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Endocrine factors and signals of fetal organ maturation are well-reported 

determinants of the timing of birth and have been studied extensively in both humans and 

animal models. However, decades of research have not yielded answers to the timing of 

labor. It is evident that endocrine factors alone are not sufficient to fully address timing or 

mechanisms of labor, which is reflected in the increasing rates of preterm births and other 

pregnancy complications in most countries. Differences in the endocrine factors between 

humans and animals have hampered advances in this field. As an alternative to endocrine 

factors, the studies presented here report paracrine signals are similar between humans and 

animal models and are attributed by senescence-associated feto-maternal signaling via 

exosomes. Oxidative stress in utero, most likely due to increased metabolic activity of the 

fetus, induces cellular senescence of the fetal membranes. We have reproduced this model 

in vitro to show human amnion epithelial cells can produce exosomes and when cultured 

under oxidative stress conditions, exosomes cargo signals of cellular damage and 

inflammation. Amnion cell-derived exosomes can traffic to the maternal tissues and 

produce labor-associated changes in maternal cells. Additionally, in murine models of 

pregnancy, exosomes in maternal plasma increase in number prior to delivery and their 

cargo also increases in pro-inflammatory mediators as term approaches.  Independent of 

endocrine or systemic inflammation, late gestation exosomes cause preterm labor and 

labor-associated changes in maternal and fetal tissues. Although a fetal-specific marker in 

humans allows for the study of fetal exosomes in maternal circulation, to study fetal vs 

maternal exosome contribution to the initiation of labor in mice, we developed a model 

which utilizes a dual color fluorescent transgenic Cre reporter mouse.  Using this model, 

we show feto-maternal crosstalk via exosomes occurs during pregnancy and can produce 

functional changes on both sides of the placenta. Further research into the mechanism of 

feto-maternal signaling via exosomes at term can contribute to the identification of new 

biomarkers or interventions to combat preterm labor. 
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CHAPTER 1: GENERAL INTRODUCTION 

Preterm Birth Is a Significant Problem 

Preterm birth (PTB), defined as birth before 37 weeks of gestation, complicates 

approximately 10% of pregnancies in the US, is the leading cause for childhood morbidity 

and mortality [1], and cost more than $26 billion annually [2]. Even with survival, many 

preterm babies face a lifetime of significant disability, including cerebral palsy, mental 

retardation, visual and hearing impairment and developmental delays [3–5]. Although 

survival rates for babies born prematurely have improved in recent years, preterm birth 

rates are increasing in most countries [1,6,7] due to our lack of understanding of the precise 

etiologies and initiating mechanisms of term and preterm labor.  

Current treatments used for preterm labor can only delay labor temporarily [8], and 

are focused on the final stage of labor, specifically the initiation of contractions, which 

occurs primarily on the maternal side. Maintenance of pregnancy and parturition (either at 

term or preterm) are processes that involve constant communication (biochemical 

signaling) between the mother and the fetus. Hence, trying to control preterm parturition 

at the maternal side alone without considering the fetal contributions is often futile. [1,6,9]. 

To prevent preterm birth effectively, we need to better understand the feto-maternal 

signaling at term that transitions a quiescent uterus to an activated state to initiate the 

process of labor and delivery. 

Initiators and Effectors of Labor 

It is widely accepted that labor is an inflammatory process initiated by 

environmental, endocrine and physiological factors [10]. This process requires the uterus 

to transition from a quiescent state to an activated phenotype in which it develops 

coordinated contractility and cervical dilation [8]. It also requires that the fetal organs have 
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matured for survival outside the uterus. Therefore, it is not surprising that the initiation of 

labor requires communications between both the fetus and the mother indicating fetal organ 

maturity occurs prior to initiation of parturition. 

Fetal Signals of Organ Maturity 

It has long been thought that signals from the growing fetus to the mother induce 

the cascade of events required for parturition. These include signals of organ maturity – 

signals indicating fetal readiness for survival outside the womb. The final fetal organ to 

fully develop is the lungs, as the lungs are largely unnecessary for a fetus while still in the 

uterus. The lungs begin to produce surfactant protein A, which allows the air sacs in the 

lungs to inflate and expand. Many hypothesize this protein, which is secreted from the 

lungs into the amniotic fluid, is a major player in the initiation of labor by causing fetal 

macrophages to traffic to the myometrium [9,11]. Other signals of fetal organ maturity 

include platelet-activating factor released from the lungs, endothelin from the kidneys, and 

cortisol from fetal adrenals, all of which are released into the amniotic fluid and function 

to increase inflammation.  

Fetal-Derived Endocrine Signals 

In addition to signals of fetal organ maturity, fetal endocrine signals are also under 

investigation as initiators of labor. In particular, corticotrophin releasing hormone (CRH), 

released from the placenta, that increases in maternal plasma drastically prior to the 

initiation of labor [12] and has been shown to activate the myometrium [13,14]. In addition 

to placental CRH, activation and increased expression of genes in the fetal hypothalamic–

pituitary–adrenal (HPA) axis results in increased output of fetal cortisol [15]. Fetal cortisol 

increases maturation of the fetal lungs, that in turn produce surfactant proteins, described 

above.  
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Maternal-Derived Endocrine Signals 

Progesterone is considered the main hormone associated with pregnancy. It is 

important in keeping uterine quiescence throughout pregnancy by decreasing myometrial 

contractility and promoting relaxation [6,16,17]. It is generally considered that natural 

labor is initiated by either systemic (in most mammals) or functional (in humans) 

progesterone withdrawal [18]. In humans, the high progesterone levels are maintained at 

term and it is hypothesized that human parturition is mediated by a decrease in myometrial 

progesterone responsiveness, rather than a decrease in progesterone levels, due to 

progesterone receptor (PR) expression changes from PR-B dominance (anti-inflammatory) 

to PR-A (pro-inflammatory) in the myometrium [17,18]. In addition to progesterone, 

estrogen has also been investigated as an endocrine mediator for the initiation of labor. At 

term, estrogen levels are significantly increased and it has been shown that there is a 

functional estrogen activation in the myometrium that correlates with the functional 

progesterone withdrawal [16]. Overall, these mechanisms increase uterine inflammatory 

load. 

Immune Cell Activation 

Because parturition is an inflammatory process, it is logical that immune cells be 

present in this process. As discussed above, fetal macrophages have been linked to the 

initiation of labor that can cargo surfactant proteins to the myometrium. Additionally, 

leukocytes and other immune cells (T, B, and Mast cells) have been investigated as 

propagators of the labor process [19,20] (Figure 1.1), in which chemotaxic signals recruit 

leukocytes and other immune cells to the uterine compartment where they release 

cytokines, chemokines, matrix degrading enzymes and other effectors [21]. This creates a 

feed-forward loop such that the cells of the uterus and cervix, as well as other leukocytes, 

amplify the original signals, leading to the overwhelming inflammation associated with the 

initiation of labor [20]. 
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Changes in Maternal Physiology 

While there are endocrine signals that may be the initiators of labor, localized 

changes in the uterus and cervix are important contributors to the process of labor. 

Mechanical stretch of the myometrium due to fetal growth has been shown to induce 

expression of pro-inflammatory cytokines mediated by NF-κB activation, and COX-2 

expression [22,23]. While different from the uterus, remodeling of the cervix must be 

coordinated with the initiation of contractions. The cervix must remain closed during 

pregnancy, yet at term the cervix must become pliable and open sufficiently to allow 

delivery of the fetus. Cervical remodeling occurs through the breakdown of the collagenous 

extracellular matrix by increased expression of matrix degrading enzymes [7,24,25].  

Parturition Is an Inflammatory Process 

As stated earlier, the process of parturition is multifactorial and as such, the above 

pathways and mediators work in tandem to initiate labor at term (Figure 1.2). Both fetal 

and maternal signals and pathways activate NF-κB, a major transcriptional activator of 

inflammatory genes, to cause the massive inflammatory response associated with 

 

Figure 1.1: Invasion of the leukocytes into the fetal‐maternal interface during 

pregnancy 

Leukocytes are present throughout pregnancy, but the subpopulations change in a 

coordinated manner. (From Gomez-Lopez, et al., 2010) 
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parturition, mediated by pro-inflammatory cytokines, such as IL-1β, TNF-α, IL-6 and IL-

8, as well as activation of COX-2 and production of prostaglandins [26–28]. Generation of 

sterile inflammatory markers contribute to term parturition, whereas in preterm birth the 

same biomarkers are reported to be higher in response to infectious inflammation (~50% 

of preterm birth have an infectious association) or inflammation in response to other risk 

factors [29–31]. 

Fetal Membrane Senescence Leads to Parturition 

Our lab has looked at the initiation of labor at term from a fetal tissue perspective. 

Specifically, generation of sterile inflammation at term in fetal derived tissue like fetal 

membranes (amniochorion). We have shown a telomere dependent cellular senescence of 

the fetal membranes mediated by p38 mitogen activated kinase (MAPK) leading to sterile 

inflammation inside the amniotic cavity [32–35]. Amnion epithelial cells (AECs), 

mesenchymal cells and chorion cells have all been shown to undergo senescence in 

response to oxidative stress at term [34,36–38]. Similarly, progressive development of 

senescence mediated by telomere dependent p38 MAPK activation was shown in mouse 

 

Figure 1.2: Initiators and Effectors of Labor at Term 

At term, all these pathways work together to increase intra-uterine inflammation mediated by 

cytokines and prostaglandins to cause labor. 
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parturition [37]. Senescence, or the irreversible arrest of cell proliferation, is a 

physiological and biomolecular mechanism associated with the natural aging of a living 

organism [38,39] and can be accelerated by oxidative stress and other pathologies. 

Senescent cells do not undergo apoptosis or autophagy [40–43]. Instead, they persist; 

continuously secreting growth factors, pro-inflammatory cytokines, chemokines and 

matrix degrading enzymes, termed the senescence associated secretory phenotype (SASP) 

[44–46]. Senescence also causes cellular injury and release damage-associated molecular 

patterns (DAMPs), which are bioactive molecules released from dying cells that 

communicate cellular damage [47–50]. These DAMPs include High Mobility Group Box 

1 (HMGB1), histone proteins, heat shock proteins, DNA and RNA [48,49]. Although 

SASP and DAMP signal action is predominantly localized, these signals of cellular stress 

may get carried to distant tissues, signaling fetal maturity and prompting delivery of the 

fetus. We propose aging of the fetal membranes is synchronous with fetal organ maturity 

and other pathways discussed above. Therefore, endocrine factors together with senescent 

paracrine signaling may determine the timing of labor. Based on these data, we have 

generated a model showing fetal membrane senescence generating sterile inflammatory 

signals (SASP and DAMPs) that are propagated from the fetal membranes to the maternal 

decidua, which is an immunocompetent tissue with several resident immune cells. The 

decidua can act as an amplifier of inflammation propagating these signals further to the 

cervix and myometrium where this inflammatory load can disrupt homeostasis that 

maintains pregnancy.  

Yet, how these paracrine signals reach the maternal tissues is still unknown, 

although it could be a diffusion process or via specific carriers. Diffusion is less effective 

due the avascular nature of the fetal membranes and the potential of swift degradation. The 

latter mechanism caused us to propose that intercellular vesicles, such as exosomes may 

function as carriers of fetal tissue derived inflammatory cargo for signaling between fetal 

and maternal tissues [51,52]. 
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Exosomes are Unique Messengers for Intercellular Communication 

Exosomes are 30-150 nm endosome-derived vesicles with specific characteristics 

that separate them from other larger particles such as microvesicles and apoptotic bodies 

[53,54]. Exosomes are formed from the inward budding of the late endosome and are 

secreted during the process of exocytosis (Figure 1.3). In addition to common cell-

membrane and cytosolic proteins and lipids, exosomes also cargo proteins, lipids and 

nucleic acids specific to the cell of origin.  

Due to the size of exosomes and overlap of other extracellular vesicles, many 

techniques have been developed for the isolation of exosomes. Methods have been adapted 

to increase exosome purity and yield, as well as decrease cost and amount of time required 

to isolate exosomes. Each technique exploits a unique characteristic of exosomes, such as 

their density, shape, size, and surface proteins. The most commonly used method for 

exosome isolation is differential ultracentrifugation [55,56], which consists of multiple 

centrifugation steps of increasing centrifugal force and duration culminating in a high-

speed centrifugation step, which pellets crude exosomes. This pellet is often subjected to 

either a PBS wash, in which the pellet is resuspended in PBS and re-centrifuged at high 

 

Figure 1.3: Exosome Biogenesis and Secretion 

Following endocytosis into the early endosome, the cargo is packaged within 

multivesicular bodies (MVBs) via the inward budding of the membrane of the late 

endosome. Upon fusion with the cell membrane, the MVBs are released into the 

extracellular matrix as exosomes. 
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speeds, or a gradient [56,57] where exosomes are separated from other contaminants by 

density. Other methods include precipitation reagents, filtration and size exclusion 

chromatography. While there are advantages and disadvantages to each method used 

exclusively or in combination with others, current isolation methods are yet to be 

standardized [58]. Due to heterogeneity in particles obtained after differential 

centrifugation approaches, size exclusion purifications are recommended to avoid 

confounding higher sized particles in the preparations. 

Exosomes have emerged as molecules of interest in recent years as they contain a 

fingerprint of the parental cells from which they are originated. While the biological 

function of exosomes remains elusive, current research has indicated that exosomes play 

an essential role in multiple cellular processes, including but not limited to waste 

management, immune cell modulation and are now being considered a central component 

to a new form of cell-cell communication [56,59]. For example, exosomes have recently 

been highlighted in immune signaling, senescence, proliferation, differentiation, and have 

been implicated in multiple diseases, including neurodegenerative diseases and cancer [60–

62]. Additionally, there is increasing evidence suggesting exosomes as mediators of 

tumorigenicity and metastasis [58,63,64]. 

Characteristics of exosomes and their ability to act as carriers of signals susceptible 

to degradation, such as proteins modified by acetylation or oxidation, to distant cells and 

tissues [65,66], makes them ideal candidates for carriers of fetal senescent signals to distant 

maternal tissues 

Exosomes as Channels of Fetal-Maternal Communication 

While exosome function and trafficking have been heavily studied in diseases such 

as cancer, they have not been as reported in pregnancy. Current research on exosomes and 

pregnancy have focused on placenta-derived exosomes, have been isolated from human 

maternal circulation using a placenta-specific protein called placental alkaline phosphatase 
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(PLAP). It has been shown that PLAP-expressing exosomes increase as gestation 

progresses [67,68] and cargo changes are reflective of changes in the placental 

microenvironment, such as hypoxia and glucose concentration changes [68–70]. Thus, 

changes in placenta-derived exosome cargo may be exploited to diagnose placental 

dysfunction and pregnancy outcomes.  

Several reports have shown placenta-derived exosomes can modulate the maternal 

immune system and regulate immune tolerance by suppressing the maternal immune 

response [71]. For example, Stenqvist, et al. found that Fas ligand (FasL) and TRAIL, two 

physiologically relevant death messengers involved in the regulation of apoptosis, were 

expressed on the membranes of placenta-derived exosomes and showed they were 

functionally active by inducing apoptosis in vitro [72]. Their data provide a potential 

mechanism for fetal tolerance during pregnancy. 

In pregnancy, exosomes have been investigated during implantation [72–74], 

placental development [73,75], and maintenance of pregnancy [76–79]. Ongoing studies 

in our lab have suggested exosomes play a role as paracrine communication channels 

between fetal and maternal tissues, specifically at term to initiate labor. 

Objectives of The Dissertation 

Exosomes carry a wide range of signaling molecules, and their roles in physiology 

and pathophysiology during pregnancy and parturition remain to be fully elucidated, 

particularly in the fetal membranes. Few studies exist on fetal membrane-derived 

exosomes, their characteristics and potential function during pregnancy. Therefore, the 

objectives of this dissertation are to 1) isolate and characterize exosomes from primary 

amnion epithelial cells and determine functional effects when exposed to maternal cells in 

culture; 2) determine fetal exosome trafficking to maternal tissues in animal models; 3) 

isolate and characterize total exosomes from maternal plasma throughout gestation and 

demonstrate the functional role of exosomes in producing preterm labor in mouse models; 
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4) develop a Cre-reporter mouse model to determine maternal-fetal-maternal exosome 

communication and functional effects during pregnancy.  

Together, the experimental data in this dissertation will add to the understanding of 

the initiation of labor at term and advance the perinatal field by providing important clues 

to the feto-maternal signaling in the initiation of labor. It is hoped that this information can 

contribute to the identification of new biomarkers or interventions to combat preterm labor. 
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CHAPTER 2: AMNION-EPITHELIAL-CELL-DERIVED EXOSOMES 

DEMONSTRATE PHYSIOLOGIC STATE OF CELL UNDER OXIDATIVE STRESS 

Modified in part from: 

Amnion-Epithelial-Cell-Derived Exosomes Demonstrate Physiologic State of Cell under 

Oxidative Stress 

Samantha Sheller, John Papaconstantinou, Rheanna Urrabaz-Garza, Lauren Richardson, George 

Saade, Carlos Salomon, Ramkumar Menon 

Published: PLoS One (2016) 

And 

Damage-Associated Molecular Pattern Markers HMGB1 and Cell-Free Fetal Telomere 

Fragments in Oxidative-Stressed Amnion Epithelial Cell-Derived Exosomes 

Samantha Sheller-Miller, Rheanna Urrabaz-Garza, George Saade, Ramkumar Menon 

Published: Journal of Reproductive Immunology (2017) 

Introduction 

Normal term human parturition is initiated between 37 and 40 weeks of gestation 

when in utero fetal growth and development are completed [4,15,80]. The signals from 

mature fetal organs prompt uterine readiness for delivery by transitioning quiescent 

myometrium to an active stage (contractile phenotype) [15,81,82]. Various endocrine, 

immune and mechanical signals from feto-maternal compartments enhance overall uterine 

inflammatory load leading to functional progesterone withdrawal causing myometrial 

contractility [8,83,84]. Therefore, term labor and delivery results from well-orchestrated 

activities of various endocrine and paracrine factors. Nonetheless, the signature of these 

signals and their precise mechanisms in initiating parturition are still unclear and under 

investigation by many laboratories. Understanding the mechanisms of these signals in 

normal term pregnancies can provide insights into pathologic activation that can cause 

spontaneous preterm parturitions. 

Recently, our laboratory has reported fetal membrane (amniochorionic membrane) 

senescence as a mechanism associated with normal term parturition [34]. Placental 

membrane cells multiply and fully develop by the 12th week of gestation, providing 
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protection to the growing fetus [85]. Placental membranes undergo an oxidative stress 

associated telomere dependent cellular senescence at term [86–88]. In addition, placental 

membrane senescence is also associated with sterile inflammation in the amniotic fluid 

[34,89]. The unique inflammation seen in senescent cells is defined senescence associated 

secretory phenotype (SASP) that are linked to initiation of labor [88,90–92]. Besides 

cytokines, chemokines, and other inflammatory mediators of SASP, sterile inflammation 

within the fetal membrane includes damage-associated molecular pattern (DAMPs) 

markers [34,93]. DAMPs are molecules with defined intracellular functions, but outside of 

the cell, DAMPs are proinflammatory mediators. Examples of such DAMPs include high-

mobility group box 1 (HMGB1), a nonhistone nuclear protein [94,95]; HSP70, a chaperon 

protein [96,97]; fragments of cell-free DNA [98–100]; telomere fragments [88]; and uric 

acid [101]. DAMPs are often recognized by pattern recognition receptors (PRRs) that are 

located in the cell membranes [102]. Ubiquitous expression enables PRRs to recognize and 

ligate DAMPs to promote signaling cascades causing inflammation, complement 

activation, cell necrosis, and apoptosis [103]. We postulate that SASP and DAMPs 

constitute sterile inflammatory signals from the fetus with uterotonic properties and 

overwhelming production, and propagation of these signals between feto-maternal 

compartments constitute a novel paracrine signaling mechanism to initiate parturition. 

The findings in clinical specimens have been reproduced in vitro in primary amnion 

epithelial cells in culture exposed to oxidative stress induced by cigarette smoke extract 

(CSE) [87]. Generation of senescence and SASP were reduced by inhibiting p38 mitogen 

activated kinase (MAPK), a stress associated pro-senescence protein, suggesting that 

sterile inflammation can be generated by senescent cells [32,87,89].  

It is still unclear how proinflammatory SASP signals from senescent fetal 

membranes can reach distant myometrium or whether they are confined to enforcing local 

(fetal) tissue damage and inflammation until parturition. Senescent signals may be 

transported to distant tissues indicating a dysfunctional fetal membrane status that prompts 
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delivery of the fetus, as well as placenta and membrane. Although localized activities of 

SASP can be achieved through direct cell-cell contact or through ligand-receptor 

interactions, distant feto-maternal communication is likely facilitated through specific 

carriers that can transport and deliver signals from senescent cells. Thus, prior to projecting 

senescent fetal cells signaling parturition at a distant myometrium, the mode of delivery of 

such signals must be established. Several recent reports and reviews propose a role for 

exosomes as such carriers of parturition signals to utero-placental compartments 

[51,64,65,104]. 

Exosomes are 30-150 nm endosome-derived vesicles with specific characteristics 

that separate them from other larger particles such as microvesicles and apoptotic bodies 

[57,105–107]. Exosome biogenesis is a process that begins with the endocytosis of 

transmembrane proteins [108,109]. Once sorted to late endosomes, the endosomal sorting 

complex required for transport (ESCRT) complex, recruits proteins and other cargo, while 

also mediating the inward budding of the late endosome, creating the intraluminal vesicles 

inside the multivesicular body (MVB) [59,76,78,110]. The MVB can either follow a 

degradation pathway fusing with lysosomes or proceed to release the intraluminal vesicles 

into the extracellular space through exocytosis as exosomes [76,110]. Placental derived 

exosomes have been well characterized during normal and abnormal pregnancies and their 

functional roles have also been documented [67,68,71,111–116]. Their size facilitates easy 

transportation between cells and tissues, while their contents reflect the state of the source 

cell and regulate the phenotype of the target cell [69,79,106,113,114,117]. Exosomes 

interact with the target cell by direct fusion with the cell membrane, thus releasing the 

contents directly into the cytosol; through active uptake via endocytosis or by binding to 

the target cell via receptor-ligand interactions thereby inducing a signaling cascade which 

changes the phenotype of the target cell. 

No reports exist on fetal membrane- derived exosomes or their contents. Therefore, 

the objectives of this study are: 1) determine the generation of exosomes from primary 
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amnion epithelial cells and characterize their contents, 2) determine the changes in specific 

exosome contents in primary amnion cells in response to oxidative stress. Since p38 MAPK 

was identified as a crucial stress response-signaling pathway that activates oxidative stress 

induced senescence at term, we specifically examined exosomal p38 MAPK cargo. Using 

an in vitro primary amnion epithelial cell (AEC) model of oxidative stress induced by 

cigarette smoke extract, a well characterized model of in vitro oxidative stress, and using 

Liquid Chromatography (LC)/ Mass Spectrometry (MS) and Next Generation Sequencing, 

we characterize the contents of AEC -derived exosomes and their potential role in 

parturition. 

Materials and Methods 

Placental samples were obtained for this study from John Sealy Hospital at The 

University of Texas Medical Branch (UTMB) at Galveston, TX, USA. No subjects were 

recruited or consented for this study as we used discarded placenta from normal term, not 

in labor cesarean sections. The study protocol was submitted and approved by the 

institutional review board at UTMB, whereby placental samples could be collected without 

consenting subjects. Placentae from women (18–40 years old) undergoing elective repeat 

cesarean delivery (between 37 and 41 weeks of gestation) prior to the onset of labor were 

included in the study. Women with prior history of preterm labor and delivery, preterm 

premature rupture of the membranes, preeclampsia, placental abruption, intrauterine 

growth restriction, and gestational diabetes were excluded. Additionally, group B 

streptococcus carriers, treated for urinary tract infection, sexually transmitted diseases, 

chronic infections like HIV, hepatitis, and women who smoked cigarettes or reported drug 

and alcohol abuse, were also excluded. 

Isolation and Culture of Human Amnion Epithelial Cells (AECs) 
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All reagents and media were warmed to 37°C prior to use. The amniotic membrane 

was processed as described previously [87,89]. Briefly, the amnion membrane was 

manually peeled from normal, term, not in labor caesarean section placentas, rinsed in 

saline and transferred to a petri dish containing Hanks Balanced Salt Solution (HBSS; 

Mediatech Inc., Manassas, VA). After cutting the amnion into 2 cm x 2 cm pieces, they 

were digested twice in 0.25% trypsin and 0.125% Collagenase A (Sigma – Aldrich, St. 

Louis, MO) in HBSS for 35 minutes at 37°C. After each digestion, the tissue was filtered 

through a 70 µm cell strainer (Thermo Fisher Scientific, Waltham, MA) and trypsin was 

inactivated using complete Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 

media (DMEM/F12; Mediatech Inc.) supplemented with 15% fetal bovine serum (FBS; 

Sigma-Aldrich), 10% Penicillin/Streptomycin (Mediatech Inc.) and 100 µg/mL epidermal 

growth factor (EGF; Sigma-Aldrich). The collected filtrate was centrifuged for 10 minutes 

at 3000 RPM and the pellet was resuspended in 3.0 mL complete DMEM/F12. Once cells 

were counted, approximately 3-5 million cells per flask were cultured in T75 flasks 

containing complete DMEM/F12 media at 37°C, 5% CO2, and 95% air humidity to 70-

80% confluence.  

Stimulation of AECs with Cigarette Smoke Extract (CSE) 

To induce oxidative stress in AECs, CSE was used as detailed in our prior studies, 

[87,118,119] with modifications. Smoke from a single lit commercial cigarette (unfiltered 

CamelTM, R.J. Reynolds Tobacco Co, Winston Salem, NC) was infused into 25 mL of 

exosome-free media, consisting of DMEM/F12 supplemented with 10% exosome-free 

FBS (System Biosciences, Mountain View, CA). The stock CSE was sterilized using 0.25 

mm Steriflip® filter unit (Millipore, Billerica, MA). CSE concentrate was diluted 1:10 in 

exosome-free media prior to use. Once cells reached 70-80% confluence, each flask was 
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rinsed with sterile 1x PBS followed by treatment with exosome-free media (control) or 

CSE containing media and incubated at 37°C, 5% CO2, and 95% air humidity for 48 hours. 

Activation of p38 MAPK in AECs Using Flow Cytometry 

Activation of p38 MAPK was also performed. After harvesting cells using trypsin 

EDTA and centrifugation for 10 minutes at 3000 RPM, the pellet was resuspended in 500 

μL 4% paraformaldehyde and vortexed. After incubation for 10 minutes at room 

temperature, cells were placed on ice for 1 minute then centrifuged for 5 minutes at 2000 

RPM at 4°C. The supernatant was removed and the pellet was resuspended in 500 μL 90% 

ice cold methanol, gently vortexing while adding methanol slowly. Once the pellet was 

completely resuspended, the cells were incubated on ice for 10 minutes then stored at -

20°C until use. All centrifugations were performed at 2000 RPM for 5 minutes at 4°C. 

Cells in 90% methanol were centrifuged and washed twice with 5% BSA in PBS. After the 

second centrifugation, the pellet was resuspended in P-p38 MAPK primary antibody (Cell 

Signaling) diluted 1:200 in 5% BSA and incubated at room temperature for 2 hours. Cells 

were washed twice with 5% BSA in PBS then resuspended in Alexa Fluor conjugated 

secondary antibody (Life Technologies) diluted 1:400 in PBS and incubated for 1 hour at 

room temperature in the dark. Cells were centrifuged and resuspended in 400 μL PBS and 

run immediately on the Cytoflex flow cytometer (Beckman Coulter). After gating for single 

cells, data analysis based was performed using Cytexpert (Beckman Coulter).  

Senescence-Associated Β-Galactosidase (SA-Β-Gal) Activity 

Senescence was assessed with the commonly used biomarker senescence-

associated β-galactosidase (SA-β-Gal) activity, adapted for flow cytometry [120,121] with 

modifications. Cells were incubated for 1 hour in complete DMEM growth medium 

supplemented with 100nM bafilomycin A1 (baf A1). After 1 hour, 5-
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dodecanoylaminofluorescein di-β-D-galactopyranoside (C12FDG) was added for a final 

concentration of 6μM and incubated at 37°C, 5% CO2, and 95% air humidity for 1 hour. 

Cells were harvested by trypsinization and centrifugation at 3000 g for 10 minutes at 4°C. 

The cell pellet was resuspended in 500-μL Coulter DNA Prep Stain (Beckman Coulter, 

Indianapolis, IN) and run immediately on the CytoFlex flow cytometer (Beckman Coulter). 

Unstained, control AECs were used as negative controls for gating. Data analysis was 

performed using Cytexpert (Beckman Coulter). 

Isolation of Exosomes from Control and CSE-Treated Amnion Cell 

The culture media were collected and centrifugated at 300g for 10 minutes and 

2,000g for 20 minutes at 4℃ then stored at -80°C until exosome isolation. Media was 

thawed overnight at 4℃ then isolated using differential ultracentrifugation as described 

previously, with modifications [57,122–125]. Briefly, the supernatant was transferred to 

Amicon Ultra 15 centrifugation filters (Millipore, Billerica, MA) and centrifuged at 2000 

g for 90 minutes. The concentrate was collected and centrifuged at 10,000 g for 30 minutes. 

