogenesis during early and mid-gestation, the endometrial biopsies associated with 

arresting and healthy CAS were examined at gd20 and gd50. Chemokines including CXCL10 (P 

= 0.003) and its receptor (CXCR3; P = 0.02) and CCL5/RANTES (P = 0.03) and its receptor 

(CCR5; P = 0.05) were significantly up-regulated in endometrium associated with arresting 

compared to healthy CAS at gd20 (Fig. 2-2a). At gd50, a significant difference was also noted in 

the endometrium for the chemokine decoy receptor, DARC which was down-regulated (P = 0.04) 

in arresting compared to healthy CAS (Fig. 2-2b).  
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2.4.3 mRNA expression of chemokines and their receptors in chorioallantoic membranes 

To understand the regulatory role of chemokines and their receptors in fetal tissues during peri-

attachment and mid-gestation, chorioallantoic membranes were dissected and examined for 

chemokine mRNA expression at gd20 as well as gd50. In CAM isolated from arresting CAS, no 

differences were evident for chemokines or their receptors compared to healthy CAS at gd20 

(Fig. 2-3a). However, only one chemokine, CCL1, was significantly up-regulated (P = 0.03) in 

the CAM isolated from arresting compared to healthy CAS at gd50 (Fig. 2-3b).  

 

2.4.4 Chemokines and their receptors protein expression in endometrial biopsies 

Total protein extracted from endometrium associated with arresting as well as healthy CAS was 

analyzed using western blots in order to validate or confirm whether the differences that were 

evident at mRNA levels were translated over to the protein level and capable of influencing the 

signaling mechanisms associated with conceptus growth. We studied the expression of 

chemokines and their receptors in both gd20 and gd50 groups. The protein levels for CXCL10 (P 

= 0.01) and its receptor, CXCR3 (P = 0.02) were significantly increased in the endometrium 

associated with arresting compared to healthy CAS at gd20 (Fig. 2-4c and 2-4d). Similarly, 

CCL5/RANTES (P = 0.01) protein expression was significantly higher in the endometrium 

associated with arresting compared to healthy CAS at gd20 (Fig. 2-4a).  At gd50, CCR5 (P = 

0.04) was significantly decreased in the endometrium associated with arresting compared to 

healthy CAS (Fig. 2-5b).  
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2.4.5 Chemokines and their receptors protein expression in chorioallantoic membranes 

We quantified protein expression in the CAM isolated from both arresting as well as healthy 

CAS at gd20 and gd50. An expected size of specific band on the membrane confirmed the 

specificity of antibodies used in this study. No differences were found in the levels of expression 

of CXCL10, CXCR3, CCL5, CCR5, and CCL1 proteins in the CAM associated with arresting 

versus healthy CAS at both gd20 (Appendix A) and gd50 (Appendix B).  

 

2.4.6 Immuno-localization and quantification of endometrial lymphocytes 

The recruitment and localization of ENDO LY in the porcine endometrium during peri-

attachment period was assessed using CD45+ immunohistochemistry. Qualitative assessment 

revealed that ENDO LY were mostly localized beneath the luminal epithelium, where the fetal 

tissue attaches to the maternal tissue (Fig. 2-6a and 2-6b in HE and 2-6f in AE). They were also 

localized around (Fig. 2-6a) and within the endometrial blood vessels (Fig. 2-6d). In addition, 

few ENDO LY were scattered around uterine glands (Fig. 2-6e) and or diffusely distributed (Fig. 

2-6e) within the endometrium. To determine the correlation between the spatial distribution of 

ENDO LY and associated biological significance with chemokine expression, we quantified the 

number of ENDO LY in endometrium associated with healthy and arresting CAS at gd20. The 

number of ENDO LY were significantly (P = 0.03) higher in the endometrium associated with 

healthy compared to arresting CAS at gd20 (Fig. 6h).  Similarly, Foxp3+ cells were localized in 

the endometrium associated with healthy and arresting CAS at gd20 (Appendix C).  
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2.5 Discussion 

The development and maintenance of vascularity is essential at the maternal-fetal interface. 

Transiently recruited endometrial lymphocytes play a crucial role in regulating endometrial 

angiogenesis during early mammalian pregnancy, including in pigs43,44.  The positioning of 

recruited lymphocytes and endothelial progenitor cells within the endometrium is regulated by a 

unique set of chemokines. Chemokines are crucial for establishing a communication network 

among cells at the maternal-fetal interface, and interruption of these processes will have 

implications on vascularity and potential early fetal loss in pigs73.  Pigs are an excellent animal 

model to study the chemokine signaling network at the maternal-fetal interface due to the clear 

apposition of maternal and fetal tissues in the epitheliochorial placenta. Here we conducted a 

study (summarized in Table 2-2) by comparing arresting and healthy CAS during early- and mid-

pregnancy in pigs and our results indicate that: 1) a specific set of chemokines and their receptors 

are differentially expressed at mRNA levels in ENDO LY, endometrium, and CAM. 2) The 

protein expression of some chemokines and their receptors support and significantly impact 

chemokine-mediated functions. 3) Endometrial lymphocyte numbers likely reflect their function 

at the healthy CAS as contributors to endometrial angiogenesis in successful pregnancy. 

 

Endometrial lymphocytes are a source of cytokines, chemokines and growth factors43,73. Their 

presence in the uterine microenvironment provides unique immune tolerance to the fetal 

allograft, development of vasculature, and extracellular tissue remodeling that are required at the 

maternal-fetal interface during early pregnancy53,56. Endometrial lymphocyte populations vary 

considerably during different stages of pregnancy and during the reproductive cycle as well. 

There is a large influx of lymphocytes, predominantly composed of uterine natural killer (NK) 

cells (approximately 70 % of the total) into the porcine endometrium271. Due to the limited 
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availability of appropriate pig-specific immune cell subset markers, we decided to dissect out the 

endometrial lymphocytes from frozen endometrial biopsies. ENDO LY transcribed all of our 

literature curated chemokines and their receptors in our study. To gain insights into possible 

selective recruitment signals for endometrial lymphocytes and their potential contribution in 

pregnancy success, we compared the differences and/or similarities in ENDO LY isolated from 

healthy and arresting CAS during the peri-attachment and mid-gestation periods. Strikingly, we 

found CXCR3 and CCR5 mRNAs to be significantly up-regulated in the ENDO LY isolated 

from arresting CAS during peri-attachment period. CXCR3 receptor is primarily expressed on 

Th1 cells and binding to ligand, CXCL10, induces cellular responses including leukocyte 

trafficking255. Likewise, the CCR5 receptor is also expressed on Th1 cells and binds to CCL5, 

resulting in an inflammatory response to infection or injury255. Based on these findings, it is 

possible that CXCR3 and CCR5 may be involved in ENDO LY recruitment to the inflamed 

region.         

 

We found a similar pattern of expression for CXCR3 and CCR5 mRNAs in the endometrial 

biopsies obtained from arresting CAS during the peri-attachment period. Interestingly, we also 

found significantly higher expression of CXCL10 and CCL5, chemokines that are ligands for 

CXCR3 and CCR5, respectively. CXCL10 is commonly produced in response to IFN- γ, by 

various cell types including monocytes, fibroblasts, and endothelial cells272.  

 

CXCL10 has been involved in many mechanisms including chemoattraction for T lymphocytes, 

NK cells, macrophages, and dendritic cells273. In addition to this, CXCL10 has been implicated 

in anti-angiogenesis in order to inhibit blood vessel development274,275. We did not observe the 
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statistical significance for expression of IFN-γ in this study, which may be due to low numbers 

of samples. Nevertheless, we have previously found higher expression of IFN-γ in the 

endometrium as well as CAM associated with arresting CAS43,44. Therefore, it seems plausible 

that conceptuses that were in stress as well as associated endometrium may be transcribing 

increased quantities of IFN-γ leading to increased expression of CXCL10 by the cells present in 

the inflamed region. Elevated expression of CXCL10 may play a role in withdrawing the 

angiogenic support from the maternal endometrium to the distressed conceptus and thus 

contribute to fetal loss. Likewise, CCL5/RANTES is mostly involved in recruiting leukocytes to 

sites of inflammation. CCL5 along with its receptor CCR5, may synergistically act with 

CXCL10 in order to elicit an inflammatory response at the arresting CAS. At gd50, we found the 

significant down-regulation of DARC that is involved in local inflammation and cell trafficking. 

This finding expands upon our previous work73, and reconfirms that DARC has a pivotal role in 

determining conceptus fate especially during pregnancy complications. Finally, we compared the 

expression of chemokines in the CAM associated with arresting and healthy conceptuses. CCL1 

was significantly upregulated in CAM associated with arresting CAS. Similar to CXCL10 and 

CCL5, CCL1 is involved in inflammation and attracts monocytes, NK cells, and dendritic 

cells276. We could not explicitly explore the mechanisms affected by CCL1 in CAM but it might 

be contributing to the inflammatory reaction that may already have set-in at arresting CAS277.  

 

We further sought to investigate whether differences in mRNA transcripts held at the protein 

level, as protein will eventually affect the biological mechanisms associated with fetal loss. We 

quantified protein expression of chemokines that had shown significant differential expression at 

the mRNA levels. Therefore, we selected CXCL10, CCL5, CXCR3, CCR5, and CCL1 for 
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further protein expression analysis in the endometrial biopsies and CAM associated with 

arresting and healthy CAS at gd20 and gd50. The results suggest a translation of CXCL10, CCL5 

and CXCR3 mRNA to proteins in the endometrium during the peri-attachment period. Again, 

these findings support our notion that CXCL10 and CCL5 may be synergistically regulating the 

inflammatory response by activating receptors on the recruited endometrial lymphocytes. 

Although the same set of chemokine proteins were measured at gd50, we were unable to find 

significant differences, adding evidence to our hypothesis indicating that the mechanisms leading 

to conceptus arrest during the peri-attachment period versus mid-pregnancy are not similar. 

 

Our second aim was to investigate the localization of endometrial lymphocytes at the maternal-

fetal interface. Using CD45+ immunohistochemistry, we studied the spatial distribution of 

endometrial lymphocytes at the maternal-fetal interface during the peri-attachment period 

(gd20). Our qualitative assessment of ENDO LY suggested a region-specific distribution of 

lymphocytes within the endometrium with more intense crowding beneath the luminal 

epithelium where the fetal tissues attach. The second distribution was observed around and 

within the blood vessels followed by the third, in the vicinity of uterine glands and some diffuse 

distribution within the stroma. These results provide a clue that ENDO LY may be trying to 

establish a luminal epithelial-mediated communication network with fetal cells across the 

maternal-fetal interface. We further compared and quantified the number of CD45+ cells in the 

endometrium associated with arresting as well as healthy CAS. We anticipated that lymphocytes 

would be extensively recruited and directed along a chemotactic gradient towards the site of 

inflammation; the arresting CAS. We found significantly more ENDO LY per unit area within 

the endometrium associated with healthy compared to arresting CAS.  These finding were 
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counterintuitive. Perhaps the increased lymphocyte population recorded at healthy sites may be 

required in order to regulate the physiological processes which are crucial during early 

attachment and development of the embryo in healthy pregnancy. These findings also suggest 

that a further characterization of pregnancy compatible and non-compatible lymphocyte 

subpopulation is needed using appropriate pig specific antibodies. Further we investigated the 

lymphocyte population by performing Foxp3 staining to demonstrate the localization of Foxp3+ 

cells in the healthy as well as arresting CAS. These findings suggest that pregnancy compatible 

lymphocyte subpopulation expressing Foxp3 were required for successful pregnancy. 

 

 

We acknowledge some of the limitations of this study in terms of the limited sample size, 

potential data variability due to the large animal model and the technical limitation to provide 

concrete evidence in terms of cause and effect relationships associated with conceptus arrest. 

However, although correlative, we provide the overall understanding of maternal and fetal 

expression profiles for the selective chemokines involved in endometrial immune cell 

recruitment and their potential function in pregnancy. These studies are particularly relevant in 

the context of peri-attachment and mid-gestation spontaneous fetal loss that occurs in pigs. Due 

to the unique placentation in pigs and the fact that spontaneously dying conceptuses as well as 

healthy littermates exist in the same uterine microenvironment, we can deduce important 

information on deregulated mechanisms possibly contributing to the arrest of one fetus and not 

the other. Results presented in this manuscript form a strong foundation for conducting 

mechanistic studies to delineate the possible roles of selected chemokines such as CXCL10, 

CXCR3 and CCL5 in the context of successful or abortive porcine pregnancy. 
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Figure 2-1: Differential chemokine and cytokine mRNA expression in the endometrial 

lymphocytes at gd20 and gd50.   

Differential mRNA expression of selected chemokines, cytokines and their receptors in LCM 

isolated endometrial lymphocytes from the endometrium associated with arresting (AEL; n=at 

least 6 conceptus obtained from 3 different sows) vs. healthy (HEL; n=at least 6 conceptus 

obtained from 3 different sows) porcine conceptus attachment sites at gd20 (a) and gd50 (b). 

Transcript abundance of chemokines were analyzed and expressed as a normalized ratio to β-

actin. Up- and down-regulation of mRNAs in AEL vs. HEL plotted against one another to 

visualize gene expression changes. The center line indicates unchanged expression with a set 

boundary for fold regulation cut-off of 2. The log10 (AEL 2-ΔCt) value for AEL is plotted on the 

X-axis against log10 (HEL 2-ΔCt) value for HEL on the Y axis of the scatter plot. CXCR3 and 

CCR5 were significantly upregulated (p<0.05) in AEL compared with HEL at gd20. However, 

no significant differences (p<0.05) were found between AEL and HEL at gd50.    
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Figure 2-2: Relative chemokine and cytokine mRNA expression in the endometrium at 

gd20 and gd50. 

Relative expression of chemokines, cytokines and their receptors at mRNA levels in the 

endometrium associated with arresting (AE; n=at least 6 conceptus obtained from 3 different 

sows) vs. healthy (HE; n=at least 6 conceptus obtained from 3 different sows) porcine conceptus 

attachment sites at gd20 (a) and gd50 (b). The abundance of chemokine mRNA were analyzed 

and expressed as a normalized ratio to β-actin. The log10 (AE 2-ΔCt) value for AE is plotted on the 

X-axis against log10 (HE 2-ΔCt) value for HE on the Y axis of the scatter plot. The expression 

levels of CXCL10, CXCR3, CCL5/RANTES, and CCR5 were significantly higher (p<0.05) in AE 

compared to HE at gd20. DARC was significantly decreased (p<0.05) in the AE compared to HE 

at gd50.  
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Figure 2-3: Chemokine and cytokine mRNA profiles in the chorioallantoic membrane at 

gd20 and gd50.  

Expression profiles of selected chemokines, cytokines and their receptors at mRNA levels in 

chorioallantoic membrane associated with arresting (ACAM; n=at least 6 conceptus obtained 

from 3 different sows) vs. healthy (HCAM; n=at least 6 conceptus obtained from 3 different 

sows) porcine conceptus attachment sites at gd20 (a) and gd50 (b). The expression values of 

chemokine and their receptors mRNAs were analyzed and expressed as a normalized ratio to β-

actin. The log10 (ACAM 2-ΔCt) value for ACAM is plotted on the X-axis against log10 (HCAM 2-

ΔCt) value for HCAM on the Y axis of the scatter plot. No significant differences (p<0.05) were 

evident in the expression of selected chemokines and their receptors in the ACAM compared to 

HCAM at gd20; however, CCL1 was significantly upregulated (p<0.05) in ACAM compared to 

HCAM at gd50.  
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Figure 2-4: Chemokine Protein expression in the endometrium at gd20. 

Protein expression of chemokines and their receptors in endometrium at gd20. Chemokines 

(CCL5, CCR5, CXCL10, CXCR3, and CCL1) that were significantly different at the mRNA 

level between healthy and arresting conceptus attachment sites (CAS) at gd20 were quantified 

using western blot. ACTB was used as control protein to perform relative quantification. Each 

healthy and arresting group consisted of n = 12 per group and n = 6 sample type (n = 6 HE, n = 6 

AE). Using Image J, densitometry analysis was performed as a ratio of chemokine proteins to 

ACTB. The position of the molecular weight standards is indicated on the right of each blot. 

CCL5 (8 kDa), CXCL10 (9 kDa), and CXCR3 (between 31 and 42 kDa) were significantly 

(P≤0.05) up-regulated in the endometrium associated with arresting compared to healthy CAS at 

gd20. Densitometric values are presented as mean ± SEM. P<0.05, asterisk denotes statistical 

significance. IDV, individual densitometry values. 
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Figure 2-5: Chemokine Protein expression in the endometrium at gd50. 

Protein expression of chemokines and their receptors in endometrium at gd50. Chemokines 

(CCL5, CCR5, CXCL10, CXCR3, and CCL1) that were significantly different at the mRNA 

level between healthy and arresting conceptus attachment sites (CAS) were quantified. Each 

healthy and arresting group consisted of n = 12 per group and n = 6 sample type (n = 6 HE, n = 6 

AE). Densitometry analysis was performed as a ratio of chemokine to ACTB using Image J. 

Expression of CCR5 protein was significantly (P<0.05) decreased in AE compared to HE at 

gd50; however, no other significant differences were evident in AE compared to HE at gd50. 

Densitometric values are presented as mean ± SEM. P<0.05, asterisk denotes statistical 

significance. IDV, individual densitometry values.  
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Figure 2-6: Immuno-localization of endometrial lymphocytes (CD45+) in the porcine 

endometrium at gd20.  