The supernatant was transferred to ultracentrifugation tubes and centrifuged at 100,000 g 

for 2 hours. The supernatant was discarded, and the pellet was resuspended in cold 1x PBS 

then centrifuged at 100,000 g for 1 hour. The final pellet was resuspended in RIPA 

(Western Blot) or 1x PBS (electron microscopy, Flow Cytometry, DNA quant and sizing) 

and stored at -80°C until use. 

Transmission Electron Microscopy (TEM) Of Whole Mounted Exosomes 

For TEM studies, 5 μL suspended exosomes in PBS were dropped onto a formvar-

carbon coated 300-mesh copper grid and left to dry at room temperature for 10 min. Grids 

were treated with 10 seconds of Hydrogen-Oxygen plasma in a Gatan Solarus 950 plasma 

cleaning system (Gatan, Inc., Pleasanton, CA) prior to use. After three washes in purified 
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water, the exosome samples were negatively stained using PhosphoTungstic Acid (PTA). 

The grids were dried at room temperature then viewed in a 120 keV JEM 1400 electron 

microscope (Jeol, Peabody, MA). A minimum of 10 frames were viewed per sample. 

Nanoparticle Tracking Analysis 

Exosome total size distribution and concentration was determined using the 

Nanosight NS300 (Malvern Instruments, Worcestershire, UK). Samples were diluted 1:500 

in distilled water and run following the manufacturer’s instructions. For all samples, we 

used a camera level of 15–16 and automatic functions for all postacquisition settings except 

for the detection threshold, which was fixed at 5. The camera focus was adjusted to make 

the particles appear as sharp dots. Using the script control function, three 30-second videos 

for each sample were recorded. 

Western Blot Analysis 

Exosomal pellets were resuspended in RIPA lysis buffer (50 mM Tris pH 8.0, 150 

mM NaCl, 1% Triton X-100, and 1.0 mM EDTA pH 8.0, 0.1% SDS) supplemented with 

protease and phosphatase inhibitor cocktail and PMSF. After centrifugation at 10,000 RPM 

for 20 minutes, the supernatant was collected and protein concentrations were determined 

using BCA (Pierce, Rockford, IL). The protein samples were separated using SDS-PAGE 

on a gradient (4–15%) Mini-PROTEAN1TGX™ Precast Gels (Bio-Rad, Hercules, CA) 

and transferred to the membrane using iBlot1Gel Transfer Device (Thermo Fisher 

Scientific). Membranes were blocked in 5% nonfat milk in 1x Tris buffered saline-Tween 

20 (TBS-T) buffer for a minimum of 1 h at room temperature then probed (or re-probed) 

with primary antibody overnight at 4°C. The membrane was incubated with suitable 

secondary antibody conjugated with horseradish peroxidase and immunoreactive proteins 

were visualized using Luminata Forte Western HRP substrate (Millipore, Billerica, MA). 
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The stripping protocol followed the instructions of Restore Western Blot Stripping Buffer 

(Thermo Fisher). No blots were used more than three times. The following anti-human 

antibodies were used for Western blot: exosome markers CD9 (Abcam, Cambridge, United 

Kingdom) diluted 1:400, CD81 (Abnova, Taiwan) diluted 1:500 and Alix (Abcam) diluted 

1:500, Nanog (Cell Signaling, Beverly, MA) diluted 1:400 to confirm AEC specificity of 

exosomes, Heat shock protein (HSP) 70 (Abcam), a damage associated molecular pattern, 

was diluted 1:500. Total p38 MAPK and phospho p38 MAPK (Cell Signaling) were diluted 

1:400. 

Flow Cytometry Analysis for Exosome Markers 

For flow cytometry analysis of exosome tetraspanin markers CD9, CD63 and 

CD81, a total of five samples per condition were prepared using the ExoFlow kit (System 

Biosciences) protocol with modifications. Briefly, exosomes isolated from treated and 

untreated amnion cell cultures were resuspended in 150 μL 1x PBS and all kit reagent 

volumes were halved. Streptavidin coated 9.1μm beads were washed then incubated with 

biotinylated anti-CD9, CD63 or CD81 for 2 hours on ice, flicking intermittently to mix. 

Beads were washed and resuspended in 200 μL bead wash buffer prior to incubation 

overnight at 4°C with 50 μL exosomes (total volume 250 μL). The following day, samples 

were washed and stained using the Exo-FITC exosome stain according to manufacturer 

then run on the Cytoflex flow cytometer (Beckman Coulter). Negative controls with 

isotype-matched antibodies were used for gating, applied according to manufacturer 

instructions. Data analysis based on fluorescein isothiocyanate (FITC) signal shift was 

performed using Cytexpert (Beckman Coulter). 

Immunofluorescence Staining and Microscopy  
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Oxidative stress induction of AECs activates pro-senescence marker p38 MAPK 

by phosphorylation while also releasing HMGB1 from the cells’ nuclei to cytoplasm. Both 

are expected to be packaged into exosomes. To colocalize HMGB1and P-p38 MAPK 

inside exosomes, IF staining was performed for colocalization with exosome marker CD9. 

Once cells reached confluence, culture media were removed, and cells were rinsed with 

PBS, harvested with trypsin EDTA (Corning, Corning, NY), and centrifuged for 10 

minutes at 3000 RPM. Cells were resuspended in complete media and seeded on glass 

coverslips at a density of 30,000 cells per slip and incubated overnight. Cells, untreated 

and CSE-treated (48 hours), were fixed with 4% paraformaldehyde (PFA), permeablized 

with 0.5% Triton X, and blocked with 5% bovine serum albumin (BSA, Fisher Scientific, 

Waltham, MA) in PBS prior to incubation with primary antibodies HMGB1 (Cell 

Signaling), P-p38 MAPK (Cell Signaling) and CD9 (Abcam, Cambridge, United 

Kingdom) diluted 1:300 in 5% BSA overnight at 4°C. After washing with PBS, slides were 

incubated with Alexa Fluor 488- or 594-conjugated secondary antibodies (Life 

Technologies, Carlsbad, CA) diluted 1:1000 in 5% BSA for 30 minutes in the dark. Slides 

were washed with PBS, treated with NucBlue® Live ReadyProbes® Reagent (Life 

Technologies) for 2 minutes, and mounted using Mowiol 4-88 mounting medium (Sigma-

Aldrich). Slides were dried at room temperature and stored in the dark until imaging. 

Exosomal localization of cffTF using fluorescent in situ hybridization (FISH) 

To colocalize cffTF in exosomes, cells were harvested as described above and 

seeded in Millicell EZ slides 4-well glass slides (Millipore, Billerica, MA) at a density of 

65,000 cells/well overnight. After 48-hour treatment, cells were fixed and permeabilized 

with ice cold 100% methanol (stored at -20°C) for 10 minutes at -20°C and blocked with 

5% BSA in PBS. Cells were incubated with primary antibody CD9 diluted 1:300 in 5% 

BSA at 4°C overnight while gently rocking. After washing with PBS, slides were incubated 
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with Alexa Fluor 594-conjugated secondary antibody (Life Technologies) diluted 1:1000 

in 5% BSA in the dark for 30 minutes. Cells were washed with PBS then refixed using 4% 

PFA and repermeabilized with 70% EtOH overnight at 4°C. Wells of the slides were 

removed, and cells were dehydrated by 2-minute incubation in 85% and 100% ethanol. 

Slides were air-dried at room temperature for 10 minutes.  

Leading strand (C-rich) telomere peptide nucleic acid (PNA) probe conjugated with 

Alexa Fluor 488 (PNA Bio, Newbury Park, CA) lyophilized powder was resuspended in 

100-μL formamide to make a 50μM stock, which was aliquoted and stored at -80°C. The 

stock was diluted in prewarmed hybridization buffer (Thermo Fischer) to a final 

concentration of 200nM, and 50 µL was added to each prewarmed slide, covered with a 

coverslip, and heated at 85°C for 10 minutes. For in situ hybridization, slides were 

incubated at room temperature for 2 hours in a humidity chamber. After hybridization, 

slides were placed in 2x SSC with 0.1% Tween to remove the coverslips and washed twice 

in 2x SSC with 0.1% Tween heated to 55°C–60°C and again at room temperature. Slides 

were treated with NucBlue® Live ReadyProbes® Reagent (Life Technologies) for 2 

minutes and then washed in 2x SSC, 1x SSC, and DI H2O for 2 minutes each. Slides were 

dried at room temperature for 10 minutes then mounted using Mowiol 4-88 mounting 

medium (Sigma-Aldrich). Slides were dried at room temperature and stored in the dark 

until imaging. 

Image Processing and Analysis 

Confocal images were acquired using a Zeiss LSM-510 Meta confocal microscope 

with a 63 × 1.20 numerical aperture water immersion objective. The images were obtained 

using 3 excitation lines (364, 488, and 543), line emissions were collected with 385–470-

nm, 505–530-nm, and 560–615-nm filters, respectively. All images were collected using 

8-frame-Kallman-averaging with a pixel time of 2.51 μs, a pixel size of 160 nm, and an 
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optical slice of 1 μm. Z-stack acquisition was carried out with 0.8-μm z-steps. Image 

processing and analysis were performed with Image J (open source) to set the low and high 

thresholds for measurement of immunofluorescent intensity. After discounting background 

in each channel, we traced a linescan over the areas where we saw the highest intensity of 

colocalized signal. A graphic of raw fluorescence intensity vs calibrated distance in 

micrometers along the linescan (indicated by arrows on every figure) was plotted. 

Proteomic Analysis of AEC-Derived Exosomes by Mass Spectrometry 

Protein profile of exosomes isolated from AEC culture under normal or oxidative 

stress conditions were established by Liquid Chromatography (LC)/ Mass Spectrometry 

(MS) as previously described with modifications [69,117]. Briefly, exosome pellets were 

lysed in 500μL modified RIPA buffer (2.0% SDS, 150mM NaCl, 50mM Tris, pH 8.5, 1X 

Complete Protease inhibitor (Roche)) at 100°C for 15 minutes. The lysate was clarified by 

centrifugation and the protein concentration determined by Qubit fluorometry (Invitrogen). 

10 μg of extracted protein was processed by SDS-PAGE using 10% Bis Tris NuPage mini-

gel (Invitrogen) in the MES buffer system. The migration window (2cm lane) was excised 

and in-gel digestion performed using a ProGest robot (DigiLab) using ammonium 

bicarbonate (25mM), dithiothreitol (reduction step, 10mM at 60°C) and iodoacetamide 

(alkylation step, 50mM). Samples were digested with sequencing grade trypsin (Promega) 

at 37°C for 4h and quenched with formic acid. The supernatant was analyzed directly 

without further processing. Digested samples were analyzed by nano LC-MS/MS with a 

Waters NanoAcquity HPLC system interfaced to a ThermoFisher Q Exactive. Peptides 

were loaded on a trapping column and eluted over a 75μm analytical column at 350nL/min 

using a 2hr reverse phase gradient; both columns were packed with Jupiter Proteo resin 

(Phenomenex). The mass spectrometer was operated in data-dependent mode, with the 

Orbitrap operating at 60,000 FWHM and 17,500 FWHM for MS and MS/MS respectively. 
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The fifteen most abundant ions were selected for MS/MS. False discovery rate (FDR) was 

estimated using a reversed sequence database. 

Proteins identified by MS/MS were analyzed by PANTHER (Protein Analysis 

THrough Evolutionary Relationships; http://www.pantherdb.org) as previously described 

[69,117]. Differentially identified proteins were analyzed further by bioinformatic pathway 

analysis (Ingenuity Pathway Analysis [IPA]; Ingenuity Systems, Mountain View, CA; 

www.ingenuity.com).  

NGS to Determine Exosomal cffTF and Other Cell-Free Amnion Cell DNA 

Specificity 

DNA libraries were created using the Nextera tagmentation technology (Illumina, 

San Diego, CA). Tagmentation uses a transposon-based approach that fragments the target 

DNA and introduces a partial adapter sequence in a single step. All DNA samples were 

quantified using a Qubit fluorometric assay (Thermo Fisher Scientific). DNA quality was 

assessed using a high-sensitivity DNA chip on an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA). Creation of DNA libraries was performed using 50 ng of 

genomic DNA and Nextera tagmentation reagents as recommended by the manufacturer. 

Limited PCR (5 cycles: 95C x 10 seconds/ 62C x 30 seconds/ 72C x 3 minutes) 

amplification was performed to complete the adapter sequence and index the final library. 

All NGS libraries were indexed independent of the planned complexity of the sequence 

analysis. The final concentration of all NGS libraries was determined using a Qubit 

fluorometric assay, and the DNA fragment size of each library was assessed using a DNA 

1000 high-sensitivity chip and an Agilent 2100 Bioanalyzer. 

We created an artificial telomere sequence by concatenating 50 copies of the 

consensus sequence TTAGGG. Adapter sequences were trimmed from the reads in fastq 

format using the program Trimmomatic, version 0.36, without quality trimming. Reads 

http://www.pantherdb.org/
http://www.ingenuity.com/


 

44 

were then aligned in paired end format to the telomere reference using Bowtie2, version 

2.2.5, in the local alignment mode with default parameters. The number and percentage of 

mapped reads were reported in the Bowtie2 output [126,127]. Circular representations of 

the readings of fragments along each chromosome in the whole-genome and mitochondria 

were created using Circos [128]. 

Statistical Analysis 

SPSS software (IBM, Armonk, NY) was used for statistical evaluation. Samples 

were analyzed using independent sample t test, and a P value less than .05 was considered 

statistically significant. 

Results 

Primary AEC Cultures Are Positive for Cytokeratin 

Primary amnion cells isolated from term, not in labor C-sections were positive for 

cytokeratin 18, a commonly used marker for epithelial cells (Figure 2.1).  

CSE Activates p38 MAPK and Induces Cellular Senescence in Primary AECs 

 

Figure 2.1: Cytokeratin staining of primary AECs.  

Primary AECs were fluorescently labeled for cytokeratin 18 to show cultures were 

predominantly epithelial cells. AEC-amnion epithelial cell. 
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We examined p38 MAPK activation, an oxidative stress response indicator 

activated by various stressors, and beta-galactosidase activity using flow cytometry. AECs 

treated with CSE showed higher p38 MAPK activation than control cells (Table 2.1), 

indicating CSE AECs were undergoing oxidative stress and cellular senescence. To 

determine cellular senescence, control and CSE-treated cells were analyzed for SA-β-Gal 

activity using flow cytometry [44,120,121,129]. As shown in Table 1, control cells (9.5%) 

had significantly (p<0.0001) less senescent cells compared to CSE-treated cells (38.0%). 

This finding confirmed our prior histology-based reports that CSE causes AEC senescence 

[34,87–89]. 

Characterization of Exosomes from Control and CSE-Treated AECs 

Exosomes isolated from AECs under standard (control) and oxidative (CSE) 

conditions were characterized using four different methods–electron microscopy (for shape 

and morphology), nanoparticle tracking analysis (size), western blot and flow cytometry 

(specific markers and cargo contents) and Next Generation Sequencing (DNA cargo). 

TEM studies (Figure 2.2A) showed, regardless of treatment, amnion exosomes 

exhibited cup-shaped morphology and a size distribution of 50–150 nm [67,130]. 

Nanoparticle tracking analysis was performed to confirm size distribution and quantify the 

number of exosomes per sample (Figure 2.2B). There was no significant difference 

(P = 0.474) seen in the size distribution of exosomes derived from control (138.6 nm) and 

Table 2.1: p38 MAPK Activation (P-p38) and Cellular Senescence of Control and 

CSE treated AECs 

 P-p38 MAPK SA-β-Gal 

Control (untreated) AEC 1.8% 9.5% 

CSE Treated AEC 35.9% 38.0% 
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CSE-treated (137.8 nm) AECs. Additionally, after quantifying the number of exosomes in 

each prep, we calculated the number exosomes released per cell in each experiment. We 

did not see significant difference (P =0.53) in number of exosomes secreted in control 

(2727 exosomes per cell) and CSE-treated (2926 exosomes per cell) cells (Table 2.2).  

Western blot was performed to characterize common exosome markers and cell-

type-specific markers in each sample (Figure 2.2C). Regardless of condition, AEC-derived 

exosomes were positive for exosome markers CD9, CD81, and Alix, as well as embryonic 

stem cell marker Nanog. Flow cytometry was performed to further characterize the 

exosomes using tetraspanin markers CD9 and CD63 (Figure 2D), common markers used 

for exosome identification [131]. The shift in FITC intensity on the representative 

histograms in Figure 2E indicates beads positive for either CD9 or CD63 exosomes (pink 

peaks) relative to the negative control (no exosomes) (green peaks). By graphing forward 

scatter versus FITC intensity, we calculated the percentage of beads positive for exosome 

markers. After subtracting the negative control to account for background, results are 

expressed as percentage of beads positive for CD9 or CD63 expressing exosomes. 

Exosomes from control AECs showed an average of 70% for CD9 compared to 38% in 

CSE treated AEC exosomes. Similar decrease was also seen for CD63 (64% and 19% in 

controls vs CSE respectively). Difference in exosome marker expression was found to be 

statistically significant (P < 0.05). 

Table 2.2- Size and quantity distribution of control & CSE exosomes 

 
Mean Size 

(nm) 
Exosomes/cell 

Control 138.6 2727 

CSE 137.8 2926 
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Characterization of Exosomal Cargo from Control and CSE Treated AECs 

Western blot analysis showed the presence of active forms of pro-senescence and 

parturition associated marker p38 MAPK (P-p38 MAPK) and one of the damage associated 

molecular pattern (DAMP) molecules HSP70 in exosomes from both control and CSE 

treated AECs. As shown in Figure 2E HSP70, P-p38 MAPK and total p38 MAPK were 

 

Figure 2.2: Characterization of exosomes released from amnion cells grown under 

standard (control) and oxidative (CSE) conditions.  

A: Electron microscopy showing cup-shaped vesicles that have a size distribution of 30–

150 nm (arrow indicates exosomes; scale bar represents 50 nm). B: Representative images 

from nanoparticle tracking analysis (NTA) of control and CSE exosomes. All our 

preparations showed particles <140 nm. C: Western blot analysis showed the presence of 

exosome markers CD81, HSC70 and ALIX, as well as embryonic stem cell marker, 

Nanog, indicating amnion epithelial cell origin. D: Flow cytometric characterization of 

exosome tetraspanin markers exosome markers CD9 and CD63. X-axis is FITC intensity, 

y-axis is count, or number of beads positive for exosomes. Green represents negative 

control (neg). E: Western blot analysis showing differences in specific markers. Presence 

of stress responsive and pro-senescence marker p38 mitogen activated protein kinase 

(MAPK) and one of the DAMP) markers, HSP70, in exosomes from both control and 

CSE treated AECs. Expression of P-p38 MAPK was higher in exosomes from AECs 

treated with CSE compared to control. 
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seen in both untreated and treated exosomes. However, the intensity of bands for P-p38 

MAPK was higher in exosomes from AECs treated with CSE.  

P-p38 MAPK (Figure 2.3), Histone 3 (H3, Figure 2.4), and HSP70 (Figure 2.5) 

were colocalized with exosome marker CD9 using immunofluorescent microscopy to 

determine whether exosomes reflect the physiologic state of AECs. All studied markers are 

associated with oxidative stress response and activation of p38 MAPK in amnion cells, 

which is the signaler in senescence response to CSE. H3 and HSP70 are p38 MAPK 

responder genes in stress associated cellular signaling [132,133]. Colocalization was 

quantified using Pearson’s correlation coefficient and graphed comparing control and CSE 

mean values. Colocalization of all three markers were significantly higher in CSE treated 

AEC exosomes compared to control AEC exosomes (mean Pearson’s correlation 

coefficients for each were statistically significant (p<0.05)) confirming CSE causes 

increased cargo of these markers by exosomes. CSE induced oxidative stress damage leads 

 

Figure 2.3: Colocalization of exosome marker CD9 and P-p38 MAPK in AECs.  

Colocalization of pro-senescence marker P-p38 MAPK and CD9: Immunofluorescence 

imaging of control (top panel) and CSE treated amnion cells (bottom panel) show 

colocalization differences of P-p38 MAPK (green) and CD9 (red). 
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to senescence of AEC through p38 MAPK signaling [87] and current data confirm that P-

p38 MAPK and its responder proteins H3 and HSP70 can also get packaged inside 

 

Figure 2.4: Colocalization of exosome marker H3 and CD9 in AECs.  

Immunofluorescence imaging of control (top panel) and CSE treated amnion cells 

(bottom panel) show colocalization differences of H3 (green) and CD9 (red). 

 

Figure 2.5: Colocalization of exosome marker HSP70 and CD9 in AECs.  

Immunofluorescence imaging of control (top panel) and CSE treated amnion cells 

(bottom panel) show colocalization differences of HSP70 (green) and CD9 (red). 
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exosomes at a higher level reflecting the physiologic state of AECs.  

HMGB1, a nonhistone nuclear protein, was localized in the nucleus (green staining) 

in control cells (Figure 2.6A). Oxidative stress induced by CSE, however, caused 

translocation of HMGB1 from the nucleus to cytoplasm (Figure 2.6B). Red staining in the 

cells represent CD9+ exosomes. Next, we determined colocalization of HMGB1 within the 

exosomes in both control and CSE-treated AECs. Control amnion cells displayed only a 

few overlapping spots in a cell, whereas CSE treatment produced cytoplasmic localization 

of HMGB1 and multiple areas of colocalization (Figure 2.6C). A linescan confirmed that 

colocalization of HMGB1 in exosomes was higher in the cytoplasm after CSE treatment 

compared to controls AECs. This finding confirms that exosomes and HMGB1 are 

colocalized, and they can potentially escort off the cell together. 

FISH was performed to colocalize cffTF and exosome marker CD9. Under standard 

cell culture conditions, telomeres are localized in the AEC nucleus (Figure 2.7A). 

Treatment of AECs with CSE caused fragmentation of telomeres (as reported previously) 

 

Figure 2.6: Colocalization of HMGB1 in exosomes. 

A: Colocalization of HMGB1 and CD9+ exosomes in untreated amnion cells compared 

to CSE treated amnion cells. B: Confocal xy-planes of the z-stack. Intensity profile 

graphs show the topographical profile of the pixel intensity levels of each antibody 

labelling along the freely positioned arrow. The maximum height represents the 

brightest possible pixel in the source image. 
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and telomere fragment translocation from the nucleus to the cytoplasm (Figure 2.7C). A 

linescan was performed to determine colocalization of telomere fragments with exosome 

marker CD9. As shown in Figure 2.7B and 2.7D, colocalization of cffTF in exosomes was 

higher in CSE-treated AECs compared to control. 

Proteomic Analysis of AEC-Derived Exosomes by Mass Spectrometry 

Mass spectrometry analysis identified over 200 exosomal proteins (Appendix Table 

1). We also identified unique proteins for each condition (Figure 2.8A; See Appendix 1: 

Supplemental Tables 2.1 and 2.2). The number of proteins identified in exosomes isolated 

from AEC exposed to CSE was higher (193) compared to control (173). We investigated 

the molecular network that can activated by the proteins identified in exosomes isolated 

from AEC cultured under normal (Figure 2.8B) and oxidative stress conditions (Figure 

 

Figure 2.7: Colocalization of cffTF in exosomes. 

A: Colocalization of telomere fragments in untreated amnion cells compared to CSE 

treated amnion cells. B: Confocal xy-planes of the z-stack. Intensity profile graphs show 

the topographical profile of the pixel intensity levels of each antibody labelling along the 

freely positioned arrow. 
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2.8C). Interestingly, NF-κB complex seems to be a central regulator in the molecular 

network that can be activated by exosomes network from exosomes from AEC treated with 

CSE. We have already reported that CSE treatment produces minimal activation of NF-κB 

compared to control and the exosomal proteomic analysis further supports our earlier 

findings [93]. We have also seen evidence of epithelial-mesenchymal transition (EMT) of 

amnion epithelial cells under oxidative stress conditions. TGF-β is a major mediator of 

EMT [134–138]. Molecular networks in CSE treated exosomes suggests that TGF-β 

 

Figure 2.8: Proteomic analysis of AEC-derived exosome proteins.  

A: The Venn diagram represents the distribution of common and unique proteins 

identified by nanospray LC-MS/MS in exosomes released from AEC cultured under 

normal or stress conditions (n=2 per treatment). List contain 221 unique proteins. B 

and C: Proteins identified in exosomes isolated from AEC under normal (B) or 

oxidative stress (C) conditions were submitted to IPA network analysis. Red circle: 

central molecules involved in the signaling pathways. 
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mediated EMT may be functional in AECs under oxidative stress. Using Ingenuity 

Pathway Analysis (IPA), a bioinformatics approach, we examined the biological pathways 

represented by differentially expressed proteins from our proteomic analysis. The 

canonical pathways determined by exosomal cargo contents showed ERK/MAPK (Figure 

2.9A), PI3K/AKT (Figure 2.9B) and epithelial adherent junctions (Figure 2.9C) was 

significantly higher in exosomes from AEC under oxidative stress conditions compared to 

the control. On the other hand, canonical pathways as LPS/IL-1 mediated inhibition of the 

nuclear receptor retinoid X receptor (RXR) function and IL-6 signaling were significantly 

lower and unchanged in exosomes from AEC cultured under oxidative stress conditions 

compared to control, respectively. Finally, analysis of diseases and functions showed that 

exosomes isolated from AEC under oxidative stress conditions might significantly increase 

the eosinophilic inflammation compared to control. Interestingly, higher amount of 

eosinophil cells in the amniotic fluids has been associated with preterm labor [139]. 
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Figure 2.9: Ingenuity pathway analysis of AEC-derived-exosomes proteins 

Exosomal protein identified under normal (control) or oxidative stress conditions 

were analyzed using the IPA software. Comparison of canonical pathways: (A) 

ERK/MAPK, (B) PI3K/AKT, (C) epithelial adherens junctions, (D) LPS/IL-1 

mediated inhibition of RXR function and (E) IL-6 signaling. Diseases and functions 

analysis: (F) eosinophilic inflammation. 
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Exosomes Released from AECs Contain Genomic and Nongenomic DNA 

DNA extracted from control and CSE exosomes was analyzed by high throughput 

sequencing. DNA sequencing was done to confirm the above reported findings using FISH. 

By creating an artificial telomere sequence using 50 copies of the consensus sequence 

TTAGGG, we determined that CSE exosomes carry nongenomic DNA and their telomere 

fragment specificity. Quantitative assessment of any differences in cffTF between normal 

and CSE-derived AEC exosomes were not attempted in this approach. 

In addition to determining cffTF in exosomes, we also report the presence of 

genomic DNA in exosomes. Reads from control and CSE AEC exosomes were aligned to 

the whole genome (Figure 2.10A). While we did not find an overrepresentation of a 

specific chromosome in either treatment, we did see that CSE exosomes had significantly 

higher GC content than control exosomes (P =0.023). Control and CSE DNA reads were 

also aligned to mitochondrial DNA (Figure 2.10B), and we report the packaging of 

mitochondrial DNA in exosomes derived from AECs. Previously, we reported that DNAse 

digestion is not necessary in AEC exosomes studies because DNA fragments sticking to 

exosomes are not seen in our preparations [125]. 

 

Figure 2.10: Circular view of the readings of fragments along each chromosome 

in the (A) whole-genome and (B) mitochondria sequencing analysis of exosomal 

DNA isolated from amnion cells grown under standard (control) and OS (CSE) 

conditions. 
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Discussion 

Ongoing studies suggest the development of fetal membrane senescence as a 

mechanism associated with term parturition [34,87,89]. Oxidative stress, antioxidant 

depletion, oxidative stress induced senescence, stress associated p38 MAPK activation, 

and sterile inflammation, are associated with normal term human parturition 

[33,34,87,140]. These findings in in vivo clinical samples were recapitulated in vitro using 

normal term not in labor fetal membrane explant cultures or AECs where oxidative stress 

induced transition of fetal membranes to a senescence phenotype mimicked term labor 

status [87–89]. This suggests that exogenous oxidative stress at term promotes senescence 

and senescent fetal membrane cells to signal parturition by enhancing the overall 

inflammatory load in the uterine cavity. In this study, we demonstrated that AEC-derived 

exosomes may serve as carriers of signals of communication between various tissue layers 

by senescent fetal cells. Exosomes, generated as a consequence of multivesicular endosome 

(MVE) fusion with the plasma membranes [54,141,142], and their contents (protein, DNA, 

and all forms of RNAs), represent the character and physiologic state of the cell of origin 

that makes them good vectors of paracrine signaling.  

The primary aim of this study was to isolate, characterize and demonstrate that AEC 

derived exosomes reflect the physiological status of the cells of origin. Our key findings 

are as follows: 1) AEC derived exosomes demonstrated classic shape, size and markers 

(CD9, 63, 81, HSC 70, ALIX) along with amnion cell-stem cell specific transcription factor 

Nanog, regardless of treatment. 2) AEC derived exosomes do not show the presence of 

amnion cell stem cell marker Oct-4 in their cargo. 3) CSE treatment caused increased 

colocalization of H3, HSP70, HMGB1, active p38 (P-p38) MAPK and telomere fragments 

in AEC exosomes. Increased localization of these cargo demonstrated a pathophysiological 

phenotype of AECs in response to CSE induced oxidative stress. Although the functional 

relevance is unclear, this is the first report to demonstrate P-p38 MAPK as an exosomal 
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cargo. We propose that AEC-derived exosomes demonstrate the characteristics of a 

pathophysiological state of the cell of origin and that the presence of P-p38 MAPK, a 

marker of inflammation, is a key mediator of senescence induction and sterile 

inflammation. Our studies suggest the importance of AEC derived exosome cargo in 

causing potential functional changes in feto-maternal compartments. Although we do not 

report any functional role of AEC exosomes during pregnancy, ongoing research is focused 

on determining such a role.  

The impact of p38 MAPK activation is well documented in fetal tissues but no data 

exist on its functional contributions on myometrial side whose contractility determines 

pregnancy outcome. Functional progesterone withdrawal and subsequent myometrial 

activation (i.e. increased contractility and excitability) are key events in the initiation of 

labor [16,18,143,144]. Functional progesterone withdrawal, which is mediated, in part, by 

switching of the PR-A:PR-B ratio in myometrial cells from PR-B-dominance (mediates 

anti-inflammatory and relaxing actions of progesterone) to PR-A-dominance (inhibits the 

anti-inflammatory actions of progesterone and increase contractility) [16,18,143,144]. A 

key finding in breast cancer cell lines is that the PR-A: PR-B ratio is determined by the 

stability of the PR-A and PR-B proteins, which is caused by post-translational 

modifications, especially phosphorylation by MAPKs at specific serine residues in the N-

terminal domain [145–148]. Khan et al found that PR-A stability is increased by MEKK1-

induced p38 MAPK activation, which increased the PR-A: PR-B ratio; whereas PR-B 

stability was increased by activation of ERK1/2, leading to a decrease in the PR-A: PR-B 

ratio. Our unpublished data (performed in collaboration with Dr. Sam Mesiano) in 

myometrial cells demonstrate that CSE can cause functional progesterone withdrawal in 

myocytes through p38 MAPK mediated mechanism, a process reversed by p38 MAPK 

inhibitor SB203580. This determined the impact of p38 MAPK in human parturition. 

Therefore, exosomal transport of fetal cell derived P-p38 MAPK to the maternal side may 

be influential in determining the status of pregnancy. This is also dependent on the number 
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of exosomes and load of p38 MAPK that can reach the maternal side. Exosomes may carry 

other inflammatory molecules (SASP) from senescent fetal cells and they may also 

enhance the inflammatory load on the maternal side. We postulate that based on the 

physiologic state of cell, exosome cargo and signaling may determine the outcome of 

pregnancy. Placental derived exosomes have been well documented in maternal liquid 

biopsies and their changes (quantity and contents) have been implicated in various 

pregnancy associated pathologies [67,69,71–73,75,79,111–115,123,149–162].  

Although AEC exosomes demonstrated the consistent presence of classical 

exosomal markers and the amnion stem cell marker Nanog, we did not show one of the 

ESCRT class of proteins, Alix. ESCRT complex dependent and independent mechanisms 

of exosomal assembly and secretion have been described as a tissue/cell specific 

physiological phenomenon [110]. We have documented three of the tetraspanin protein 

markers (CD9, CD63 and CD81), as well as ESCRT protein ALIX, that can participate in 

exosomal assembly and release of cargo.  

In summary, we have demonstrated AECs produce exosomes and that their cargo 

reflects the status of the cell (Figure 2.11). Furthermore, we identified active p38 MAPK 

as one of the cargo proteins in exosomes derived from oxidative stress-treated AECs. Our 

studies highlight the significance of AEC derived exosomes as donors of p38 MAPK which 

plays a major role in determining the fate of pregnancy. This study demonstrated a limited 

number of markers and further characterization of AEC exosome cargo using proteomic 

and genomics approaches are warranted to elucidate the functional role of exosomes in 

human parturition and feto-maternal communication. 
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Figure 2.11: Characterization of AEC Exosomes  

The exosomes isolated from untreated (control) and CSE treated primary AEC carry 

cargo representative of the state of the origin cell. AEC exosomes contain tetraspnins 

(CD9, CD63 and CD81), Nanog, HSC70, HSP70 and DNA regardless of treatment, 

while CSE exosomes contain significantly increased amounts of P-p38 MAPK, 

HMGB1, H3, and an increase in telomere fragments compared with control 

exosomes. 
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CHAPTER 3: PARACRINE MEDIATORS OF PARTURITION: EXOSOMES 

DERIVED FROM AMNION EPITHELIAL CELLS 

Modified in part from: 

Paracrine mediators of parturition: Exosomes derived from amnion epithelial cells 

Emily E Hadley, Samantha Sheller-Miller, George Saade, Carlos Salomon, Sam Mesiano, 

Robert N Taylor, Brandie D Taylor, Ramkumar Menon 

Published: Manuscript under review at AJOG (2018) 

Introduction 

A substantial body of evidence supports the hypothesis that parturition is sustained 

by an inflammatory process. Labor in humans and other mammals is associated with 

infiltration and activation of leukocytes, mainly neutrophils and macrophages, into the fetal 

(amniochorion) and uterine tissues (decidua myometrium and cervix) [19,20]. Clinical and 

animal (mainly mouse) studies have identified key roles of specific cytokines, chemokines 

and immune cell types in the parturition process [11,31,163]. Endocrine signals arising 

from the fetus, such as corticotropin-releasing hormone and adrenocorticotropic hormone, 

are postulated to function as a biologic clock translating organ maturation and triggering 

labor at term. These hormones are known to have pro-inflammatory effects on various 

tissues in vitro [164–166]. However, the precise mechanisms by which signals from the 

fetus initiate human parturition remain a mystery.  

Our recent findings support the core hypothesis that oxidative stress and cellular 

senescence of the fetal (amniochorionic) membranes trigger human parturition by 

activating intrauterine inflammation. We have shown that human fetal membranes undergo 

a telomere-dependent process of progressive senescence throughout gestation, which is 

correlated with fetal growth [34,89]. Studies of senescence using human fetal membranes 

and cell culture have been corroborated in murine pregnancy models indicating that in utero 

cell senescence is driven by a p38 mitogen activated protein kinase (MAPK) pathway 
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[32,87,88]. Senescence of the fetal membranes peaks at term resulting in dysfunctional 

fetal membranes. We postulate that signals arising from senescent fetal membranes are a 

proxy for completion of fetal growth and may trigger parturition. Premature senescence 

activation in the amniochorion is associated with preterm parturition [167,168]. 

Examination of signals arising from senescent fetal membranes at term has identified two 

key classes of inflammatory factors: senescence associated secretory phenotype (SASP) 

and damage associated molecular pattern markers (DAMPs) arising due to cell and cellular 

organelle injury [34,88]. SASPs and DAMPs mediate sterile (non-infectious) inflammation 

in fetal compartments at term during normal gestation. Many of the SASPs (inflammatory 

cytokines, chemokines, matrix degrading enzymes and growth factors) are activated in 

parturition [169–171]. Two DAMPs released from senescent fetal cells, high mobility 

group box (HMGB) 1 and cell free fetal telomere fragments (cffTF), induce an 

inflammatory response in decidua and myometrium suggesting a paracrine communication 

from the senescing fetal membrane to uterine effector tissues of labor [32,88,171–173]. 

Furthermore, in animal models injection of these DAMPs cause preterm birth [174]. Based 

on these data, we hypothesize that sterile inflammatory signals from senescent fetal 

membranes are propagated from fetal to maternal compartments in a paracrine fashion to 

initiate labor.  

Exosomes are bioactive, spherical, cell-derived vesicles which are 30–150 nm in 

size and are secreted via exocytosis [71,109,175]. Exosomes are comprised of bi-layered 

plasma membranes and contain molecular constituents of their cell of origin, including 

proteins, DNA, and RNA that reflect the physiological state of their parent cell. In addition 

to common membrane and cytosolic molecules, exosomes harbor unique, cell specific 

subsets of proteins. They contain high concentrations of cholesterol and detergent resistant 

lipid membranes, making them extremely stable and efficient carriers of molecules across 

tissue layers [109]. Exosomes mostly act as transporters of paracrine signals between 
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tissues, but can regulate intracellular pathways by sequestering signaling molecules from 

the cytoplasm, reducing their bioavailability [114,162,176].  

It has recently been shown that senescent amnion epithelial cells (AECs) at term 

produce exosomes containing pro-inflammatory factors [124,125]. This finding supports 

the hypothesis that pro-inflammatory signals are transmitted from fetal to maternal tissues 

via AEC-derived exosomes. Importantly, animal model studies have shown that exosomes 

injected into the amniotic fluid cavity access the maternal tissues by local and systemic 

routes [124]. There are several studies which have reported exosome trafficking between 

tissues [177,178] and that indicate exosomes are released from cells from both the apical 

and basolateral compartments [179–183]. Although these data support the core hypothesis 

that exosomes from the fetus access maternal tissues, the capacity for fetal exosomes in 

induce inflammatory changes in the maternal tissues remains unknown.  

The objectives of this study were to: 1) determine whether exosomes derived from 

AECs grown under normal cell culture conditions (control exosomes) and under oxidative 

stress conditions (oxidative stress (OS) exosomes) enter maternal uterine cells (decidua 

and myometrium) and fetal (syncytiotrophoblast) cells, and 2) determine whether oxidative 

stress affects the capacity for AEC-derived exosomes to induce an inflammatory response 

in decidual, myometrial and syncytiotrophoblast cells. 

Materials and Methods 

This study is basic science study utilizing fetal membrane derived cells, primary 

decidual cells, and myometrial and trophoblast cell lines. The University of Texas Medical 

Branch (UTMB) in Galveston, TX, USA, under an approved Investigational Review Board 

protocol, allowed the use of discarded placentas after delivery. Placentae were collected 

from women (18–40 years old) undergoing an elective repeat cesarean delivery at term 

(37-41 weeks gestation) prior to onset of labor. Exclusion criteria included: a history of 

preterm labor and delivery, premature rupture of the membranes, preeclampsia, placental 
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abruption, intrauterine growth restriction, gestational diabetes, Group B streptococcus 

carrier status, history of treatment for urinary tract infection, sexually transmitted diseases 

during pregnancy, chronic infections like HIV and hepatitis, and history of cigarette 

smoking or reported drug and alcohol abuse. 

Human amnion epithelial cell isolation and culture 

Amniotic membrane was processed as described in Chapter 2 to produce AEC 

monolayer cultures.  

Primary amnion epithelial cells under normal (control) and oxidative stress cell 

culture conditions 

Cigarette smoke extract (CSE) was used to induce oxidative stress in amnion cells 

as detailed in Chapter 2. 

Exosome isolation 

Prior to exosome isolation, cell supernatant media were thawed overnight and 

exosomes were isolated using differential ultracentrifugation as described in Chapter 2.  

Transmission electron microscopy 

Exosome shape was determined using a JEOL transmission electron microscope 

(TEM) as described in Chapter 2.  

Nanoparticle tracking analysis with ZetaView 

Nanoparticle tracking analysis was performed using the ZetaView PMX 110 

(Particle Metrix, Meerbusch, Germany) and its corresponding software (ZetaView 

8.02.28). Frozen exosomes in 1x PBS were thawed on ice. A 1:500 dilution of the exosome 

sample was made with Millipore water. Samples of control or oxidative stress exosomes 

were loaded in the ZetaView Nanoparticle Tracking Analyzer and number of particles/ml 
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and size distribution were counted for each sample. The machine was cleaned between 

samples using filtered water. The results of the ZetaView were used to calculate the number 

of exosomes produced per amnion cell for the two treatment types (control or oxidative 

stress). 

Myometrial cell culture 

Myometrial cells were obtained from the hTERT-HMA/B myometrial cell line (a gift 

from Dr. Sam Mesiano, Case Western Reserve University, Cleveland, OH). The hTERT-

HMA/B is a clonal sub-line of hTERT-HM, a telomerase immortalized myometrial cell line 

produced from uterine fundus obtained from a premenopausal woman [184]. The cells 

express the smooth muscle cell-specific genes calponin, h-caldesmon and smoothelin. 

They also express the oxytocin receptor and respond to oxytocin with increased 

intracellular calcium, which is typical of the myometrial cell phenotype. Myometrial cells 

were plated in a T75 flask and cultured in media containing DMEM, 1X (Corning Cellgro, 

Manassas, VA) supplemented with 10% charcoal stripped-FBS (Sigma-Aldrich), 10% 

Penicillin/Streptomycin plus L-glutamine (Sigma-Aldrich), gentamicin (Mediatech), 

hygromycin B (Life technologies, Carlsbad, CA), blastocidin (Invitrogen, Carlsbad, CA) 

at 37°C, and 5% CO2, and grown to 80% confluence. 

Decidual cell culture 

Decidua cells were isolated from placentas collected from women undergoing 

elective cesarean delivery at term who were not in labor. The method for isolation was 

adapted from a protocol described by Mills et al. 2006.56 Briefly, fetal membrane was cut 

from placenta and amnion was removed. The tissue was washed with in pre-warmed 

0.9%NaCl to remove blood and then cut into 2 inch squares. Blunt dissection of the decidua 

from chorion was performed using forceps and scalpel. The tissue was minced into small 

pieces and incubated in a digestion buffer (Hanks BSS with trypsin and DNAse I) and at 



 

65 

37° C for 30 minutes. The tissue was then centrifuged at 2,000 rpm for 10 minutes at room 

temperature (RT). The supernatant was removed and pellet was re-suspended in a digestion 

buffer (Hank’s BSS with trypsin, DNAse I and collagenase type IA) and incubated for 1 

hour at 37° C. The digestion was neutralized and filtered through four layers of sterile 

gauze. The collected cells were centrifuged at 2,000 rpm x 10 minutes at RT and the pellet 

was re-suspended in DMEM. Next a pre-prepared Optiprep “column” was used with steps 

ranging from 4%-40% of 4 mL each. The processed decidua cells were added to the top of 

the gradient, then centrifuged at 1,000g x 30 minutes at RT. Decidual cells were collected 

between densities of 1.027 – 1.038g/mL (between 4-6%). The decidual cells were collected 

and washed with DMEM/F-12 50/50, 1X and then centrifuged at 2,000 rpm x 10 minutes 

at RT. The pellet was re-suspended in DMEM/F12 and placed in T25 flasks. The primary 

cells were grown in media containing complete DMEM/F12 media plus 10% heat 

inactivated (HI) FBS (Sigma-Aldrich), penicillin/streptomycin, and endothelial growth 

factor at 37°C, 5% CO2, and 95% air humidity to 70–80% confluence. The purity of the 

cells was tested using antibodies to vimentin and cytokeratin. We found that the cultured 

decidual cells were vimentin positive and cytokeratin negative. 

BeWo cell culture 

BeWo cells are a human choriocarcinoma cell line (provided by Dr. Robert N 

Taylor, Wake Forest University, Winston-Salem, NC). Despite being a cell line BeWo cells 

continue to reveal physiological characteristics of the villous trophoblast [185,186]. Cells 

were plated in a T75 flask and cultured in media containing Roswell Park Memorial 

Institute (RPMI) 1640, 1X (Corning Cellgro) media with Penicillin/Streptomycin and 10% 

HI-FBS at 37°C, 5% CO2, and 95% air humidity and grown to 70–80% confluence.  

Immunofluorescence staining of exosomes and confocal microscopy to localize 

exosomes in recipient cells 
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Isolated control and oxidative stress AEC exosomes were labeled with 

carboxyfluorescein succinimidyl ester (CFSE) by re-suspending the final exosome pellet 

in 7.5 μM CFSE. Exosomes were incubated at 37°C for 30 minutes then diluted with media 

containing 10% exosome-depleted FBS. Exosomes were utlracentrifuged overnight (>16 

hours) at 4°C and pellets were re-suspended in cold PBS. Myometrial, decidual and BeWo 

cells were plated on glass coverslips at a density of 20-50,000 cells per slip and incubated 

overnight prior to treatment with CSFE labeled control or oxidative stress exosomes. After 

a 4 hour incubation with the labeled exosomes, cells were fixed with 4% paraformaldehyde 

(PFA), permeablized with 0.5% Triton X and blocked with 3% BSA in PBS. To counter 

stain and to visualize cell morphology, cells were incubated with primary antibodies to α-

smooth muscle actin (Affymetrix, Santa Clara, CA) (for myometrial and decidua) or anti-

β actin (Sigma-Aldrich) (for BeWo cells) overnight at 4°C 3% BSA in PBS. After washing 

the slides several times with PBS, slides were incubated with secondary antibody Alexa 

Fluor 488 or 594 (Life Technologies) diluted 1:400 in PBS for 1 hour in the dark. Slides 

were then washed with PBS and treated with 4’, 6-diamidino-2-phenylindole (DAPI) 

(Invitrogen by Thermo Scientific) then washed and then mounted using MOWIOL 4–88 

(Sigma-Aldrich) mounting medium. Slides were allowed to dry overnight and then the cells 

were imaged using the LSM 510 Meta UV confocal microscope (63x) (Zeiss, Germany). 

Multiple (at least 5) cells on each slide were imaged with the confocal microscope. Images 

were obtained and analyzed using Image J (open source) to visualize z-stacks and confirm 

the location of the exosomes in regards to the cells. 3D reconstructions of the cells were 

created to further confirm the location of the exosomes in relation to the target cell. 

Exosome treatments of cells 

Myometrial, decidual and BeWo cells were placed in 6 well plates and grown 

overnight. The next day the cell media was removed, cells were washed with PBS and 

media was replaced with exosome free cell media. Cell treatments with control and 
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oxidative stress exosomes were performed by adding them to the wells. Exosomes from 

either control or oxidative stress conditions were added in 3 titrations of 2x105, 2x107, and 

2x109 exosomes/well. The cells were allowed to incubate with the exosomes for 24 hours. 

A negative control well was included that consisted of exosome free media only and a 

positive control well was included which was treated with LPS (100 ng/mL). At the 

completion of the treatment, media was collected from each well and stored at -80° C. The 

cells were collected from the wells after being washed with PBS. To collect the cells, wells 

were treated with radio immunoprecipitation assay buffer including 

phenylmethanesulfonyl fluoride (Fluka), protease inhibitor cocktail (Sigma-Aldrich) and 

Halt phosphatase inhibitor cocktail (Thermo-Scientific) and cells were manually scraped 

from the well using a cell scraper. The cells were then placed on ice for 10 minutes, 

vortexed for 10 seconds, sonicated for 30 seconds, vortexed an additional 10 seconds, and 

placed on ice for 10 minutes. The lysed cells were then flash frozen using liquid nitrogen 

and stored at -80° C. This experiment was repeated a total of 7 times.  

Exosome blocking experiments 

To determine if the effects in recipient cells were mediated by exosomes, several 

control experiments were performed. These included cold incubation of recipient cells and 

treatment with heat inactivated and sonicated exosomes. For the cold incubation treatment, 

the exact treatments as explained in the last section were performed, with the following 

changes: cells treated with exosomes were incubated at 4° C for 6 hours. For heat 

inactivation and sonication treatments, the above described treatments were performed 

with the following changes: the exosomes (both control and oxidative stress) were either 

heated in a 65° C water bath for 30 minutes or sonicated for 30 minutes prior to being 

added for the exosome treatment.59 A total of 4x107 exosomes were added per well and 

treatment type. The cell media and cells were collected at the end of the 24 hour treatment 

as described above. 
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Enzyme Linked Immunosorbent Assay for determining inflammatory marker 

response 

All of the media collected from exosome treatments and exosome blocking 

treatments were analyzed using an enzyme-linked immunosorbent assay (ELISA) for 5 

common inflammatory cytokines/mediators: IL-1β, TNF-α, IL-6, IL-8, and PGE2. These 

inflammatory cytokines were chosen based on the results of a systematic review, performed 

by our lab, which indicated that these cytokines/mediators are present at the time of labor 

in all the gestational tissues included in this report [187]. The ELISA was performed after 

media was thawed and spun to remove cellular and other debris. The media was pipetted 

into the ELISA plate wells as per kit instructions (R&D Systems- Quantikine ELISA). The 

results of the ELISA were obtained by using the Synergy H4 microplate reader (BIO-TEK). 

Western Blot 

Western blot was performed to determine total and phosphorylated NF-κB (Rel-A) 

from the myometrial, decidual and BeWo cells, which had been treated with 2x109 

exosomes from control or oxidative stress induced cells. Cell samples, which had 

previously been suspended in RIPA, were thawed and then centrifuged at 10,000 rpm for 

20 minutes. The supernatant was collected and then a bicinchoninic acid assay (BCA) 

(Pierce, Rockford, IL) was performed to determine protein concentrations of the samples. 

Then samples were run as described in Chapter 2 with primary antibodies to Phospho Rel-

A, total Rel-A, or total actin. 

Immunohistochemical analysis of amnion exosomes in maternal gestational tissues 

To determine that fetal cell derived material can reach maternal gestational tissue 

during parturition, we collected myometrial tissues and decidual tissues from pregnant 

women undergoing cesarean delivery (not in labor) or vaginal delivery (term labor) and 

looked for the presence of an amnion stem cell marker (NANOG). Dual staining was 
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performed for NANOG and CD9 (background marker). Tissues were fixed in 10% Neutral 

Buffered Formalin (NBF) for 24 hours at room temperature before embedding them in 

paraffin blocks and sectioning 4μm slices. Formalin-fixed paraffin-embedded (FFPE) were 

baked overnight at 50°C and tissue slides were re-hydrated the next day, by immersing in 

Xylene three times for 10 minutes each followed by 100% EtOH, 95% EtOH, 70% EtOH, 

50% EtOH, distilled water; each step performed twice for 5 minutes. Antigen retrieval was 

then carried out in 2100 Antigen Retriever (Electron Microscopy Sciences, USA) with 

citrate buffer, pH 6.0 for 20 minutes followed by cooling for approximately 2 hours and 

rinsed in TBS buffer. Endogenous peroxidase activity was quenched by incubation with 

0.3% hydrogen peroxide for 10 minutes. The tissue was then blocked for non-specific 

signals using Protein Block buffer (Abcam) in a moist chamber for 1 hour at room 

temperature. Sequential dual staining was performed with primary antibody NANOG 

(Rabbit, 1:400, Cell signaling, Danvers, MA) followed by second primary antibody CD9 

(Rabbit, 1:100, Novus Biologicals, Littleton, CO). Secondary antibody incubation was 

carried out for 30 minutes at room temperature with each antibody. NANOG was stained 

using DAB substrate (Abcam, Cambridge, United Kingdom) for 5 minutes. Slides were 

then washed in TBS-tween20, antigen retrieved and re-blocked prior to second primary 

antibody staining. CD9 staining was developed using AP substrate (Vector Blue) for 10 

minutes. The Olympus light microscope BX43 (OLYMPUS) was used to image the slide 

and images were captured using software Q Capture Pro. 

Statistical analysis 

Each cell type (BeWo, Myometrial and Decidua) was either untreated (negative 

controls) or treated with exosomes at 2 x 105, 2 x 107 and 2 x 109 from either normal or 

CSE conditions to examine the distribution of inflammatory markers between untreated 

(negative controls) and exosome treated cells (from both conditions). For each cell type, 

there were a total of 4 negative controls which served as the reference group and for each 
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exosome treatment (2 x 105, 2 x 107 and 2 x 109) there were 5 observations under normal 

conditions and 5 under CSE. Normality for each inflammatory marker (IL-6, IL-8 and 

PGE2) was tested using the Kolmogorov-Smirnov test, with a p-value of <0.05 indicating 

that the distribution was non-normal. No markers had a normal distribution. The 

distribution of inflammatory markers were compared between controls (untreated cells) 

and exosome treated cells (from both normal and oxidative stress conditions) using non-

parametric Wilcoxon-Mann-Whitney test (non-parametric analog to the independent 

samples t-test). These analyses were conducted for each cell type. A P-value <0.05 was 

considered statistically significant. All analyses were conducted using SAS V9.2 (Cary, 

NC). 

Results 

Exosome Quantification and Characterization 

The size and quantity of exosomes were determined using Zetaview analysis 

(Figure 3.1). Electronic microscopy of exosomes isolated from conditioned media samples 

showed round, cup-shaped exosomes with a size range between 50–150 nm (Figure 3.1A). 

AECs under normal cell culture (control) conditions produced an average of 9.4x109 

particles/ml which correlates with 899 exosomes/cell, while AECs under oxidative stress 

conditions produced 1.5x1010/ml which correlated with 1211 exosomes/cell (Figure 3.1B 

and C). The average size of exosomes from control and oxidative stress treatments were 

112 nm and 101 nm respectively. AEC exosomes were shown in a previous experiment to 

contain exosome markers CD9, CD81 along with AEC marker NANOG (Figure 3.1D).  
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Exosomes were localized in recipient cells 

Confocal microscopy and z-stack analysis was used to localize exosomes in 

recipient myometrial, decidual and placental cells. As shown in Figure 3.2, CFSE labeled 

control and oxidative stress exosomes were detected within myometrial, decidual and 

BeWo cells. The location of the exosomes within cells, as opposed to adjacent to the cells, 

was confirmed using z-stack analysis and 3D reconstructions as shown in Appendix B 

Supplemental Figure 3.1. 

 

 

 

Figure 3.1: Characterization of control and oxidative stress exosomes  

A: Transition electron micrograph of control and oxidative stress exosomes show 

round/cup shaped exosomes. B: Total number of particles/ml of media show no 

difference in exosomes between treatments. C: Number of exosomes/AEC from both 

control and oxidative stress treatments were not different. D: Both control and 

oxidative stress derived AEC exosomes showed exosome markers CD9, CD81 and 

stem cell marker NANOG. 
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AEC exosomes induce a pro-inflammatory response in myometrial and decidual 

cells 

To determine the effect of AEC derived exosomes to cause functional changes, we 

determined inflammatory cytokines and prostaglandin levels in cell culture supernatants 

after treatment with various doses of control and oxidative stress exosomes and compared 

them to the analytes from normal, untreated, cell cultures. The markers studied were shown 

to be associated with human parturition in each of these cell types. Control and oxidative 

stress AEC exosomes significantly increased the concentration of IL-6, IL-8 and PGE2 but 

not IL-1β or TNF-α in the media of myometrial and decidual cells compared to normal 

(untreated) cells in culture (Figures 3.3-3.4, Appendix B Supplemental Tables 3.1-3.2). 

 

Figure 3.2 Localization of AEC derived exosomes (from control and oxidative 

stress treatments) inside gestational cells 

Carboxyfluorescein succinimidyl ester (CFSE) labelled exosome localization inside 

myometrial, decidual and BeWo cells. Left panel: Myometrial cells; Middle panel: 

Decidual cells; and Right panel: BeWo cells. A: DAPI; B: Cell specific marker: α-

smooth muscle actin (myometrium and decidua) or β-actin (BeWo); C: CFSE labelled 

exosomes; D: merged images. 
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The capacity for oxidative stress exosomes to increase myometrial and decidual cell media 

IL-6, IL-8 and PGE2 levels appeared to be slightly higher compared to control AECs. A 

dose dependent effect of exosomes (control or oxidative stress) to stimulate inflammatory 

response was not observed in our experiments. BeWo cells only produced detectable levels 

of IL-6 and PGE2 and none of the other cytokines studied. Control and oxidative stress 

exosomes had no effect on BeWo cell media IL-6, IL-8, PGE2, IL-1β and TNF-α levels 

(Figure 3.5, and Appendix B Supplemental Table 3.3). 

 

 

 

 

Figure 3.3: ELISA data showing IL-6 (A), IL-8 (B) and PGE2 (C) in myometrial 

cells  

Comparisons were made between IL-6, IL-8, or PGE2 analyte concentrations in 

negative control cell media and concentrations in media after treatment of myometrial 

cells with each dose (Exosomes 105, 107, 109) of either control (blue) or oxidative 

stress (orange) AEC derived exosomes. All experiments include n=5. Significant 

results (p<0.05) between specific treatment compared to untreated control cell media 

are marked with an asterisk (*). 
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Figure 3.4: ELISA data showing IL-6 (A), IL-8 (B) and PGE2 (C) in decidual cells 

Comparisons were made between IL-6, IL-8, or PGE2 analyte concentrations in 

negative control cell media and concentration in media after treatment of decidual cells 

with each dose (Exosomes 105, 107, 109) of either control (blue) or oxidative stress 

(orange) AEC derived exosomes. All experiments include n=5. Significant results 

(p<0.05) between specific treatment compared to untreated control cell media are 

marked with an asterisk (*). 
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Positive control experiments show exosome-mediated effect  

To confirm that cells are responding to the treatments and that the effects are truly 

mediated by exosomes, multiple control experiments were performed. LPS treatment (100 

ng/ml) was used as a positive control to confirm inflammatory responses from each cell 

type. LPS produced significant increase in cytokine production from all cell types 

compared to untreated cells. A sample of these data are shown in Appendix B Supplemental 

 

Figure 3.5: ELISA data showing IL-6 (A) and PGE2 (B) in BeWo cells 

Comparisons were made between IL-6 or PGE2 analyte concentrations in negative 

control cell media and concentration in media after treatment of BeWo cells with each 

dose (Exosomes 105, 107, 109) of either control (blue) or oxidative stress (orange) 

AEC derived exosomes. All experiments include n=5. Significant results (p<0.05) 

between specific treatment compared to untreated control cell media are marked with 

an asterisk (*). 
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Figure 3.1. IL-6 levels after LPS treatment were higher in all cell types compared to control. 