Top and middle rows represents the spatial distribution of endometrial lymphocytes (ENDO LY) 

around the blood vessels (a) and below the luminal epithelium (a and b). (c) Endometrial section 

below the luminal epithelium is magnified to show the staining intensity of lymphocytes in the 

endometrium. Some ENDO LY were within blood vessels (d), and diffusely distributed (e) 

within the endometrium associated with healthy CAS. Few ENDO LY are also around the 

uterine glands (f) and below the luminal epithelium (g) in the endometrium associated with 

arresting CAS at gd20. (g) Recruitment of ENDO LY were quantified and compared between 

arresting and healthy counterparts. The number of ENDO LY were significantly (P<0.05) greater 

in the HE compared to AE at gd20.  HE: Endometrium associated with healthy conceptus 

attachment site, AE: Endometrium associated with arresting conceptus attachment site. Cell 

counts/unit area are presented as mean ± SEM. P<0.05; asterisk denotes statistical significance. 

Magnification: 400X.; Scale bar: 400 µm. 
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Table 2-1: List of validated primers of selected cytokines and chemokines as well as their 

receptors used for real time PCR arrays. 

 

Gene ID  GeneBank Accession No. Gene ID  GeneBank Accession No. 

CXCL10 NM_001008691 CCRL1 NM_001097430 

CXCL11 NM_001128491 CCR1 NM_001001621 

CXCR3 XM_003135179 CCR3 NM_001001620 

CXCR2 XM_003133651 IFNG NM_213948 

CXCL12 NM_001009580 TNF NM_214022 

CXCR4 NM_213773 CCR4 XM_003361791 

CCL5 NM_001129946 CCL1 NM_001166491 

CCR5 NM_001001618 CCL17 NM_001256147 

CXCL9 NM_001114289 CCL20 NM_001024589 

CCL2 NM_214214 CCL21 NM_001005151 

CCR2 NM_001001619 CCR10 NM_001044563 

DARC NM_001244095 ACTB XM_003357928 
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Table 2-2: The expression pattern of selected chemokines and their receptors at the 

maternal-fetal interface† 

 

 
†Summary of expression pattern of selected chemokines and their receptors involved in the 

regulation of lymphocyte recruitment and their pregnancy specific functions in LCM isolated 

endometrial lymphocytes, endometrial biopsies, and chorioallantoic membrane associated with 

the arresting conceptus attachment sites vs. healthy conceptus attachment sites at gestation day 

(gd) 20 and gd50. (↓) indicates chemokines that are significantly (P<0.05) down-regulated. (↑) 

indicates chemokines that are significantly (P<0.05) up-regulated. aChemokine receptors 

(CXCR3 and CCR5) are expressed in both the endometrial lymphocytes and endometrium at 

mRNA level in the same direction of magnitude. bChemokines/receptors (CXCL10, CXCR3 and 

CCL5) are expressed in the same direction of magnitude at both mRNA as well as protein level 

in the endometrium at gestation day 20.   
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Chapter 3                                                                                                        

Distinct microRNA expression in endometrial lymphocytes, endometrium and 

trophoblast during spontaneous porcine fetal loss 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been modified from the original publication: Mallikarjun Bidarimath, Andrew 

K. Edwards, Jocelyn M. Wessels, Kasra Khalaj, Rami T Kridli and Chandrakant Tayade. Distinct 

microRNA expression in endometrial lymphocytes, endometrium and trophoblast during 

spontaneous porcine fetal loss. J. of Reprod. Immunol. 2015 February; 107: 64-79.   
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3.1 Abstract 

Endometrial lymphocytes are recruited to the porcine maternal–fetal interface by 

conceptus-derived signals. The transiently recruited lymphocytes adopt a specialized 

phenotype in the endometrium that regulates various placental physiological processes, 

including angiogenesis. Small non-coding RNAs, microRNAs (miRNAs) are emerging as 

principal bio-molecules regulating the development of lymphocytes and their angiogenic 

functions. However, no information is available in the context of endometrial lymphocytes in 

pregnancy. We hypothesize that miRNAs are involved in the development of endometrial 

lymphocytes and their angiogenic functions at the porcine maternal–fetal interface. Using a 

targeted Q-PCR approach for selected miRNAs involved in immune cell development, 

angiogenesis, and anti-angiogenesis, we conducted a study to screen endometrial lymphocytes 

associated with healthy and spontaneously arresting conceptus attachment sites (CAS) at two 

well-defined periods of fetal loss. Comparisons were made with endometrium and trophoblasts 

associated with healthy and arresting CAS. In addition, levels of putative mRNA targets and 

subsequent functional clustering of genes were studied in order to predict the biological 

mechanisms affected. We found several significant differences for miRNAs involved in immune 

cell development and angiogenesis (miR-296-5P, miR-150, miR-17P- 5P, miR-18a, and miR-

19a) between endometrial lymphocytes associated with healthy and arresting CAS. Significant 

differences were also found in endometrium and trophoblasts for some miRNAs (miR-20b, miR-

17-5P, miR-18a, miR-15b-5P, and miR-222). Finally, selected mRNA targets showed 

differential expression in all groups. Our data, although associative, are the first to unravel the 

selected miRNAs involved in immune cell development and provide insights into their possible 

regulation in abortive pregnancy. 
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3.2 Introduction 

Immune cells that reside at the ever changing maternal-fetal interface interact with fetally 

derived trophoblast cells in order to develop a tolerance towards the allogeneic fetus53. During 

early pregnancy in most mammals, including pigs, the maternal endometrium is enriched by 

extensive recruitment of immune cells, particularly natural killer (NK) cells, T cells, B cells, 

macrophages, and dendritic cells89,271,278,279. However, it is not entirely understood how these 

immune cells are recruited to the maternal-fetal interface and or their pregnancy specific 

functions. Reproductive success or failure depends at least in part on the immunologically 

coordinated interactions between endometrial lymphocytes (ENDO LY) and trophoblasts44,51. 

The placentation in pigs is classified under epitheliochorial type, whereby fetal tissue does not 

invade the maternal endometrium. Unlike humans, rats and mice, or species with invasive 

hemochorial placentation, the decidua is not induced in porcine and conceptus attachment is 

required for ENDO LY recruitment58,271. In pigs, ENDO LY are first detected at gestation day 

(gd) 12 57,280. Around gd15 (post-attachment), major vascular changes and angiogenesis occur in 

the maternal endometrium in order to support the growth and development of the conceptus33,54. 

After recruitment to the maternal-fetal interface in response to specific signals, the immune cells 

adopt a specialized phenotype which assists in various physiological mechanisms including 

placental development and angiogenesis44. 

 

Spontaneous fetal loss during porcine pregnancy remains a primary concern to the North 

American pork producers. Porcine pregnancy lasts for 114 days and most fetal mortality occurs 

during the maternal recognition of pregnancy42,259. Approximately 20 – 30 % of conceptuses, 

thought to be genetically normal, are lost during peri-attachment period between gestation days 

(gd) 12 – gd3042,259 and an additional 10 – 15 % are lost during mid to late gestation periods 
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between gd50 – gd70281,282. Previously we have established that ENDO LY regulate 

angiogenesis at the porcine maternal fetal interface43,44. We also found that deficits in vasculature 

development and increased pro-inflammatory cytokines were associated with fetal arrest. 

MicroRNAs (miRNAs) are a class of highly conserved endogenously expressed non-coding 

RNAs (~22 nucleotides) transcribed mainly by RNA polymerase II283. miRNAs are emerging as 

bio-regulatory molecules of several processes including developmental angiogenesis284. miRNAs 

regulate gene expression post-transcriptionally by sequence specific targeting of the 3’-

untranslated regions (3’-UTRs) of mRNA, either resulting in degradation of the mRNA or 

inhibition of the translation of proteins283. Previous studies have indicated an important 

implication for miRNA in regulating cellular pathways in response to angiogenic stimuli285. 

There is also growing evidence that miRNAs have a crucial role in the early development and 

effector functions of immune cells such as NK, T and B cells286,287. However, no information is 

available on whether miRNAs modulate ENDO LY development and their angiogenic functions 

during pregnancy.   

 

The first aim of this study was to determine the role of pro- and anti-angiogenic miRNAs in 

regulating recruited lymphocytes that result in an angiogenic phenotype at the porcine conceptus 

attachment sites (CAS). Specific miRNA expression levels of laser capture micro-dissected 

ENDO LY, endometrial biopsies, and trophoblasts were compared between healthy and arresting 

CAS at gd20 and gd50. In addition, the expression levels of miRNAs involved in early 

differentiation and development of lymphocytes were measured to address the immunological 

mechanisms associated with successful and abortive porcine pregnancy. 
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The second aim was to assess the expression levels of putative mRNA targets of miRNAs in 

order to address the biological functions affected at the CAS associated with fetal loss. Selected 

putative mRNA targets of differentially expressed miRNAs were quantified to decipher their 

regulation by miRNAs. Based on the biological function, mRNA targets were clustered in order 

to obtain a ranked list of gene networks to determine altered physiological processes during 

spontaneous fetal loss. Our data support the notion that pro- and anti-angiogenic miRNAs may 

regulate lymphocyte-promoted placental angiogenesis during successful and abortive porcine 

pregnancy.



84 

 

3.3 Materials and Methods 

3.3.1 Research animals and tissue collection 

Specific pathogen-free line-bred Yorkshire sows housed at the Arkell swine research station at 

the University of Guelph were used for this study. Experiments were conducted in accordance 

with the recommendations and guidelines approved by the Animal Care Committee of the 

University of Guelph (Animal Utilization Protocol Number 10R061). An intact boar was used 

daily to detect estrus in first to third parity sows. For timed pregnancy, estrus sows were placed 

in stalls and bred twice within 24 hour intervals by artificial insemination using fresh pooled 

semen. The gestational age was calculated from the day of first mating. Reproductive tracts were 

collected immediately after euthanizing sows on gd20 (n = at least 6 conceptuses obtained from 

3 different sows) and gd50 (n = at least 6 conceptuses obtained from 3 different sows) at the 

University of Guelph abattoir. We analyzed at least 3 sets of healthy and arresting conceptuses 

obtained from 3 different sows. Collected tissues were transported on ice to an RNase free 

dissection area and examined for abnormalities. All conceptuses were exposed for visual 

classification into healthy and arresting CAS by cutting the uteri longitudinally along the anti-

mesometrial side. At gd20 and gd50, healthy and arresting conceptuses were categorized based 

on disparities in fetal length, weight and vascularity of placental membranes as previously 

described43,44,47,73. Conceptuses enclosed in membranes were collected after peeling away from 

the pregnant uterus and kept in sterile petri dishes. The matching endometrial biopsy from 

mesometrial side was collected from healthy and arresting sites before the next conceptus was 

removed. Tissue samples were collected and not pooled within a litter and studied as an 

independent attachment site. The trophoblast/chorioallantoic membrane (CAM) samples isolated 

from chorioallantoic membrane contained a heterogeneous mixture of placental cells including 
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trophoblasts. Each tissue sample intended (endometrium and trophoblast/CAM) for RNA 

extraction were immediately placed in a -80°C freezer until required. Tissues for lymphocyte 

isolation by cryosectioning and LCM were placed into OCT embedding medium (Cryomatrix, 

Thermoshandon, Pittsburg, PA, USA) in a plastic biopsy mold and flash frozen in liquid 

nitrogen-cooled isopentane. The overall methodology for this study is summarized in Appendix 

D. 

 

3.3.2 Laser capture microdissection and endometrial lymphocyte cell lysate preparation 

Flash frozen endometrial biopsies were cut at 5 μm-thick sections (CM3050S, Leica, Richmond 

Hill, ON, Canada) and mounted onto membrane slides (1.0 PEN Membrane Glass Slide, Carl 

Zeiss). Sections were stained using a modified, rapid Toluidine blue protocol described 

previously265 to identify ENDO LY. All solutions, including the stains, were prepared using 

DNase/RNase free water (UltraPure Distilled Water, Invitrogen). Sections on the membrane 

slides were incubated with Toluidine blue (3 mins), rinsed with 75% ethanol (3 mins) and later 

air-dried (10 mins). ENDO LY were dissected individually and catapulted onto high-sensitivity 

LCM adhesive caps (AdhesiveCap 500 Opaque, Zeiss) (Figure 3-1). ENDO LY (~500 total cells 

collected) obtained in close proximity to blood vessels and also at randomly chosen locations in 

the endometrial tissues were used for cell lysate preparation. Adhesive capped tubes were 

aliquoted with 300 μL of lysis solution and incubated at 42 °C for 30 mins. At the end of the 

incubation, 300 μL of 70 % ethanol was added to the lysate. 
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3.3.3 Cell lysate preparation from endometrial biopsy and trophoblast/CAM samples 

Tissues were disrupted after thawing on ice and homogenized using RNase free Kontes pestles 

(Fisher Scientific, Ottawa, ON, Canada). Total RNA including miRNA was extracted from 

samples using a Total RNA purification kit (Norgen Biotek Corp, Thorold, ON, Canada) as per 

the manufacturer’s instructions. Briefly, 30 mg of frozen tissue was placed in 600 μL of lysis 

solution and disrupted using a RNase free rotor-stator homogenizer and kontes pestle for 

approximately 30 secs at room temperature. Cell lysate was homogenized by passing it 5-10 

times through a 25 gauge needle attached to a syringe. Lysate was centrifuged for 2 mins to 

pellet any cell debris and supernatant was transferred to another RNase free microcentrifuge 

tube. An equal volume of 70 % ethanol was added to the lysate. 

 

3.3.4 Total RNA including miRNA extraction  

Total RNA including miRNA present in cell lysates from either LCM isolated ENDO LY or 

tissues (endometrium and trophoblast/CAM) was purified using RNA binding columns (Norgen 

Biotek Corp, Thorold, ON, Canada) as per manufacturer’s instructions. Cell lysate of up to 600 

μL with ethanol were transferred into RNA binding columns and centrifuged for 1 min at room 

temperature. The flow through was discarded and columns were washed 3 times with 400 μL of 

wash solution and centrifuged for 1 min. Again, the flow-through was discarded and the columns 

were centrifuged in order to thoroughly dry the resin. RNA binding columns were transferred 

onto fresh 1.7 mL elution tubes and 50 μL of elution solution added to each tube. This assembly 

was centrifuged for 2 mins at 200 X g, followed by 1 min at 14000 X g. Finally, the total RNA 

including miRNAs were eluted into fresh RNase free centrifuge tubes. The total RNA including 

miRNAs concentration and purity were measured using Nanodrop 2000C UV-Vis 



87 

 

Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and stored at -80°C for future 

use. 

 

3.3.5 miRNA cDNA preparation and quantitative real-time PCR arrays  

The miRNA samples extracted from LCM isolated ENDO LY, endometrial biopsies and 

trophoblasts were reverse transcribed using a miscript II RT kit (Qiagen, Mississauga, ON, 

Canada) as per the manufacturer’s instructions. Briefly, a reaction mixture of 4 μL of 5X 

miScript Hispec Buffer, 2 μL of miScript Nucleics Mix, and 2 μL of miScript Reverse 

Transcriptase Mix was prepared in 0.2 mL RNase free PCR tubes on ice. RNase free water was 

added to 250 ng of template RNA to bring the final volume to 20 μL. After brief centrifugation, 

RT reaction components were incubated for 60 mins at 37 °C and for 5 mins at 95 °C. The 

reaction mixture was diluted with 200 μL of RNase free water and kept on ice. The concentration 

and purity of cDNA was measured using Nanodrop 2000C UV-Vis Spectrophotometer (Thermo 

Scientific, Wilmington, DE, USA) and stored at -20°C until required. 

 

3.3.6 miRNA real-time PCR arrays 

Real-time PCR (LightCycler, Roche Diagnostics, Laval, QC, Canada) was used to quantify the 

expression of miRNA genes relative to RNU6-2 and SNORD72 reference genes. The accepted 

normalization control/reference genes were selected based on the wet bench validation for PCR 

arrays and stability of expression between porcine tissues. We conducted an extensive literature 

search in order to design a targeted miRNA PCR array. We took into account published 

information about miRNA that are involved in regulation of immune cells in general as no data 

were available on miRNAs involvement in endometrial immune cell development and their 
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angiogenic functions. The primer assays for porcine specific target miRNAs were custom 

designed using sequences available in the miRBase sequence database288–290 version 19 

(http://www.mirbase.org), and ordered from Qiagen (Qiagen, Mississauga, ON, Canada). The 

mature miRNAs, sanger IDs and accession numbers studied in this experiment are listed in Table 

1. Custom miScript miRNA PCR arrays containing specific miRNA primer assays (a total of 14), 

2x QuantiTect SYBR green PCR master mix and 10x miScript universal primer were used to 

quantify the miRNA gene expression according to the manufacturer’s protocol (Qiagen, 

Mississauga, ON, Canada). Briefly, a reaction mix containing 225 μL of 2x QuantiTect SYBR 

green PCR master mix, 45 μL 10x miScript universal primer, 18 μL of diluted template cDNA 

and RNase free water to make up the final volume to 450 μL was prepared. LightCycler 

reactions were performed in 25 μL per well total reaction volume as per standard cycling 

conditions set by the Manufacturer (Heat Activation: 95 °C; 15 mins, 45 cycles of denaturation: 

94 °C; 15 sec., annealing: 55 °C; 30 sec, extension: 70 °C; 30 sec, melting curve: 70-95 °C at a 

rate of 0.1 °C per sec). A melt curve analysis was performed after every cycling program for 

each array plate as an additional quality control. During the annealing step in each cycle, SYBR 

green fluorescence was recorded and threshold Ct was calculated for each well. 

 

3.3.7 Target prediction for miRNAs 

MicroRNAs and their putative mRNA target interactions were studied using an integrated 

miRNA target prediction resource, miRecords 291 (http://mirecords.biolead.org).  miRecords 

created a list of putative mRNAs of biological significance, targeted by the miRNAs that were 

differentially (p<0.05) expressed between the tissues. A complete list of target mRNAs provided 

us with two components derived from two different approaches; validated and predicted. The 
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validated targets component is a database of experimentally confirmed targets generated from 

extensive manual literature curation. The second component (predicted targets) consists of 

predicted miRNA targets generated by 11 established miRNA target prediction programs 

(TargetScan/TargetScanS, miRDB/miRTarget2, miRanda, MicroInspector, miTarget, RNA22, 

PicTar, PITA, DIANA-microT, RNAhybrid and NBMiRTar) based on their unique machine 

learning methods. 