However, IL-6 concentrations after LPS treatment was similar to that observed after 

exosome treatment. In BeWo cells, LPS significantly increased only IL-6, but not IL-8 or 

PGE2. Control data from LPS treatments are also graphically represented in Appendix B 

Supplemental Table 3.4.  

Determination of exosome mediated cytokine response 

To confirm exosome specificity of stimulation, media samples from the exosome 

blocking experiments were subjected to ELISA. Incubation of cells in cold lead to 

decreased IL-6, IL-8 and PGE2 production by all three cell types. This suggests that 

exosome entry into these cells were blocked due to reduced endocytosis at 4oC. Two other 

experiments were performed to disrupt exosomes and cargo. Media samples from cells 

treated with a single dose of exosomes (107) whose cargo was inactivated by either heat 

inactivation or sonication were compared to control and control or oxidative stress 

exosome treatments. Heating and sonicating the exosomes prior to treatment lead to no 

change in IL-6, IL-8, and PGE2 levels which were similar to negative control treatments. 

This suggests that the exosome’s cargo, either destroyed or disrupted, were not sufficient 

to cause inflammatory mediator response from these cells (Appendix B Supplemental 

Figure 3.1 and Appendix B Supplemental Table 3.4). These data partly confirmed exosome 

mediated effects. 

Exosomes increase NF-κB activation in myometrial and decidual cells  

Exosomes, regardless of source (control or oxidative stress) produced inflammatory 

response by increasing IL-6, IL-8 and PGE2 release suggesting activation of NF-κB, a key 

transcription activator by exosomes. To test this, we performed western blot analysis for 

p-RelA/p65, total RelA/p65, and actin on cells collected from myometrial, decidual, and 

BeWo cells. Myometrial and decidual cells increased p-RelA in response to exosomes 
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(regardless of control or oxidative stress) and BeWo cells increased less. Densitometry 

(based on the ratio of active/total [mean arbitrary units]) (Figure 3.6 bar graphs) 

corroborated that myometrial and decidual cells had higher p-RelA than controls after 

treatment with both control and oxidative stress exosomes (Figure 3.6); however, RelA 

baseline activation was similar between normal BeWo cells compared to cells exposed to 

exosomes (see bar graphs). This further verifies the previous cytokine data presented which 

indicates that increased cytokine and PGE2 levels induced by both control and oxidative 

 

Figure 3.6: Activation of NF- κB as determined by RelA/p65 Phosphorylation  

Top panel P-RelA/p65; Middle panel – Total RelA/p65; Bottom Panel – Actin; A: 

Myometrial cells- normal myometrial cells in culture; Control exosomes- myometrial 

cells treated with exosomes (dose 2x109) from AEC grown under normal cell culture 

conditions; OS exosomes: myometrial cells treated with oxidative stress exosomes 

(dose 2x109). B: Decidual cells: normal decidual cells in culture; Control exosomes: 

decidual cells treated with exosomes (dose 2x109) from AEC grown under normal cell 

culture conditions; OS exosomes: decidual cells treated with oxidative stress 

exosomes (dose 2x109). C: BeWo cells: normal BeWo cells in culture; Control 

exosomes: BeWo cells treated with exosomes (dose 2x109) from AEC grown under 

normal cell culture conditions; OS exosomes: BeWo cells treated with oxidative stress 

exosomes (dose 2x109). 
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stress exosomes are likely mediated by increased phosphorylation of NF-κB by exosomal 

cargo. BeWo cells are refractory to NF-κB activation by AEC exosomes.  

Increased localization of NANOG in myometrial and decidual tissues at term labor  

Immunohistochemical analysis and dual staining of NANOG (AEC stem cell 

marker) showed increased staining of NANOG (brown) in myometrial tissues and decidual 

tissues from term delivery samples compared to not in labor deliveries (Figure 3.7). This 

 

Figure 3.7: Immunohistochemical localization of NANOG (amnion stem cell 

marker constitutively expressed in AEC derived exosomes) in term 

labor and term not in labor gestational tissues 

A: Term not in labor (TNIL) and term in labor (TIL) myometrium – Brown staining 

indicates NANOG (fetal amnion stem cell marker) and blue staining indicates CD9 

(background marker). NANOG expression was higher in term labor myometrium 

than term not in labor myometrium. B: Term not in labor (TNIL) and Term in labor 

(TIL) decidua (attached to chorion layer of fetal membranes) – Brown staining 

indicates NANOG (fetal amnion stem cell marker) and blue staining indicates CD9 

(background marker). NANOG expression was higher in term labor decidua than 

term not in labor decidua. 
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is indicative of increased influx of fetal-derived exosomes in myometrium and decidua, 

likely contributing to the functional changes described above.  

Discussion 

Principal findings of the study 

This study tested if senescent fetal amnion epithelial cell derived exosomes can 

cause inflammatory changes in maternal and placental tissues. Our main findings are: 1. 

AECs produce exosomes that are quantitatively the same regardless of cell culture 

conditions; 2. AEC exosomes are taken up by myometrial, decidual and BeWo cells; 3. 

Treatment with control and oxidative stress AEC exosomes increase production of pro-

labor inflammatory mediators (IL-6, IL-8 and PGE2) and cause activation of NF-κB in 

maternal myometrial and decidual cells; 4. Production of pro-inflammatory mediators was 

reduced when exosome uptake was blocked; 5. Fetal derived exosomes (expressing 

NANOG) are increased in laboring myometrium and decidua.  

Although feto-maternal endocrine mediators have been reported to be associated 

with initiation of labor [83,144,188,189], the exact pathway of labor initiation remains a 

mystery [66]. Inflammatory activation is one of the functional facilitators of parturition in 

all gestational tissues, as an imbalanced inflammatory state transitions quiescent 

gestational tissues to an active state [190–193]. Thus, factors that increase inflammatory 

load, directed either by endocrine signals or paracrine signals, can cause mechanistic 

activation of the labor process [90,194]. This process ideally occurs when fetal growth and 

maturation are sufficient to ensure newborn survival. Based on recent findings of 

senescence in various gestational tissues that coincide with fetal growth, and our findings 

in fetal membrane models showing that membrane senescence and damage are associated 

with parturition, we hypothesized that senescent fetal membranes generate inflammatory 

mediators to signal fetal readiness for parturition [37,195]. We propose that these signals 
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are propagated from fetal tissues to the uterine parturition effector tissues (decidua and 

myometrium) via fetal cell derived exosomes. 

We believe that AEC exosomes as well as other cell membrane derived vesicles 

can reach maternal tissues in multiple ways; 1. Basolateral secretion of AEC derived 

exosomes than can traverse through layers and reach the uterine tissues 2. Apical secretion 

of exosomes into amniotic fluid, taken up by fetus and reaching maternal systemic 

circulation 3. Exosomes reaching maternal circulation and thus reaching maternal 

reproductive tissues by crossing placental barriers, specifically those exosomes released 

from membrane cells overlaying the placenta. Our lab has shown in animal models that 

exosomes in the fetal compartment can reach the maternal compartment either via systemic 

spread or by diffusion through tissue layers. Fluorescently labeled AEC exosomes injected 

into the amniotic cavity of pregnant mice were identified in maternal gestational tissues 

and blood stream, indicating that exosomes are able to traverse the maternal fetal barrier 

[124]. Several studies in other labs have reported exosome trafficking between tissues 

[177,178]. There is also evidence in multiple studies to indicate that exosomes are released 

from cells from both the apical and basolateral compartments [179–183].  

Fetal exosomes, irrespective of the physiologic status of cell of origin, cause 

inflammatory activation in maternal cells 

The number of exosomes released from cells under normal culture conditions or 

after CSE treatments were similar. This can partly be explained by the fact that the same 

number of cells were treated for each treatment type. Additionally, CSE treatment alone is 

not sufficient to cause an increase in exosome quantity but does lead to a change in 

exosome cargo content reflecting the physiologic state of cells [125]. A key finding to 

highlight is that regardless of the source of exosomes (from cells grown under normal or 

oxidative stress conditions), exosome treatments produced inflammation in recipient 

maternal cells (myometrial and decidual cells).  
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It is not totally unexpected that exosomes from control environments would cause 

an inflammatory response as we have reported in a proteomic analysis of AEC exosomes 

derived under control conditions that they contain markers suggestive of NF-κB signaling 

[125]. Oxidative stress treatment with CSE also resulted in exosome cargo with 

inflammatory signals but mostly contained inflammation mediated by transforming growth 

factor (TGF)β pathway. TGFβ is produced in fetal membrane cells in response to CSE 

treatment and oxidative stress and it is a well-known activator of epithelial mesenchymal 

transition (EMT) [196–198]. EMT is an inflammatory state [199] and Chaudhuri et al. has 

shown fetal membrane EMT occurring at term [200]. Similar findings were reported by 

Mogami H et al in fetal membranes rupture models [200]. Ongoing data from our 

laboratory suggest exosomes can alter the fetal membrane microenvironment at term 

enhancing senescence, EMT and inflammation.  

Exosomes are generated by cells and propagated throughout gestation. It is 

plausible that minimal levels of inflammation generated by normal cell exosomes during 

gestation are used for tissue remodeling and their quantity and cargo are insufficient to 

cause labor related inflammation. We speculate that oxidative stress build up at term 

produces an exclusive group of exosomes that can induce unique inflammatory conditions 

resulting in parturition. As shown in Figure 3.6, oxidative stress derived exosomes induced 

NF-κB activation in myometrial cells, which is known to be associated with inflammation 

and functional progesterone withdrawal. Our previous work has also shown that CSE 

induced oxidative stress leads to packaging of p38 MAPK, an activated form of stress 

signaler, into AEC exosomes. p38 MAPK has been shown to be a potential mediator of 

functional progesterone withdrawal [92,201].  

In this study we used primary decidual cells and myometrial and placental cell lines. 

It can be argued that primary vs cell line differences may impact our observed outcome. 

However, similarities in response to exosomes between decidual primary cells and 

myometrial cell line cells’ suggest that comparable outcomes can be expected irrespective 
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of cell types. We acknowledge that more studies are needed using primary cells as well as 

intact tissues to verify our data.  

Placental cells are refractory to immune response by amnion exosomes 

 Placental cells were found to be refractory to stimulation by AEC exosomes. 

Regardless of concentration or exosome origin (control vs oxidative stress), placental 

(BeWo) cells did not respond to exosomes or show any inflammatory change. It is possible 

that AEC derived exosomes are not capable of generating an inflammatory response from 

placenta. It is also possible that the inflammatory response may be different in primary 

cells as compared to the BeWo cell line. A study by Koh et al. found while BeWo cells 

will produce IL-6 after stimulation with OS, they will not produce IL-8 or IL-1β [202]. Our 

results indicated no increase in IL-6 production by placental (BeWo) cells after treatment 

with exosomes which makes the conclusion that placental cells may be refractory to AEC 

exosomes more plausible. We speculate that exosomes show tropism and they are capable 

of causing functional impact in specific target tissues and likely at specific times. The 

mechanism of exosomal tropism and its selection of target tissues are yet to be determined. 

Specific surface proteins acquired by exosomes under distinct physiologic state of a cell 

may determine tissue tropism and the functional role of exosomes. Proximity of placenta 

and fetal membranes makes placenta less likely to respond to inflammatory challenges 

produced by membranes because any inflammatory response by membranes spread via 

exosomes can be detrimental to the survival of placenta and thus the fetus. We do not rule 

out that refractoriness of BeWo cells may be attributed to transitioned state of trophoblast 

cells and primary cytotrophoblast cells may have yield different results. 

Determining fidelity of exosomal functions 

In this current study, multiple experiments were conducted where exosome uptake 

was blocked. Exosome uptake or functional contribution of exosomes are mostly 
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manifested by the following routes: 1. Endocytosis of exosomes and cytoplasmic delivery 

of cargo [202] 2. Specific ligand (markers on exosomes) – receptor (on recipient cell) 

interaction [203,204] 3. Fusion of exosomes directly with plasma membrane and release of 

cargo [205] 4. Delivery of cargo into the environment of the target cell after undergoing 

lysis outside the recipient cell [206]. We primarily tested the endocytosis effect, a well 

reported mechanism of exosome entry. Energy dependent endocytosis was stopped by 

incubating cells at 4° C, as described in prior studies of exosome uptake and function 

[205,207–209], which lead to a reduced production of IL-6, IL-8 and PGE2 by all cell types. 

This indicates that exosomes are contributing to the increased inflammatory mediator 

production, predominantly via endocytosis. We also either heated or sonicated the 

exosomes prior to treatment [69]. Heating can denature the surface proteins of the exosome 

while sonication breaks the exosome open. Heating or sonicating the exosomes prior to 

treatment reduces the number of routes through which the exosome can be taken up by the 

target cell, but likely releases the contents of the exosomes into the recipient cell extra-

cellular environment. There was not a significant increase in cytokine production after 

treating with heated or sonicated exosomes. This indicates that the AEC exosomes can 

exert effects via several different routes in gestational cells. 

Exosomes may contain various molecules and it was theoretically possible that the 

AEC exosomes contained the inflammatory analytes of interest. To test this, as a part of an 

ongoing study in our laboratory, we verified whether exosomes from control and oxidative 

stress exosomes carried cytokines contributing to the observed data. For this, a proteomic 

analysis of the exosomes was conducted by Dr. Salomon’s laboratory using LC/MS-MS 

approach and we report that none of the analytes measured in this study (IL-6, IL-8 and 

PGE2) were detectable in our exosomes preparations from control or oxidative stress 

conditions. 

Oxidative stress of amnion epithelial cells leads to production of exosomes with 

pronounced effect on target cells 
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Exosomes produced under oxidative stress conditions have a more dominant effect 

than those produced under normal cell conditions (control exosomes) as almost all 

treatments using oxidative stress exosomes increased pro-parturient biomarkers in decidua 

and myometrium. Dose dependent effect was not seen at the end of a 24 hour incubation 

and it is likely that all doses used are either saturating the response or that additional doses 

or longer incubation may be necessary to show the true kinetics of cytokine response.  

The results of our study indicate that exosomes produced by AECs are capable of 

being taken up by other gestational tissue cells and cause inflammatory, labor-promoting 

changes in maternal gestational cells. This indicates that AEC derived exosomes may be 

involved in the labor cascade by functioning as messengers carrying specific signals 

between the fetal and maternal compartments. We conclude that AEC exosomes are a novel 

paracrine mechanism of fetal-maternal communication. 
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CHAPTER 4: FETO-MATERNAL TRAFFICKING OF EXOSOMES IN MURINE 

PREGNANCY MODELS 

Modified in part from: 

Feto-Maternal Trafficking of Exosomes in Murine Pregnancy Models 

Samantha Sheller-Miller, Jun Lei, George Saade, Carlos Salomon, Irina Burd and 

Ramkumar Menon 

Published: Frontiers in Pharmacology (2016) 

Introduction 

Human parturition is widely accepted as an inflammatory process initiated by 

environmental, endocrine and physiological factors, although the precise mechanisms 

involved are still unclear [10,25]. Normal term parturition consist of well-orchestrated 

events involving both fetal and maternal compartments [8,9]. On the maternal side, 

activation of the decidua, myometrial functional progesterone withdrawal, and cervical 

ripening are all considered mechanistic signals associated with parturition [4,84]. Both 

endocrine and paracrine fetal biochemical signals and released from matured organs, such 

as surfactant protein-A from fetal lungs, can induce parturition [9,10]. Our laboratory has 

investigated a new fetal signaling mechanism initiated by fetal membrane senescence in 

response to inflammation and oxidative stress that builds up in the amniotic cavity at term 

[33,34,89,92]. This leads to senescence-associated sterile inflammation through the release 

of inflammatory cytokines, chemokines, matrix degrading enzymes and growth factors, 

termed senescence-associated secretory phenotype (SASP) [33,34,87,91]. Senescent cells 

also secrete damage associated molecular patterns (DAMPs), which are well known 

inflammatory mediators released from dying cells communicating cellular damage [48,49]  

Although the senescent signal action is predominantly localized, these signals of 

cellular stress may get carried to maternal tissues, signaling fetal maturity and prompting 

delivery of the fetus [51,52]. Distant senescent signaling is likely facilitated through 
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intercellular signaling vesicles called exosomes [125]. Exosomes are 30-100 nm 

endosome-derived vesicles with specific characteristics that separate them from other 

larger particles such as microvesicles and apoptotic bodies [53,54]. First described as 

modulators of the immune response to cancer cells, exosomes have also been found to 

contribute to angiogenesis and metastasis [59,210]. The current research involving 

exosome signaling in tumorigenesis via immune cell modulation has increased interest in 

their role in inflammatory disorders, such as asthma, arthritis and inflammatory bowel 

disease [78,175,210]. Since inflammation is an underlying theme in the initiation and 

progression of labor [10,33,84,211,212], it is likely that exosomes play an important role 

in cell signaling during term labor.  

Exosome size facilitates transport between cells and tissues, while their contents, 

which reflect the functional state of the cell of their origin, may regulate the phenotype of 

the target cell [162,206,213]. Ongoing studies in our laboratory have shown that 

myometrial cells treated with exosomes from amnion epithelial cells cultured under 

oxidative stress conditions induce a contractile phenotype through the activation of NFκB 

and gene transcription activation of contraction associated proteins COX-2 and Connexin-

43.  

Although studies show exosomes can induce functional changes in myometrial 

cells, we do not know if the fetal membrane-derived exosomes can reach the maternal 

tissues to induce labor. The objective of this study was to determine the biodistribution of 

exosomes in vivo in pregnant animal models. By injecting fluorescently-labeled amnion 

cell-derived exosomes into the amniotic fluid of pregnant CD-1 mice, we will observe the 

migration of exosomes from the fetal to the maternal tissues.  

Materials and Methods 

Patient exclusion criteria 
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Placental samples obtained for this study were from John Sealy Hospital at The 

University of Texas Medical Branch (UTMB) at Galveston, TX, USA. No subjects were 

recruited or consented for this study as we use discarded placenta from normal term, not in 

labor cesarean sections described in Chapter 2. 

Isolation and Culture of human Amnion Epithelial Cells (AECs) 

All reagents and media were warmed to 37°C prior to use. The amniotic membrane 

was processed as described in Chapter 2. Cells were cultured in T75 flasks containing 

complete media consisting of Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 

media (DMEM/F12; Mediatech Inc., Manassas, VA) supplemented with 10% fetal bovine 

serum (FBS; Sigma-Aldrich, St. Louis, MO), 10% Penicillin/Streptomycin (Mediatech 

Inc.) and 100 µg/mL epidermal growth factor (EGF; Sigma-Aldrich) at 37°C, 5% CO2, 

and 95% air humidity to 60-65% confluence.  

Exosome isolation  

Culture media was removed and cells were serum starved for 1 hour in DMEM/F12 

with 5% pen/strep prior to treatment with exosome-depleted media (DMEM/F12, 5% 

pen/strep and 10% exosome-depleted FBS) for 48 hours. FBS (Sigma-Aldrich) was 

depleted of exosomes by ultracentrifugation at 100,000 g for 18 hours then filter-sterilized 

with 0.22 μm filter (Millipore, MA, USA) [162,214]. Culture media were collected and 

stored at -80°C until exosome isolation. Media was thawed overnight then isolated using 

differential ultracentrifugation as described in Chapter 2 with the following modifications. 

After the 2-hour 100,000 g centrifugation, the sample was split: half was resuspended in 

PBS and centrifuged for 1 hour at 100,000 g while the other half was labeled with DiR. 

The final pellets were resuspended in cold PBS and stored at -80°C. 

Labeling of Exosomes with DiR 
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To fluorescently label exosomes for in vivo imaging, the pellet from centrifugation 

at 100,000 g for 2 hours was resuspended in 7.0 mL 7.5 μM 1,1-dioctadecyl-3,3,3,3-

tetramethylindotricarbocyanine iodide (DiR) (Life Technologies, Carlsbad, CA) in PBS. 

After mixing, the exosomes were incubated in the DiR/PBS solution for 15 minutes at room 

temperature in the dark, then ultracentrifuged at 100,000 g for 1 hour. The final pellet was 

resuspended in 50 μL PBS and stored at -80°C.  

Exosome Characterization Using Transmission Electron Microscopy (TEM) And 

Western Blot 

To show exosomes isolated from primary AECs exhibit classic exosome shape and 

morphology, TEM studies were performed as described previously [125], with the 

following modification. Exosomes were fixed in 5% buffered formalin then 5 μL of 

exosome suspension were dropped onto the grid and left to dry at room temperature for 10 

min. To show exosome and amnion cell markers, western blot was performed as described 

previously [125].  

Animals 

All animal procedures were approved by the Animal Care and Use Committee of 

Johns Hopkins University. Timed - Pregnant CD-1 mice, outbred mice reflecting diverse 

genetic background in humans, were purchased from Charles River Laboratories (Houston, 

TX) and received on gestational day 9 (E9). Animals had access to food and water ad 

libitum freely during the housing and experimental period. To determine the biodistribution 

of exosomes in vivo, we anesthetized pregnant CD-1 mice on 17 (n=9) with continuous 

isoflurane in oxygen and performed intrauterine injections of DiR in PBS (vehicle), DiR-

labeled exosomes or phosphate-buffered saline solution (PBS).  

Mice were subjected to mini-laparotomy as cartooned in Figure 4.1, using a 

Hamilton syringe, 2 µL of DiR in PBS (n=2 E17), saline (n=3) or DiR-labeled exosomes 
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in PBS (n=6) were injected intra-amniotically into each gestational sac on the right side of 

the cervix (maximum of 5 injections). The left side of the uterus was not injected and served 

as an internal control. Surgical incisions were closed, and the dams were recovered in 

individual cages. 

After 24 hours, animals were imaged under anesthesia on both dorsal (after hair 

removal) and abdominal sides using the Bruker MS FX PRO In Vivo Imager (Bruker, 

Billerica, MA). Once live imaging was performed, animals were sacrificed by carbon 

dioxide inhalation according to the IACUC and American Veterinary Medical Association 

guidelines. The fetus contained within the uterus was collected in 4% paraformaldehyde 

(Sigma – Aldrich) and analyzed by histology for the presence of exosomes. The uterus was 

also removed from saline and exosome injected mice and imaged using IVIS 200 

(PerkinElmer, Inc., Waltham, MA). Any image modifications (brightness, contrast, and 

smoothing) were applied to the entire image using Image J (open source). Maternal plasma 

was collected for exosome isolation. 

Embryos were removed and fixed in 4% PFA at 4°C overnight. The next day, 

specimens were washed with PBS extensively and immersed in 30% sucrose until 

saturation, followed by cryosection at 20 μm thickness. All photographs were taken with 

 

Figure 4.1: Illustration of exosomes injected into the amniotic cavity of pregnant 

mice. 
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Zeiss AxioPlan 2 Microscope System (Jena, Germany). Routine hematoxylin and eosin 

(H&E) histochemical staining was performed on the neighbor sections.  

Maternal Plasma Exosome Isolation to Localize Trafficking of Exosomes 

To determine whether exosomes injected into the amniotic cavity can reach 

maternal side through systemic route, serum samples were analyzed for fluorescently 

labeled exosomes in maternal serum. Exosomes were isolated from maternal plasma as 

described above and the final pellet was resuspended in 100 µL 1:1 glycerol/ethanol 

solution. To determine if the isolated exosomes contained fluorescence, 50 µL of each 

sample was pipetted into a black 96 well plate (Corning) and imaged on the Biotek Synergy 

H4 Hybrid (Biotek, Winooski, VT). Wavelength was set for excitation at 745 nm and 

emission at 779 nm. A serial dilution of DiR in 1:1 glycerol/ethanol solution was used as 

the positive control, while the glycerol/ethanol solution was used as a negative control. 

Values were determined using relative fluorescence units (RFU). 

Results 

Amnion Epithelial Cell-Derived Exosome Characterization 

Isolated exosomes were characterized using transmission electron microscope 

(TEM) and western blot for exosome and amnion markers as described previously [125]. 

TEM analysis revealed vesicles with classic exosome size and morphology (Figure 4.2A), 

consistent with previously published reports for exosomes [71,113,155,159]. Western blot 

analysis was performed to determine exosome-enriched markers HSC70, CD81, and 

HSP70, as well as embryonic stem cell marker, Nanog (Figure 4.2B). 

Exosome Trafficking in Pregnant Mice 
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To determine the trafficking of exosomes injected into the amniotic cavity, animals 

were imaged after 24 hours of injection. As a negative control, saline was injected into the 

amniotic cavity and imaged after 24 hours. Fluorescent signals could not be seen in saline-

injected mice when imaged (data not shown).  

Fluorescently labeled exosomes were injected into mice and imaged after 24 hours. 

Regardless of the gestational day, exosome injected mice images showed fluorescence on 

the dorsal side (Figure 4.3A), although the signal remained on the injected side. When the 

uterus was removed and imaged (Figure 4.3B), fluorescent signal was seen only on the 

injected side and not on the uninjected side, confirming the dye stays contained within the 

exosomes and does not leak from the membrane of the exosomes. On gestational day 18, 

images of the maternal kidneys from saline-injected and exosome injected mice were also 

taken (Figure 4.3C). No fluorescent signal can be seen in the saline-injected kidney while 

fluorescence was seen in the kidney of the exosome injected mice.  

 

Figure 4.2: Characterization of two representative exosome samples isolated 

from primary amnion cells 

A: Electron microscopy showing cup-shaped vesicles that have a size distribution of 

30–150 nm (arrow indicates exosomes; scale bar represents 100 nm). B: Western blot 

analysis showing the presence of exosome markers HSC70, CD81and HSP70, as well 

as embryonic stem cell marker, Nanog, indicating amnion epithelial cell origin. 
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Histologic analysis of placental and uterine tissues was performed to observe 

exosome trafficking in the reproductive tissues. On E18, signal emerging from exosomes 

can be seen on the maternal side of the placenta, whereas signal was not seen on the fetal 

side or in the saline-injected placenta (Figure 4.4). In vivo imaging of the uterine tissue 

showed saline-injected uterine tissue did not have fluorescent signal, whereas uterine 

 
 

 

Figure 4.3: In vivo imaging of pregnant mouse 24 hours post injection  

Exosomes stained with DiR (red) were injected into five different embryonic sacs on 

one side of the uterus. A: Dorsal image after removal of hair using Nair. B: Uterus was 

removed post sacrifice. Red fluorescence indicated embryonic localization of DiR 

labeled exosomes. Uninjected side (right) lacks fluorescence. C: Kidneys from saline-

injected mice (top) do not have fluorescent signal while kidneys from exosome injected 

mice (bottom) have fluorescent signal. Merge is an overlay of reflectance and DiR. 
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tissues from the exosome injected animals showed fluorescent signal (Figure 4.5). The 

fluorescent signal was validated using the Biotek Synergy H4 Hybrid in which the 

exosome-injected uterine tissues had almost 30-fold higher RFU than the saline injected 

tissues (data not shown).  

 

 

 

 

 

Figure 4.4: Maternal and fetal sides of the placenta collected from injected mice 

on gestational day 18 

A: Saline injected mouse placenta showed no fluorescence on maternal or fetal sides. B: 

Exosome injected mouse placenta showed fluorescence on maternal side but lacks signal 

on the fetal side of the placenta. C: H&E staining of maternal and fetal sides of the 

placenta (scale bars represent 100 nm).  
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Exosomes Traffic to The Maternal Serum 

To validate the observations above and trafficking of exosomes through a systemic 

route, exosomes isolated from maternal serum were analyzed for fluorescence. Exosome 

injection solution was also analyzed for fluorescence to ensure exosomes were successfully 

labeled. Serum from mice injected with saline on E17, RFU below 50, similar to the 

negative control (glycerol/ethanol solution). The serum from the mice injected with 

exosomes on day 17 had an RFU above 50, indicating the exosomes from the amniotic 

 
 

Figure 4.5: In vivo imaging of uterine tissues collected from gestational day18 

A: Saline-injected (top) mouse uterus showed no fluorescent signal, while exosome-

injected (bottom) mouse uterus showed fluorescence, indicating exosomes traffic to the 

maternal tissues. B: H&E staining of uterus tissue from saline (left) and exosome (right) 

injected mice (scale bars represent 100nm). Merge is an overlay of reflectance and DiR. 
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fluid can traffic through the maternal serum later in pregnancy and may be dependent on 

timing.  

In summary, we demonstrate that exosomes may diffuse to the placental side where 

it can reach maternal tissues through a systemic route.  

Discussion 

It is generally considered that the timing and initiation of labor are well orchestrated 

by communications between the fetus and the mother [15,81]. However, how these signals 

are communicated between the fetal and maternal compartments is poorly understood. As 

intercellular signaling vesicles that can travel long distances through tissues and fluids 

[64,109,153,215], exosomes may be carriers of these signals.  

This study was performed to observe exosome trafficking in vivo. After labeling 

exosomes with the near infrared dye DiR, we determined that exosomes injected intra-

amniotically into pregnant mice can be imaged and monitored for their migration. DiR-

labeled exosomes injected on E17 were observed in the maternal plasma and kidneys and 

on the maternal side of the placenta and uterus on E18, indicating migration from the 

amniotic cavity to the maternal side. Our study shows that exosomes, which can potentially 

carry signals for the initiation of parturition, can traffic from the amniotic fluid into the 

placenta, and can have a systemic spread through circulation.  

Exosomes are characterized by their contents, which reflect the physiological status 

of the origin cell and can regulate the phenotype of the target cell [125,152,215,216] . At 

term, oxidative stress and inflammation build up in the amniotic cavity, causing cellular 

senescence of the fetal membranes and subsequent release of signals of cellular damage 

[33,34,88,91,92]. Senescent signal action is primarily localized, although we have shown 

signals of cellular damage are also packaged into exosomes from amnion epithelial cells 

treated with the oxidative stress inducer cigarette smoke extract [125]. It is likely that 
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exosomes carrying signals of cellular damage can reach maternal tissues and contribute to 

parturition.  

Though our study answers basic questions about exosome trafficking in vivo, it 

does not include activation of inflammatory pathways involved in the initiation and 

progression of labor. We only allowed for 24 hours prior to imaging and tissue collection, 

which may not be sufficient time for exosomes to migrate to the target tissues or cause 

functional changes. Determination of initiation of parturition at term or preterm based on 

signals carried by exosomes was beyond the scope of this study. The number of exosomes 

injected was random, which may influence the trafficking and eventual response to 

exosome signaling. Our ongoing studies using a specific number of exosomes will 

determine the effect of the quantity required to cause a functional change and specific 

pregnancy outcomes like preterm or term parturition. Future studies using live imaging will 

also determine the timing required for exosome migration between feto-maternal 

compartments. We will also understand differences between exosomes from amnion cells 

grown under standard conditions and oxidative stress conditions, including activation of 

inflammatory pathways related to parturition and preterm birth rates.  

In summary, we have demonstrated that exosomes injected into the amniotic cavity 

of pregnant mice can traffic to the maternal tissues. Specifically, exosomes injected on 

gestational day 17 migrated to the maternal side of the placenta, the maternal serum, and 

the maternal kidneys. This study demonstrated that fetal signals can be carried as exosomal 

cargo through either diffusion between tissues or through systemic route from fetal to 

maternal side during pregnancy. This supports the postulate that fetal signals that can 

contribute to the initiation of human parturition can be delivered via exosomes. 
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CHAPTER 5: EXOSOMES CAUSE PRETERM BIRTH IN MICE: EVIDENCE FOR 

PARACRINE SIGNALING IN PREGNANCY 

Modified in part from: 

Exosomes Cause Preterm Birth in Mice: Evidence for Paracrine Signaling in 

Pregnancy 
Samantha Sheller-Miller, Jayshil Trivedi, Steven M. Yellon, Ramkumar Menon 
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Introduction 

Parturition is an inflammatory process involving both fetal and maternal tissues and 

is initiated by fetal endocrine signals as well as signals arising from organ maturation at 

term (i.e., around 37-40 weeks of gestation) [3,15]. In humans, the inflammatory signals 

of fetal readiness for delivery lead to functional progesterone withdrawal [16,18], the 

recruitment and activation of immune cells, and the development of an inflammatory 

overload in the uterine cavity [19,217], which disrupts the homeostatic factors that 

maintain pregnancy and leads to the promotion of fetal delivery. Although fetal endocrine 

signals are a component of the biological clock that signals organ maturation and 

determines the timing of birth [9,11,218], paracrine signaling by intercellular signaling 

vesicles (called exosomes) may also contribute to the initiation of labor. However, 

knowledge gaps exist in understanding the signature of paracrine mediators, how they are 

generated, and how they are propagated to initiate labor and delivery [116,153]. How 

paracrine mediators regulate cervical remodeling and maturation of uterine contractile 

capabilities is essential for understanding the premature activation of such factors that are 

often postulated to be associated with spontaneous preterm birth, which complicates 

approximately 10.5% of all pregnancies [219–221] 
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At term, inflammatory mediators, often referred to as sterile inflammation, that are 

capable of contributing to labor-associated changes are elevated in both fetal and maternal 

gestational tissues [174,222]. Senescent fetal (amniochorionic membranes) or maternal 

(decidua) tissues produce inflammatory markers [34,195,223,224] termed the senescence-

associated secretory phenotype (SASP) [45,46] as part of the molecular mechanism for 

sterile inflammation [32,89,90]. In addition to SASP, senescent fetal cells release damage-

associated molecular patterns (DAMPs) [88,90]. SASP and DAMPs are postulated to 

constitute a set of sterile inflammatory signals that can be propagated from fetal to maternal 

tissues to indicate fetal readiness for delivery [66]. In addition, this inflammatory overload 

in maternal gestational tissues can create labor-associated changes [222,225,226]. Unlike 

endocrine mediators, senescence and the senescence-associated development of 

inflammatory paracrine signaling are similar in both human and rodent pregnancy and 

labor, thus suggesting that natural and physiological fetal tissue aging is an independent 

process and is unlikely to be regulated by endocrine mediators of pregnancy [72–74]. 

Senescence of the fetal membrane tissues is a physiological event in fetal membranes 

throughout gestation and is well correlated with fetal growth and organ maturation. 

Oxidative stress that builds up in the amniotic cavity at term accelerates senescence and 

the production of senescence-associated sterile inflammation [37,87] and this mechanism 

is considered as a contributor of labor and delivery.  

The propagation of sterile inflammatory signals between fetal and maternal tissues 

can occur as simple diffusion through tissue layers or, more efficiently and in a protected 

manner, through extracellular vesicles (e.g. exosomes) [124]. Exosomes are 30-150 nm 

membrane vesicles that are formed by the inward budding of the late endosome [76,227]. 

Exosomes are released by cells and carry cellular metabolic byproducts including, but not 

limited to, proteins, nucleic acids, and lipids, and they represent the metabolic state of the 

cell that releases them [125,228]. Thus exosomes represent the biological and functional 

state of the origin cell, and studying them can provide evidence for the underlying status 
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of the organ [229,230]. Evidence suggests that exosomes play a role in the paracrine 

communication between fetal and maternal tissues. Specifically, (1) senescent fetal cells 

produce exosomes and carry fetal specific markers, SASPs, and DAMPs [125,231]; (2) 

irrespective of the experimental conditions (normal cell culture vs. oxidative stress 

conditions), exosomes carry inflammatory mediators; however, the inflammatory markers 

are unique depending on the type of treatment [232]; (3) fetal-derived exosomes can traffic 

from the fetal to the maternal side [124]; and (4) fetal exosomes may be capable of causing 

inflammatory activation in maternal gestation cells (myometrium and decidua) but not in 

placental cells. Besides this data, the current literature on exosomes during pregnancy has 

focused on placental exosomes and their potential effect on maternal tissues [67,68,70–

72,112,153]. Several studies have explored the biomarker potential of exosomes and their 

cargo in adverse pregnancies, including preeclampsia and diabetes [75,111,117,151,155]. 

Although these descriptive observations suggest a courier or biomarker role for exosomes, 

a functional role of exosomes was lacking in processes associated with parturition or 

pregnancy-associated pathologies. Therefore, the primary objective of this study was to 

test the hypothesis that late gestational exosomes induce preterm parturition in mouse 

models of pregnancy. Little is known about exosomes during normal mouse pregnancy, 

therefore total maternal plasma exosomes were also characterized at various stages of 

mouse gestation prior to testing the functional role. 

Materials and Methods 

Animal care 

Procedures were approved by the Institutional Animal Care and Use Committee 

(IACUC) at the University of Texas Medical Branch, Galveston. Timed-pregnant CD-1 

mice (Charles River Laboratories, Houston, TX) were received on gestational day 4 (E4) 

or 14 (E14). Mice were housed in a temperature- and humidity-controlled facility with 
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automatically controlled 12:12-h light and dark cycles with regular chow and drinking 

solution provided ad libitum. Certified personnel and veterinary staff provided regular 

maintenance and animal care according to IACUC guidelines. The animals were sacrificed 

by CO2 inhalation according to the IACUC and American Veterinary Medical Association 

guidelines. 

Maternal plasma collection 

Maternal blood (0.5-1.0 mL) from timed-pregnant CD-1 mice was collected by cardiac 

puncture in tubes that contained EDTA (Becton Dickinson, Franklin Lakes, NJ) on 

gestation day (E) 5, 9, 13, 15, 18, and 19 and on postpartum day 7 (Figure 5.1A), as well 

as from nonpregnant mice. Mice were sacrificed by CO2 asphyxiation. Plasma was 

harvested after centrifugation (2000 × g for 10 min at 4°C) and stored at −80°C.  
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Maternal plasma exosome isolation 

Exosomes from maternal plasma were isolated as described previously with 

modifications [55,126,233]. Briefly, plasma samples were thawed on ice, diluted in 1.0 mL 

of cold 1x phosphate buffered saline (PBS), and centrifuged at 2000 x g for 10 min at 4°C. 

Supernatants were transferred to clean microcentrifuge tubes then filtered through 

Nalgene™ Syringe Prefilter Plus (Thermo Fisher, Waltham, MA). After filtration, samples 

were centrifuged at 10,000 x g for 30 min. The supernatant was transferred to 

ultracentrifuge tubes and centrifuged at 100,000 x g for an additional 2 h. The supernatant 

 

Figure 5.1: Experimental model: maternal plasma collection and injection 

timelines in a CD-1 mouse model of pregnancy.  

A: Experimental Design. Plasma from nonpregnant mice and pregnant mice was 

collected on gestation day (E)5, 9, 13, 15, 18, 19, and postpartum day 7 for exosome 

isolation and characterization. B: Experimental design for PBS and exosome injections 

to determine the functional role of early (E9), and late gestation (E18) exosomes in 

vivo. PBS, E9 exosomes, or E18 exosomes were injected every 6 h on E15 and once 

more on E16. Mice were monitored for preterm labor and delivery prior to the expected 

delivery day (E19). Tissue samples and maternal plasma collected on E17 were 

analyzed for inflammatory markers associated with labor and delivery. 
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was subsequently discarded, and the pellet was resuspended in 100 μL of cold 1x PBS. The 

final pellet was passed through an Exo-spin™ column (Cell Guidance Systems, St. Louis, 

MO) following the manufacturer’s instructions. Samples were aliquoted and stored at 

−80°C. 

Determination of exosome shape using cryo-electron microscopy 

To determine the shape of exosomes in maternal plasma, 3 μL of prepared exosome 

suspension was pipetted onto a copper grid with quantifoil support film (QUANTIFOIL, 

Germany). The support film was patterned with a regular array of circular holes. When the 

excess liquid was blotted away from the grid, a 60-120 nm-thick film of sample suspension 

remained in these holes. The grid was then plunged into a small crucible of liquid ethane 

that was cooled to its melting point by liquid nitrogen. In the liquid ethane, the sample 

suspension was cooled at over 10,000 degrees/s, solidifying the water in an amorphous 

state. This "vitrification" process preserves the exosomes in their native state without 

distorting their geometry by crystallization and density change [230]. The vitrified sample 

on the grid was then placed in a Gatan 626 specimen holder (Gatan, Pleasanton, CA), which 

was placed in a JEOL 2100 TEM (JEOL, Osaka, Japan). The samples were imaged with a 

200 kV electron beam from a LaB6 emission source, and images were recorded on a Gatan 

US4000 CCD camera. Images were captured at 15,000-30,000 magnification. 

Determination of exosome size and quantification  

The size distribution and concentration of exosomes were determined using the 

Nanosight NS300 (Malvern Instruments, Worcestershire, UK). Samples were diluted 

(1:500) in distilled water and run following the manufacturer’s instructions. A camera level 

of 12 and automatic functions were used for all postacquisition settings, except for the 

detection threshold which was fixed at seven. The camera focus was adjusted to make the 
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particles appear as sharp dots. Three 30 s videos were recorded for each sample using the 

script control function.  

Flow cytometry analysis for exosome markers 

For flow cytometry analysis of exosome tetraspanin marker CD63, samples were 

prepared using the ExoFlow kit (System Biosciences, Mountain View, CA) protocol with 

modifications. Briefly, 9.1 μm streptavidin-coated beads were washed and incubated with 

biotinylated anti-CD63 (clone MX-49.129.5, Novus Biologicals, Littleton, CO) for 2 h on 

ice, flicking intermittently to mix. The beads were washed and resuspended in 200 μL of 

bead wash buffer prior to overnight incubation (4°C) with 100 μL of exosomes. The 

following day, samples were washed and stained using the Exo-FITC exosome stain 

according to the manufacturer’s instructions, before being run on the Cytoflex flow 

cytometer (Beckman Coulter, Brea, CA). Negative controls were beads incubated with 

antibody but without exosomes, and these controls were used for gating according to the 

manufacturer’s instructions. Data analysis based on the fluorescein isothiocyanate (FITC) 

signal shift was performed using Cytexpert (Beckman Coulter).  

Proteomic analysis of maternal plasma exosomes by mass spectrometry 

Exosome protein clean-up and digestion 

The protein profile of maternal plasma exosomes was established by liquid 

chromatography (LC) and mass spectrometry (MS). Exosomes (n=3/gestation day) in 1x 

PBS (12.5 μL) were lysed in 12.5 μL of 10% SDS in 0.1 M TEAB by sonicating on ice for 

10 min. A total of 1 μL of 0.25 M TCEP was added to each tube to attain a final 

concentration of 0.01 M, and samples were incubated at 55°C for 1 h. The samples were 

allowed to cool before 1 μL of 20 mM iodoacetamide was added to each tube and the 

samples were incubated for 45 min in the dark. The samples were subsequently transferred 

to tubes containing 8 M dry urea and vortexed. A total of 2.7 μL of 12% phosphoric acid 
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was added, and 165 μL of S-Trap buffer (90% MeOH, 100 mM TEAB, pH 7.5) was added 

to the acidified lysate. The lysate was added to the S-Trap microcolumn (Protifi, 

Huntington, NY) and centrifuged at 4000 x g for 2 min. The flow-through was discarded 

and the column was washed with 150 μL of S-Trap buffer before being centrifuged at 4000 

x g for 2 min. Columns were transferred to new tubes and incubated with 16 ng/mL of 

trypsin for 2 h at 47°C. Proteins were eluted by centrifugation at 4000 x g for 2 min with 

50 mM TEAB, 0.2 % formic acid (FA), 50% acetonitrile (ACN)/0.2% formic acid, and 

finally 80% acetonitrile/0.1% formic acid. After the elutions, the final elute was dried. 

LC-MS/MS analysis of plasma exosomes 

Nano LC-MS/MS data acquisition was performed on the OrbiTrap Fusion mass 

spectrometer system (Thermo Fisher Scientific, San Jose, CA) coupled to a Dionex Ultimat 

3000 nano-HPLC with a 40-well standard tray autosampler. The sample (5 μL) was 

injected onto a trap column (300 um i.d. x 5 mm, C18 PepMap 100) and then a C18 reverse-

phase nano LC column (100 75 um X 25 cm, Acclaim PepMap), which was heated to 50°C 

in a chamber. The loading pump flow rate was set to 8 μL/min. The nano pump flow rate 

was set to 400 nL/min with a 130-min LC gradient, where the mobile phases were A (99.9% 

water and 0.1% FA) and B (99.9% ACN and 0.1% FA). The gradient was 0-5 min at 2% 

of B, 6-100 min at 4%-32% of B, an increase to 50% at 108 min, 5 min of 90% B wash, 

and 15 min equilibrium. Mass spectrometer parameters included tip spray voltage at +2.2 

kV, sweep gas 1, and an ion-transfer tube temperature of 275°C. FTMS mode for the MS 

full scan from 350-1500 Da was used for the acquisition of precursor ions (resolution 

120,000), ITMS top-speed (3 s) mode was used for MS/MS, and MS/MS was accomplished 

via HCD with collision energy of 32%. 

All MS/MS samples were analyzed using Proteome Discoverer 1.4.1.14, which was 

set up to search UniProt-mouse.fasta (downloaded April 2016). Proteome Discoverer was 

searched using a fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10.0 
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PPM. Peptide charges considered were +2, +3, and +4. Scaffold (version 4.8.4, Proteome 

Software Inc., Portland, OR) was used to validate MS/MS-based peptide and protein 

identifications. Peptide identifications were accepted if they could be established at 99.0% 

probability to achieve a false discovery rate (FDR) 1.0% by the Peptide Prophet algorithm 

[234,235] with Scaffold delta-mass correction, if they could be established at 99.0% 

probability and contained at least two identified peptides. Proteins that contained similar 

peptides and could not be differentiated based on MS/MS analysis alone were grouped to 

satisfy the principles of parsimony. Proteins were annotated with gene ontology (GO) terms 

from NCBI (downloaded on September 1, 2017) [236]. Proteins were normalized to 

nonpregnant samples (median area under curve) and considered significantly different 

when P < 0.01 and the fold change was ±1.5. 

Ingenuity pathway analysis (IPA) of identified proteins 

Pathway enrichment analyses were performed with IPA (Qiagen, Hilden, 

Germany) using Fisher’s exact test. IPA was performed to identify canonical pathways, 

biological functions, and protein networks. Heatmap and hierarchical cluster analyses 

(ClusterMaker, open source) were used to demonstrate the expression patterns of the 

differentially-expressed proteins and pathways based on fold change and Z-scores. 

Significantly enriched pathways for the proteins and scenarios were identified using P < 

0.01.  

Injection of E9 and E18 exosomes to determine trafficking and labor-associated 

functional changes 

To test the functional effects of exosomes, maternal plasma exosomes from E18, 

typically the day prior to birth on E19.5) in this strain, and E9 (early gestation control) 

were used. Exosomes from these days were chosen based on data showing that E9 

exosomes have minimal levels of inflammation and E18 have maximum levels of 
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inflammation (see results section). On E15, mice were injected three times at 6-h intervals 

and 12-h later on E16 with exosomes (3.33-9.16 x 1010 in 250 μL PBS, Figure 5.1B) of 

PBS. Treatment on E15 was chosen based upon other models of inflammation-induced 

preterm birth [24,29,237] Multiple doses of exosomes were administered to sustain 

systemic concentrations because exosome half-life is relatively short and a single dose does 

not affect pregnancy duration [60,61]. Mice were monitored for preterm birth, which was 

defined as delivery on or before E18, compared to the expected delivery date of E19-E21 

in controls. To further understand the functional effects of exosomes, tissues were obtained 

from four mice per treatment group on E17 as described above, fixed in 10% neutral-

buffered formalin or flash frozen in liquid nitrogen.  

Fluorescent labeling of exosomes for determining in vivo trafficking and localization  

Maternal plasma exosomes from E9 and E18 were isolated and labeled with 

carboxyfluorescein succinimidyl ester (CFSE) by resuspending them in 100 μL of 7.5 μM 

CFSE. Exosomes were incubated at 37°C for 30 min before being diluted in PBS 

containing 5% BSA. Exosomes were run through the Exo-spin™ column (as described 

above) to remove excess CFSE. 

Immunofluorescent imaging for exosome trafficking 

Tissue samples collected in 10% neutral-buffered formalin were stored overnight 

(4°C) before being washed twice with 1x PBS and transferred to a 15% sucrose solution 

overnight (4°C). Samples were then transferred to 30% sucrose and stored at 4°C until they 

were embedded in optimal cutting temperature (OCT) and cut into 5-μm sections. Sections 

were washed twice in water and treated with FITC Block (Abcam) for 15 min at room 

temperature. After a further two washes in water, tissues were mounted using Mowiol 4-

88 mounting medium. Exosomes were visualized using the Olympus BX43 fluorescent 

microscope (Olympus, Tokyo, Japan) at 40x magnification, and images were captured 
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using Q Capture Pro software. Brightness, contrast, and smoothing were applied to the 

entire image using FIJI (open source). 

Enzyme-linked immunosorbent assay (ELISA) for progesterone levels in maternal 

plasma 

Maternal plasma samples were collected on E17 and analyzed for progesterone 

levels. Plasma progesterone levels were determined using the Mouse Progesterone ELISA 

kit (Biotang Inc., Lexington, MA) following the manufacturer’s instructions. 

Concentrations below the assay detection limits (0.5 ng/mL) were considered as one-tenth 

of each value 

Immunohistochemistry for macrophage infiltration and activation 

To determine that exosomes can cause inflammatory changes in maternal 

gestational tissues, cervix and uterus were fixed in 10% neutral buffered formalin for 24 h 

at 4°C overnight before paraffinization, sectioning (10 μm), and processing as previously 

described [238]. Sections were stained with the F4/80 antibody to visualize mature 

macrophages (1:800 BM8; BMA Biomedicals, Switzerland) and counterstained with a 1% 

methyl green solution to identify cell nuclei. Macrophages were clearly identified by dark 

brown stain against low background and in association with a methyl green counterstained 

cell nucleus. 

Western blot analysis  

Western blot analysis for exosome markers 

Exosomes in PBS were lysed by the addition of 10x radioimmunoprecipitation 

assay (RIPA) lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% Triton X-100, 1.0 mM 

EDTA pH 8.0, and 0.1% SDS) supplemented with protease and phosphatase inhibitor 

cocktails and PMSF. Western blot samples were subsequently processed as described 

previously [124,125,231]. The anti-mouse antibodies used included exosome markers CD9 
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(1:400; Abcam, Cambridge, United Kingdom), CD81 (1:500; Cell Signaling, Beverly, 

MA), and Alix (1:1000; Abcam).  

Western blot analysis of fetal and maternal tissues 

Tissues flash frozen in liquid nitrogen were homogenized in RIPA buffer 

supplemented with protease and phosphatase inhibitors using a bullet blender (Next 

Advance, Averill Park, NY) as described previously [37]. Blots were incubated overnight 

with primary antibodies against total NF-κB (1:1000; Cell Signaling, Danvers, MA), 

phosphorylated (P)-NF-κB (1:400; P-RelA; Abcam), total p38 MAPK (1:1000; Cell 

Signaling), P-p38 MAPK (1:400; Cell Signaling), COX-2 (1:800; Abcam), or connexin-43 

(1:3000; Abcam). Samples for the same experiment were run on the same gel for a given 

marker to avoid interassay variability between blots. The blots were all reprobed with 

antibodies to GAPDH (1:1000; Santa Cruz Biotechnology, Dallas, TX), and all proteins 

were normalized to GAPDH prior to densitometry analysis. Semi-quantitated data on 

western blots (based on densitometry readings) are expressed in arbitrary units in the result 

sections.  

Luminex assay to determine inflammatory markers in tissue and plasma 

Plasma and tissues collected from mice on E17 were assayed for IL-6 and TNF-α 

(n = 4 per group) using MILLIPLEX Mouse Cytokine Panel 1 (Millipore) following the 

manufacturer’s protocol. For tissues, equal amounts of protein (25 μg) were loaded into 

each well. Standard curves were developed using duplicate samples of known-quantity 

recombinant proteins that were provided by the manufacturer. Sample concentrations were 

determined by relating the absorbance of the samples to the standard curve using linear 

regression analysis. Concentrations below the assay detection limits (IL-6 = 1.1 pg/mL; 

TNF-α = 2.3 pg/mL) were considered as one-tenth of each value. 

Statistical analysis 
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Western blot (n = 4), bioplex and ELISA (n = 4), macrophage quantitation (n=3) 

and exosome size and concentration (n = 8) data were analyzed using a one-way ANOVA 

with Tukey’s post hoc test using GraphPad Prism (GraphPad, San Diego, CA). P < 0.05 

was considered significant. Proteomic comparison between all gestation days (n = 3) was 

analyzed using the Kruskal-Wallis test with Benjamini-Hochberg correction using Scaffold 

4 Viewer. Comparison between two gestation days was analyzed using the nonparametric 

Mann-Whitney test with Benjamini-Hochberg correction using Scaffold 4 Viewer. P < 

0.01 was considered significant.  

A post hoc power analysis was performed using G*Power [239] based on group 

means, standard deviation, and effect size (f = 1.1 for western blot and cytokine data, 0.81 

for progesterone and exosome size and concentration, and 0.93 for preterm birth rates). 

This analysis revealed that the study had >80% power for the ANOVA to detect differences 

between groups at a 0.05 significance level. 

Results 

Plasma exosomes exhibit classic exosome characteristics  

To understand the changes associated with exosome quantity and characteristics, 

total exosomes were isolated from maternal plasma samples at various gestational days and 

compared to nonpregnant and postpartum day 7 animals. Regardless of pregnancy or 

gestation day, exosomes isolated from maternal plasma were round double-membrane 

vesicles (Figure 5.2A). Western blot analysis indicated that exosomes contained 

tetraspanin markers CD9 and CD81, as well as the multivesicular body protein ALIX 

(Figure 5.2B). As evidenced by flow cytometry, exosomes were also positive for another 

tetraspanin exosome marker, CD63 (Figure 5.2C). 
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Figure 5.2: Characterization of exosomes isolated from maternal plasma.  

A: Representative cryo-electron microscopy image showing classic exosome 

characteristics of double-membrane vesicles from early gestation (E9) and late 

gestation (E18). The arrow indicates exosomes, and the scale bar represents 50 nm. C: 

Regardless of gestation day or pregnancy status, there was consistent expression of 

exosome markers CD9, CD81, and ALIX. D: Representative flow cytometry histogram 

for maternal plasma exosome marker CD63 from E9 and E18 exosomes. X-axis, FITC 

intensity; y-axis, count or the number of beads positive for exosomes. Green represents 

the negative control; pink represents beads containing exosomes positive for CD63. E: 

Exosome size was not significantly different between gestation days. F: The average 

exosome concentration increased significantly throughout gestation (E5 through E19) 

compared to the nonpregnant state. G: The average exosome concentration for each 

gestation day was adjusted to the average number of pups per mouse to determine if 

the increase in exosome concentration throughout gestation was dependent on the 

number of pups each mouse was carrying. The number of pups per mouse was not 

significantly different between each gestation day and exosome concentration per pup 

on E18 was still the maximum concentration observed. Exosome concentration per pup 

was significantly higher on E18 compared to E9 (P = 0.002) and E13 (P = 0.04) when 

adjusted for the number of pups. 
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Exosome concentration increases throughout gestation 

Exosomes isolated from maternal plasma did not differ significantly in size 

throughout gestation (Figure 2D, Table 5.1). However, a significant increase in exosome 

quantity (see Appendix C Supplemental Table 5.2) was seen between E5 (1.52x1011 

exosomes/mL) and E19 (3.13x1011 exosomes/mL), with the maximum concentration seen 

at E18 (3.66E+11 exosomes/mL, Table 5.1) (Figure 5.2E). The trend remained the same 

after adjusting for the number of pups, with E18 showing the maximum number of 

exosomes (Table 5.1). As shown in Figure 5.2, significant differences were noted (Figure 

5.2F) between E18 and E9 (P = 0.002) and E18 and E13 (P = 0.044).  

Table 5.1: Exosome Size and Concentration throughout Gestation 

Gestation 

Day 
Mean Size 

Mean 

Concentration 

Average 

Number of 

Pups 

Adjusted for 

Number of 

Pups 

Nonpregnant 
140.9 

(±11.4) 

1.24x1011 (± 

2.41x1010) 
N/A N/A 

E5 
146.0 

(±15.0) 

1.52x1011 

(±9.03x1010) 
N/A N/A 

E9 
136.1 

(±8.9) 

1.75x1011 

(±4.48x1010) 
12 (± 3) 

1.65x1010 

(±7.74x109) 

E13 
157.9 

(±19.6) 

2.53x1011 

(±1.27x1011) 
13 (± 2) 

1.94x1010 

(±6.99x109) 

E15 
131.3 

(±12.4) 

2.97x1011 

(±1.03x1011) 
10 (± 4) 

2.87x1010 

(±1.56x1010) 

E18 
148.6 

(±17.2) 

3.66x1011 

(±8.31x1010) 
12 (± 3) 

3.11x1010 

(±9.11x109) 

E19 
155.1 

(±29.8) 

3.13x1011 

(±1.47x1010) 
12 (± 2) 

2.81x1010 

(±1.73x1010) 

PP7 
145.7 

(±18.6) 

1.39x1011 

(±4.60x1010) 
N/A N/A 

Proteomic analysis of maternal plasma exosomes throughout gestation 

Proteomic analysis of maternal plasma exosomes identified 1283 differentially-expressed 

proteins. A heat map (Figure 5.3A) was created of the 912 differentially expressed proteins 

that were used for bioinformatics analysis using IPA. Proteomic analysis of exosomal cargo 

determined that molecules involved with inflammation were the predominant pathway that 



 

112 

increased during late gestation. Specifically, acute-phase response signaling, liver X 

receptor/retinoid X receptor (LXR/RXR), and coagulation canonical pathways (Figure 

5.3B) increased between E13 and E18, peaked at E18, and returned to levels seen in 

nonpregnant animals in the postpartum samples (Table 5.2). Analysis of the top biological 

functions associated with exosomal cargo on each gestation day (Figure 5.3C) included 

inflammatory pathways related to increased recruitment of leukocytes and other immune 

cells throughout gestation, peaking on E18 and decreasing postpartum. The biological 

functions associated with the proteins identified in late-gestation exosomes included 

chemotaxis, the inflammatory response, cell movement, leucocyte activation, and 

neutrophil infiltration, all of which have been linked to physiological changes associated 

with prepartum processes related to cervix remodeling and initiation of labor 

[163,211,212,240]. 
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Figure 5.3: Proteomic and bioinformatic analysis of maternal plasma exosomes 

throughout gestation.  