 

miRecords is limited to specific species (Humans, rats, mice, sheep, dogs and others) and did not 

have the capacity to search for pig-specific miRNA targets. Nevertheless, commercially 

available porcine-specific miRNA PCR arrays were used to measure the miRNA expression. The 

mature miRNA sequences across species, which carry similar genome sequences, are conserved 

and hence are orthologs. Here we have presumed that the sequences between pigs (ssc-miR) and 

humans (hsa-miR) are conserved292,293. According to Friedman et al (2009), many sites in target 

mRNA that bind to the miRNA seed region especially in the 3’ UTR are preferentially conserved 

across most mammalian species293. Hence, the mRNA targets were predicted depending on their 

interactions with miRNAs of humans but not the pigs. Out of 11 target prediction resources, only 

6 programs provided a list of predicted mRNA targets to be included in the list. However, the 

targets for miR-150, 296-5P, 18a, and 222 were predicted by only 4 of total 11 resources due to 

an inability to predict interactions by the remaining resources. This list provided us with a large 

database of both validated and predicted mRNA targets for each differentially regulated 

miRNAs between selected counterparts. However, we chose only 15 target mRNAs that were 

previously demonstrated to be involved in the regulation of processes such as lymphocyte 

development and angiogenesis in general. The selected list of mRNA targets is listed in Table 1. 
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LCM isolated endometrial lymphocytes; AEL (lymphocytes isolated from arresting CAS) vs. 

HEL (lymphocytes isolated from healthy CAS), AE (endometrium associated with arresting 

CAS) vs. HE (endometrium associated with healthy CAS) and AT (trophoblasts/CAM associated 

with arresting CAS) vs. HT (trophoblasts/CAM associated with healthy CAS).  

 

3.3.8 Functional classification and annotation of target genes   

Each list of target genes was analyzed using Database for Annotation, Visualization, and 

Integrated Discovery (DAVID) software in order to extract a biological meaning associated with 

these large lists (http://david.abcc.ncifcrf.gov/)294. DAVID software is a high-throughput data 

mining tool to analyze a genomic experiment derived gene lists. Functional classification of 

target genes was carried out to view functionally related genes together in a group in order to 

study larger genomic networks rather than at the individual gene level (Target mRNAs 

functional classification; Appendix E.1). Using the human genome as a background, each gene 

list was studied by creating functional annotation charts to investigate the magnitude of 

enrichment of genes (Target mRNAs functional annotation charts). Finally, in order to determine 

the relationship among annotation terms, functional annotation clustering was performed based 

on their co-association within the list (Functional annotation clustering of target mRNAs; 

Appendix E.2). 

 

3.3.9 cDNA synthesis for target mRNAs  

The target mRNA was reverse transcribed and amplified using the RT2 First Strand Kit (Qiagen, 

Mississauga, ON, Canada) as per the manufacturer’s instructions. Briefly, a reaction mixture for 

genomic DNA elimination (GE) of each RNA sample, prepared in a microcentrifuge tube on ice 

http://david.abcc.ncifcrf.gov/
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by adding 2 μL of buffer GE to 1 μg of RNA sample and RNase free water, was added to make a 

total volume to 10 μL. The genomic DNA elimination mix was incubated at 42 °C for 5 mins 

and kept on ice for at least 1 min. A reverse transcription mix was prepared by adding 4 μL of 5x 

buffer BC3, 1 μL of control P2, 2 μL of RE3 reverse transcriptase mix and RNase free water to 

make up the final volume to 10 μL. Reverse transcription mix was added to 10 μL genomic DNA 

elimination mix and incubated for 15 mins at 42 °C followed by incubating it for 5 mins at 95 °C 

to stop the reaction. The reaction mix was diluted by adding 91 μL of RNase free water and 

placed on ice until used for the real-time PCR.  

 

3.3.10 RT2 profiler PCR arrays for target mRNAs  

The quantitative expression of mRNA genes relative to β-Actin (ACTB) as a normalization 

control was performed using real-time PCR (LightCycler, LC480 II, Roche Diagnostics, Laval, 

QC, Canada). The primer assays for porcine specific mRNA target genes were custom designed 

using sequences available in the GenBank and ordered from Qiagen (Qiagen, Mississauga, ON, 

Canada). Gene ID and gene bank accession numbers are listed in Table 3-1. Each miRNA that 

significantly differed across the tissues were run through miRecords, which generated thousands 

of putative mRNA targets. Out of these, only 15 were selected to study their expression levels in 

the tissues of comparison. A reaction mix containing 225 μL of 2x RT2 SYBR green master mix, 

17 μL of cDNA synthesis mixture and RNase free water (208 μL) to make up the final volume to 

450 μL was prepared fit our 16 X 6 custom array. All samples were run for genes of interest by 

adding 25 μL of PCR components mix to each well of the RT2 PCR array following standard 

cycling conditions for LightCycler (Heat Activation: 95 °C; 10 mins., 45 cycles of denaturation: 
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95 °C; 15 sec., annealing: 55 °C; 30 sec., and extension: 60 °C; 1 min., melting curve: 70-95 °C 

at a rate of 0.1 °C per sec).  
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3.3.11 Statistical analysis  

Data analysis was performed using ΔΔCt method; gene expression levels were determined using 

an integrated web-based software package for miscript miRNA PCR Array 

(http://pcrdataanalysis.sabiosciences.com/mirna/arrayanalysis.php) as well as RT2 profiler PCR 

Arrays for target mRNA (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). P ≤ 

0.05 was considered to be statistically significant. Data are presented as scatterplot showing fold 

change/regulation values with cutoff values of 2. A positive value indicates gene up-regulation 

and a negative value indicates gene down-regulation.  
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3.4 Results 

3.4.1 miRNA expression in endometrial lymphocytes 

To investigate the role of miRNAs in lymphocyte development and their functions in 

endometrial angiogenesis during early- and mid-pregnancy, LCM isolated ENDO LY associated 

with arresting and healthy CAS were studied at gd20 and gd50. Targeted miRNA PCR array was 

designed based on an extensive literature search. Since no data was available about miRNAs 

involved in endometrial immune cell development and functions, we took into account published 

information about immune cells in general. With the exception of miR-221-5P at gd20 and miR-

221-5P, 155-5P, 20b at gd50, all of the selected miRNAs were detected in endometrial 

lymphocytes and their expression was altered by health status of associated fetuses. At gd20, 

miR-150, 296-5P, and 19a were significantly (p<0.05) up-regulated in AEL compared to HEL. 

However, no significant differences were found in the expression of remaining miRNAs in AEL 

compared to HEL (Figure 3-2A).  

 

At gd50, the expression of miR-19a was significantly (p<0.05) higher in AEL compared to HEL. 

The expressions of miR-126-5P, let-7f-5P, miR-222, 15b-5P, 17-5P, 296-5P, 18a were down-

regulated and miR-16 was up-regulated more than 2-fold; however, differences were not 

statistically significant (Figure 3-2B).  

 

3.4.2 miRNA expression in endometrium 

To explore the miRNA controlled regulation of endometrial angiogenesis and immunological 

mechanisms during early and mid-pregnancy, endometrial biopsies associated with arresting as 

well as healthy CAS were examined at gd20 and gd50 time points. All of the selected miRNAs 
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were detected in the endometrium and their expression was changed in AE compared to HE at 

gd20 as well as gd50. During early-pregnancy (gd20), miR-20b, 17-5P, and 18a were 

significantly (p<0.05) down-regulated in AE compared to HE (Figure 3-3A). The expression 

levels of remaining miRNAs were not different between AE and HE. However, at gd50, no 

significant differences were found in the expression levels of selected miRNAs in AE compared 

to HE (Figure 3-3B).  

 

3.4.3 miRNA expression in trophoblasts 

To understand the dynamics of miRNA regulation from the fetal side during early- and mid-

pregnancy, trophoblasts from healthy and arresting fetuses were dissected and examined for 

miRNA expressions at gd20 and gd50. At gd20, miR-15b-5P and miR-18a were significantly 

(p<0.05) down-regulated in AT compared to HT. However, there was no significant difference in 

the expression of remaining miRNAs (Figure 3-4A). At gd50, miR-222 was significantly 

(p<0.05) down-regulated in AT compared to HT. Remaining miRNAs from the list did not 

significantly differ between AT and HT (Figure 3-4B; See also Table 3-2).  

 

3.4.4 Target mRNA expressions in endometrial lymphocytes 

In order to determine whether or not the mRNA targets are regulated by the miRNAs in the 

lymphocytes at the maternal-fetal interface, LCM isolated ENDO LY were examined for the 

expression and regulation of mRNA targets of miRNAs at gd20 and gd50. Only mRNA targets 

of miRNAs which were differentially expressed were selected for this study. At gd20, all of the 

target mRNAs were detected, except for BAX, ANGPT1, VCAM1, and STAT5A, in the LCM 

isolated ENDO LY (Figure 3-5A). At gd50, all of the miRNA targets were detected (Figure 3-
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5B). No significant differences for target mRNAs were evident in the AEL compared to HEL 

both at gd20 and 50 (Figure 3-5A and 3-5B).  

 

3.4.5 Target mRNA expressions in endometrium 

Endometrial biopsies were examined for the expression and regulation of mRNA targets in order 

to study miRNA-mRNA target interactions during early- and mid-pregnancy. All of the selected 

target mRNAs of miRNAs, which significantly different in AE compared to HE, were expressed 

in the endometrium. During early-pregnancy (gd20), the expression levels of BAX, CTGF, 

THBS1, and NF-kB were significantly (p<0.05) higher in AE compared to HE (Figure 3-6A). 

VEGF-A and HIF1-α were 2 fold down-regulated in AE compared to HE; however, the 

differences were not statistically significant. No significant differences for target mRNAs were 

found between AE and HE at gd50 (Figure 3-6B).   

 

3.4.6 Target mRNA expression in trophoblasts 

To study the miRNA-mRNA target interactions in trophoblasts during early- and mid-pregnancy, 

target mRNAs were quantified in trophoblasts sampled at gd20 and gd50. All of the miRNA 

targets were expressed on both gestation days; however, no significant difference was found 

between trophoblasts associated with healthy versus arresting conceptuses at gd20 and gd50 

(Figure 3-7A and 3-7B; See also Table 3-3).         

 

3.4.7 Functional clustering of target mRNAs  

Functional clustering of target genes of miRNAs was performed in an attempt to decipher the 

biological mechanisms affected by the deregulated genes in arresting CAS during early and mid-
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pregnancy. Based on the function and co-association, target genes within each list were grouped. 

Top ten clusters of genes affected by significantly deregulated miRNAs in arresting CAS 

compared to healthy CAS are summarized in Figure 3-8 (A through E). During early pregnancy, 

the transcriptional regulatory genes topped the list and found to be increased in LCM isolated 

ENDO LY from arresting CAS at gd20 (Figure 3-8A). The second cluster, associated with 

negative gene regulation, is a prominent gene cluster after transcriptional regulatory cluster. The 

third and fourth prominent group was associated with clathrin coated transport vesicle formation 

and angiogenesis, respectively. Figure 3-8B summarizes the top ten gene clusters affected during 

mid-pregnancy (gd50). Cadherin dependent cell adhesion and intracellular protein transport were 

found to be the most affected in the AEL compared to HEL. The gene clusters associated with 

angiogenesis was 7th prominent in the list while endosome transport gene cluster was 8th in the 

list. Genes associated with response to hypoxia were also affected in AEL compared to HEL, 

followed by gene clusters associated with transcription repressor activity. 

 

During early pregnancy (gd20), the top ten gene clusters affected are summarized in Figure 3-

8C. The regulation of transcription topped the list followed by negative gene regulation, 

macromolecular metabolic process, and chromatin modification in AE compared to HE. No 

functional clustering studies were performed as no miRNAs were significantly dys-regulated in 

AE compared to HE at gd50.  

 

From the conceptus side, Figure 3-8D summarizes the percentage of gene clusters within the list 

that are affected in AT compared to HT at gd20. Cell migration gene cluster topped the list 

followed by activation of MAPKK cascade and insoluble cell membrane fraction. At gd50, 
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(Figure 3-8E) cadherin dependent cell adhesion topped the list and was most affected in AT 

compared to HT. The gene clusters that followed: transcriptional regulation, mRNA binding, 

negative regulation of translation and apoptosis were the most affected in decreasing order, 

respectively. 
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3.5 Discussion      

The critical regulation of angiogenesis is essential for the development and maintenance of 

vascularity at the maternal-fetal interface. Growing evidence suggest that lymphocytes that are 

transiently recruited to the endometrium during early pregnancy in several mammalian species 

including pigs contribute to and regulate angiogenesis at the maternal-fetal interface43,44,48,51,295. 

However, the precise mechanism of how their angiogenic function is regulated is not clear. In the 

present study, we utilized pig as an animal model in order to study maternal-fetal miRNA cross 

regulation due to the clear distinction between maternal and fetal tissues in the epitheliochorial 

placenta. The early differentiation and effector functions of lymphocytes are regulated by a 

distinct set of miRNAs. Previously thought to play no biological role, miRNAs are now known 

to regulate vast cellular processes including lymphocyte development and their angiogenic 

functions296–302. Indeed, miRNAs control a wide variety of immune cell functions296–298. 

Expression of miRNA clusters such as C19MC (primate specific), C14MC and miR-371-3 

clusters are placenta centric and are enriched in humans. However, an extensive literature search 

could not reveal involvement of miRNAs in ENDO LY or with their angiogenic functions in 

healthy or complicated porcine pregnancies (fetal loss). Here we investigated and compared 

arresting and healthy CAS during early and mid-gestation in pigs and demonstrated that: 1) 

specific miRNAs are expressed and some differentially expressed in the ENDO LY, endometrial 

biopsies, and trophoblasts/CAM (Table 3-2), 2) significant differences exist in the transcript 

levels of selected mRNA targets of miRNAs found in the ENDO LY , biopsies, and 

trophoblasts/CAM (Table 3-3), 3) Finally, we provide insights into potential biological 

mechanisms that may be affected by the miRNA-mRNA interactions in the arresting compared 

to healthy CAS.  
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The predominant type of lymphocyte in the pig endometrium is indeed NK cells (approximately 

70 % of total). Due to limitation of availability of porcine specific immune cell markers, it was 

not possible to identify the immune cell subsets. So we decided to obtain lymphocytes from 

endometrial samples. Our results indicate that ENDO LY differentially express a set of pro- and 

anti-angiogenic miRNAs during early and mid-porcine pregnancy. Examples include pro- (miR-

126, let-7f-5P, miR-296-5P) and anti-angiogenic (miR-20a-5P, 222, 15b, 20b, and 16) miRNAs. 

To determine which potential mechanism is likely responsible for fetal arrest, we compared the 

similarities and differences for miRNAs in ENDO LY isolated from arresting CAS compared 

with healthy CAS. This is the first report that ENDO LY express a distinct set of miRNAs that 

are involved in immune cell development at the maternal-fetal interface.  Previous studies in 

humans provide evidence that the miRNAs such as miR-155-5P, miR-150, miR-17-5P, miR-18a, 

and miR-19a are expressed in the immune cells including T, B, and NK cells303–306. miR-155 

inhibits inflammatory mediator release and stimulates granulocyte and monocyte proliferation 

upon activation of innate immune response307.  Increased expression of miR-150 decreases the 

B-cell formation by blocking pro- to pre-B cell transition308. Apart from their role in 

angiogenesis, miR-17 cluster including miR-18 and miR-19 inhibit monocyte proliferation, 

differentiation and maturation309. In addition, miR-17 cluster regulates pro to pre-transition 

during B- and T-cell development310. In the current study, ENDO LY from arresting CAS had 

significant upregulation of miR-150, miR-19 and miR-296-5P compared with healthy CAS. 

Since most of these miRNAs are involved in angiogenesis (miR-19 and miR-296-5P) and 

immune cell development (miR-150), it is logical to assume that conceptuses in distress or 

destined to die are making an attempt to compensate for the potential deficits in angiogenesis or 

other processes crucial for survival. We noticed a down-regulation of more than 2 fold in miR-
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15b (involved in anti-angiogenesis) in ENDO LY from arresting CAS, but no significance was 

detected. Recent evidence indicates that miR-15b is down-regulated in placental samples 

obtained from pre-eclampsia patients311.   

 

In endometrial biopsies, we found significant down-regulation of miR-20b, miR-17-5P and miR-

18a in arresting compared to healthy CAS at gd20. However, no differences were detected at 

gd50. This indicates that the molecular events associated with conceptus growth restriction 

during early- and mid-pregnancy may be totally different. In our previous studies, we found 

significant differences for selected pro-inflammatory cytokines and angiogenic factors between 

gd20 and gd5043,44. miR-20b is induced by hypoxia and directly responsible for the adaptation 

leading to multiple cellular responses in fetal hypoxia170 as well as in pre-eclampsia 312. To our 

knowledge, there are no available reports associating direct involvement of miR-20b, miR-17-5P 

and miR-18 in early pregnancy fetal loss, but miR-17-5P in human placenta associated with pre-

eclampsia313 and miR-18 in tumor angiogenesis314. miR-15b-5P and miR-18a were significantly 

down-regulated in trophoblasts associated with arresting CAS at gd20. The mechanisms for these 

changes are not clear; however, it has been indicated that hypoxia induces the down-regulation 

of miR-15b in human nasopharyngeal carcinoma cells195. It is likely that distressed conceptuses 

in our experiment were under significant hypoxic stress which might have resulted in down-

regulation of miR-15b in trophoblasts at gd20. miR-18a was one of the unique miRNAs that was 

down-regulated both in maternal as well as fetal compartments. Higher miR-18a expression has 

been correlated with promoting tumor angiogenesis by directly targeting connective tissue 

growth factor, CTGF which is responsible for blocking the cell proliferation and subsequently 

angiogenesis315. We found significantly lower expression of miR-18a and higher expression of 
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CTGF mRNA in the endometrium associated with arresting CAS. However, we did not find the 

inverse correlation between miR-18a and CTGF in trophoblasts. Furthermore, an anti-angiogenic 

miR-222 was down-regulated in the trophoblast of arresting CAS at gd50. A recent study has 

implicated the altered expression of miR-222 in the pathogenesis of human pregnancy-associated 

disorders especially pre-eclampsia311. However, we could not associate the direct involvement of 

miR-222 expressions in trophoblasts with mid-pregnancy fetal loss. Since the goal was to 

determine the literature curated expressions of 14 miRNAs that are specifically targeting 

angiogenesis and lymphocyte development during porcine pregnancy, we did not design primers 

against placenta specific miRNA clusters such as C19MC, C14MC or miRN-371-3. In addition, 

we also wanted to investigate whether the selected miRNA play a role in endometrial 

angiogenesis during spontaneous fetal loss in our model. The current results expand upon our 

previous work which reconfirmed that most of the molecular dysregulation during conceptus 

arrest occurred at maternal rather than the fetal side43,44,47,48,50,51,122.  In addition, work from 

others suggested that majority of arresting embryos were genetically normal34. Collectively, 

these findings suggest a possible maternal initiation of events that would lead to conceptus arrest; 

however, our studies do not provide any evidence into cause and effect relationships.  

 

Our second aim was to investigate the functional implications of the differentially expressed 

miRNAs in arresting compared with healthy CAS. Using real time PCR, we quantified 15 

selected mRNA targets of miRNAs that significantly differed between arresting and healthy 

counterparts. Since miRNAs degrade or silence their targets post-transcriptionally, a significantly 

lower level of mRNA target was expected for the selected group of genes. Surprisingly, we did 

not detect any significant differences in the target mRNAs in ENDO LY as well as trophoblasts 
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associated with arresting compared with their healthy counterparts, including the previously 

established angiogenic growth factor, VEGF. In addition, the suboptimal statistical power of 

these tests due to the small sample size may have mimicked difference at the transcriptional 

level. miRNAs interact with their mRNA targets via base pairing that subsequently leads to 

either the degradation of mRNA, or translational repression. Most mammalian miRNAs have a 

characteristic combinatorial regulation; i.e. a miRNA can target multiple numbers of mRNAs, 

and in turn one mRNA can be targeted by multiple numbers of miRNAs293. The up-regulation of 

a pro-apoptotic protein, BAX in AE that is direct target of miR-296-5P, indicates that the 

endometrium is withdrawing its active support to conceptuses in distress or destined to die 

during early pregnancy. Similarly, an anti-angiogenic, THBS1 (direct target of miR-19) and a 

transcription factor that responds to cellular stimuli, NF-kB, were upregulated in the AE. 

However, we did not notice a significant up-regulation of miR-19 to potentially repress THBS1 

target instead it was down-regulated in the AE at gd20.These findings may suggest that the 

termination of active endometrial angiogenic support by THBS1 and subsequent inflammatory 

reactions may potentially lead to fetal demise.  

   

We further sought to investigate functional clustering in order to predict the pattern of genes that 

might be affected by different groups of miRNAs in the process of fetal loss. When AEL and 

HEL during early pregnancy were compared, the top ten functional gene clusters revealed that 

regulation of transcription and negative gene regulation are likely contributing to fetal arrest or 

resorption. Another gene cluster among the top ten was transport vesicle formation followed by 

angiogenesis. This suggests that angiogenesis was not the priority at the arresting CAS but the 

clusters involved in transport vesicle formation. Interestingly, we did not find significant 
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dysregulation of target genes within the lymphocytes but instead many important genes involved 

in angiogenesis were affected in the endometrium. This might provide a clue that some 

biomolecules including miRNAs of lymphocyte origin are selectively packaged within 

microvesicles and exported out of the cytoplasm to potentially regulate endometrial uterine 

microdomain. The regulation of transcription as well as negative regulation of gene expressions, 

macromolecular metabolic process and chromatin modification topped the list of gene clusters in 

AE during early pregnancy indicating that negative regulation of genes and chromatin 

modifications had priority in endometrium associated with arresting CAS. Gene clusters were 

not common between the AT during early and mid-pregnancy indicating that the mechanisms 

involved in conceptus arrest were not similar. 

 

This study is the first to provide evidence that ENDO LY express miRNAs involved in immune 

cell development and angiogenesis and some of the miRNAs are differentially expressed 

between arresting versus healthy CAS. We have documented a selected list of miRNAs involved 

in the development of lymphocytes and their miRNA regulated angiogenic functions in the 

context of fetal loss in a species with an epitheliochorial type of placenta. This study also 

provides a unique putative mechanism of miRNA-mRNA interactions and potential relationships 

in the same cellular/tissue microdomain. The expression pattern of miRNA and their putative 

targets in the trophoblasts in our study points out a potential maternal initiation of events that 

might lead to subsequent conceptus arrest. However, the cause and effect relationship remain to 

be investigated. Future studies involving targeted approach are required to clarify mechanistic 

links into how miRNA-mRNA interactions affect the dynamic maternal-fetal interface.   

 



105 

 

3.6 Acknowledgements 

The authors would like to thank the technical staff at the Arkell Swine Research Station, and the 

Meat’s Wing at the University of Guelph for their valuable help. Support from Dr. Stephen C. 

Pang and Dr. M Yat Tse for access to the real-time PCR facilities and Stephany P. Monsanto for 

her help with editing and graphics at the Department of Biomedical and Molecular Sciences, 

Queen’s University is gratefully acknowledged.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures and Tables 

 

 

 

 

 

 

 

 

 

  



107 

 

 

Figure 3-1: Endometrial lymphocytes isolated by LCM from snap frozen porcine 

endometria biopsies at gd50.  

Rapid staining procedure with Toluidine Blue. (A)  Selected lymphocytes were marked in blue 

before microdissection and catapulted into overhanging cap. (B) Circular empty spots on the 

tissue section after lymphocyte isolation. (C) Presence of isolated lymphocytes in capped tube. 

Scale Bar: 75 µm, Magnification: 400x. 
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Figure 3-2: miRNA expression profiles in LCM isolated endometrial lymphocytes at gd20 

and gd50. 

miRNA expression profiles for LCM isolated endometrial lymphocytes isolated from the 

arresting (AEL; n= at least 6 conceptuses obtained from 3 different sows) vs. healthy (HEL; n= 

at least 6 conceptuses obtained from 3 different sows) porcine conceptus attachment sites at 

gestation day (gd) 20 (Panel A) and gd50 (Panel B). Differential expression level of miRNAs 

was analyzed and expressed as a normalized ratio with reference genes, RNU6-2 and SNORD72. 

Up- and down-regulation of microRNAs in AEL vs. HEL plotted with a fold regulation cut-off 

of 2. The log10 (AEL 2-ΔCt) value for AEL is plotted on X axis and log10 (HEL 2-ΔCt) value for 

HEL is plotted on Y axis of the expression plot. Significantly higher expression (p<0.05) for 

miR-150, 296-5P, and 19a was found in AEL compared with HEL at gd20. At gd50, only miR-

19a is significantly (p<0.05) up-regulated in AEL compared to HEL. 
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Figure 3-3: miRNA expression profiles in the endometrium at gd20 and gd50. 

Relative expression of miRNAs in endometrium associated with arresting (AE; n= at least 6 

conceptuses obtained from 3 different sows) vs. healthy (HE; n= at least 6 conceptuses obtained 

from 3 different sows) porcine conceptus attachment sites at gestation day (gd) 20 (Panel A) and 

gd50 (Panel B). At gd20, miR-20b, 17-5P, and 18a were significantly down-regulated (p<0.05) 

in AE compared to HE.  At gd50, no significant differences were observed. 
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Figure 3-4: miRNA expression profiles in trophoblasts at gd20 and gd50. 

Differential expression of miRNAs in trophoblasts associated with arresting (AT; n= at least 6 

conceptuses obtained from 3 different sows) vs. healthy (HT; n= at least 6 conceptuses obtained 

from 3 different sows) porcine conceptus attachment sites at gestation day (gd) 20 (Panel A) and 

gd50 (Panel B). The expression of miR-15b-5P and 18a was significantly higher (p<0.05) in AT 

compared to HT at gd20. At gd50, miR-222 was significantly down-regulated (p<0.05) in AT 

versus HT. 
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Figure 3-5: Target mRNA expression in the LCM isolated endometrial lymphocytes at 

gd20 and gd50. 

Expressions of mRNA targets of differentially regulated miRNAs in the endometrial 

lymphocytes isolated by LCM from the arresting (AEL; n= at least 6 conceptuses obtained from 

3 different sows) vs. healthy (HEL; n= at least 6 conceptuses obtained from 3 different sows) 

porcine conceptus attachment sites at gestation day (gd) 20 (Panel A) and gd50 (Panel B). 

Differential expression level of target mRNA is plotted with a fold regulation cut-off of 2 and 

expressed as a normalized ratio with β-actin. No significant differences for target mRNAs were 

evident in the AEL compared to HEL at gd20 and gd50. 
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Figure 3-6: Target mRNA expression in the endometrium at gd20 and gd50. 

Relative expression of mRNA targets of significantly differed miRNAs in the endometrium 

associated with arresting (AE; n= at least 6 conceptuses obtained from 3 different sows) vs. 

healthy (HE; n= at least 6 conceptuses obtained from 3 different sows) porcine conceptus 

attachment sites at gestation day (gd) 20 (Panel A) and gd50 (Panel B). Significantly high 

(p<0.05) levels of BAX, CTGF, THBS1, NF-kB genes were found in the AE compared to HE at 

gd20. At gd50, no significant differences were found. 
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Figure 3-7: Target mRNA expression in the trophoblasts at gd20 and gd50. 

Relative expression of selected mRNA targets of miRNAs in trophoblasts associated with 

arresting (AT; n= at least 6 conceptuses obtained from 3 different sows) vs. healthy (HT; n= at 

least 6 conceptuses obtained from 3 different sows) porcine conceptus attachment sites at 

gestation day (gd) 20 (Panel A) and gd50 (Panel B). No significant differences were found 

between trophoblasts associated with arresting versus healthy conceptuses at gd 20 and gd50. 
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Figure 3-8: Functional clustering of mRNA target genes regulated by differentially 

expressed miRNAs at gd20 and gd50. 

Functional clustering of mRNA target genes regulated by differentially expressed miRNAs in 

arresting vs. healthy porcine conceptus attachment sites at gestation day (gd) 20 and gd50. 

DAVID bioinformatics tool was used to generate a list of gene clusters based on mRNA targets 

of differentially regulated miRNAs. The top ten gene clusters were chosen in order to 

systematically derive a biological meaning from the affected gene clusters. Enrichment score 

was used to calculate the percentage representation of each gene cluster out of top ten clusters. 

Top ten clusters were comparatively studied in (A) endometrial lymphocytes associated with 

arresting conceptus attachment sites (AEL) vs. endometrial lymphocytes associated with healthy 

conceptus attachment sites (HEL) at gestation day (gd) 20, (B) AEL vs. HEL at gd50, (C) 

endometrium associated with arresting conceptus attachment sites (AE) vs. endometrium 

associated with healthy conceptus attachment sites (HE) at gd20, (D) trophoblasts associated 

with arresting conceptus attachment sites (AT) vs. trophoblasts associated with healthy 

conceptus attachment sites (HT) at gd20, (E) AT vs. HT at gd50. No mRNA target gene clusters 

were studied for AE vs. HE at gd50 since none of the miRNAs were significantly dysregulated 

between the tissues. 
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Table 3-1:List of validated primers of mature miRNAs and their target mRNAs used for 

real-time PCR arrays 
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Table 3-2: The expression pattern of distinct sets of miRNAs† 

 

 

†Summary of expression pattern of specific miRNAs involved in the regulation of lymphocyte 

development and their angiogenic functions in LCM isolated endometrial lymphocytes, 5 

endometrial biopsies, and trophoblasts associated with the arresting conceptus attachment sites 

vs. healthy conceptus attachment sites at gestation day (gd) 20 and gd50. (↓) indicates miRNAs 

that are down-regulated. (↑) indicates miRNAs that are up-regulated. (--) indicates miRNAs that 

did not change or less than ±1.25 fold change. *denotes statistical significance (P<0.05), ND= 

Not detected. 10 
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Table 3-3: The expression pattern of putative mRNA targets† 

 

 

†The expression pattern of putative mRNA targets of miRNAs are summarized here to study 

their regulation in LCM isolated endometrial lymphocytes, endometrial biopsies, and 

trophoblasts from the arresting conceptus attachment sites compared to healthy conceptus 

attachment sites at gestation day (gd) 20 and gd50. (↓) indicates mRNAs that are down-

regulated. (↑) indicates mRNAs that are up-regulated. (--) indicates miRNAs that did not change 

or less than ±1.25 fold change. *denotes statistical significance (P<0.05). 
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Chapter 4                                                                                                      

Exosome mediated intercellular communication at the porcine maternal-fetal 

interface: A new paradigm for conceptus-endometrial cross-talk 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been modified from the original publication: Mallikarjun Bidarimath, Kasra 

Khalaj, Rami T. Kridli, Frederick W. K. Kan, Madhuri Koti, and Chandrakant Tayade. Exosome 

mediated intercellular communication at the porcine maternal-fetal interface: A new paradigm 

for conceptus-endometrial cross-talk. (Scientific Reports, In Revision) 
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4.1 Abstract 

Exosomes are nanovesicles (30-100nm) released from cells and can contain lipids, miRNAs and 

proteins that affect cells at distant sites. Recently, microvesicles containing miRNA have been 

implicated in uterine microenvironment of pigs, a species with unique epitheliochorial 

placentation. Here we report a novel role of conceptus-derived exosomes in embryo-endometrial 

cross-talk during peri-implantation period. We also demonstrate the stimulatory effects of 

exosomes (PTr2-Exo) derived from porcine trophectoderm-cells on various biological processes 

including the proliferation of maternal endothelial cells (PAOEC), a vital process that determines 

pregnancy success. Transmission immuno-electron microscopy confirmed the presence of 

exosomes (~26-100nm) in tissue biopsies, PTr2-Exo and PAOEC-derived exosomes (PAOEC-

Exo). RT-PCR detected 14 select miRNAs in CD63 positive exosomes in which miR-126-5P, 

miR-296-5P, miR-16, and miR-17-5P were the most abundant angiogenic miRNAs. Mass 

spectrometry based proteomic analysis revealed exosomal proteins involved in various biological 

processes including angiogenesis. In-vitro experiments, using two representative cell lines of the 

maternal-fetal interface, demonstrated bidirectional exosome shuttling between PTr2 and 

PAOEC cells. Importantly, these studies support the idea that PTr2-Exo and PAOEC-Exo 

containing select miRNAs and proteins can be successfully delivered to recipient cells and that 

they likely have a biological role in conceptus-endometrial cross-talk crucial for the 

establishment and maintenance of porcine pregnancy.   
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4.2 Introduction 

Exosomes are membrane-bound bioactive nanovesicles (30-100 nm) of multivesicular body 

origin that can be released from the cell surface by exocytosis226,231. Most cell types secrete 

exosomes and often reflect aspects of the physiological state and function of the originating cells, 

including the placenta and endometrium186,187,316. Exosomes can reach bodily fluids, such as 

plasma248, urine249, amniotic fluid250, semen317, milk318, saliva319 as well as uterine luminal fluid 

in sheep247 and pigs252. In addition, the release and content of the exosomes can be influenced by 

the extracellular micro-environment320. The exosomal lipid bilayer is made up of relatively high 

concentrations of cholesterol, sphingomyelin, ceramide and detergent resistant membrane 

domains making these vesicles very stable in the extracellular space321. In addition, exosomes 

possess surface receptors/ligands of the original cells and have the potential to selectively 

interact with specific target cells322. Intracellular pathways can also be regulated by the exosomes 

which can sequester signaling molecules in the cytoplasm either by reducing their bioavailability 

or preventing their packaging and release via exocytosis323. Reports to date provide evidence that 

exosomes contain lipids, proteins, mRNA and numerous small non-coding RNAs (~22 

nucleotides) such as miRNAs186,226,324325. Exosomes can horizontally transfer mRNA and 

miRNAs to other cells. mRNAs can then be translated into functional proteins in the new 

location and miRNAs can exert gene silencing in the recipient cells326,327. For instance, exosomes 

can elicit biological effects, such as increased endothelial cell proliferation and migration at the 

implantation site328,234, that are important for conceptus development in pigs.  

 

Embryo implantation in pigs is a complex process that requires a synchronized reciprocal 

dialogue between a receptive endometrium and developing blastocysts17,329. During the early 

implantation period in pigs (Days 4–15 of pregnancy), the developing conceptus undergoes rapid 



128 

 

morphologic changes (from spherical to tubular to filamentous forms) and migrates freely 

through the entire lumen of the uterus17. During days 15-20 of pregnancy, the initiation of 

porcine placentation is characterized by the expression of a unique repertoire of adhesive 

molecules on the surface of both the trophectoderm and the uterine luminal epithelium enabling 

the firm attachment329. This follows the dramatic change in physiological processes including 

angiogenesis on the endometrial side21. Unlike humans and mice, fetal tissues in pigs do not 

invade the endometrium but, instead, lay in close apposition leading to the establishment of non-

invasive epitheliochorial placenta by days 26-30 of pregnancy7,19. Once established, adhered 

trophoblast-endometrial epithelial bilayer initiates to develop the microscopic folded structure as 

gestation advances to term330,331.  