A: Heatmap to visually represent differentially-expressed exosome proteins (912) 

throughout gestation. Green is an increased fold change, while red is a decreased fold 

change. B: Graphical representation of the top three canonical pathways identified 

during late gestation: acute-phase response signaling (top), liver X receptor/retinoid X 

receptor (LXR/RXR, middle), and coagulation (bottom). The x-axis represents 

gestation day, and the y-axis represents –log (P-value). Green represents a positive Z-

score (upregulation), while red represents a negative Z-score (downregulation). C: 

Heatmap of the top biological functions associated with exosomal cargo on each 

gestation day shows inflammatory pathways and recruitment of leukocytes and other 

immune cells increasing throughout gestation, peaking on E18, and decreasing 

postpartum. Green represents a positive Z-score (upregulation), while red represents a 

negative Z-score (downregulation). D: Graphical representation of well-reported 

inflammatory changes during mouse pregnancy, which are also reflected in exosomes 

throughout gestation. Gestation days are not drawn to scale. 
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Table 5.2: Top 3 canonical pathways identified with IPA  

Acute Phase Response Signaling 

Gestation 

Day 

-Log 

(P-

value) 

Z-score 

# 

Molecules 

Identified 

Molecules 

E5 18.387 0 13 

ITIH3, AMBP, SERPINA3, SAA2-SAA4, 

FGG, SERPINF2, F2, ALB, ITIH4, CRP, FGB, 

SERPINA1, FGA 

E9 11.032 -1.89 10 
KLKB1, ALB, APOA2, SERPINA3, FGB, 

FGA, A2M, FGG, RBP4, AGT 

E13 12.645 0 10 
SERPING1, HP, APOA1, APOA2, CRP, 

SERPINA3, FGB, A2M, FGG, C5 

E15 14.62 1.89 13 

TTR, ITIH3, APOA2, VWF, SERPINA3, FGG, 

F2, PLG, C4A/C4B, ALB, ITIH4, SERPINA1, 

A2M 

E18 20.202 1.414 18 

APOH, C1S, APOA2, SERPINF1, VWF, 

SAA2-SAA4, F2, SERPIND1, PLG, C4A/C4B, 

TF, ITIH4, CRP, SERPINA1, FGB, LBP, 

A2M, AGT 

E19 8.965 1.342 9 
ITIH4, APOA2, SERPINF1, VWF, 

SERPINA3, SERPINA1, FGB, A2M, FGG 

PP7 7.272 -2 7 
HP, APOA2, AHSG, SERPINA3, SERPINA1, 

A2M, RBP4 

Liver X Receptor/Retinoid X Receptor (LXR/RXR) 

Gestation 

Day 

-Log 

(P-

value) 

Z-score 
Molecules 

Identified 
Molecules 

E5 16.345 -2.111 11 
KNG1, APOE, ALB, APOB, LCAT, ITIH4, 

AMBP, SERPINA1, FGA, GC, SERPINF2 

E9 9.29 0.707 8 
KNG1, ALB, APOB, APOA2, VTN, FGA, 

RBP4, AGT 

E13 2.922 0 3 APOA1, APOA2, GC 

E15 10.089 1 9 
C4A/C4B, PON1, TTR, ALB, ITIH4, APOA2, 

VTN, SERPINA1, A1BG 

E18 17.898 2.324 15 

KNG1, APOB, APOH, APOA2, VTN, 

SERPINF1, C4A/C4B, PON1, LCAT, TF, 

ITIH4, SERPINA1, LBP, CLU, AGT 

E19 7.324 0.378 7 
KNG1, PON1, ITIH4, APOA2, SERPINF1, 

SERPINA1, A1BG 



 

115 

PP7 5.311 0.447 5 APOC4, APOA2, AHSG, SERPINA1, RBP4 

Coagulation System 

Gestation 

Day 

-Log 

(P-

value) 

Z-score 
Molecules 

Identified 
Molecules 

E5 12.962 1.89 7 
KNG1, SERPINA1, FGB, FGA, FGG, F2, 

SERPINF2 

E9 9.624 -1.633 6 KNG1, KLKB1, FGB, FGA, A2M, FGG 

E13 4.521 0 3 FGB, A2M, FGG 

E15 15.208 1 9 
C4A/C4B, PON1, TTR, ALB, ITIH4, APOA2, 

VTN, SERPINA1, A1BG 

E18 15.957 0.632 10 
PLG, KNG1, F5, VWF, SERPINA1, FGB, F7, 

A2M, F2, SERPIND1 

E19 9.237 0 6 KNG1, VWF, SERPINA1, FGB, A2M, FGG 

PP7 4.292 0 3 SERPINA1, F13B, A2M 

 

The specific scenarios associated with different gestation points were evaluated by 

investigating the molecular networks that were activated by proteins with a ±1.5-fold 

change (log2 fold change = ±0.6) and a P-value  0.01 (−log P-value = 2). When comparing 

E18 (late gestation) to E5 (early gestation), plasminogen (PLG) was identified as a central 

molecule in the molecular network (Figure 5.4A). PLG activates matrix-degrading 

enzymes MMP-2 and MMP-9, as well as TGF-β. These molecules have been implicated 

in parturition at term and in preterm birth [241,242]. TGF-β is also a major mediator of 

epithelial-mesenchymal transition, a mechanism that has been implicated in labor 

[200,243]. Identified proteins are listed in Appendix C Supplemental Table 5.2. E18 was 

also compared to E9 (Figure 5.4B) as these two gestation days seemed to have the most 

differences in canonical pathways and biological processes. TNF-α was identified as a 

central molecule in the network comparing exosomal proteins on E18 to E9. TNF-α is a 

pro-inflammatory cytokine shown to be upregulated in the myometrium at term and can 

activate smooth muscle contractions [225]. Additionally, TNF-α can activate pro-
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senescence marker p38 MAPK in epithelial cells [232]. Identified proteins are listed in 

Appendix C Supplemental Table 5.2. Exosome cargo were also compared between E18 

(term not in labor) and E19 (term in labor) (Figure 5.4C) and the central molecule identified 

was epidermal growth factor receptor, which activates the mitogen-activated protein kinase 

family (i.e., ERK, JUN, and p38) and other inflammatory pathways (i.e., STAT3 and the 

NF-κB complex). Multiple data have shown the mechanistic roles of these factors in term 

labor [15,84,92,100,244]. Identified proteins are listed in Appendix C Supplemental Table 

5.2. 

In summary, the exosomal cargo reflected a gradual buildup of inflammation during 

the later stages of pregnancy and nonspecific inflammation peaking on the penultimate day 

before the expected delivery in this mouse model. Delivery day exosomal cargo was 

characterized by senescence, necrosis, and other cell death pathways and markers as 

expected [37]. All these indicators returned to normal in postpartum animals. These data 

suggest that exosomal proteins reflect distinct phases of pregnancy and functional changes 

that are activated to promote labor and delivery. 
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Figure 5.4: Volcano plots and molecular networks of differentially-expressed 

proteins.  

Molecular networks were identified using IPA network analysis based on proteins 

with a ±1.5-fold change (log2 fold change = ±0.6) and a P-value  0.01 (−log P-value 

= 2). Circular insets are a zoomed in view of the central molecules identified. A: 

Comparison of E18 (late gestation) and E5 (early gestation) identified plasminogen 

(PLG) as a central molecule in the molecular network. PLG has been shown to 

activate matrix-degrading enzymes MMP-2 and MMP-9, as well as TGF-β, and is 

associated with inflammation and tissue remodeling. B: Comparison of E18 and E9 

identified TNF-α as a central molecule in the molecular network. TNF-α is a pro-

inflammatory cytokine upregulated during parturition. It is also an activator of p38 

MAPK, a pro-senescence marker in the fetal membranes and known activator of 

other inflammatory pathways. C: Comparison of E18 (term not in labor) and E19 

(term in labor) exosome cargo identified epidermal growth factor receptor (EGFR) as 

the central molecule. EGFR activates MAPK pathways and other inflammatory 

pathways shown to have mechanistic roles in parturition. 
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Intraperitoneal injections of E18 exosomes induce preterm birth independent of 

systemic progesterone withdrawal or inflammation 

To determine the role of late-gestation exosomes in labor, exosomes from E18 mice 

were injected into pregnant mice on E15. E18 was chosen based on data that showed that 

E18 (the penultimate day of labor and delivery in CD-1 mouse models) had the maximum 

number of exosomes carrying nonspecific inflammatory mediators. Therefore, the 

hypothesis that an increased quantity of inflammatory cargo may contribute to labor and 

delivery was tested in this model. Exosomes from E9 mice were chosen as the control 

group as they contained a low number of exosomes and a minimal number of inflammatory 

mediators (Figures 5.2 and 5.3). In support of the abovementioned hypothesis, 80% (4/5) 

of mice injected with E18 exosomes delivered preterm (Figure 5.5B), which was defined 

as the delivery of at least one pup on or before E18. Preterm labor occurred on average 48 

hours after the final exosome injection. Conversely, E9- and PBS-injected mice (Figure 

5.5A) delivered on E19.5 (Table 5.3). The number of pups was not different between E18-

, E9-, or PBS-injected animals (data not shown). All pups were viable upon delivery and 

had normal weaning periods as they were born close to term.  

Table 5.3 Preterm birth rates in PBS, E9 and E18 exosome injected mice 

 
Treatment 

Number of 

Animals 
PTB 

Term 

Birth 
PTB (%) 

PBS 5 0 5 0% 

E9 Exosomes 5 0 5 0% 

E18 Exosomes 5 4 1 80% 
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Although systemic progesterone withdrawal is a key mechanistic event in mice that 

contributes to inflammation [16,26,245], exosome-mediated preterm labor was not 

associated with systemic progesterone withdrawal or an increase in key inflammatory 

markers in circulation. Maternal plasma progesterone levels did not differ between mice 

injected with PBS and E9 exosomes (76.16 ± 7.09 vs. 70.07 ± 23.88 ng/mL; P = 0.83), 

PBS and E18 exosomes (89.73 ± 5.57 pg/mL; P = 0.43), or E9 and E18 exosome (P = 

 

Figure 5.5: The injection of E18 exosomes causes preterm birth.  

A: Representative photograph of a nonlaboring pregnant mouse on E18 has a full 

uterus. B: Representative photograph of a preterm delivering mouse. After delivery of 

at least one pup, the mouse was sacrificed and the uterus was exposed. The fetuses 

contained on the right side of the uterus have been delivered while the left side still 

contained fetuses.  
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0.20) (Figure 5.6A). Although E18 exosomes isolated from maternal plasma carry 

mediators of inflammation, injecting these exosomes did not result in systemic maternal 

 

Figure 5.6: Exosome-induced preterm labor is not associated with systemic 

progesterone withdrawal or systemic inflammation.  

A: Maternal plasma were analyzed for progesterone levels using ELISA. Plasma 

progesterone levels were not significantly different regardless of the treatment. B: 

Bioplex analysis of maternal plasma showed no significant difference in for IL-6 

levels in PBS, E9, and E18-injected mice.C: Bioplex analysis of maternal plasma 

showed no significant difference in TNF-α levels in PBS, E9, and E18-injected mice. 
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inflammation. As shown in Figure 5.6B, there were no significant differences in the levels 

of the inflammatory cytokines, IL-6 and TNF-α (Figure 5.6B, all P > 0.98 and Figure 5.6C, 

all P > 0.65, respectively), in maternal plasma regardless of the treatment. Exosomes not 

only encapsulate degradation-susceptible signals, but they also carry these signals to 

specific sites to induce a localized, rather than a systemic, inflammatory response. The 

tropism exhibited by exosomes was not a part of this study, and the chemotactic signals 

attracting inflammatory exosomes to specific uterine sites were not investigated. It is 

speculated that inflammatory mediators required for parturition are protected and delivered 

at sites where they have specific functions to avoid systemic inflammation that can be 

detrimental to the maintenance of pregnancy. 

Exosome trafficking to intrauterine tissues to cause labor-associated changes 

CFSE-labeled exosomes localize in maternal and fetal tissues 

Exosomes from both E9 and E18 mice were found to reach specific and relevant 

reproductive tissues. Intraperitoneal injection of E9 and E18 exosomes labeled with CFSE 

were localized in the maternal cervix (green fluorescence in Figure 5.7). As expected, PBS-

injected mice did not show any green fluorescence in any of the tissues investigated (Figure 

5.7). CFSE diluted in PBS (7.5 µM) was injected as a vehicle control to show nonspecific 

dye localization in tissues. As shown in Figure 5.7, localization of the dye was not found 

in maternal or fetal tissues, thus suggesting that the localization data were exosome 

specific. These results were observed on E17. 
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Figure 5.7: Exosomes injected into pregnant mice traffic to the cervix, uterus, fetal 

membranes and placenta.  

Exosomes were fluorescently labeled with carboxyfluorescein succinimidyl ester (CFSE), as 

well as PBS and CFSE in PBS (7.5 µM) then injected into mice on E15. Maternal and fetal 

tissues were collected and analyzed for fluorescent signal emerging from exosomes. PBS- and 

CFSE-injected mice show no fluorescent signals, while fluorescent signals from labeled 

exosomes (E9 and E18; green) can be seen in both maternal and fetal tissues tested. The inset 

is an enlargement of the tissue area marked by white boxes. All images were taken at 40x 

magnification. 
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E18 exosomes promote proinflammatory processes to prepare the cervix and uterus 

for parturition 

Based on the effect of day 15-16 treatments with E18 exosomes to induce preterm 

birth on E18, maternal tissues were analyzed for labor-associated inflammatory changes 

on E17 (the day prior to preterm birth in this model). In the cervix (Figure 5.8A and 5.8B), 

E18 exosome-injected mice had significantly higher NF-κB activation (expressed as 

arbitrary units) compared to the PBS controls (1.011 ± 0.51 vs. 0.3135 ± 0.22; P = 0.022). 

COX-2 expression in E18-injected mice (1.458 ± 0.22) was also significantly higher than 

in E9 exosome- and PBS-injected mice (0.6874 ± 0.1637; P < 0.005 and 0.8219 ± 0.23, P 

< 0.0001, respectively). Cytokine analysis (Figure 5.8C) showed a significant increase in 

the labor- and delivery-associated cytokine, IL-6, in E18 exosome-injected mice (8.20 ± 

1.72 pg/mL) compared to E9 exosome- and PBS-injected mice (0.89 ± 4.30 pg/mL; P = 

0.01 and 1.11 ± 0.87 pg/mL; P = 0.02, respectively). Similarly, the TNF-α concentration 

was also significantly higher (P < 0.0005) in E18 exosome-injected mice (1.14 ± 0.84 

pg/mL) compared to E9 exosome- (not detectable) and PBS- (not detectable) injected mice. 

Histologic analysis and quantitation of macrophage infiltration and activation in cervix of 

E18, E9 exosome and PBS injected mice (Figure 5.8D and 5.8E) showed significantly 

increased numbers of cells positive for macrophage marker F4/80 in E18-injected (0.066 

± 0.083) mice compared to E9- (0.006 ± 0.007, P=0.02) and PBS- (0.005 ± 0.009, P=0.02) 

injected mice (Figure 5.8E).  

 

  



 

124 
 

 

Figure 5.8: Exosomes injected into pregnant mice induce labor-associated changes in the 

cervix.  

A-C: Western blot analysis and densitometry quantitation show a significant increase in the 

activation of the inflammatory signalers NF-κB (as determined RelA phosphorylation) and 

COX-2 in E18 exosome-injected mice compared to PBS- and E9 exosome-injected mice. 

Inflammatory cytokines IL-6 and TNF-α were significantly increased in E18 exosome-injected 

mice compared to PBS- and E9 exosome-injected mice. D-E: Histological analysis and 

quantitation of macrophages in cervix: Histology showing that macrophage activation marker 

F4/80 were significantly increased in E18 exosome injected mouse cervix compared to E9 and 

PBS control injected mice. Nuclei were stained green by methyl green and macrophages were 

stained brown. For a semi-quantitative estimation of macrophage activation, total cells and 

macrophages were counted to determine macrophage to total cell ratio (bar graph). 
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In the uterus, E18 exosome-injected mice did not exhibit significantly different NF-

κB activation compared to PBS- or E9 exosome-injected mice (Figure 5.9A and 5.9B); 

however, there was a significant increase in the expression of CX-43 (Figure 5.9A and 

5.9B) in E18 exosome-injected mice (1.300 ± 0.350) compared to PBS- and E9 exosome-

injected mice (0.495 ± 0.230; P < 0.05 and 0.496 ± 0.440; P < 0.05, respectively). No 

significant differences were seen in the tissue levels of IL-6 and TNF-α between the various 

injected groups (Figure 5.9C). Histologic analysis and quantitation of macrophage 

infiltration and activation in uterus of E18, E9 exosome and PBS injected mice (Figure 

5.9D and 5.9E) showed no significant increase in number of cells positive for macrophage 

marker F4/80 in E18-injected (0.075 ± 0.045) mice compared to E9- (0.031 ± 0.015, 

P=0.07) and PBS- (0.070 ± 0.061, P=0.10) injected mice. 

E18 exosomes promote prepartum proinflammatory processes in fetal membranes but 

not in the placenta 

In fetal membranes, western blot analysis of p38 MAPK activation, RelA 

phosphorylation, and COX-2 expression indicate fetal tissue response to exosomes injected 

on the maternal side (Figure 10A). Quantification was performed using densitometry 

(expressed as arbitrary units) (Figure 10B). E18 exosome-injected mice had significantly 

increased p38 MAPK activation (0.787 ± 0.166) compared to E9 exosome- and PBS-

injected mice (0.220 ± 0.172; P = 0.01 and 0.214 ± 0.057; P = 0.003). This supports 

previous reports that showed that accelerators of fetal membrane senescence via p38 

MAPK can cause sterile inflammation and lead to labor and delivery. P-RelA was 

significantly higher after E18 exosome injection compared to PBS (1.557 ± 0.787 vs. 0.664 

± 0.229; P = 0.04); however, although P-RelA was increased in E18 exosome- compared 

to E9 exosome-injected mice, it was not significant. In addition, COX-2 expression was 

also higher in E18 exosome-injected mice (0.623 ± 0.258) compared to E9 exosome- and 

PBS-injected mice (0.359 ± 0.310; P = 0.04 and 0.253 ± 0.053; P = 0.04, respectively).  
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Figure 5.9: Exosomes injected into pregnant mice induce labor-associated changes in 

the uterus.  

A-C: Western blot and densitometry quantitation of NF-κB activation (as determined by 

RelA phosphorylation) and connexin-43 (CX-43) expression show that NF-κB activation is 

not significantly different between treatments, while CX-43 expression is significantly 

increased in E18 exosome-injected mice compared to PBS- or E9 exosome-injected mice. 

CX-43 is a gap-junction protein important for smooth muscle contractions. Inflammatory 

cytokines IL-6 and TNF-α were not significantly increased in E18 exosome-injected mice 

compared to PBS- and E9 exosome-injected mice. D-E: Histological analysis and 

quantitation of macrophages in uterus: Histology showing that macrophage activation marker 

F4/80 were not significantly different regardless of treatment. Nuclei were stained green 

using methyl green and macrophages were stained brown. Total cells and macrophages were 

counted to determine macrophage to total cell ratio (bar graph). 
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IL-6 was not different between the treatment groups (Figure 10C), and TNF-α was not 

detectable. 

Both E18 and E9 exosomes were localized in the placental tissue (Figure 8), thus 

confirming its trafficking to both fetal tissues; however, western blot analysis for P-p38, 

P-RelA, and COX-2 (Figure 10D and 10E) and cytokine analysis for IL-6 (10F) in placental 

tissue was not significantly different between E18-, E9-, and PBS-injected mice. In 

addition, TNF-α was not detectable, thus indicating that placental tissue did not respond to 

exosome-induced inflammation. These data suggest minimal placental changes associated 

with exosome-induced labor and delivery in this mouse model. 
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Figure 5.10: Exosomes injected into pregnant mice traffic to the fetal tissues and induce 

inflammatory changes in the fetal membranes but not the placenta.  

A-C: Western blot analysis and densitometry quantitation show significant activation of NF-

κB (as determined by RelA phosphorylation), COX-2, and the prosenescence marker p38 

MAPK in E18 exosome-injected mice compared to PBS- or E9 exosome-injected mice. No 

significant difference in proinflammatory cytokine IL-6 levels was observed regardless of the 

treatment. D-F: Western blot and densitometry analysis of NF-κB activation (as determined 

by RelA phosphorylation), COX-2, and p38 MAPK expression in the placenta show no 

significant difference in the activation of the prosenescence marker p38 MAPK and 

inflammatory markers NF-κB, COX-2, and IL-6 between the treatment and control groups.  
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Discussion 

 This report tested the hypothesis that exosomes can act as paracrine signals that 

traffic between maternal and fetal tissues, cause functional inflammatory changes, and 

induce labor and delivery in a CD-1 mouse model. The 5 major findings of this study were: 

(1) the injection of E18 exosomes caused preterm birth; (2) by E17, there was evidence of 

inflammation related to characteristics of maternal cervix remodeling and uterine 

activation, as well as premature senescence of fetal membranes; (3) the size and shape of 

maternal plasma exosomes remained constant throughout pregnancy; however, their 

quantity increased as gestation progressed, with the maximum number seen on E18 (the 

day before the expected delivery date), before returning to normal 7 days after pregnancy; 

(4) exosome protein cargo varied at different gestational days, as evidenced by E9 exosome 

treatments had little or no effects on endpoints of inflammation in reproductive tract 

tissues; (5) E18 exosome-induced preterm birth was independent of changes in placental 

function or systemic progesterone withdrawal as plasma levels did not change after 

treatment. Thus, findings suggest that E18 exosomes provided information that prepares 

the reproductive tract for parturition at term because when this exosomal cargo is provided 

on E15-16, preterm birth results. 

As seen in this mouse study, human pregnancy is also associated with a progressive 

increase in maternal plasma exosome concentrations as gestation progresses [112]. 

Exosomes in the maternal plasma are of both fetal and maternal origin, and the increased 

concentration throughout gestation is likely contributed to by the growing fetus, the 

placenta, and fetal membranes [112]. Ongoing studies in our lab (data not shown) suggest 

that the fetus and fetal tissues (membranes and placenta) contribute approximately 20% of 

exosomes on E18. The maternal plasma exosome concentration also increases as gestation 

progresses in mouse pregnancies, peaking on E18 and decreasing postpartum. This is 

similar to data reported by Salomon et al. in human pregnancies and suggests that the days 
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preceding labor and delivery are marked by an increased number of exosomes in the 

maternal plasma [68]. 

Irrespective of the species, inflammation is the mechanistic effector of labor and 

delivery, and labor inducing inflammation is not systemic but is localized to intrauterine 

tissues [6,25,27,226,246]. Proteomic and bioinformatic analysis determined that exosomal 

cargo on E18 included proteins linked with the inflammatory response and immune cell 

migration, which are physiological effectors of labor [4,211,212,245]. An influx of 

proinflammatory cargo-rich exosomes (E18 exosomes) in uterine tissues, and the 

biological pathways likely elicited by these cargo contents, eventually cause preterm birth 

in animals. This is supported by the data reported here, where NF-κB activation and 

cytokines increased in feto-maternal tissues. The lack of systemic progesterone withdrawal 

indicates that paracrine mediators can cause labor-associated changes that are independent 

of endocrine signals. Findings raise the possibility that the quantity of exosomes or 

specificity of cargo of mature E18 exosomes on critical components in the mechanism for 

parturition have yet to be examined. Major roles for prostaglandin dehydrogenase and 

progesterone receptor isoforms in prepartum cervix and uterus have been proposed for 

parturition [247–249]. Clearly, inflammatory signal carrying exosomes are sufficient to 

cause labor. These exosomes likely override proposed immunosuppressive effects of 

progesterone in the cervix and the uterus. In a related study, exosomes from oxidative 

stress-induced human amnion epithelial cells caused functional progesterone withdrawal 

(progesterone receptor [PR]A:PRB ratio switch) in human myometrial cells, which is a 

theorized mechanism associated with human labor [249–251]. Therefore, the possibility 

that exosomes may also cause endocrine disruption to ensure labor and delivery cannot be 

excluded.  

In mice, cervical ripening and distention begin long before the initiation of labor. 

In the present study, a greater inflammatory response to E18 exosomes was found in the 

cervix compared to uterine tissues. This is an expected event before labor and delivery as 
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cervical ripening precedes uterine changes [238,252]. Increased presence of macrophages 

occur by E17, 2-3 days before birth [253,254]. NF-κB activation likely induces 

proinflammatory cytokines and an increase in COX-2 in the cervix, thus supporting 

ripening-associated changes. The CX-43 increase was the only statistically relevant 

observation in the uterus. NF-κB activation trended in the same direction as seen in the 

cervix; however, the increase was not sufficient to reach statistical significance. This was 

likely due to the uterine tissues slowly responding to the changes in the ripening cervix on 

E17. Activation and infiltration of immune cells was also not significantly different in the 

uterus. This trends with current literature indicating leukocyte infiltration of the uterus does 

not increase until active labor [255,256]. The lack of systemic inflammation (no change in 

plasma IL-6 and TNF-α irrespective of exosome or PBS injection) indicates that 

inflammation in the cervix and uterus is highly localized and that signals propagate within 

this region to exclusively modify the environment to prime specific target tissues for labor. 

The timing of preterm labor is also worthy of discussion. In E18 exosome-treated animals, 

multiple injections were necessary to compensate for the short circulating lifespan of 

exosomes and to mimic the consistent influx and concentration of exosomes from both the 

fetus and the mother as term approaches. The lack of systemic inflammation and the 

gradual development of inflammation (as observed in E17 tissues) was archetypal of such 

changes during pregnancy before labor. Hence the delivery on E18 was as expected in this 

model.  

We expected exosomes to cause changes in both maternal and fetal side. As shown 

in our results, exosomes (E9 and E18) injected on the maternal side were shown to traffic 

to the fetal compartment (placenta and fetal membranes). Although no functional changes 

associated with labor and delivery were seen in the placenta, increased inflammation and 

activation of prosenescence marker p38 MAPK was observed in mice injected with E18 

exosomes. Previous studies showed that fetal membrane senescence is regulated by p38 

MAPK in humans [34,91] and mice [37]. Activation of p38 leads to fetal membrane 
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senescence, a mechanism shown to be associated with the initiation of labor at term and is 

accompanied by the release of SASP and DAMPs, which may be carried to the maternal 

tissues by exosomes and support fetal-maternal crosstalk to prepare for labor. Thus, 

increased p38 MAPK in the fetal membranes on E17 (the day prior to observed preterm 

labor in this model) may be an important mechanistic contributor to the preterm labor 

observed in this study.  

This study determined the contribution of total plasma exosomes in the initiation 

of labor; however, the specific or independent contributions by either fetal or maternal 

exosomes are still unknown. Therefore, it is still not possible to elucidate which paracrine 

signal (the mother, the fetus, or both) initiates labor. This is primarily due to the lack of 

fetal-specific exosome markers in mouse models, unlike in humans where exosome-

expressed placental alkaline phosphatase is used to differentiate fetal (placental)-derived 

signals [70,72,151]. A transgenic mouse model has been developed in which fetal 

exosomes are tagged and can be sorted from maternal blood. Further characterization of 

these exosomes and similar studies using maternal- and fetal-specific exosomes may 

determine the requirement of feto-maternal specific signals in the initiation of labor in 

mice.  

The lack of systemic progesterone withdrawal or systemic inflammation supports 

an independent functional role for exosomes in labor and delivery. In addition, trafficking 

of exosomes was also observed from the maternal side to the fetal side, where they 

produced functional changes (i.e., senescence and sterile inflammation) in fetal membranes 

as expected at this gestational age [37,92]. Exosomal cross talk between mother and the 

fetus and the functional changes they can cause may be one of the non-endocrine 

mechanisms that will determine the timing of pregnancy. Unlike pathological stimulants 

(e.g., LPS, TNF, and IL-1 injections) [257–259], exosomes are more physiologically 

representative. Slow development of labor (preterm in this model) associated changes in 

cervix and uterus (48-h post injection) suggests a gradual, natural, and physiological 
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buildup of exosomes (quantitatively and qualitatively), reflects tissue-level changes 

exerted by exosomes, and a progressive programing of uterine tissue for labor and delivery. 

It should be noted that the exosome doses used for the injections (E9 vs. E18) were 

different. This was done to mimic the systemic exposure experienced on those specific 

days. 

Exosomes, as paracrine signalers, can induce labor associated change in feto-

maternal uterine tissues leading to labor and delivery in the absence of systemic 

progesterone withdrawal. This is the first study to report exosome characterization 

throughout murine pregnancy, and the results show that exosomes on the maternal side can 

cross the placenta to reach the fetal side. In addition, this study suggests a potential role for 

exosomes in the initiation and progression of labor. Further studies must be performed to 

determine the maternal and fetal contribution to better understand the communication 

during pregnancy and specifically during labor and delivery. Human studies on term and 

preterm parturition are restricted mostly to endocrine or cytokine mediated labor initiation 

signals. Knowledge of exosome mediated paracrine signaling of labor associated changes 

and induction labor provides new avenues of research on how exosomes may contribute to 

normal and adverse labor events. 
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CHAPTER 6: CRE-REPORTER MOUSE MODEL TO DETERMINE MATERNAL-

FETAL EXOSOME COMMUNICATION AND FUNCTIONAL EFFECTS 

Introduction 

Interest in the field of extracellular vesicles has increased due to their importance 

in intercellular communication by transfer of proteins, nucleic acids and lipids. Exosomes, 

which are the smallest of the extracellular vesicles, have received the most attention for 

their role in physiological and pathophysiological functions [215,260–262]. Exosome size 

facilitates easy transport of their contents between local and distant tissues, while their 

cargo represents the physiological status of the cell of origin and can regulate the phenotype 

of the target cell. Current research has indicated that exosomes are important in multiple 

cellular processes, including waste management, immune cell modulation and are now 

being considered a central component to a novel paracrine mechanism of cell-cell 

communication [56,59]. Since their discovery, exosomes have been widely investigated 

for their potential functional roles in neurodegenerative diseases [60,215,263], viral and 

bacterial pathogenicity [264–266], and especially cancer progression [267–269]. 