 

Cellular communication at the maternal-fetal interface during early gestation is crucial and thus 

determines the fate of pregnancy. Successful placentation allows rapid exchange of biomolecules 

between the endometrium and the developing conceptus332. The growing conceptus has to 

communicate with endometrium via angiogenic signals in order to get enough supply of nutrients 

through developing vasculature. In return, cells of the uterine microenvironment could also send 

signals to trophectoderm to influence the growth of conceptus329,333. Two decades ago, electron 

microscopic studies of porcine fetal-maternal interface revealed abundant secretory vesicles that 

were distributed over the microvilli during the peri-implantation period15. However, it was not 

clearly known until the discovery of exosomes that they provide an alternate mode of cell-cell 

communication. It is now well established that exosomes secreted by placental cells can cross the 

maternal side to influence biological functions of the recipient cells316,328,334. However, there is a 

dearth of information on how exosomes, containing numerous biomolecules including miRNAs 
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can migrate bi-directionally to modulate the pregnancy related processes including angiogenesis 

in pigs. We hypothesize that exosomes secreted by trophectoderm can be internalized by the 

endothelial cells of the developing vasculature of the endometrium and vice-versa.  

 

We examined porcine endometrium and the chorioallantoic membrane (CAM) isolated at day 20 

of pregnancy, as well as porcine trophectoderm cells (PTr2) for exosome membrane marker 

protein, CD63. We then harvested and positively identified exosomes released by endometrial 

and CAM tissues as well as PTr2 and porcine aortic endothelial cells (PAOEC) using CD63 

marker and size analysis. Further, we profiled 14 selected miRNAs present in PTr2 and PAOEC 

cells and their exosomes. Mass spectrometry based analysis identified the proteins present in the 

exosomes and studied their implications in signaling pathways relevant to early events in porcine 

pregnancy.  Importantly, we demonstrated the shuttling of PTr2-Exo into PAOECs and vice-

versa. Finally, we assessed the effect of PTr2-Exo on endothelial cell proliferation and vice-

versa. The present study provides novel insights into the current understanding of embryo-

endometrial communication in a unique non-invasive placental type seen in pigs. 
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4.3 Materials and Methods 

4.3.1 Endometrial and chorioallantoic membrane tissue collection 

This study was approved and conducted in accordance with the recommendation by the Animal 

Care Committee of the University of Guelph (Animal Utilization Protocol Number 10R061). 

Endometrial and CAM tissues were collected as previously described193. Briefly, the 

reproductive tracts were collected immediately after euthanizing sows on gestation day 20 at the 

University of Guelph abattoir. All conceptuses were exposed for visual examination. 

Endometrial and CAM tissues were collected and formalin fixed and paraffin embedded for 

downstream applications. Similarly, tissues were also collected for transmission electron 

microscopy.   

 

4.3.2 Cell culture 

Porcine trophectoderm cells (PTr2) were kindly provided by Dr. Laurie A. Jaeger, College of 

Veterinary Medicine, Purdue University. PTr2 cells were established from a dispersed cell 

culture of day 12, filamentous conceptus obtained from pigs. These cells have been characterized 

for SN1/38 positive, cytokeratin positive, vimentin negative, express fibronectin and many of the 

integrin subunits present in porcine trophectoderm in vivo. These also express ER alpha and PR 

via immunocytochemistry. Detailed isolation methods have been published335. Briefly, PTr2 

cells were maintained in special medium containing Phenol Red-free, DMEM-F12 (21041-025), 

charcoal stripped sFBS (5%; F6765, Sigma-Aldrich, St. Louis, MO, USA), bovine insulin (0.1 

Units/mL; 10516; Sigma-Aldrich, St. Louis, MO, USA), glutamine (1X; i.e., 2mM), Penicillin-

streptomycin (1X). Porcine aortic endothelial cells (PAOEC) were purchased from Cell 

Applications, Inc., San Diego, CA, USA. PAOEC’s were maintained according to 
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manufacturer’s instructions using porcine endothelial cell medium (P211-500) and subcultured 

using subculture reagent kit (090K; Cell Applications, Inc., San Diego, CA, USA). Supernatant 

from both the PTr2 and PAOEC cultures was collected for exosome isolation.  

 

4.3.3 Isolation of exosomes from culture supernatants 

Exosomes were isolated from the supernatant of both the PTr2 and PAOEC cell lines according 

to the combination of methods from  Thery et al. 336 and using miRCURY exosome isolation kit 

(300102; Exiqon, inc. Woburn, MA, USA). Briefly, culture supernatants were harvested and 

sequentially centrifuged at 4°C at 300 x g for 10 min, 2000 x g for 10 min, and 10 000 x g for 30 

min. This serial centrifugation step was used to eliminate cells, dead cells, and cell debris. The 

supernatants were filtered through a 0.22 µm filter and subsequently ultracentrifuged at 100 000 

x g for 70 min at 4°C and the top 2/3 portion of supernatant was discarded. The remaining 1/3rd 

portion was pooled and 2 mL of precipitation buffer was added to every 10 mL of supernatant 

and allowed to incubate overnight at 4°C. The supernatant was centrifuged at 20°C at 3200 x g 

for 30 min to pellet exosomes. The exosome pellet was resuspended in 200 µL of resuspension 

buffer. The total protein concentration of purified exosomes was determined using a Pierce BCA 

protein assay kit (23225; Life Technologies Inc. Burlington, ON, Canada).   

 

4.3.4 Transmission electron microscopy on endometrial and fetal tissues 

To assess the presence of exosomes in the endometrium and CAM, a standard TEM procedure 

was used. Briefly, tissues were dehydrated in alcohol, embedded in epoxy resin, ultrasectioned, 

transferred to 300-mesh Formvar coated nickel grids (Electron Microscopy Sciences) and stained 

using 4% uranyl acetate and lead citrate according to previously published methods337. The grids 
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were subsequently observed using a JEM-1010 transmission electron microscope (Jeol, Korea) at 

100 kV. Images were obtained and processed using Gatan Microscopy Suite (GMS) 3 Software 

(Gatan, Inc. Pleasanton, CA, USA).  

 

4.3.5 Immunoelectron microscopy analysis of exosomes 

Exosomes isolated from PTr2 and PAOEC supernatants were mixed with equal quantities of 

freshly prepared 4% paraformaldehyde for 20 min. Samples were washed using PBS, pelleted by 

ultracentrifugation and then fixed in 2% glutaraldehyde for 5 min. After fixation, exosomes were 

resuspended in PBS and 5 µL of the sample was transferred to 300-mesh Formvar coated nickel 

grids. The sample was allowed to settle by incubating at room temperature (RT) for 20 min. 

Grids were stained using 4% saturated aqueous uranyl acetate and lead citrate for approximately 

10 min. The prepared grids were examined under a Hitachi H-7000 transmission electron 

microscope system (Hitachi High-Technologies) operated at 80 kV. 

 

Immunogold labelling of CD63 was performed using a rabbit polyclonal IgG (sc-15363; Santa 

Cruz Biotechnology, Inc. Dallas, TX, USA) reactive against pigs. CD63 exosome samples were 

fixed using 4% paraformaldehyde as previously described and loaded onto 300-mesh Formvar 

coated nickel grids and allowed to settle for 20 min at RT. Exosome bearing grids were blocked 

with 5% bovine serum albumin in PBS and subsequently incubated with anti-CD63 for 30 min at 

37°C. The grids were then incubated with goat anti-rabbit CD63 immunoglobulin G, pAb 

conjugated to 12-nm colloidal gold particles (H&L EM grade; Jackson ImmunoResearch 

laboratories, Inc. West Grove, PA, USA). Immunolabelled exosomes were then postfixed with 

2% glutaraldehyde in PBS for 30 min at RT. The grids were negatively stained with 4% uranyl 
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acetate. Control grids were treated with PBS instead of primary antibody and samples were 

examined under a Hitachi H-7000 TEM. Exosomes visualized under microscope were subjected 

to morphometric analysis. The size and specificity of the CD63 positive exosomes were 

performed on electron micrographs using ImageJ software (National Institute of Health, 

Bethesda, MD, USA).  

 

4.3.6 Western blot analysis 

Total protein was isolated from PTr2 and PAOEC cells as well as their secreted exosomes using 

Total exosome RNA and protein isolation kit (#4478545; Life Technologies Inc. Burlington, 

ON, Canada). Briefly, exosomal pellets as well as freshly harvested cells (5 X 105) were treated 

with 100-625 µL of ice-cold resuspension buffer. The cell lysate was vortexed and passed 

through 26 gauze needle and incubated on ice for 5-10 minutes to ensure complete cell lysis. 

Proteins were separated on 4-20% pre-cast mini-PROTEAN TGX gels (Bio-Rad Laboratories, 

Mississauga, ON, Canada) and separated at 140 V for 1 h. The proteins were transferred onto 

PVDF membranes (Bio-Rad Laboratories, Mississauga, ON, Canada). Blots were incubated at 

4°C overnight with anti-pig CD63 rabbit polyclonal IgG at a concentration of 1:100. This was 

followed by incubation with secondary antibody (Goat anti-rabbit IgG H&L (HRP), ab97051, 

1:10000). Chemiluminescence detection was performed using Bio-Rad Immun-Star Clarity 

Chemiluminescent kit (Bio-Rad Laboratories, Mississauga, ON, Canada). The X-ray films were 

analyzed using Image J software (NIH, Bethesda, MD, USA) to obtain densitometry values.     
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4.3.7 Total RNA extraction and purification 

Total RNA including miRNA from PTr2 and PAOEC cells was extracted using a Total RNA 

extraction kit (Norgen BioTek Corp, Thorold, ON, Canada). Total RNA within exosomes was 

isolated using a Total exosome RNA and protein isolation kit (#4478545; Life Technologies Inc. 

Burlington, ON, Canada) according to manufacturer’s instructions. The concentration and purity 

of isolated total RNA was assessed using a Nanodrop 2000C UV-Vis Spectrophotometer 

(Thermo Scientific, Wilmington, DE, USA) and RNA stored at -80°C until further use.  

 

4.3.8 Real-time PCR analysis 

Real-time PCR for selected miRNAs was carried out using Qiagen miRNA Assays in a 

LightCycler real-time PCR system (LightCycler, LC480 II, Roche Diagnostics, Laval, QC, 

Canada) according to manufacturer’s instructions. Briefly, miRNAs present in the total RNA 

samples were reverse transcribed using miscript II RT kit (Qiagen, Mississauga, ON, Canada). 

The resultant cDNA was assessed for the concentration and purity using Nanodrop 2000C UV-

Vis Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and stored at -20°C until 

required. miRNA expression was measured relative to RNU1A reference genes. RNU1A is wet 

bench validated for PCR assays and its stable expression in porcine tissues has been documented 

previously. The focus of this investigation was to study the miRNAs that are involved in 

regulating the angiogenesis and therefore we conducted an extensive literature search which 

allowed us to list out 14 miRNAs for further investigation. The select miRNAs include: miR-16, 

miR-17-5P, miR-150, miR-20b, miR-155-5P, miR-15b, miR-222, miR-221-5P, let-7f, miR-20a, 

miR-126-5P, miR-296-3P, miR-181a-1, miR-181c-1. Porcine specific primer assays for selected 

miRNAs were custom designed using sequences available in the miRBase database288–290 version 
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19 (http://www.mirbase.org) and ordered from Qiagen (Qiagen, Mississauga, ON, Canada). The 

mature miRNA ID and accession numbers are listed in Table 4-1. A melt curve analysis was 

conducted as an additional quality control after running each PCR plate. 

  

4.3.9 Immunofluorescence 

Formalin-fixed and paraffin-embedded porcine endometrial and CAM biopsies obtained at day 

20 of gestation were sectioned (5 µm) and mounted on glass slides. CD63 immunofluorescence 

was performed as per the standard immunofluorescence protocol. Briefly, sections were 

deparaffinized, rehydrated, CD63 antigen was retrieved using 10 mM sodium citrate pH 6.0 at 

95°C for 30 min. Sections were blocked using 2% bovine serum albumin and then slides were 

incubated with primary antibody (CD63; rabbit polyclonal IgG; sc-15363; Santa Cruz 

Biotechnology, Inc. Dallas, TX, USA) overnight at 4°C. Secondary antibody, donkey anti-rabbit 

IgG H&L (Alexafluor® 594; ab150076; 1:10000) was applied and incubated for 1 hr at room 

temperature in the dark. After washing with PBS, slides were mounted with Prolong® Gold 

Antifade Reagent with DAPI (#8961; Thermofisher Scientific, Inc. Carlsbad, CA, USA). The 

slides were examined by epifluorescence microscopy and photographed with an AxioCam-

equipped M1 imager (Zeiss, Toronto, ON, Canada) with Axiovision 4.8 software. 

 

4.3.10 Immunocytochemistry  

PTr2 cells were grown on coverslips for 24 hrs, fixed with 100% methanol (chilled at -20°C) at 

RT for 5 min followed by an ice-cold PBS wash three times for 5 min. Samples were 

permeabilized using PBS containing 0.1% Triton X-100 and washed with PBS three times for 5 

min. Cells were blocked using 1% BSA, 22.52 mg/mL glycine in PBST (PBS+ 0.1% Tween 20) 

http://www.mirbase.org/
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for 30 min and then incubated with diluted primary antibody (1:100; CD63, rabbit polyclonal 

IgG; sc-15363; Santa Cruz Biotechnology, Inc. Dallas, TX, USA) in 1% BSA in PBST in a 

humidified chamber overnight at 4°C. Cells were washed with PBS and secondary antibody was 

applied at a concentration of 1:10000. Slides were mounted with Prolong® Gold Antifade 

Reagent with DAPI and observed and photographed using epifluorescence microscopy and 

Axiovision 4.8 software.  

 

4.3.11 Proteomic analysis of exosomes by mass spectrometry 

Total protein from PAOEC and PTr2 cell derived exosomes was extracted using a Total exosome 

protein isolation kit (#4478545; Life Technologies Inc. Burlington, ON, Canada) according to 

manufacturer’s instructions. The sample was desalted with a dialysis in 10 mM ammonium 

bicarbonate solution and subsequently digested with trypsin (20 µg) at 37°C for 18 h. The 

peptide mixture was further analyzed by Liquid Chromotagraphy (LC)/Mass Spectrometry (MS) 

LC-MS/MS on a nLC-Orbitrap Velos Pro (Thermo Scientific) and MS/MS spectra were 

collected. The data were searched using Thermo Proteome Discoverer 1.4.0.288.  

 

4.3.12 Exosome proteome functional analysis 

MS/MS identified proteins were analyzed by PANTHER (Protein Analysis Through 

Evolutionary Relationships; http:// www.pantherdb.org). This software specialized in predictions 

and classification of proteins in order to facilitate high-throughput analysis. Using this software, 

the classified proteins were further classified according to their biological and molecular 

function. Protein IDs were also subjected to functional classification using available protein 

database as a background. This process yielded families and subfamilies of proteins that were 

http://www.pantherdb.org/
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annotated with ontology terms and sequences were assigned to PANTHER pathways and cell 

signaling pathways.  

 

4.3.13 Shuttling assays using confocal microscopy 

Shuttling and internalization of exosomes was performed using confocal microscopy. Briefly, 

freshly harvested exosomes derived from either PAOEC or PTr2 were stained with CM-Dil 

(CellTracker, C7000), a fluorescent dye that labels the plasma membrane, according to the 

manufacturer’s instructions. Next, fluorescently-labelled exosomes (20 µg) were diluted in 

respective medium and were added into either PTr2 or PAOEC cell cultures grown on coverslips 

in 6 well cell culture plates. Control well received PBS and cell culture medium without 

exosomes. At the indicated time points (6 hrs and 12 hrs), cells were fixed with 100% methanol 

(chilled at -20°C) at RT for 5 min followed by ice-cold PBS wash three times for 5 min. To stain 

the cytoplasm, CellTrackerTM Green BODIFY® dye (1:1000) was added to the cells and allowed 

to incubate at 37°C for 30 min. Control wells received everything (PBS and DMSO) except 

fluorescently-labelled exosomes. Cells were briefly washed and coverslips were mounted with 

Prolong® Gold Antifade Reagent with DAPI. After 2 mins, the coverslips were examined under a 

confocal microscope and images were acquired for further processing with ImageJ software.  

 

4.3.14 Cell proliferation assays 

PAOEC and PTr2 cells were cultured at 1.25X104 cells/well in two separate 96 well plates for 24 

hrs. Each well was treated in triplicates with varying concentrations of exosomes (5, 10, and 20 

µg/mL) derived from either PTr2 or PAOEC with PBS as control. After treating the wells with 

exosomal preparations, the rest of the wells were filled with medium to make up the volume to 
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100 µL. Plates were allowed to incubate in humidified chamber at 37°C for 24 hours. 10 µL of 

WST-1 reagent was added to each well and incubated for 2 hrs at 37°C. Absorbance in each plate 

was measured using microtitre plate reader at 450-690 nm with the reference wavelength of ~ 

650 nm.  
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4.3.15 Statistical Analysis 

miRNA PCR data were analyzed using the ∆∆Ct method; gene expression levels of each miRNA 

were measured against RNU1A as a reference gene. Data are presented as mean ± SEM (n = 5 

for each miRNA expression analysis). Comparison between multiple groups in the cell 

proliferation data was performed by means of analysis of variance (ANOVA) using GraphPad 

Prism 6.01 (GraphPad Software, La Jolla, CA, USA). If ANOVA demonstrated a significant 

interaction between variables, post hoc analyses were performed by the multiple-comparison 

Bonferroni correction test. P ≤ 0.05 value between groups was considered to be statistically 

significant. All experiments were conducted three times and in triplicate (i.e. biological 

replicates).  
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4.4 Results 

4.4.1 Exosomes are present and secreted by the porcine endometrium as well as 

chorioallantoic membrane 

We first investigated whether porcine endometrium and CAM could release exosomes into the 

extracellular space. As shown in the Fig. 4-1a-b, transmission electron microscopy revealed the 

presence of exosomes in the extracellular space of endometrium. Similarly, ultrathin sections of 

CAM (Fig. 4-1c-d) revealed the presence of exosomes lying in close proximity to the cell 

membrane with a round to cup shaped morphology and presence of a clear exosomal membrane. 

Most exosomes were in the 36- to 147- nm range.   