Exosomes from cancer cells act as communication channels that transfer cancer-promoting 

cellular molecules (proteins, RNAs and lipids) to surrounding cells or through the 

circulation to distant sites, promoting cancer progression and metastasis [269,270].  

While exosomes have been classically studied as intercellular communication 

networks in diseases and infection, they are less reported during pregnancy, a unique 

system involving implantation [72–74], placental development [73,75], and maintenance 

of pregnancy [76–79]. Placenta-specific exosomes have been studied for their role in 

maternal immune cell regulation for fetal tolerance [72], pre-eclampsia [151,271], and 

other placental dysfunction-associated diseases. The majority of these studies have been 
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performed in humans or in human cells using placenta-specific protein marker placental 

alkaline phosphatase (PLAP). PLAP is enriched in placenta-derived exosomes and can be 

used to easily identify and immunoprecipitate placental exosomes. Current literature on 

exosomes during pregnancy has focused on placental exosomes and their potential effect 

on maternal tissues [67,68,70–72,112,153]. While these studies are important for 

identifying potential biomarkers for placental dysfunction associated with various 

pregnancy pathologies in humans, a functional role of exosomes was lacking in processes 

associated with parturition or pregnancy-associated pathologies. 

Characteristics of exosomes, including size and membrane proteins and lipids, and 

their ability to act as carriers of signals that are otherwise susceptible to degradation to 

distant cells and tissues [65,66] makes them ideal candidates for fetal signalers to distant 

maternal tissues and vice versa. However, mechanistic and functional studies during 

pregnancy are impractical to perform in humans and thus animal models have been 

developed to understand the processes associated with pregnancy, parturition and preterm 

labor [27,174,272,273]. Although mouse parturition differs from humans with respect to 

endocrine signaling, progesterone levels decreasing at term in the mouse but remaining 

high in humans [274–276], there are enough similarities to make the mouse a viable model 

to study parturition, specifically exosome-mediated paracrine signaling mechanisms for 

feto-maternal communication [112,124].  

Exosomes have been under investigation in our lab as potential paracrine signaling 

mechanism for term labor initiation [124,125,231]. We have shown that exosomes injected 

intraamniotically can traffic from the fetal compartment to maternal tissues in murine 

models of pregnancy [124]. , Additionally, maternal plasma exosomes from gestational 

day 18 of mouse pregnancy (normal gestational period 19-20 days) cause preterm birth in 

mouse models when they were injected intraperitoneally on gestational day 15. This 

suggests a pro-parturition functional role for exosomes. The total plasma exosomes used 

for this study contained both maternal and fetal exosomes and therefore contributions 
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specifically by fetal or maternal exosomes in parturition are still unclear. To fully elucidate 

the feto-maternal communication during pregnancy and parturition, a fetal-specific protein 

marker is essential to identify the fetal contribution. 

The primary objective of this study is to develop a model with which we can isolate 

and characterize fetal specific exosomes from maternal plasma that will allow us to study 

fetal contributions during pregnancy and parturition. In addition, examination of feta 

exosome cargo and quantity will allow us to understand fetal physiology in response to 

adverse pregnancy environments associated with pregnancy complications. The secondary 

objective is to examine functional changes produced by exosome trafficking between 

maternal and fetal tissues during pregnancy. 

To achieve this, we established a mouse model where the fetal tissues express a 

marker that was not expressed in maternal tissues. Therefore, exosomes generated from 

these tissues are expected to carry these markers. Our model utilizes a transgenic mouse 

with a membrane-targeted, two-color fluorescent Cyclic recombinase (Cre)-reporter allele 

where tandem dimer Tomato (mT) fluorescence is expressed in the plasma membrane of 

all cells and tissues. In the presence of Cre, mT is excised and cells express membrane-

localized enhanced green fluorescent protein (mG) that replaces mT (Figure 1A) [277]. 

When mated with a wild type female, the fetal tissues will express this construct while the 

maternal tissues will not. Using this approach, we developed and validated a mouse model 

to determine trafficking of exosomes between maternal-fetal tissues and confirmed 

functional changes produced in fetal tissues by exosomes from the maternal compartment 

using exosomes enriched with Cre. 

Materials and Methods 

Animal care 
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All animal procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Texas Medical Branch, Galveston. Mice were 

housed in a temperature- and humidity-controlled facility with 12:12-h light and dark 

cycles. Regular chow and drinking solution were provided ad libitum. We used a transgenic 

C57BL/6J mouse with a plasma membrane-targeted, two-color fluorescent Cre-reporter 

allele (Figure 6.1A) where tandem dimer Tomato (mT) fluorescence is expressed in the 

cell membrane of all cells and tissues but in the presence of Cre, mT is excised and cells 

express membrane-targeted enhanced GFP (mG) on the cell membrane (stock 007676, 

Jackson Laboratory, Bar Harbor, ME). The mT/mG transgenic mouse model utilizes two 

highly photostable fluorescent proteins with low cytotoxicity. The red fluorescent protein 

tdTomato, which is expressed in the absence of Cre, has increased brightness and 

photostability compared to other red fluorescent proteins, as well as deeper penetration 

using longer wavelengths of light [277] allowing for easier imaging of intrauterine tissues 

by in vivo imaging. Breeding was performed in our facility in which wild type (WT) 

C57BL/6J (stock 000664, Jackson Laboratory) 8-12 weeks old were mated with males 

homozygous for the mT/mG construct (Figure 1B). Female mice were checked daily 

between 8:00 am and 9:00 am for the presence of a vaginal plug, indicating gestation day 

(E) 0.5. Females positive for a plug were housed separately from the males, their weight 

was monitored and a gain of at least 1.75 g by E10.5 confirmed pregnancy. Animals were 

sacrificed by CO2 inhalation according to the IACUC and American Veterinary Medical 

Association guidelines prior to tissue collection. 

Injection of Cre-enriched exosomes to determine maternal to fetal exosome 

trafficking 

On E12.5, pregnant WT mice were intraperitoneally injected with either PBS, naïve 

exosomes or Cre-enriched exosomes (1x1010 exosomes in 250 μL, Figure 6.1B). Exosomes 

were produced in the laboratory of Dr. Chulhee Choi in human embryonic kidney 
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(HEK293) cells. Naïve exosomes are exosomes produced by cells under standard 

conditions and were used as an exosome control. E12.5 was selected as the date for 

 

Figure 6.1: Maternal-Fetal Exosome Trafficking and Cre-Reporter Transgenic 

Mouse Model 

A: TOP: The two-color fluorescent Cre-reporter allele (mT/mG construct) has a 

membrane-targeted tandem dimer Tomato (mT) red fluorescent protein(red) in all cells 

and tissues, while eGFP is not expressed. BOTTOM: In the presence of Cre, mT is 

excised and cells express enhanced green fluorescent protein (mG), which replaces mT 

expression. B: Female wild type (WT) mice were mated with males homozygous for 

the mT/mG construct such that all fetal tissues express mT/mG construct. Maternal 

tissues are negative.  
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injection to maximize the red to green changes that occur in the fetal tissues. Since E12.5 

is post-placentation but pre-senescence in the mouse fetal membranes [37], exosomes 

would need to cross the placenta barrier and cells affected by Cre recombinase would still 

be proliferative and not yet undergoing senescent changes. 72 hours post-injection (E15.5), 

females were sacrificed for plasma and tissue collection.  

Immunofluorescent imaging for exosome trafficking 

Tissue samples collected in 4% paraformaldehyde (PFA) were stored overnight 

(4°C) before being washed twice with 1x PBS and transferred to a 15% sucrose solution 

overnight (4°C). Samples were then transferred to 30% sucrose and stored at 4°C until they 

were embedded in optimal cutting temperature (OCT) and cut into 5-μm sections. Sections 

were incubated at room temperature for 30 minutes then washed twice in water to remove 

OCT. Sections were incubated with DAPI for nuclear staining for 2 minutes at room 

temperature then washed twice in water. To reduce the autofluorescence, tissues were 

incubated for 10 seconds with TrueVIEW™ Autofluorescence Quenching Kit (Vector 

Laboratories, Burlingame, CA) then washed twice with 1x Tris buffered saline-Tween 20 

(TBS-T). Slides were air-dried at room temperature for 10 minutes then mounted using 

Mowiol 4-88 mounting medium. Tissues were visualized using the Olympus BX43 

fluorescent microscope (Olympus, Tokyo, Japan) at 40x magnification, and images were 

captured using Q Capture Pro software. Brightness, contrast, and smoothing were applied 

to the entire image using FIJI (open source). 

For macrophage colocialization with tdTomato, after removing OCT, sections were 

incubated with blocking buffer (3% BSA in TBS-T) for 1 hour at room temperature in a 

humidity chamber. Blocking buffer was removed and macrophages were labeled with 

Alexa Fluor 488 conjugated anti-F4/80 (50-167-58, ThermoFisher, Hampton, NH) diluted 

1:100 in blocking buffer. After 1-hour incubation at room temperature in a humidity 

chamber, slides were washed twice with TBS-T, stained with DAPI, incubated with 
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TrueVIEW and mounted as described above. Confocal images were captured using Zeiss 

LSM 880 with Airyscan (Oberkochen, Germany). Brightness, contrast, and smoothing 

were applied to the entire image and colocalization of tdTomato-expressing exosomes and 

macrophages was performed using FIJI.  

Maternal plasma collection 

Maternal blood was collected by cardiac puncture in tubes containing EDTA 

(Becton Dickinson, Franklin Lakes, NJ) and plasma was harvested after centrifugation 

(2000 × g for 10 min at 4°C) then stored at −80°C.  

Maternal plasma exosome isolation 

Exosomes from maternal plasma were isolated as described in Chapter 5. 

Exosome Immunoprecipitation (IP) and flow cytometry analysis 

The tdTomato (mT) and EGFP (mG) proteins are membrane-targeted allowing for 

IP of exosomes expressing either mT or mG. IP was performed using Exo-Flow (System 

Biosciences, Mountain View, CA) as described previously [125] with modifications. 

Briefly, magnetic beads coated with streptavidin were incubated with 500 ng/mL either 

biotinylated anti-tdTomato (ab3477, Abcam, Cambridge, United Kingdom) or biotinylated 

anti-EGFP (ab6658, Abcam) for 2 hours on ice flicking intermittently to mix. Beads were 

washed then incubated with exosomes rocking overnight at 4°C. The following day, before 

removing exosomes from the beads, we validated the IP using flow cytometry. Beads were 

washed then stained using the reversible Exo-FITC exosome stain according to 

manufacturer instructions. Negative controls incubated with antibody/Exo-FITC stain and 

without exosomes were used for gating, applied according to manufacturer instructions. 

Data analysis based on FITC signal shift of 10,000 events per sample was performed using 

CytExpert (Beckman Coulter). Once flow cytometry validated our IP, exosome elution 
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buffer was used to remove FITC stain and collect exosomes from beads following 

manufacturer instructions. The supernatant containing mT exosomes was collected for 

NTA.  

Determination of exosome size and concentration  

The size distribution and concentration of exosomes were determined using the 

Nanosight NS300 (Malvern Instruments, Worcestershire, UK) as described in Chapter 5. 

To determine the percentage of fetal-specific exosomes (mT+), the mean mT+ exosome 

concentration was divided by the total exosome concentration.  

Results 

Validation of the tdTomato exosome mouse model 

Expression of mT in fetal tissues 

Female WT mice were mated with males homozygous for the mT/mG construct so 

that all fetal tissues express the construct while all maternal tissues do not. To validate this 

model, we collected fetal tissues and analyzed them using fluorescence microscopy for mT 

expression in the placenta and fetal membranes (Figure 6.2). Expression of red 

fluorescence indicated the mT/mG construct was expressed in the fetal tissues. While there 

is green fluorescence, indicative of mG bleed through, mT expression was predominant in 

the fetal tissues. 
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Maternal plasma exosomes express mT 

Maternal plasma of WT mice mated with mT/mG males was collected and 

exosomes expressing mT were analyzed using flow cytometry and nanoparticle tracking 

analysis (Figure 6.3A). Flow cytometry analysis showed 13.07% beads were positive for 

mT-expressing exosomes. After flow cytometry analysis confirming IP of mT-expressing 

exosomes, exosomes were removed from the beads and analyzed using NTA (Figure 6.3B). 

Exosome concentration in maternal plasma was 6.95x1010exosomes/mL with an average 

size of 109.9 nm. The concentration of exosomes expressing mT with 

5.93x109exosomes/mL with an average size of 113.3 nm. Using these concentrations, we 

were able to determine the fetal contribution in maternal plasma to be about 9%, validating 

our flow cytometry data. 

  

 

Figure 6.2: Fluorescence microscopy of the placenta and fetal membranes from 

WT female mated with mT/mG expressing male 

Placenta (TOP) and fetal membranes (BOTTOM) have a dominant expression of 

tdTomato (mT) with limited expression of EGFP (mG). 
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mT expression in WT maternal uterus and cervix 

Since exosomes containing mT were in maternal plasma, we used fluorescence 

microscopy to determine if mT expressing exosomes could localize in maternal 

reproductive tissues, specifically the cervix and uterus (Figure 6.4). Exosomes expressing 

mT were localized in maternal uterus and cervix. Additionally, as previous studies indicate 

exosomes are immune regulators [141,278,279], we also colocalized mT-expressing 

exosomes with macrophages in the maternal tissues using murine macrophage marker 

F4/80 (Figure 6.5). Not only were fetal exosomes trafficking to the maternal cervix and 

uterus, they were also interacting with the resident macrophages in these tissues. 

 

Figure 6.3: Immunoprecipitation and nanoparticle tracking analysis of mT 

expressing exosomes from maternal plasma 

A: Maternal plasma from female mice mated with mT/mG males had 13.07% beads 

positive for mT expressing exosomes indicating fetal exosomes cross to the maternal 

side. B: Nanoparticle tracking analysis of total maternal plasma exosomes (LEFT) and 

mT expressing exosomes (RIGHT). Of the total exosomes in maternal plasma, 9% 

were mT-expressing exosomes. 
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Figure 6.4: Exosomes expressing mT localize in maternal cervix and uterus 

Female WT mice mated with males homozygous for the mT/mG construct have 

localization of tdTomato (mT) signal in the maternal cervix (TOP) and uterus 

(BOTTOM). 

 

Figure 6.5: Colocalization of exosomes expressing tdTomato (mT) with macrophages 

in the maternal tissues 

Macrophages in the maternal cervix (TOP) and uterus (BOTTOM) were labeled using 

murine macrophage marker F4/80 (green) and colocalized with fetal exosomes expressing 

mT (red). 
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Cre-enriched exosomes injected on the maternal side traffic to the fetal tissues and 

induce a functional change 

Cre-containing exosomes were injected into pregnant mice intraperitoneally to 

determine maternal to fetal communication via exosomes. Fetal tissues were collected and 

evaluated for mT or mG fluorescence (Figure 6.6). Placenta and fetal membranes had 

increased expression of mG and decreased mT signal (Figure 6.6) compared to PBS and 

naïve exosomes. These results indicate exosomes on the maternal side can cross to the fetal 

tissues and cause functional changes (red to green fluorescence change).  

 

 

 

Figure 6.6: Fluorescence microscopy of the placenta and fetal membranes from mice 

injected Cre-enriched exosomes 

tdTomato and EGFP expression in placenta and fetal membranes after PBS, naïve and 

Cre-enriched exosome injections.  Left panel – placenta; Right panel – fetal membranes. 

A –tdTomato; B – EGFP; C – DAPI; D: merged images. Scale bar is 10 μm. 
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Fetal exosomes in maternal plasma express mG 

Fetal tissues responded to maternally-derived Cre-containing exosomes that cause 

mT to mG change expression change. To determine if the exosomes in maternal plasma 

reflected this functional change, exosomes from maternal plasma of Cre exosome-injected 

mice were isolated and analyzed by flow cytometry for mT and mG expression (Figure 

6.7). Cre exosome-injected mice had 15.2% beads positive for mG-expressing exosomes 

(Figure 6.7). As maternal tissues do not express the mT/mG construct, this change in mT 

 

Figure 6.7: Flow cytometry of exosomes isolated from maternal plasma after 

immunoprecipitation for mG 

A-B: PBS- and naïve exosomes injected mice have dominant expression of mT-

expressing exosomes (13.1% and 15.9% beads respectively, LEFT) with minimal 

expression of mG-expressing exosomes (3.7% and 4.2% beads respectively, RIGHT). C: 

Cre-exosome injection decreased expression of mT exosomes (LEFT, 4.6% beads) and 

showed mG-expressing exosomes (RIGHT,15.2% beads) in maternal plasma confirming 

Cre exosome induced functional changes on the fetal side and crossing of exosomes 

from fetal to maternal circulation. 
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to mG expression after Cre exosome injection is due to the functional change caused by 

Cre in the fetal tissues. 

Fetal-derived exosomes traffic to maternal reproductive tissues 

Fetal exosomes containing mG were isolated from maternal plasma. To determine 

if these mG expressing exosomes were also localized in maternal tissues, we analyzed 

maternal uterus and cervix after Cre injection using fluorescence microscopy (Figure 6.8). 

After Cre exosome injection, fetal exosome signal emerging from mG fluorescence was 

seen in uterus and cervix (Figure 6.8). The changes in fluorescent signal reflect changes 

seen in the fetal tissues and maternal plasma after Cre-enriched exosome injection.  

 

 

Figure 6.8: Exosomes expressing mG localize in maternal cervix and uterus 

tdTomato and EGFP expression in cervix and uterus after PBS, naïve and Cre-enriched 

exosome injections.  Left panel – cervix; Right panel – uterus. A –tdTomato; B – EGFP; 

C – DAPI; D: merged images. Scale bar is 10 μm.  
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Discussion 

Our study sought to validate a model to determine the feto-maternal communication 

via exosomes utilizing a transgenic mouse model that expresses mT. Cross breeding of mT 

expressing male with a null female produced all fetal tissues expressing Cre reporter 

system. This model allowed us to test functional changes in feto-maternal tissues mediated 

by exosome signaling. Our principle findings are 1) development of a model where fetal 

exosomes can be sorted from a pool of maternal and fetal exosomes using a marker 

expressed on exosome membranes (mT+) 2) Cre enriched exosomes injected on maternal 

side can cross the placental barrier (maternal-fetal trafficking), reach the fetal tissues and 

produce functional changes in fetal tissues expressing mT+ where it excised mT+ to 

express mG+ (Figure 6.9) 3) fetal exosomes expressing mT can be colocalized with 

macrophages in the maternal tissues, indicating exosomes may be targeting the resident 

immune cells in the maternal uterus and cervix; 4) fetal exosomes reflecting the mT to mG 

switch traffic to the maternal compartment and can be seen in circulation as well as in 

tissues.  

 

Figure 6.9: Maternal-Fetal Exosome Trafficking and Cre-Reporter Transgenic Mouse 

Model 

TOP: PBS injected mice expressing mT in fetal membranes. BOTTOM: Cre- exosomes 

injected on the maternal side caused mG expression in the fetal membranes replacing mT 

expression.  
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Conditional gene targeting using site-specific recombinase systems, such as the 

Cre/loxP system in the mT/mG transgenic mouse in this study, is being applied to study 

gene function in multiple disease models [280]. This system is primarily used for to study 

tissue-specific loss of function in mice by linking the Cre/loxP genes with a tissue-specific 

protein to allow for conditional gene targeting. Unfortunately, a protein specific to the fetal 

tissues in the mouse does not currently exist.  The Cre-enriched exosomes makes the use 

of this model possible for the study of exosome communication in our unique system of 

two individuals. While multiple methods for enrichment of nucleic acids, proteins and 

lipids in exosomes have been developed, the Cre exosomes in this study were developed 

using a novel and robust technique called Exosomes for protein loading via optically 

reversible protein-protein interaction (EXPLOR).  This technique was developed to 

overcome the limitations of conventional methods used to load proteins into exosomes, 

including simple incubation, freeze-thaw, sonication, and extrusion, all of which are based 

on mechanical dispersion, and cannot be applied for use as therapeutics due to the potential 

development of unstable proteins [281]. Our model illustrated successful delivery of Cre 

to fetal tissues via bioengineered exosomes. We were able to enrich exosomes with 

functionally stable Cre to be delivered to the fetal side and produce desired changes. This 

approach can be used for delivery of specific molecules, such as treatments for preterm 

labor. EXPLOR technology can be adapted to carry protein therapeutics, such as inhibitors 

of NF-κB to reduce inflammation commonly associated adverse pregnancy outcomes and 

increase drug delivery efficiency and efficacy.   

Optimization of this model is still ongoing in our laboratory and the approaches 

employed to determine optimal doses to obtain desired effects as well as monitoring for 

any adverse effects associated with the Cre-enriched exosomes.  We acknowledge that the 

Cre-enriched exosomes also carry other cellular cargo.  While the focus of this study was 

on the Cre functional effects, it must be noted that other functional effects may be occurring 

due to additional cargo contained in the exosomes. Injection of naïve exosomes did not 
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show any adverse outcomes and therefore we are confident that the observed effects are 

indeed produced by Cre. The model we developed is advantageous to study the functional 

roles of exosomes during pregnancy and parturition. Limitations of this study  include the 

endocrine regulation differences [26,282] and multifetal pregnancy in the mouse compared 

to humans. Despite these differences, fetal membrane senescence [34,37,168] and 

paracrine signaling via exosomes [68,112,124] are similar mechanisms associated with 

labor in humans and mice. Thus, this model can further our understanding of the role fetal 

and maternal exosomes play in the initiation of labor and provide a platform to test potential 

therapeutics for treating preterm labor by monitoring fetal responses via exosomes. While 

this model allows for the selection of fetal vs maternal exosomes, the fetal exosome origin 

could be fetal membranes, placenta and the fetus. Another limitation of the model is the 

increased occurrence of high GFP background before Cre recombination, known as 

bleeding effect of GFP gene expression irrespective of dominant suppressive effect of mT.  

As expected, minimal levels of mG were observed even in the presence of dominant mT 

protein before Cre recombination.  However, by including the TrueView quenching 

reagent, we were able to reduce the green fluorescent background that could potentially 

confound our results. However, we did not observe any mG effect on the maternal side. 

Additionally, the mT/mG efficiency of exosome transfer to induce the functional effects 

seen was not 100%, as evidenced by mT expression in fetal tissues before and after Cre 

enriched exosome injection. However, we do not expect 100% efficiency with injection on 

the maternal side.  Better efficiency will most likely be seen using intra-amniotic injections, 

which is more invasive and less ideal if using this to mimic potential treatments for women 

at risk for preterm labor.  More studies to determine the optimal exosome dose for full 

efficiency are needed, especially if 100% transfer is required for fetal survival.   

The study of pregnancy and labor involves multiple obstacles, including the 

uniqueness of the maternal-fetal system of dealing with two individuals, which is not seen 

in any other system. This is the first mouse model to allow for the study of feto-maternal 
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exosome trafficking and function using the membrane-targeted, two-color fluorescent Cre-

reporter construct. Being able to selectively analyze fetal vs maternal exosomes allows the 

opportunity to further our understanding of the feto-maternal communication during 

pregnancy and labor. The photostability of both fluorescent reporter proteins and the 

membrane-targeting aspect of this transgenic mouse will pave the way for future research 

investigating the role of exosomes in normal and adverse complications of pregnancy. 
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CHAPTER 7: SUMMARY AND CONCLUSIONS 

Complications due to preterm birth are the leading cause of death among children 

under 5 years of age and responsible for approximately 1 million neonatal deaths/year 

[283]. While there has been no reduction in preterm birth rates (they are rising in most 

countries), the development of neonatal intensive care units has significantly increased 

fetal survival [1,3], yet even with survival, babies born prematurely face a lifetime of 

significant disability. In order to address the problem of preterm birth, a better 

understanding of the mechanisms that activate the labor process is required.  

Labor is a multifactorial inflammatory process activated by environmental, 

endocrine and physiological factors from both the fetal and maternal compartments.  The 

current understanding is that fetal signals of organ maturity and fetal endocrine signals act 

in tandem with maternal endocrine changes that alters maternal physiology, preparing the 

uterine and cervical tissues for labor. Yet decades of research have not yielded 

interventions to delay preterm labor by more than 48 hours [8] because they focus on the 

maternal contribution to the process of labor. 

While many laboratories are studying endocrine signals for the initiation of 

parturition, including progesterone withdrawal and the PRA: PRB switch in maternal 

tissues [16,284], our laboratory is studying the fetal paracrine signaling contribution to the 

initiation of labor. We have shown a novel signaling mechanism associated with 

senescence, or aging, of the fetal membranes that is telomere dependent and mediated by 

p38 MAPK [34,88,167]. Senescent fetal tissues release sterile inflammatory mediators, 

SASP and DAMPs, that can act either locally or be carried to maternal tissues via 

intercellular signaling vesicles called exosomes [124,125,285]. This mechanism has been 

reproduced in our laboratory by treating primary amnion epithelial cells from term, not in 

labor fetal membranes with the oxidative stress inducer cigarette smoke extract 

[34,125,167,285]. The purpose of this dissertation was to gain a better understanding of 
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the role exosomes play in the initiation of labor in cell culture and in murine models of 

pregnancy. 

Exosomes carry signals of sterile inflammation to maternal tissues 

Using the well-established in vitro model of amnion cell senescence, we showed in 

chapter 2 that primary amnion epithelial cells can produce exosomes with classic size, 

shape and markers [106,279,286,287], including embryonic stem cell marker Nanog. 

While exosome characteristics were similar in those released from cells cultured under 

standard and oxidative stress conditions, oxidative stress-induced exosomes carry 

increased DAMPs, in the form of HMGB1 and cell free fetal telomere fragments. They 

also carry phosphorylated p38 MAPK, all of which are indicative of cellular stress. 

Additionally, bioinformatic analysis demonstrated NF-κB complex may be a central 

regulator in the molecular network that can be activated by exosomes from AEC cultured 

under normal conditions, whereas TGF-β might regulate the molecular network from 

exosomes from AEC treated with CSE. While both are inflammatory pathways, TGF-β is 

a major mediator of the epithelial-mesenchymal transition, a mechanism in the fetal 

membranes that has been implicated in labor [200,243].  

Since their discovery, exosomes have been widely investigated for their potential 

functional roles in various diseases [60,215,263], infections [264–266], and cancer [267–

269] as mediators of cellular communication and transfer of disease-promoting molecules 

[269,270]. The ability of exosomes to carry signals to distant sites provides a channel with 

which the fetus can communicate with the mother via exosomes. To determine if fetal 

exosomes can interact with and cause functional changes in maternal cells, we treated 

myometrial cells and decidual cells with exosomes isolated from primary amnion cell 

culture. Chapter 3 highlights that exosomes from control and oxidative stress-treated cells 

can be taken up by maternal cells and induce an inflammatory response in the form of 
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increased cytokine and prostaglandin production; however, placental cells had no response 

associated with exosome treatment despite being taken into the cells. 

Due to the ability of exosomes to produce functional changes in maternal cells and 

the trafficking of exosomes in other disease models, we investigated fetal-exosome 

trafficking in murine models of pregnancy in chapter 4. Fluorescently labeled exosomes 

were intra-amniotically injected into pregnant mice and imaged for exosome trafficking. 

After 24 hours, exosomes were localized in maternal plasma, kidney, uterus and on the 

maternal side of the placenta, indicating exosomes can travel through tissues and 

systemically to the maternal compartment. Our studies support exosomes have the potential 

to act as carriers of fetal-derived signals for the initiation of parturition.  

Exosomes as paracrine signalers in pregnancy and parturition 

To further understand the potential characteristics and mechanism of exosomes that 

may be inducing the changes necessary for the initiation of labor, we characterized total 

maternal plasma exosomes at various stages of mouse gestation and tested the functional 

role associated with late-gestation exosomes in chapter 5. The concentration of exosomes 

in maternal plasma, which consists of both fetal and maternal origin based on our previous 

studies [124], increased significantly from E5 through E19, with a maximum seen on E18, 

then decreased to nonpregnant levels 7 days postpartum. Exosome concentration also 

increases during human pregnancy, peaking during late gestation [67,68]. Additionally, 

exosome cargo changes associated with upregulation of inflammatory pathways, cell death 

and immune cell recruitment were increased on E18 compared to early gestation. Thus, 

when injected into pregnant mice on E15, we were able to induce preterm labor. To 

determine potential mechanisms associated with E18 exosome-induced preterm labor, we 

sacrificed mice the day before preterm labor on E17. E18 exosomes were localized in 

maternal and fetal tissues where they induced parturition-associated changes, except in the 

placenta. These changes were induced independent of endocrine or systemic inflammation. 
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While this study determined the function of total exosomes in the maternal plasma, we 

were unable to differentiate between fetal and maternal contribution to the functional 

changes observed. Therefore, we developed a mouse model to select for fetal-specific 

exosomes in maternal plasma. 