 

4.4.2 Characterization of exosomes derived from PTr2 and PAOEC cells 

To determine whether PTr2 and PAOEC cells can secrete exosomes, we isolated exosomes from 

the cell supernatants and examined these via transmission electron microscopy. The diameter of 

exosomes released by PTr2 (Fig. 4-2a) was found to be in the range of 26- to 125- nm with an 

average diameter of 86 ± 21 nm (Fig. 4-2b) and the diameter of exosomes from PAOEC (Fig. 4-

2c) was in the range of 26- to 150- nm with an average diameter of 99 ± 26 nm (Fig. 4-2d). 

Because exosomes are known to express CD63, a well characterized exosomal protein marker338, 

we performed CD63 immunolabelling on PTr2 derived exosomes. Morphometric analysis of 

isolated exosomes showed that CD63 was expressed on the membrane (Appendix F). As shown 

in Fig. 4-2e and 4-2f, Western blotting detected CD63 at appropriate molecular weight in the 

exosomal fraction as well as cellular fraction derived from both the PTr2 and PAOEC, 

respectively (See also Appendix G).  
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4.4.3 Porcine endometrium, chorioallantoic membrane and PTr2 cells express CD63, 

exosomal protein marker 

We performed CD63 immunofluorescence on formalin-fixed and paraffin-embedded porcine 

endometrial (Fig. 4-3a-c) and CAM (Fig. 4-3d-f) biopsies obtained at day 20 of gestation. CD63 

localized in the cytoplasm/cell membrane of CAM, indicating that placenta may secrete 

exosomes. After demonstrating the presence of CD63 expression in vivo, we further investigated 

whether PTr2 cells express CD63 in vitro using immunocytochemistry. Our results confirm the 

expression of CD63 protein by the PTr2 cells (Appendix H).  

 

4.4.4 PTr2 and PAOEC derived exosomes carry miRNA cargo 

To investigate the possibility of miRNAs presence in the exosomes released by the PTr2 and 

PAOEC cells, we performed target profiling of 14 miRNAs regulating angiogenesis and other 

physiological processes associated with placental development, using real-time PCR in both cell 

types and the exosomes. PTr2 expressed all 14 miRNAs including miR-16, miR-17-5P, miR-

15b, let-7f, and miR-20a that were relatively abundant (Fig. 4-4a). We also found that PAOEC 

expressed all miRNAs. Among these, miR-16, miR-17-5P, let-7f, miR-126-5P, and miR-296-5P 

were relatively abundant (Fig. 4-4b). After establishing the presence of miRNAs in the parent 

cells, we investigated whether exosomes released by these cell types contain the same miRNAs 

in a proportional concentration. PTr2 derived exosomes contain all 14 miRNAs; however, only 

miR-126-5P was relatively abundant compared to all other miRNAs (Fig. 4-4c). To our surprise, 

PAOEC derived exosomes only contained 10 out of 14 miRNAs, with miR-126-5P being 

relatively abundant. miR-155-5P, miR-221-5P, let-7f, and miR-181c-1 were either absent or not 

detectable in our samples (Fig. 4-4d). 
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4.4.5 Proteomic analysis of PTr2 and PAOEC derived exosomes 

LCMS-MS/MS identified an average of 187 proteins in PTr2 derived exosomes and 150 proteins 

in PAOEC derived exosomes (Appendix I). The list of peptides from both PTr2 and PAOEC 

were subjected to gene ontology and pathway analysis using PANTHER and Gene ontology 

algorithms and subsequently classified based on biological process (PTr2: Fig. 4-5a and PAOEC: 

Fig. 4-5b) and molecular function (PTr2: Fig. 4-5c and PAOEC: Fig. 4-5d). In the biological 

process, the most clusters identified in PTr2 exosomes were: cellular component organization, 

cellular process, developmental process, metabolic process and protein localization on cell 

membrane (Fig. 4-5a). In PAOEC derived exosomes, similar clusters were identified but the 

enrichment was varied (Fig. 4-5b). Molecular functions of proteins enriched in PTr2 exosomes 

including binding, catalytic activity, enzymatic activity, receptor and transport activity (Fig. 4-

5c). Proteins present in PAOEC exosomes were involved in similar activities as PTr2 exosomes 

but the levels of enrichment were different (Fig. 4-5d). Finally, PANTHER pathway analysis 

provided potential pathways that are regulated by the proteins present in exosomes (Appendix J). 

Out of these, the 23 most relevant pathways from PTr2 exosome group as well as PAOEC 

exosome group were chosen in order to determine the similarity between the functions of 

exosomes secreted by two different cell types. Surprisingly, out of 10 common pathways, 

angiogenesis, VEGF signaling, inflammation pathway mediated by chemokines, T and B cell 

activation, Wnt and integrin signaling were the prominent pathways that are regulated by the 

proteins that are enriched in both PTr2 and PAOEC exosomes.  
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4.4.6 In vitro model of bidirectional trophoblast-endothelial cell communication  

To demonstrate functional miRNA-containing exosomal transfer between trophoblasts and 

endothelial cells, we employed an in vitro model system using PTr2 and PAOEC. To confirm the 

possibility of this system serving as an in vitro model of cell-to-cell communication via 

exosomes, we first examined the transfer of PTr2 derived exosomes to PAOECs in a time 

dependent manner (Fig. 4-6). We treated the PAOECs grown in a 6-well cell culture plate in 

triplicates with 20 µg/mL of fluorescently labelled PTr2-derived exosomes and allowed them to 

incubate at 37°C for 6 hrs (Fig. 4-6a-d). Time dependent uptake of exosomes was determined by 

incubating the culture dish for 12 hrs. (Fig. 4-6e-h). PTr2 derived exosomes were successfully 

internalized by the endothelial cells in a time dependent manner. Relative fluorescence emitted 

by the exosomes was used to calculate the concentration of exosomal uptake (Fig. 4-6m). Our 

data suggest that there was a slight increase in the relative fluorescence indicating an increased 

uptake over a period of time. 

 

To test whether our observation with PAOECs occurs in reverse direction, we treated the PTr2 

cells with a 20 µg/mL of fluorescently labelled PAOEC-derived exosomes and allowed it to 

incubate at 37°C for 6 hrs (Fig. 4-7a-d) and 12 hrs (Fig. 4-7e-h) as previously described. As 

expected, PTr2 cells were able to internalize PAOEC derived exosomes. However, when we 

compared the concentration of exosomal uptake between 6 hrs and 12 hrs, there was a slight 

decrease in the relative fluorescence indicating the disappearance of exosomes in PTr2 cells over 

a period of time (Fig. 4-7m). 
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4.4.7 PTr2 derived exosomes promote endothelial cell proliferation 

WST-1 cell proliferation assays were used as a standard endpoint to assess the proliferative 

effect of PTr2 derived exosomes. We treated PAOECs grown in a 6-well cell culture plate with 

different concentrations (5, 10 or 20 µg protein/mL) of PTr2 derived exosomes and allowed them 

to incubate at 37°C for 24 hrs. PTr2 derived exosomes significantly increased PAOEC 

proliferation in a dose-dependent manner (p<0.05, n = 5; Fig. 4-8a). PAOECs treated with 20 

µg/mL of PTr2 derived exosomes had significantly higher proliferation compared to PAOECs 

that were treated with 5 and 10 µg/mL of exosomes (p<0.05). Similarly, PAOECs treated with 

10 µg/mL of PTr2 derived exosomes had significantly higher proliferation compared to PAOECs 

that were treated with 5 µg/mL of exosomes (p<0.05).  

 

We then investigated the effect of PAOEC derived exosomes on PTr2 cell proliferation at 

different concentrations (5, 10 or 20 µg protein/mL). Surprisingly, PAOEC derived exosomes at 

different concentrations had no significant effect on the proliferation of PTr2 cells (p>0.05, n = 

5; Fig. 4-8b).   
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4.5 Discussion 

Recognition and maintenance of pregnancy depend on coordinated and precisely regulated 

cellular and molecular processes resulting in endometrial growth, conceptus development, 

implantation, and placenta formation that are accompanied by the establishment of unique 

conceptus-endometrial cross talk17. Recently, exosomes have been shown to be vesicles of great 

potential that can participate in and facilitate embryo-uterine cross talk. Transfer of genetic 

material and proteins between cells at a distant site via exosomes/microvesicles is relatively new 

concept for cell-cell communication190. Therefore, we aimed to characterize and investigate the 

role of exosomes secreted by porcine endometrium and CAM/placenta in vivo as well as PAOEC 

and PTr2 cells in vitro. The current study sheds new light on the physiological relevance of 

secretory genomic information by exosomes, and reconfirms exosomes to be new mediators of 

intercellular signaling during embryo-uterine dialogue.  

 

Here, for the first time, we 1) positively identified that exosomes are present in the endometrium 

and CAM as well as in the cell supernatants of PAOECs and PTr2 cell lines; 2) confirmed the 

validity of these nanovesicles as exosomes by the presence of known surface marker, CD63 and 

size analysis; 3) showed that exosomes contain miRNAs that can potentially regulate 

angiogenesis which is an important process in peri-attachment period; 4) further identified 

numerous proteins present in the exosomes and studied their involvement in various signaling 

pathways; 5) demonstrated that exosomes derived from PTr2 can be shuttled into PAOEC and 

vice versa and 6) examined the effects of exosome derived from PTr2 on PAOEC cell 

proliferation and vice versa.  
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A classical approach to any experiment seeking to determine the physiological or 

pathophysiological role of exosomes is their specific isolation and characterization. Methods 

have already been established to accurately characterize exosomes in any biological tissues or 

fluids336. Those methods are primarily based on presence of known surface markers and particle 

size. According to classification, exosomes are nanovesicles with a diameter of 30-100 nm and 

express characteristic membrane surface markers such as CD9, CD63 and CD81 along with heat 

shock proteins HSP70 and HSP90. Many studies involving humans186, mice339, and other 

domesticated animals of agricultural importance, including pigs340, have confirmed the presence 

of exosomes in various reproductive tissues. Very relevant to our study, we wanted to reconfirm 

the presence of exosomes in the endometrium and CAM. As a first approach, using TEM, we 

were able to appreciate the presence of exosomes in the extracellular space of endometrial biopsy 

and in the close vicinity of chorionic villi. Due to unavailability of pig specific exosome markers 

such as CD9 and CD81, testing CD63 expression in our tissues was the only feasible option. 

Nevertheless, both the endometrium (luminal epithelial layer) and the CAM expressed CD63, 

both intracellularly and along the cell surface. CD63 is primarily expressed on monocytes, 

macrophages, and activated platelets, and is also weakly expressed on granulocytes, T cell and B 

cells. However, using immunocytochemistry we confirmed the specific expression of CD63 in 

the representative porcine placental cell line, PTr2. Most studies to date have been conducted in 

vitro and with cell lines due to the requirement of large numbers of cells or large volume of body 

fluids to isolate sufficient pure exosomes for experimentation. Due to the focus of our 

investigation, we decided to use two representative cell lines, PTr2 (representing the fetal side) 

and PAOEC (representing the endometrial vasculature). We isolated exosomes from the cell 

supernatants of PTr2 and PAOEC using a modified differential centrifugation and miRCURY 
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exosome isolation kits. This method provided us with sufficient exosomes to use in all 

downstream applications. Using TEM, we confirmed the negatively stained exosomes and 

particle size analysis revealed PTr2 and PAOEC cell derived exosomal pellet consisting mostly 

of exosomes; however, a few traces of microvesicles (100-200 nm) were found. Immunogold 

labelling of the PTr2 derived exosomes specifically identified CD63 molecule on the 

characteristic exosomal membrane. Finally, the detection of CD63 protein in the cells and their 

exosomes by Western blot analysis supports and confirms our other findings in the present study.    

 

Recent studies involving cell-cell communication via exosomes have mostly focused on the 

content and their exchange between the distant cells to aid in transfer of signals334. Exosomes are 

now known to contain lipids, proteins, and numerous RNA species including mRNA and 

miRNAs. These biomolecules have been shown to transfer from the cell of origin to adjacent or 

distant cells and influence biological functions of the recipient cells. Since Valadi et al. 2007 

demonstrated the presence of miRNAs in exosomes, there has been growing interest in the role 

of exosomal miRNAs in cell-cell communication226. We sought to determine whether the 

miRNAs from our list (pro- and anti-angiogenic miRNAs) were present in the representative cell 

lines and exosomes derived from them. Presence of pro- and anti-angiogenic miRNAs was quite 

obvious in the PAOEC cells but to our surprise, the same set of miRNAs was also present in the 

PTr2 cells. In addition, exosomes released by PTr2 also contain these miRNAs including the 

relatively abundant pro-angiogenic miR-126-5P. These findings give us a clue that they also 

have a potential to participate in the regulation of placental angiogenesis. However, a few 

miRNAs such as miR-155, miR-221, let-7f, miR-181C-1 were not detected in the exosomes 

released by PAOEC and we are unable to speculate about their absence.  
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Like miRNAs, protein trafficking between cells can also influence translation in recipient cells. 

The type and concentration of protein present in the exosome is highly dependent on the cell type 

and pre-conditioning324. One of the first studies to characterize the exosomal proteome was from 

mesothelioma cells, in which only 38 proteins of various types were identified. Studies involving 

isolation of exosomes from a human first trimester trophoblast cell line341 and placental 

mesenchymal stem cells234 identified numerous proteins that are involved in various processes 

including: cellular processes, developmental processes, immune system regulation, reproduction, 

localization, apoptosis, biological adhesion, cellular binding, receptor and enzymatic activity. 

These studies support our exosome proteomic results. Furthermore, our study identified various 

signaling pathways including angiogenesis and VEGF signaling pathways that are very relevant 

to early events during porcine placentation. Overall, our study provides the first extensive 

proteomic analysis of exosomes derived from PTr2 and PAOEC cells, potentially shedding light 

on the influence of PTr2 derived exosomes on placental angiogenesis as well as sharing signaling 

pathways with endothelial cells in endometrial vasculature.    

 

After investigating the content and potential functions that may be regulated by exosomes, we 

further evaluated whether miRNAs and protein loaded exosomes can be transferred to recipient 

cells. In order to test this hypothesis, we established an in vitro model of bidirectional 

trophoblast-endothelial cell communication. The biological processes in the recipient cells are 

influenced by exosomes released by the cell of origin and its surrounding conditions. Currently, 

exosomes are thought to fuse with the plasma membrane of the recipient cell and release their 

contents into the target cell. Previous studies have proposed a mechanism that there is binding at 

the cell surface via surface receptors236, or that internalization of exosomes is by endocytosis342. 



149 

 

In our study, PTr2 derived exosomes were successfully internalized by PAOEC and vice versa. 

There was increased exosomal uptake by PAOECs over a period of time; however, the exosomal 

uptake by PTr2 cells was decreased or not detectable by 12 hrs. We speculate that exosomes may 

have been unpackaged or dissociated to release their content in PTr2 cells.  

 

Finally, we assessed the effect of exosomes on the recipient cells and their functions. Our 

miRNA and protein data as well as the bioinformatics approach point out many signaling 

pathways. Cell proliferation is the final functional outcome of multiple signaling pathways. We 

treated the PAOECs with exosomes derived from PTr2 and vice versa. PTr2 derived exosomes 

were able to stimulate PAOEC proliferation in vitro. Importantly, these findings support the idea 

that exosome containing miRNA and proteins can elicit a biological response in the recipient 

cells leading to increased proliferation which is crucial during peri-implantation period. We 

were, however, unable to assign specific miRNAs or proteins involved in potentiation of 

proliferation. Future studies should be conducted by labelling specific miRNAs based on their 

abundance in exosomes to determine specific function. 

 

In summary, this study supports the notion that exosomes are present at the porcine maternal-

fetal interface, contain specific miRNAs and several important proteins, and are capable of 

successfully delivering their cargo in vitro. Additionally, identification of specific miRNAs and 

proteins have enabled bioinformatic identification of pathways that could be influenced if the 

exosomes are taken up by the endothelial cells or trophectoderm at the time of implantation. 

Finally, the biological relevance of exosomal transfer has been demonstrated by increased 

endothelial cell proliferation. Taken together, this study provides critical insight into cell-cell 
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communication at the porcine maternal-fetal interface that aids in successful conceptus-

endometrial cross talk.  
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Figure 4-1: Ultrastructure of exosomes at the porcine maternal-fetal interface. 

 

Exosomes released by porcine endometrium and chorioallantoic membrane (CAM) were 

identified by transmission electron microscopy (TEM) on representative ultrathin sections. (a-d) 

Endometrial and CAM biopsies were isolated from the conceptus attachment site at gestation day 

20. TEM revealed vesicles of size in the range of approximately 50 – 150 nm, consistent with 

exosomes/microvesicles in both the endometrium and CAM. Endometrial exosomes (black 

arrows) appear to be localized in the extracellular space (a-b) while exosomes (black arrows) in 

CAM are localized in the close proximity of cell membrane (d). Data are derived from three 

independent experiments. Scale bar: 500 nm.  

 

 

 

 

 

 



154 

 

 

 



155 

 

Figure 4-2: Characterization of exosomes isolated from culture supernatants of PTr2 and 

PAOEC cells. 

Characterization of PTr2 and PAOEC derived exosomes a) Transmission electron microscopy 

(TEM) of PTr2 derived exosomal pellets that are negatively stained with uranyl acetate and lead 

citrate. b) Histogram of the number of isolated PTr2 derived exosomes according to their 

diameters. The Y axis shows the relative number of vesicles (%), and the x axis shows the 

vesicle diameter (nm). The size of exosomes was approximately in the range of 26- to 125- nm 

(diameter [mean ± SD], 86 ± 21 nm). c) TEM analysis of PAOEC derived exosomes. d) PAOEC 

derived exosomes measured approximately in the range of 26- to 150- nm (diameter [mean ± 

SD], 99 ± 26 nm). Total number of vesicles counted in each experiment was 160. e) Western 

blotting detected CD63, exosomal marker, in the exosomal fraction as well as cellular fraction 

derived from both the PTr2 and PAOEC (f; cropped blots are displayed), respectively. (See also 

full-length blots in the supplementary figure S4) Data are derived from three independent 

experiments. Scale bar = 200 nm. 
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Figure 4-3: Porcine endometrium and CAM expresses CD63, a well characterized exosomal 

marker. 

 

CD63 immunoflourescence on formalin-fixed, paraffin-embedded porcine endometrial (a-c) and 

CAM (d-f) biopsies isolated at day 20 of gestation. Nuclei are stained with DAPI (blue; a, d and 

g), CD63 is stained with Anti-Rabbit CD63, reactive against pig (Red; b, e and h) followed by 

merge (c, f and i) to demonstrate its localization.  *Endometrial stroma; LE: luminal epithelial 

layer of the uterus; Tr: Trophoblast, Magnification: 400X.  
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Figure 4-4: PTr2 and PAOEC derived exosomes contain miRNAs. 

miRNA profiling of PTr2 and PAOEC derived exosomes a) Real-time PCR confirmed the 

expression of literature curated 14 miRNAs that are involved in angiogenesis regulation. In PTr2 

cells, miR-16, miR-17-5P, miR-15b, let-7f, and miR-20a were relatively abundant. b) PAOEC 

cells also expressed all miRNAs. Among these, miR-16, miR-17-5P, let-7f, miR-126-5P, and 

miR-296-5P were relatively abundant. c) PTr2 derived exosomes contain all 14 miRNAs; 

however, only miR-126-5P was relatively abundant compared to all other miRNAs. d) PAOEC 

derived exosomes only contained 10 out of 14 miRNAs with miR-126-5P being relatively 

abundant. miR-155-5P, miR-221-5P, let-7f, and miR-181c-1 were either absent or not detectable 

in the samples. Relative levels of miRNA expression normalized to RNU1A levels and data are 

presented as mean ± SEM. Data is derived from three independent experiments; n = 5.   
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Figure 4-5: Analysis of PTr2 and PAOEC derived-exosomal proteins identified by mass 

spectrometry using PANTHER software. 

Exosomal proteins isolated from PTr2 and PAOEC cell supernatants were subjected to ontology 

and pathway analysis using PANTHER and Gene ontology algorithms and subsequently 

classified based on their a) Biological Process and b) Molecular function.  
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Figure 4-6: In vitro model of trophoblast-endothelial cell communication. 

In vitro model of cell to cell communication. a-l) In vitro transfer system using PTr2 cells as 

donors and PAOEC cells as recipients. Exosomes were isolated from culture supernatants of 

PTr2 cells. PTr2 derived fluorescently labelled exosomes (20 µg/mL) were then added to 

PAOECs grown in a 6-well cell culture plate and allowed to incubate at 37°C for 6 hrs (a-d) and 

12 hrs (e-h) in two sets experiments. PTr2 derived exosomes were successfully internalized by 

the endothelial cells in a time dependent manner. Relative fluorescence emitted by the exosomes 

was calculated in order to measure the concentration of exosomal uptake. There was a slight 

increase in the relative fluorescence indicating the increased uptake over a period of time (m). 

Nuclei are stained with DAPI (blue; a, e and i), cytoplasm is stained with CellTrackerTM Green 

BODIFY® dye (Green; b, f and j), exosomes were labelled with CM-Dil (CellTracker, C7000; 

Red; c, g and k) and followed by merge (d, h and l) to demonstrate their localization in the cells. 

Negative control received everything except fluorescently labelled exosomes. Data are derived 

from three independent experiments. 
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Figure 4-7: In vitro model of endothelial-trophoblast cell communication. 

In vitro model of cell to cell communication. a-l) In vitro uptake of PAOEC derived exosomes 

by PTr2 cells in a time dependent manner. PAOEC derived fluorescently labelled exosomes (20 

µg/mL) were then added to PTr2 cells grown in a 6-well cell culture plate and allowed to 

incubate at 37°C for 6 hrs (a-d) and 12 hrs (e-h) in two sets experiments. PTr2 cells were able to 

successfully uptake the PAOEC derived exosomes in a time dependent manner. Concentration of 

exosomal uptake was measured by calculating the relative fluorescence emitted by the PAOEC 

derived exosomes. Slight decrease in the relative fluorescence was observed, indicating the 

disappearance of exosomes in PTr2 cells over a period of time (m). Nuclei are stained with DAPI 

(blue; a, e and i), cytoplasm is stained with CellTrackerTM Green BODIFY® dye (Green; b, f and 

j), exosomes were labelled with CM-Dil (CellTracker, C7000; Red; c, g and k) and followed by 

merge (d, h and l) to demonstrate their localization in the cells. Negative control received 

everything except fluorescently labelled exosomes. Data are derived from three independent 

experiments. 
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Figure 4-8: Effect of exosomes on cell proliferation. 

Effect of PTr2 and PAOEC derived exosomes on cell proliferation. a) PTr2 derived exosomes 

promote endothelial cell proliferation. PTr2 derived exosomes in different concentrations (5, 10 

or 20 µg protein/mL) were added to PAOECs grown in a 6-well cell culture plate and allowed to 

incubate at 37°C for 24 hrs. PTr2 derived exosomes significantly increased PAOEC proliferation 

in a dose-dependent manner (p<0.05, n = 5). PAOECs treated with 10 µg/mL and 20 µg/mL of 

PTr2 derived exosomes had significantly higher proliferation compared to other treatments. b) 

PTr2 cells grown in cell culture plate were treated with PAOEC derived exosomes in different 

concentrations (5, 10 or 20 µg protein/mL) and allowed to incubate at 37°C for 24 hrs. PAOEC 

derived exosome had no significant effect on PTr2 cell proliferation. *p < 0.05. Data are 

presented as mean ± SEM and derived from three independent experiments.   
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Table 4-1: List of validated primers of selected mature miRNA ID and mature miRNA 

Sequences used for real time PCR Analysis. 

 

MATURE  
MIRNA ID 

MIRBASE 

ACCESSION NO. 
MATURE miRNA SEQUENCE 

ssc-miR-16 MIMAT0007754 5'UAGCAGCACGUAAAUAUUGGCG 

ssc-miR-17-5p MIMAT0007755 5'CAAAGUGCUUACAGUGCAGGUAG 

ssc-miR-150 MIMAT0025365 5'UCUCCCAACCCUUGUACCAGUG 

ssc-miR-20b MIMAT0025359 5'CAAAGUGCUCACAGUGCAGGUAG 

ssc-miR-155-5p MIMAT0022959 5'UUAAUGCUAAUUGUGAUAGGGG 

ssc-miR-15b-5P MIMAT0002125 5'UAGCAGCACAUCAUGGUUUACA 

ssc-miR-222 MIMAT0013942 5'AGCUACAUCUGGCUACUGGGUCUC 

ssc-miR-221-5p MIMAT0022949 5'ACCUGGCAUACAAUGUAGAUUUCUGU 

ssc-let-7f-5p MIMAT0002152 5'UGAGGUAGUAGAUUGUAUAGUU 

ssc-miR-20a-5P MIMAT0002129 5'UAAAGUGCUUAUAGUGCAGGUA 

ssc-miR-126-5p MIMAT0018377 5'CAUUAUUACUUUUGGUACGCG 

ssc-miR-296-5p MIMAT0017952 5'GAGGGCCCCCCCCAAUCCUGU 

Ssc-miR-181a-1 MIMAT0010191 5'AACAUUCAACGCUGUCGGUGAGUU 

Ssc-miR-181c-1 MIMAT0002144 5'AACAUUCAACCUGUCGGUGAGU 

RNU1A ENSG00000207389 5'AAAAAGGGCTTCTGTCGTGA 
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Chapter 5                                                                                                        

General Discussion 

5.1 Overview 

Unique non-invasive epitheliochorial placentation in pigs offers an opportunity to dissect out 

maternal and conceptus specific mechanisms ensuring successful pregnancy. Furthermore, pigs 

experience spontaneous loss of genetically normal (minimal chromosomal abnormalities) 

conceptuses allowing us to compare and contrast molecular and cellular processes associated 

with normal, healthy conceptus versus spontaneously growth arrested or dying littermate living 

in the same uterus. This thesis investigated the immune-angiogenesis axis at the porcine 

maternal-fetal interface and its role in spontaneous fetal loss. In the context of understanding the 

recruitment of lymphocytes to the endometrium during early- and mid-pregnancy, a selected list 

of chemokines and their receptors were studied in laser capture microdissected endometrial 

lymphocytes, endometrial biopsies and chorioallantoic membrane associated with healthy versus 

arresting conceptus attachment sites. mRNA expression studies revealed increased expression of 

two receptors, CXCR3 and CCR5 in ENDO LY; CXCL10 and CCL5, and their receptors, 

CXCR3 and CCR5 in the endometrium associated with arresting CAS at gd20. Some of these 

differences at mRNA level for CXCL10, CXCR3, CCL5, and CCR5 were translated over to 

protein level in endometrium and CAM. In addition, Using CD45+ immunohistochemistry, we 

studied the spatial distribution of endometrial lymphocytes that were more intensely crowded 

beneath the luminal epithelium where the fetal tissue attachment occurs during the peri-

attachment period (gd20). Our results point out co-ordinated interactions between 

chemokines/receptors with recruitment of immune cells to the dynamic maternal-fetal interface. 
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Specific set of chemokines appear to be involved in the endometrial enrichment of immune cells 

which assist in various aspects of placental development including angiogenesis55,255,343. The 

process of angiogenesis at the maternal-fetal interface is regulated by a complex network of 

checks and balances. MicroRNAs, a class of small noncoding RNAs that regulate gene 

expression, are emerging as important modulators of several biological functions including 

angiogenesis344–346. Specific endothelial miRNAs have been implicated in controlling cellular 

responses to angiogenic stimuli, suggesting that miRNAs are key modulators of angiogenic 

pathways. In the immune system, miRNAs have a key role in the early differentiation and 

effector functions of T, B cells, dendritic cells and macrophages283,286. However, there is no 

information whether miRNAs regulate immune cell differentiation and/or their angiogenic 

properties at the maternal-fetal interface. 

 

We investigated the immune cell regulated angiogenesis by miRNAs. MicroRNAs such as miR-

296-5P, miR-150, miR-17P- 5P, miR-18a, and miR-19a were highly expressed in the ENDO LY 

associated with arrested compared to healthy CAS. These miRNAs have been shown to be 

involved in the regulation of angiogenesis as well as early differentiation and effector functions 

of immune cells283,345. Additionally, endometrium and trophoblasts were found to highly express 

miRNAs such as miR-20b, miR-17-5P, miR-18a, miR-15b-5P, and miR-222. Two important 

findings in the endometrium associated with arresting CAS were the upregulation of connective 

tissue growth factor, CTGF and thrombospondin, THBS1. Connective tissue growth factor has 

been shown to be involved in cell adhesion, migration, angiogenesis and most critically in 

fibrotic diseases347,348, while THBS1 is a prominent anti-angiogenic factor349,350. Differential 

expression of miRNAs in tissues associated with arresting sites that were under hypoxic stress 
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suggest that distressed conceptuses are making an attempt to survive while irreversible changes 

involving upregulation of CTGF and THBS1 in the endometrium potentially resulted in fibrosis 

and subsequent withdrawal of blood supply to distressed conceptuses. 

 

MicroRNAs also emerged as critical regulators of trophoblast differentiation, proliferation and 

placental development. Placental cells release exosomes (containing miRNAs, mRNAs, proteins 

and lipids) in response to their extracellular milieu (i.e. oxygen tension, glucose concentration). 

These exosomes regulate target cell migration and proliferation. Until now, no studies addressed 

whether miRNAs shuttle between porcine fetal trophoblasts and maternal cells or vice-versa thus 

regulating the cellular activity and or their functional properties. We investigated a novel role of 

conceptus-derived exosomes in embryo-endometrial cross-talk during the window of peri-

implantation period. Transmission electron microscopic analysis confirmed the presence of 

exosomes at the maternal-fetal interface. These exosomes were found to express CD63 

membrane marker and contain angiogenic miRNAs and proteins that regulate multiple pathways 

including cell growth, differentiation and angiogenesis. An In vitro model of cell-cell 

communication revealed bidirectional transfer of exosomes between fetal trophoblasts and 

maternal endothelial cells. In order to determine cell specific functions, we further demonstrated 

the stimulatory effect of trophoblast (PTr2) derived exosomes on the proliferation of maternal 

aortic endothelial cells, one of the crucial processes that determines placental growth and 

pregnancy success.  

 

In summary, this thesis implicates a chemokine mediated recruitment of immune cells to the 

endometrium. These immune cells could regulate the cellular and molecular processes including 
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angiogenesis by select miRNAs. Additionally, these miRNAs along with other important 

proteins packaged within exosomes may be bidirectionally transferred across maternal-fetal 

interface and potentially alter the physiological functions at the maternal-fetal interface. Overall, 

these findings shed new light on the complex chemokine network, immune cell enrichment, 

potential regulation of angiogenesis by immune cell-derived miRNAs and exosome mediated 

transfer of biomolecules that might result in successful conceptus-endometrial cross-talk that is 

crucial for the establishment and maintenance of porcine pregnancy.   

 

5.2 Role of chemokines at the maternal-fetal interface and their implication in abortive and 

successful pregnancy 

During early pig pregnancy, endometrial lymphocytes are specifically recruited by conceptus 

derived signals that are still unidentified. The endometrial lymphocytes are positioned by a 

unique set of chemokines. Chemokines are important for establishing a communication network 

across maternal-fetal interface and interruption of these will have a negative impact on 

pregnancy outcome. Lymphocyte populations vary considerably during different stages of 

pregnancy. During early pregnancy, a large influx of lymphocytes predominantly consist of 

uterine natural killer cells (70%) occurs in the porcine endometrium57,271,280. Due to limitation of 

availability of appropriate immune cell subset markers, we studied lymphocyte recruitment in 

general rather than specific sub type. In order to determine the possible recruitment signals for 

ENDO LY, we compared the expression of select chemokines and their receptors in ENDO LY 

isolated from healthy and arresting CAS during the peri-attachment and mid-gestation periods 

using laser capture microdissection approach.  
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Helper T cells are capable of influencing a variety of immune cells by expressing specific cell-

surface receptors. For instance, Th1 cells express CXCR3 on their surface which can bind to 

ligand, CXCL10 and thus inducing various cellular responses including lymphocyte recruitment. 

Similarly, CCR5 is also expressed on Th1 cells and bind to CCL5 leading to an inflammatory 

response to infection or injury. At the arresting CAS, CXCR3 and CCR5 were the primary 

cytokine receptors possibly involved in recruiting the CXCL10 and CCL5 expressing immune 

cells to the inflamed region255. Our endometrial chemokine expression data support and 

reconfirm that higher expression of these receptors along with CXCL10 and CCL5 might have 

recruited pro-inflammatory cells resulting in flaring up of the inflammation and subsequent death 

of fetus. In addition, IFN- γ induced CXCL10 production by various cell types in the 

endometrium might have involved in chemoattraction of T lymphocytes, NK cells, macrophages, 

and dendritic cells 273. Further, an anti-angiogenic chemokine274,275, CXCL10 might be involved 

in withdrawing the angiogenic support from the maternal endometrium to the distressed 

conceptus and thus contribute to fetal loss. Down-regulation of DARC in our study expands 

upon our previous work 73, and reconfirms that DARC has a pivotal role in determining 

conceptus fate especially during abortive pregnancy. We selected CXCL10, CCL5, CXCR3, 

CCR5, and CCL1 for further protein expression analysis in the endometrial biopsies and CAM. 

Our findings suggest a translation of CXCL10, CCL5 and CXCR3 mRNA to proteins and 

supports the idea that CXCL10 and CCL5 may be synergistically regulating the inflammatory 

response by activating receptors on the recruited lymphocytes. Overall, these findings suggest 

that the mechanisms leading to conceptus arrest during the peri-attachment period versus mid-

pregnancy are not similar. However, it is difficult to establish whether the inflammation is a 

trigger leading to conceptus arrest or it is a process as a result of conceptus growth arrest and 
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immune system trying to clear debris. Our studies did not establish cause versus effect 

relationship between the immune mechanisms and conceptus growth arrest or death. 

 

Using CD45+ immunohistochemistry, we confirmed a region-specific distribution of 

lymphocytes within the endometrium with more intense crowding below the luminal epithelium 

along the mesometrial side during the peri-attachment period (gd20). To our surprise, there were 

more ENDO LY per unit area within the endometrium associated with healthy site. Since we 

noticed differential expression of chemokines at arresting CAS, we had anticipated that arresting 

CAS will have higher number of ENDO LY and that ENDO LY will contribute the ongoing 

inflammatory microenvironment. Although speculative, one plausible explanation is that 

increased numbers of ENDO LY are contributing to the angiogenic processes ultimately leading 

to conceptus survival.   

 

5.3 Role of lymphocyte derived miRNAs in spontaneous fetal loss 

Growing evidence suggests that lymphocytes that are transiently recruited to the endometrium 

during early pig pregnancy regulate angiogenesis at the maternal-fetal interface43,44,48,51,70. 

However, it is not clear what precise mechanism they utilize to regulate the angiogenesis. 

miRNAs have been recently suggested to regulate most cellular processes including 

angiogenesis. Our findings indicate that ENDO LY differentially express a set of pro- and anti-

angiogenic miRNAs during early and mid-porcine pregnancy. Examples include pro- (miR-126, 

let-7f-5P, miR-296-5P) and anti-angiogenic (miR-20a-5P, 222, 15b, 20b, and 16) miRNAs. This 

is the first report that ENDO LY express a distinct set of miRNAs that are involved in regulation 

of angiogenesis at the maternal-fetal interface. miRNAs such as miR-155-5P, miR-150, miR-17-
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5P, miR-18a, and miR-19a are expressed in immune cells including T, B, and NK cells304,310,351–

354. In this study, miR-150, miR-19 and miR-296-5P were upregulated in ENDO LY isolated 

from arresting CAS compared with healthy CAS. Since miR-19 and miR-296-5P are involved in 

angiogenesis, it is logical to assume that conceptuses in distress or destined to die are making an 

attempt to compensate for the potential deficits in angiogenesis crucial for survival. 

 

miR-20b, miR-17-5P and miR-18a were down-regulated in the endometrium isolated from 

arresting compared to healthy CAS at gd20. Our results in endometrial biopsies indicate that the 

molecular events associated with conceptus arrest during early and mid-gestation may be totally 

different. miR-20b is induced by hypoxia and directly responsible for the adaptation leading to 

multiple cellular responses in fetal hypoxia355 as well as in pre-eclampsia356. However, there is 

no evidence associating direct involvement of miR-20b, miR-17-5P and miR-18 in porcine fetal 

loss but miR-17-5P in human placenta is associated with pre-eclampsia356  and miR-18 in tumor 

angiogenesis314. In this study, miR-18a was down-regulated in both the maternal and fetal 

tissues. Higher miR-18a expression has been associated with tumor angiogenesis promotion by 

directly targeting CTGF. CTGF acts by blocking cell proliferation and subsequently 

angiogenesis315. Our results support this mechanism that CTGF might have blocked the 

angiogenesis as a result of less influence of miR-18a at the arresting CAS. These results suggest 

a possible maternal initiation of events that would lead to conceptus arrest. Further studies are 

warranted to investigate the cause and effect relationship.  

 

We then investigated the functional implications of miRNAs targets in the same set of samples 

used for miRNA analysis including ENDO LY, endometrial biopsies and CAM. Only selected 
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targets were studied based on differential miRNA expression in these samples. It is well 

established that miRNAs degrade or silence their target mRNAs post-transcriptionally. We did 

not detect any significant downregulation of mRNA targets in ENDO LY and trophoblasts 

isolated from arresting CAS. We speculate that suboptimal statistical power of these changes is 

due to the small sample size and may have masked the difference at the transcriptional level. 

miRNAs and their target mRNA have inverse relationship and most miRNAs have a 

characteristic combinatorial regulation. The up-regulation of a pro-apoptotic protein, BAX that is 

a direct target of miR-296-5P, indicates that the endometrium is withdrawing its active support to 

conceptuses in distress during early pregnancy. In addition, an anti-angiogenic, THBS1 (direct 

target of miR-19) and a transcription factor that responds to cellular stimuli, NF-kB, were 

upregulated in the AE. These findings give us clues that THBS1 is potentially involved in 

termination of active angiogenic support in the endometrium and subsequent acute inflammatory 

reactions might have led to conceptus death. However, as stated earlier, we were unable to 

experimentally prove this as we anticipate a number of irreversible mechanisms at play when the 

conceptus growth arrest initiated and subsequent death.  

 

Functional clustering analysis was performed to predict the pattern of genes that might be 

affected by differentially regulated miRNAs. Not surprisingly, the top ten functional clusters 

revealed that regulation of transcription and negative gene regulation are likely contributing to 

fetal arrest or resorption. Another gene cluster among the top ten was clathrin coated transport 

vesicle formation followed by angiogenesis. This suggests that angiogenesis was not the priority 

at the arresting CAS but rather the clusters involved in transport vesicle formation. Overall, 

findings in this study points out at a potential maternal initiation of events that might lead to 
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conceptus arrest strictly based on the expression of miRNAs and their target comparisons 

between maternal and fetal microdomains.  

   

5.4 Intercellular communication by exosomes at the porcine maternal-fetal interface 

Exosomes have been demonstrated to be vesicles that can participate in embryo-uterine cross-

talk. Exchange of genetic material, proteins and lipids between cells of origin and recipient cells 

locally, and/or at distant site is a relatively new concept of cell-cell communication. Unlike 

humans and mice, porcine placentation is unique in a sense that fetal tissues do not invade or mix 

with the endometrial tissue but, instead, lay in close apposition. It is puzzling, yet interesting to 

understand how distantly located cells from two different tissues/compartment communicate in 

order to exchange biomolecules that contribute to pregnancy success. Here for the first time, we 

have characterized and investigated the role of exosomes released by the porcine endometrium 

and the placenta in vivo as well as by two representative cell lines of the endometrium and the 

placenta, PAOEC and PTr2 cells in vitro. Several studies have confirmed the presence of 

exosomes in the reproductive tissues of many species including pigs244,247,252,357,358. Our study 

reconfirms the presence of exosomes in the extracellular space of endometrium and in the close 

vicinity of chorionic villi. Exosomes express characteristic membrane surface markers such as 

CD9, CD63 and CD81 along with heat shock proteins HSP70 and HSP90338,359. Due to the 

unavailability of pig specific exosome markers, evaluating the expression of CD63 in tissues of 

interest was the only option. Indeed, our molecular approach demonstrates the presence of CD63 

protein in the endometrium, placenta, as well as in the cytoplasm of PTr2 cells which is in 

support of several studies involving various tissues in many species including humans248,358, 

mice339, sheep247, and pigs252.  
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After demonstrating the presence of exosomes at the maternal-fetal interface, we investigated the 

contents of the exosomes released by PTr2 and PAOEC cells. It is now known that exosomes 

carry miRNAs that can degrade or silence the mRNA expression in recipient cells at distant 

site334. Our results evidently confirm that PAOEC-derived exosomes contain pro- and anti-

angiogenic miRNAs. To our surprise, PTr2-derived exosomes also contain the same set of 

miRNAs involved in regulation of angiogenesis. Interestingly, miR-126, a potent pro-angiogenic 

miRNA was also present in the PTr2-derived exosomes. These findings provide us a hint that 

angiogenic miRNAs present in PTr2-derived exosomes may participate in and facilitate 

endometrial angiogenesis during early pregnancy.  

 

Similarly, exosomes have been proposed to carry/transfer several proteins of biological 

importance from cell of origin to recipient cells in close vicinity or at distant site228. Using mass 

spectrometry, we identified numerous proteins in the exosomes released by both PTr2 and 

PAOEC cells. Previous studies involving isolation of exosomes released by human first trimester 

trophoblast cell line341 and placental mesenchymal stem cells234 identified a wide variety of 

proteins associated with cellular and molecular processes. These studies support our exosome 

proteomic results and demonstrate the biological potential of these proteins in various signaling 

pathways. Indeed, a few identified proteins in PTr2-derived exosomes were also predicted to be 

involved in various signaling pathways such as angiogenesis and VEGF signaling pathways that 

are relevant to placental development in pigs.  

 

We then tested whether the content of exosomes can be delivered to the recipient cells by 

establishing the in vitro model of bidirectional trophoblast-endothelial cell communication. 
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Exosomes are thought to fuse with the plasma membrane of the recipient cells and release their 

contents into the target cells236. Previous studies have also tested the feasibility of in vitro models 

of bidirectional transfer of biomolecules via exosomes334,360,361. Our in vitro model demonstrates 

the successful delivery of exosomes derived from PTr2 into the PAOEC cells and vice versa. 

However, we were unsure whether exosome contents were unpacked or dissociated within the 

recipient cells. Finally, we assessed the effect of exosomes on the recipient cells and their 

functions. In order to address this, we studied their effect on cell proliferation after treating with 

exosomes. PTr2 derived exosomes were able to stimulate the PAOEC proliferation in vitro 

which is in agreement with other studies358,359. These findings support the notion that exosome 

containing miRNA and proteins can trigger a biological response in the recipient cells leading to 

increased proliferation that is crucial for early events in placentation. Finally, this study confirms 

the presence of exosomes at the maternal-fetal interface, contain specific miRNAs and proteins 

of biological importance, and are capable of transferring the contents to the recipient cells. 

Furthermore, the exosomes can have stimulatory effect on recipient cells by increase in cell 

proliferation.  
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5.5 Future directions for study of immune-angiogenesis mechanisms at the porcine 

maternal-fetal interface 

Endometrial angiogenesis is regulated by a complex network of various molecules including pro- 

and anti-angiogenic factors, cytokines, chemokines, as well as miRNAs. Therefore, a delicate 

balance must be maintained between these in order for pregnancy success. To date, studies in our 

laboratory and others have mostly focused on elucidating the immunological and angiogenic 

factors, which differ between healthy and arresting conceptus attachment sites during two well 

characterized waves of fetal loss. In addition, these studies have been associative and have not 

yet provided clear evidence into initiating factors for angiogenic withdrawal and conceptus 

arrest. These findings to date indicate that there are yet undiscovered initiating factors of either 

maternal or fetal origin responsible for conceptus arrest. Further research on cellular and 

molecular events contributing to the spontaneous fetal loss in pigs is needed to investigate the 

cause and effect relationship.  

 

Chemokines are important regulator of leukocyte recruitment during early pregnancy. The 

present study is not adequate to draw conclusions as to how specifically they are involved in 

spontaneous conceptus arrest and subsequent death. Therefore, future experiments should be 

designed to further characterize specific chemokines (CXCL10, CXCR3 and CCL5) in vitro as 

well as in vivo to reconfirm their mechanistic role in pregnancy success and or in conceptus 

arrest. The present study documents different miRNAs and their expression profiles in the 

reproductive tissues of pigs. This is essential and provides a strong foundation for conducting 

mechanistic studies to delineate possible roles of selected miRNAs that are specifically 

regulating the angiogenesis. Future experiments involving targeted approach are required to 

clarify mechanistic links into how miRNA-mRNA interactions affect dynamic maternal-fetal 



177 

 

interface. miRNA trafficking between the immune cells and surrounding micro-environment 

should be thoroughly investigated in the context of successful and abortive porcine pregnancy.   

Exosomes have been recently evolved as an alternate mode of cell-cell communication. The 

present study attempted to characterize the biological significance of exosomes at the maternal-

fetal interface. However, many questions need to be addressed in the context of successful and 

abortive pregnancy. Future studies should be designed to accurately track the transfer of specific 

miRNAs or proteins of interest via exosomes in the context of porcine pregnancy success or 

failure. Clear understanding of the relationship between cause and effect relationship in the 

context of fetal loss in pigs will aid in designing the therapy to improve the litter size as well as 

to contribute towards the better economy of pork industry. 
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5.6 Summary and Conclusions 

In summary, immune-angiogenesis axis plays a crucial role in pregnancy success and failure in 

pigs. These studies implicate chemokines such as CXCL10, CXCR3 and CCL5 in the conceptus 

arrest. This thesis also provides evidence into chemokine mediated recruitment of immune cells 

which in turn appear to regulate the angiogenesis by a distinct set of pro- and anti-angiogenic 

miRNAs. Additionally, these miRNAs are also differentially regulated in the endometrium and 

chorioallantoic membrane. Finally, pro and anti-angiogenic miRNAs along with proteins 

packaged within exosomes were able to transfer between cells of both maternal and fetal side. 

These findings provide new paradigm for conceptus-endometrial cross-talk. 
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Appendix A                                                                                                          

Protein expression of chemokines and their receptors in chorioallantoic membrane at gd20                                                                                                          

 

 
 

Chemokines (CCL5, CCR5, CXCL10, CXCR3, and CCL1) that were significantly different at 

the mRNA level between healthy and arresting conceptus attachment sites (CAS) at gd20 were 

quantified. Relative quantification was performed using ACTB as control protein. Each healthy 

and arresting group consisted of n = 12 per group and n = 6 sample type (n = 6 HCAM, n = 6 

ACAM). Densitometry analysis was performed as a ratio of chemokine proteins to ACTB using 

Image J. No significant differences (p<0.05) were evident in the expression of selected 

chemokines and their receptors at the protein level in the ACAM compared to HCAM at gd20. 

Densitometric values are presented as mean ± SEM. P<0.05, asterisk denotes statistical 

significance. IDV, individual densitometry values. 
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Appendix B                                                                                                                           

Protein expression of chemokines and their receptors in chorioallantoic membrane at gd50  

 

 
Chemokines (CCL5, CCR5, CXCL10, CXCR3, and CCL1) that were significantly different at 

the mRNA level between healthy and arresting conceptus attachment sites (CAS) were 

quantified in chorioallantoic membranes collected at gd50. Relative quantification was 

performed using ACTB as reference protein. Each healthy and arresting group consisted of n = 

12 per group and n = 6 sample type (n = 6 HCAM, n = 6 ACAM). Densitometry analysis was 

performed as a ratio of chemokine to ACTB using Image J. Relative expression of chemokine 

proteins (CCL5, CCR5, CXCL10, CXCR3, and CCL1) between HCAM and ACAM did not 

differ significantly at gd50. Densitometric values are presented as mean ± SEM. P<0.05, asterisk 

denotes statistical significance. IDV, individual densitometry values. 
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Appendix C                                                                                                       

Immuno-localization of Foxp3+ cells in the porcine endometrium at gd20 

 
 

 

First and second columns represent the distribution of Foxp3+ cells in the endometrium 

associated with healthy (HE) and arresting (AE) CAS, respectively. Nuclei are stained with 

DAPI (blue; a and b), Foxp3+ is stained with Anti-Mouse/Rat Foxp3 PE (Red; c and d) followed 

by merge (e and f) to demonstrate their localization in the endometrium.  Magnification: 400X.; 

Scale bar: 400 µm. 
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Appendix D                                                                                                                        

Workflow outlining specific miRNA-mRNA expression studies at the porcine maternal-

fetal interface at gestation day (gd) 20 and gd50 
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Appendix E                                                                                               

Putative mRNA targets and gene functional annotation charts 

 

1. Part # A: Putative mRNA targets of significantly dysregulated miRNAs. 

miRecords, miRNA-target interactions resource was used to generate an 

integrated list of both the validated and predicted mRNA targets of miRNAs. 

Human homologs of pig specific miRNAs are listed along with their validated and 

predicted targets, NCBI Refseqs and description of gene. For predicted target 

component, mRNA targets bioinformatically predicted by at least 6 of 11 

established prediction programs are enlisted here. Predicted mRNA targets for 

miR-150, 296-5P, 18a, 222 were enlisted using only 4 of 11 programs. Part # B: 

mRNA target gene functional classification. Large list of target genes were 

organized into functionally related groups based on the number of times the 

highly related genes were appeared within the list. AEL: Endometrial 

lymphocytes associated with arresting conceptus attachment sites, HEL: 

endometrial lymphocytes associated with healthy conceptus attachment sites, AE: 

endometrium associated with arresting conceptus attachment sites, HE: 

endometrium associated with healthy conceptus attachment sites, AT: 

trophoblasts associated with arresting conceptus attachment sites, HT: 

trophoblasts associated with healthy conceptus attachment sites, GD: gestation 

day.  

 

 

2. Supplemental Material S2: Part # A: mRNA target gene functional annotation 

charts. Depending on the magnitude of enrichment of gene targets, the submitted 

gene list were compared with human genome as background and generated charts 

are presented here. Part # B: mRNA target gene functional annotation clusters. 

Functional relationship between the annotations term depending on the degree of 

their co-association with the targeted mRNA gene list were studied over human 

genome as background. Functional annotation clusters are listed with categories 

alongside of their enrichment score. AEL: Endometrial lymphocytes associated 

with arresting conceptus attachment sites, HEL: endometrial lymphocytes 

associated with healthy conceptus attachment sites, AE: endometrium associated 

with arresting conceptus attachment sites, HE: endometrium associated with 

healthy conceptus attachment sites, AT: trophoblasts associated with arresting 

conceptus attachment sites, HT: trophoblasts associated with healthy conceptus 

attachment sites, GD: gestation day. 
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Appendix F                                                                                   

Characterization of exosomes isolated from culture supernatant of PTr2 cells using 

transmission immunoelectron microscopy 

 

Exosomes were labelled with 12-nm colloidal gold particles that recognize CD63 on the 

exosomal membrane. Data is derived from three independent experiments. Scale bar = 

200 nm. 
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Appendix G                                                                                                    

Full-length blots of Western blots 

 

 

 

Full-length blots of Western blots performed on PTr2 cells and PTr2-derived exosomes 

as well as PAOEC cells and PAOEC-derived exosomes. 
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Appendix H                                                                                                   

CD63 immunocytochemistry on PTr2 cells in vitro 

 

 

 

 

 

a-c) PTr2 cells are established from dispersed cell culture of day 12 conceptus obtained 

from pigs. Fluorescence microscopic analysis revealed CD63 protein expression in the 

cytoplasm/cell membrane of PTr2 cells (c). Nuclei are stained with DAPI (blue; a and d), 

CD63 is stained with Anti-Rabbit CD63, reactive against pig (Red; b and e) followed by 

merge (c and f) to demonstrate its localization. Magnification: 400X.  
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Appendix I                                                                                                      

List of proteins identified in the PTr2 and PAOEC derived exosomes using mass 

spectrometry 

 

 

Total protein was extracted from PTr2 (n = 3) and PAOEC (n = 3) derived exosomes and 

subjected to LCMS-MS/MS to identify different peptides present in the samples. Mass 

spectrometry identified an average of 187 proteins in PTr2 derived exosomes and 150 

proteins in PAOEC derived exosomes. This list of proteins from both PTr2 and PAOEC 

derived exosomes was subjected to PANTHER Pathway analysis. Pathway analysis 

revealed 172 potential signaling pathways in which PTr2 derived exosomal proteins are 

involved. Similarly, PAOEC derived exosomal protein pathway analysis revealed 36 

potential signaling pathways.  
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Appendix J                                                                                          

PANTHER pathway analysis of PTr2 and PAOEC derived exosomal proteins 

 

 

 

 

 

 

 

Bioinformatic pathway analysis provided many potential pathways that are regulated by 

the proteins present in the exosomes. Out of these, 23 most relevant pathways from each 

group were chosen to further study the similarity between the functions elicited by 

exosomes originated from representative cells of both the maternal and the fetal side. The 

Venn diagram depicts the distribution of common and unique exosomal protein regulated 

signalling pathways relevant to early pregnancy in pigs. Out of 23 pathways, 10 

signalling pathways were common and appear to be regulated by exosomal proteins 

derived from two different cell types.  