Transgenic mouse model to determine exosome trafficking and function during 

pregnancy  

We used a transgenic mouse to develop a model to determine feto-maternal 

communication via exosomes in chapter 6. The transgenic mouse model utilizes a plasma 

membrane-targeted, two-color fluorescent Cre-reporter allele where tandem dimer Tomato 

(mT) fluorescence is expressed in the cell membrane of all cells and tissues but in the 

presence of Cre, mT is excised and cells express membrane-targeted enhanced GFP (mG) 

on the cell membrane [277]. To exploit this construct, we used Cre-enriched exosomes 

injected on the maternal side to determine maternal-to-fetal communication and functional 

effects such that when Cre-containing exosomes crossed from the maternal to the fetal side, 

the fetal tissues switch from red fluorescence to green fluorescence. Our model showed for 

the first time maternal to fetal to maternal exosome trafficking.  

Concluding Remarks 

The work described in this dissertation provides novel insights into exosomes as a 

paracrine signaling mechanism for feto-maternal communication, specifically at term to 

initiate labor. Our findings indicate the involvement of exosomes in parturition by carrying 

signals of inflammatory mediators to maternal and fetal tissues. Exosomes are under 

investigation by many labs in human pregnancy and we have shown similar trends using 

cell culture models and mouse models, which are highly utilized models to study preterm 

labor. While there are differences in mouse and human pregnancy, we have shown 

senescence and exosome signaling are commonalities we can exploit to further our 
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understanding of the initiation of labor both at term and preterm. The primary conclusions 

of the work presented in this dissertation are that 1) primary amnion epithelial cells produce 

exosomes whose cargo reflects the physiological status of the cell of origin, making them 

ideal biomarkers for fetal and fetal tissue status; 2) fetal exosomes can traffic to maternal 

tissues through a systemic route and through tissues (placenta membrane) and cause 

parturition-associated changes in maternal cells; 3) exosomes in maternal plasma, which 

constitute a fetal and maternal contribution, prime the maternal tissues for labor initiation 

by gradual increase in concentration and change in cargo to pro-inflammatory mediators at 

term; 4) our transgenic mouse model of feto-maternal exosome trafficking can provide a 

novel avenue for the study of fetal and maternally-derived exosomes in term and preterm 

labor. While we are still lacking the mechanism of fetal and maternal exosome tissue 

specificity, our model can provide a method to study the mechanistic aspects of exosome-

mediated communication.  

My work raises the question about how scientists have been studying the timing 

and initiation of labor.  While endocrine signals from both the fetal and maternal 

compartments have been the predominantly studied factors in the timing of birth, my work 

has shown paracrine factors may also play a role.  In fact, exosomes may bypass the 

function of the endocrine signaling pathways to initiate labor.  It is hoped that my work 

will change the way we think about preterm labor and will open new avenues of research 

beyond endocrine function determining the timing of labor. We hope to view exosome 

signaling between the fetus and the mother as a new communication network establishing 

pregnancy, maintaining pregnancy and determining the timing of birth. 

For continuation of the work presented in this dissertation and to further advance 

the study of the initiation of labor, I recommend the following future studies to complement 

the findings reported here: 1) our transgenic mouse model allows for the easy 

immunoprecipitation of fetal-specific exosomes. Therefore, future studies should fully 

characterize fetal exosomes (size, concentration, cargo) throughout gestation using NTA 
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and proteomics analysis; 2) the transgenic mouse model can also allow for the evaluation 

of the fetal vs maternal contribution to initiate labor at term by injecting fetal, maternal and 

fetal+maternal exosomes into pregnant mice; 3) it was shown that p38 MAPK activation 

was increased in the fetal membranes of mice injected with late gestation exosomes the 

day before preterm labor. Additionally, studies have suggested that p38 activation in 

myometrium and cervix is necessary for the initiation of labor [288,289]. Therefore, using 

the EXPLORS technology, a biological inhibitor to p38 can be bioengineered into 

exosomes to block p38 MAPK activation in fetal and maternal compartments; 4) our in 

vitro and in vivo studies have shown placenta cells do not have a pro-inflammatory 

response to exosomes, regardless of origin or cargo. Further studies to understand this 

phenomenon could lead to potential methods for blocking exosome function in cells, as 

current methods to inhibit exosome function require pharmaceutical agents that are 

cytotoxic and may confound results.  

Although further studies are needed, we provide a potential role for exosomes in 

the initiation and progression of labor. Knowledge of exosome mediated paracrine 

signaling of labor associated changes and induction labor provides new avenues of research 

on how exosomes may contribute to normal and adverse labor events and will aid in the 

discovery of biomarkers and potential treatments to delay preterm labor. 
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Appendix A: Supplemental Tables for Chapter 2 

Supplemental Table 2.1. Proteomics analysis of exosomal cargo 

identified 30 unique markers in exosomes derived from amnion 

epithelial cells grown in normal culture conditions. 

ID Symbol Entrez Gene 

Name 

Function Location Type(s) 

ADK_HUM

AN 

ADK adenosine 

kinase 

metabolism Nucleus kinase 

AK1A1_HU

MAN 

AKR1A1 aldo-keto 

reductase 

family 1, 

member A1 

(aldehyde 

reductase) 

metabolism Cytoplasm enzyme 

ASSY_HUM

AN 

ASS1 argininosucci

nate synthase 

1 

metabolism Cytoplasm enzyme 

CADH5_HU

MAN 

CDH5 cadherin 5 cell adhesion Plasma 

Membrane 

other 

COBA1_HU

MAN 

COL11A1 collagen, 

type XI, 

alpha 1 

cell adhesion Extracellular 

Space 

other 

COR1A_HU

MAN 

CORO1A coronin 1A structural Cytoplasm other 

DYH8_HUM

AN 

DNAH8 dynein, 

axonemal, 

heavy chain 8 

structural Cytoplasm enzyme 

DESP_HUM

AN 

DSP desmoplakin cell adhesion Plasma 

Membrane 

other 

URP2_HUM

AN 

FERMT3 fermitin 

family 

member 3 

cell adhesion Cytoplasm enzyme 

FMOD_HU

MAN 

FMOD fibromodulin structural Extracellular 

Space 

other 

GSTA2_HU

MAN 

GSTA2 glutathione 

S-transferase 

alpha 2 

metabolism Cytoplasm enzyme 

HGD_HUM

AN 

HGD homogentisat

e 1,2-

dioxygenase 

metabolism Cytoplasm enzyme 

HORN_HU

MAN 

HRNR hornerin structural Cytoplasm other 

IBP7_HUM

AN 

IGFBP7 insulin like 

growth factor 

cell adhesion Extracellular 

Space 

transporter 



 

159 

binding 

protein 7 

KPRP_HUM

AN 

KPRP keratinocyte 

proline-rich 

protein 

other Cytoplasm other 

LYSC_HUM

AN 

LYZ lysozyme immune 

response 

Extracellular 

Space 

enzyme 

MAOX_HU

MAN 

ME1 malic 

enzyme 1, 

NADP(+)-

dependent, 

cytosolic 

metabolism Cytoplasm enzyme 

NCAM1_HU

MAN 

NCAM1 neural cell 

adhesion 

molecule 1 

cell adhesion Plasma 

Membrane 

other 

NELL2_HU

MAN 

NELL2 neural EGFL 

like 2 

cell adhesion Extracellular 

Space 

other 

PARVA_HU

MAN 

PARVA parvin alpha cell adhesion Cytoplasm other 

PROF1_HU

MAN 

PFN1 profilin 1 cell adhesion Cytoplasm other 

PROS_HUM

AN 

PROS1 protein S 

(alpha) 

cell 

migration 

Extracellular 

Space 

other 

PYGB_HUM

AN 

PYGB phosphorylas

e, glycogen; 

brain 

metabolism Cytoplasm enzyme 

S10A8_HU

MAN 

S100A8 S100 calcium 

binding 

protein A8 

inflammation Cytoplasm other 

HEP2_HUM

AN 

SERPIND1 serpin 

peptidase 

inhibitor, 

clade D 

(heparin 

cofactor), 

member 1 

cell 

migration 

Extracellular 

Space 

other 

SHBG_HUM

AN 

SHBG sex hormone-

binding 

globulin 

transport Extracellular 

Space 

other 

SPRR3_HU

MAN 

SPRR3 small 

proline-rich 

protein 3 

structural Cytoplasm other 

ST1E1_HU

MAN 

SULT1E1 sulfotransfera

se family 1E 

member 1 

metabolism Cytoplasm enzyme 

VCAM1_HU

MAN 

VCAM1 vascular cell 

adhesion 

molecule 1 

cell adhesion Plasma 

Membrane 

transmembra

ne receptor 

VNN1_HUM

AN 

VNN1 vanin 1 cell adhesion Plasma 

Membrane 

enzyme 
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Supplemental Table 2.2. Proteomics analysis of exosomal cargo 

identified 48 unique markers in exosomes derived from amnion 

epithelial cells grown under oxidative stress conditions 

ID Symbol 
Entrez Gene 

Name 
Function Location Type(s) 

ACES_HUM

AN 
ACHE 

acetylcholine

sterase (Yt 

blood group) 

signaling 
Plasma 

Membrane 
enzyme 

ACTN1_HU

MAN 
ACTN1 

actinin, alpha 

1 
structural Cytoplasm 

transcription 

regulator 

AOC3_HUM

AN 
AOC3 

amine 

oxidase, 

copper 

containing 3 

cell adhesion 
Plasma 

Membrane 
enzyme 

APOA4_HU

MAN 
APOA4 

apolipoprotei

n A-IV 
binding 

Extracellular 

Space 
transporter 

RIMB1_HU

MAN 
BZRAP1 

benzodiazepi

ne receptor 

(peripheral) 

associated 

protein 1 

binding Cytoplasm other 

CR063_HU

MAN 
C18orf63 

chromosome 

18 open 

reading 

frame 63 

other Other other 

CO2_HUMA

N 
C2 

complement 

component 2 

immune 

response 

Extracellular 

Space 
peptidase 

CAB39_HU

MAN 
CAB39 

calcium 

binding 

protein 39 

cell cycle Cytoplasm enzyme 

CADH6_HU

MAN 
CDH6 cadherin 6 cell adhesion 

Plasma 

Membrane 
other 

CFAB_HUM

AN 
CFB 

complement 

factor B 

immune 

response 

Extracellular 

Space 
peptidase 

CNDP2_HU

MAN 
CNDP2 

CNDP 

dipeptidase 2 

(metallopepti

dase M20 

family) 

cell cycle Cytoplasm peptidase 

COR1C_HU

MAN 
CORO1C coronin 1C signaling Cytoplasm other 

DPYS_HUM

AN 
DPYS 

dihydropyrim

idinase 
metabolism Cytoplasm enzyme 

FILA_HUM

AN 
FLG filaggrin structural Cytoplasm other 
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FILA2_HU

MAN 
FLG2 

filaggrin 

family 

member 2 

structural Cytoplasm other 

GDIB_HUM

AN 
GDI2 

GDP 

dissociation 

inhibitor 2 

signaling Cytoplasm other 

GSTM5_HU

MAN 
GSTM5 

glutathione 

S-transferase 

mu 5 

metabolism Cytoplasm enzyme 

HS90B_HU

MAN 
HSP90AB1 

heat shock 

protein 

90kDa alpha 

family class 

B member 1 

inflammation Cytoplasm enzyme 

IGF2_HUM

AN 
IGF2 

insulin like 

growth factor 

2 

signaling 
Extracellular 

Space 
growth factor 

ITA2_HUM

AN 
ITGA2 

integrin 

subunit alpha 

2 

cell adhesion 
Plasma 

Membrane 

transmembra

ne receptor 

LAMC1_HU

MAN 
LAMC1 

laminin 

subunit 

gamma 1 

cell adhesion 
Extracellular 

Space 
other 

MYH2_HU

MAN 
MYH2 

myosin, 

heavy chain 

2, skeletal 

muscle, adult 

structural Cytoplasm enzyme 

NDKB_HU

MAN 
NME2 

NME/NM23 

nucleoside 

diphosphate 

kinase 2 

metabolism Nucleus kinase 

PCLO_HUM

AN 
PCLO 

piccolo 

presynaptic 

cytomatrix 

protein 

signaling Cytoplasm transporter 

PFKAL_HU

MAN 
PFKL 

phosphofruct

okinase, liver 
metabolism Cytoplasm kinase 

PAFA_HUM

AN 
PLA2G7 

phospholipas

e A2 group 

VII 

inflammation 
Extracellular 

Space 
enzyme 

PLVAP_HU

MAN 
PLVAP 

plasmalemma 

vesicle 

associated 

protein 

signaling 
Plasma 

Membrane 
other 

PPIB_HUM

AN 
PPIB 

peptidylproly

l isomerase B 
structural Cytoplasm enzyme 

PRDX1_HU

MAN 
PRDX1 

peroxiredoxi

n 1 
inflammation Cytoplasm enzyme 

PRDX2_HU

MAN 
PRDX2 

peroxiredoxi

n 2 
inflammation Cytoplasm enzyme 
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PSA1_HUM

AN 
PSMA1 

proteasome 

subunit alpha 

1 

cell cycle Cytoplasm peptidase 

PSA4_HUM

AN 
PSMA4 

proteasome 

subunit alpha 

4 

cell cycle Cytoplasm peptidase 

PSA6_HUM

AN 
PSMA6 

proteasome 

subunit alpha 

6 

cell cycle Cytoplasm peptidase 

PSA7_HUM

AN 
PSMA7 

proteasome 

subunit alpha 

7 

cell cycle Cytoplasm peptidase 

PSMD5_HU

MAN 
PSMD5 

proteasome 

26S subunit, 

non-ATPase 

5 

cell cycle Other other 

PYGL_HUM

AN 
PYGL 

phosphorylas

e, glycogen, 

liver 

metabolism Cytoplasm enzyme 

RAN_HUM

AN 
RAN 

RAN, 

member RAS 

oncogene 

family 

cell cycle Nucleus enzyme 

RAP1B_HU

MAN 
RAP1B 

RAP1B, 

member of 

RAS 

oncogene 

family 

transport Cytoplasm enzyme 

S10A7_HU

MAN 
S100A7 

S100 calcium 

binding 

protein A7 

inflammation Cytoplasm other 

S10A9_HU

MAN 
S100A9 

S100 calcium 

binding 

protein A9 

inflammation Cytoplasm other 

TAGL2_HU

MAN 
TAGLN2 transgelin 2 binding Cytoplasm other 

TFR1_HUM

AN 
TFRC 

transferrin 

receptor 
transport 

Plasma 

Membrane 
transporter 

TENX_HUM

AN 
TNXB tenascin XB cell adhesion 

Extracellular 

Space 
other 

TPM1_HUM

AN 
TPM1 

tropomyosin 

1 (alpha) 
structural Cytoplasm other 

TBA4A_HU

MAN 
TUBA4A 

tubulin alpha 

4a 
structural Cytoplasm other 

RL40_HUM

AN 
UBA52 

ubiquitin A-

52 residue 

ribosomal 

protein 

fusion 

product 1 

inflammation Cytoplasm enzyme 



 

163 

WDR1_HU

MAN 
WDR1 

WD repeat 

domain 1 
transport 

Extracellular 

Space 
other 

1433T_HUM

AN 
YWHAQ 

tyrosine 3-

monooxygen

ase/tryptopha

n 5-

monooxygen

ase activation 

protein, theta 

signaling Cytoplasm other 
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Appendix B: Supplemental Materials for Chapter 3 

Supplemental Figure 3.1: IL-6 concentration in media from various 

control experiments performed to confirm exosome specific activation 

of inflammatory mediators 

Treatments are on the Y-axis; Control: negative control, Lipopolysaccharide (LPS) was 

used as a positive control, Cold – cold treatment of cells to prevent endocytosis of 

exosomes, Heat inactivation – to disrupt exosomal membrane and denature proteomic 

cargo, Sonication - to disrupt exosomal membrane and denature proteomic cargo, Control 

and oxidative stress exosomes treatments at a dose of 107; A: Myometrial cells treated 

with LPS and control and oxidative stress exosomes show increased IL-6 compared to 

control. Cold, heat and sonication did not change IL-6 compared to negative control; B: 

Decidual cells treated with LPS and control and oxidative stress exosomes show 

increased IL-6 compared to control. Cold treatment reduced IL-6 more than negative 

control settings whereas heat and sonication did not change IL-6 compared to negative 

control. C: BeWo cells increase IL-6 in response to LPS. No change was seen with any 

other conditions including exosome treatment. 
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Supplemental Figure 3.2. 3D reconstructions of confocal images of each 

target cell studied 

Blue is DAPI which shows the nucleus. Red is a cytoplasmic protein either α or β actin. 

Exosomes are shown in green. Exosomes are identified within each cell type 

(myometrial, decidual and BeWo) by yellow arrows. 
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Supplemental Table 3.1A: Cytokine and PGE2 concentrations in 

myometrial cells treated with control exosomes 

IL-6 Control Exo 105 Exo 107 Exo 109 

Mean ± SD 62.5±13.3 171.3±43.1 190.6±62.6 166.4±58.0 

Median (IQR) 60.3 (21.5) 190.4 (47.8) 190.4 (107.9) 147.7 (78.6) 

P - Untreated cells vs control 

exosomes 0.03 0.03 0.03 

 

IL-8 Control Exo 105 Exo 107 Exo 109 

Mean ± SD 

 

19721±18210.7 99892.8±21968.2 90793.1±23044.6 114652.2±24259.5 

Median (IQR) 11764.0 (200059) 

103786.9 

(31454) 

88936.9 

(37985.0) 

24259.5 

(119391.2) 

P - Untreated cells vs control 

exosomes 0.03 0.03 0.03 

 

PGE2 Control Exo 105 Exo 107 Exo 109 

Mean ± SD 1120.1±60.5 1301.5±62.9 1179.8±60.5 1064.1±47.2 

Median (IQR) 1097.8 (83.5) 1300.6 (97.4) 1184.6 (99.2) 1073.4 (69.3) 

P - Untreated cells vs control 

exosomes 0.03 0.19 0.31 
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Supplemental Table 3.1B: Cytokine and PGE2 concentrations in 

myometrial cells treated with exosomes derived from AEC exposed to 

cigarette smoke extract (Oxidative stress (OS) exosomes) 

 

IL-6 Control OS Exo 105 OS Exo 107 OS Exo 109 

Mean ± SD 62.5±13.3 165.2±48.4 192.7±37.67 178.6±12.31 

Median (IQR) 60.3 (21.5) 149.9 (58.2) 186.3 (56.0) 178.7 (21.0) 

P - Untreated cells vs OS exosomes 0.03 0.03 0.03 

 

IL-8 Control OS Exo 105 OS Exo 107 OS Exo 109 

Mean ± SD 19721.4±18210.7 99177.3±27778.8 130680.0±26657.2 131687±35418 

Median 

(IQR) 

11764.0 

(200059.0) 

107778.5 

(37597.0) 119572.0(29365.0) 137049.3(51333.0) 

P - Untreated cells vs OS 

exosomes 0.03 0.03 0.03 

 

PGE2 Control OS Exo 105 OS Exo 107 OS Exo 109 

Mean ± SD 1120±60.5 1650.0±174.4 1304.9±174.4 1360.0±101.5 

Median (IQR) 1097.8 (83.5) 1705.6 (240.0) 1337.4(154.8) 1373.2 (153.3) 

P - Untreated cells vs OS exosomes 0.03 0.06 0.03 
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Supplemental Table 3.2A: Cytokine and PGE2 concentrations in 

myometrial cells treated with exosomes derived from AEC exposed to 

cigarette smoke extract (Oxidative stress (OS) exosomes) 

IL-6 Control Exo 105 Exo 107 Exo 109 

Mean ± SD 22.8±14.1 101.8±12.1 113.6±31.8 75.1±3.290 

Median (IQR) 18.4 (16.2) 104.8 (18.6) 119.3(45.6) 75.8 (4.6) 

P - Untreated cells vs control 

exosomes 0.03 0.03 0.03 

 

IL-8 Control Exo 105 Exo 107 Exo 109 

Mean ± SD 148.1±109.1 687.4±312.3 747.6±464.9 1546±217.8 

Median (IQR) 150.4 (186.5) 800.5 (363.3) 818.1 (715.2) 1589.2 (274.2) 

P - Untreated cells vs control 

exosomes 0.11 0.11 0.03 

 

PGE2 Control Exo 105 Exo 107 Exo 109 

Mean ± SD 18.0±1.5 23.5±2.2 19.2±3.1 24.8±4.4 

Median (IQR) 18.3 (2.4) 23.3 (3.5) 18.7 (4.7) 22.7 (4.5) 

P - Untreated cells vs control 

exosomes 0.03 0.66 0.03 
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Supplemental Table 3.2B: Cytokine and PGE2 concentrations in 

decidual cells treated with exosomes derived from AEC exposed to 

cigarette smoke extract (Oxidative stress (OS) exosomes) 

IL-6 Control OS Exo 105 OS Exo 107 OS Exo 109 

Mean ± SD 22.8±14.1 94.2±17.4 100.7±27.5 150.8±12.4 

Median (IQR) 18.4 (16.2) 92.8 (27.2) 104.9 (39.7) 148.6 (18.3) 

P - Untreated cells vs OS exosomes 0.03 0.03 0.03 

 

IL-8 Control OS Exo 105 OS Exo 107 OS Exo 109 

Mean ± SD 148.1±109.1 672.8±351.7 673.1±334.7 946.9±478.3 

Median (IQR) 150.4 (186.5) 676.9(505.8) 772.6 (482.6) 936.1 (703.4) 

P - Untreated cells vs OS 

exosomes 0.06 0.11 0.03 

 

PGE2 Control OS Exo 105 OS Exo 107 OS Exo 109 

Mean ± SD 18.0±1.5 30.4±4.2 32.1±6.1 34.24±3.1 

Median (IQR) 18.3 (2.4) 29.2(6.4) 32.9 (8.5) 33.4 (3.9) 

P - Untreated cells vs OS 

exosomes 0.03 0.03 0.03 
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Supplemental Table 3.3A: Cytokine and PGE2 concentrations in BeWo 

cells treated with control exosomes 

IL-6 Control Exo 105 Exo 107 Exo 109 

Mean ±SD 57.0±6.0 52.6±9.4 48.6±7.2 47.4±11.6 

Median (IQR) 55.4 (8.3) 50.6 (11.5) 46.5 (10.3) 47.1 (14.8) 

P - Untreated cells vs control 

exosomes 0.31 0.19 0.19 

 

PGE2 Control Exo 105 Exo 107 Exo 109 

Mean ±SD 0.09± 0.01 0.12± 0.02 0.12± .01 0.09 ± 0.01 

Median (IQR) 0.10 (0.01) 0.12 (0.03) 0.12 (0.01) 0.09 (0.02) 

P - Untreated cells vs control 

exosomes 0.03 0.03 0.89 
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Supplemental Table 3.3B: Cytokine and PGE2 concentrations in BeWo 

cells treated with exosomes derived from AEC exposed to cigarette 

smoke extract (Oxidative stress (OS) exosomes) 

IL-6 Control OS Exo 105 OS Exo 107 OS Exo 109 

Mean ±SD 57.0±6.0 47.1±9.1 50.5±10.1 54.7±16.1 

Median (IQR) 55.4 (8.3) 46.0 (14.9) 54.3 (13.1) 50.2 (22.7) 

P - Untreated cells vs OS 

exosomes 0.19 0.67 0.67 

 

PGE2 Control OS Exo 105 OS Exo 107 OS Exo 109 

Mean ±SD 0.09±0.01 0.10±0.01 0.10±0.01 0.10±0.02 

Median (IQR) 0.10 (0.01) 0.10 (0.02) 0.10 (0.02) 0.10 (0.02) 

P - Untreated cells vs OS 

exosomes 0.56 0.67 0.19 
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Supplemental Table 3.4 – Control experiments used to show exosome 

mediated immune activation effects in myometrial, decidual and BeWo 

cells 

 

 

 

 

  

  LPS Cold treatment 

of cells 

Heat inactivation 

of exosomes 

Sonication of 

exosomes 

IL-

6 

IL-

8 

PGE2 IL-

6 

IL-

8 

PGE2 IL-

6 

IL-

8 

PGE2 IL-

6 

IL-

8 

PGE2 

Myometrium ↑ ↑ ↑ ↓ ↓ ↔ ↔ ↔ ↔ ↓ ↔ ↔ 

Decidua ↑ ↑ ↑ ↓ ↓ ↓ ↔ ↔ ↔ ↔ ↔ ↔ 

BeWo ↑ ↔ X ↓ ↔ ↓ ↔ ↔ ↔ ↔ ↔ ↔ 

↑ Increase 

↓ Decrease 

↔ No change 

X not detectable  
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Appendix C: Supplemental Tables for Chapter 5 

Supplemental Table 5.1. Exosome concentration throughout gestation: 

Tukey’s multiple comparisons 

Gestation Days P value 

Nonpregnant vs. E5 0.500 

Nonpregnant vs. E9 0.478 

Nonpregnant vs. E13 0.103 

Nonpregnant vs. E15 0.031 

Nonpregnant vs. E18 <0.0001 

Nonpregnant vs. E19 0.007 

Nonpregnant vs.PP7 0.500 

E5 vs. E9 0.500 

E5 vs. E13 0.253 

E5 vs. E15 0.095 

E5 vs. E18 <0.0001 

E5 vs. E19 0.029 

E5 vs. PP7 0.500 

E9 vs. E13 0.274 

E9 vs. E15 0.092 

E9 vs. E18 <0.0001 

E9 vs. E19 0.017 

E9 vs. PP7 0.497 

E13 vs. E15 0.494 

E13 vs. E18 0.029 

E13 vs. E19 0.446 

E13 vs. PP7 0.178 

E15 vs. E18 0.383 

E15 vs. E19 0.500 

E15 vs. PP7 0.059 

E18 vs. E19 0.433 

E18 vs. PP7 <0.0001 

E19 vs. PP7 0.016 



 

Supplemental Table 5.2. Proteins with Log2 (Fold Change) of ± 0.6 and –

Log(P-value) >2.0 for Volcano Plots 

Late Gestation (E18) vs Early Gestation (E5) 

Protein Name 
Log2 (Fold 

change) 

-Log (P-

value) 

Serotransferrin 1.38 3.59 

Ceruloplasmin 2.3 4 

Alpha-2-macroglobulin-P 2.76 4 

Complement C4-B 1.47 4 

Complement factor H 1.89 4 

Plasminogen 1.63 4 

Inter alpha-trypsin inhibitor, heavy chain 4 4.21 4 

Apolipoprotein B-100 3 4 

Hemopexin 1.46 3.8 

Vitamin D-binding protein 1.73 3.8 

Leukemia inhibitory factor receptor 4.78 4 

Corticosteroid-binding globulin 2.96 2.43 

Inter-alpha-trypsin inhibitor heavy chain H1 1.74 4 

Protein Gm20547 1.49 4 

Prothrombin 2.66 4 

Gelsolin 1.16 4 

Carboxypeptidase N subunit 2 1.19 4 

Inhibitor of carbonic anhydrase 0.99 2.72 

Haptoglobin 3.24 2.54 

Mannan-binding lectin serine protease 1 1.04 2 

Apolipoprotein A-IV 1.12 3 

Beta-2-glycoprotein 1 1.86 2.62 

Clusterin 1.3 2.74 

Prolow-density lipoprotein receptor-related protein 1 1.78 2.16 

Alpha-2-antiplasmin 1.72 2.96 

Coagulation factor V 2.88 3.96 

Vitronectin 2.36 3.47 

Afamin 1.76 4 

Insulin-like growth factor-binding protein complex acid labile 

subunit 
1.33 2.62 

Fetuin-B 1.62 2.29 
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von Willebrand factor 2.47 2.15 

Mannan-binding lectin serine protease 2 1.33 2.11 

Sulfhydryl oxidase 1 1.38 2.34 

Plasma protease C1 inhibitor 1.85 2.92 

Hemoglobin subunit beta-2 -2.84 3.6 

Alpha-amylase 1 2.83 2.57 

Extracellular matrix protein 1 2.38 3.49 

Heparin cofactor 2 2.33 2.46 

Tenascin 2.04 2.42 

Proteasome subunit alpha type-7 -2.45 4 

Serine protease inhibitor A3N 2.88 2.44 

Zinc-alpha-2-glycoprotein 2.32 2.96 

Hepatocyte growth factor activator 4.31 2 

Carbonic anhydrase 2 -2.19 2.54 

Proteasome subunit alpha type-2 -2.36 2.15 

Proteasome subunit beta type-2 -1.94 2.05 

Proteasome subunit alpha type-3 -2.18 2.62 

Catalase -3.3 2.77 

Vascular non-inflammatory molecule 3 2.21 2.62 

Complement C1q subcomponent subunit C 2.97 2.37 

Proteasome subunit beta type-5 -2.44 3.31 

Hyaluronan-binding protein 2 1.65 2.62 

Phosphatidylcholine-sterol acyltransferase 2.15 2.19 

Aspartyl aminopeptidase -2.14 3.4 

Secreted phosphoprotein 24 1.99 2.72 

Ig kappa chain V-VI region XRPC 44 -2.75 2.52 

Beta-2-microglobulin 1.4 2.41 

Late Gestation (E18) vs Mid Gestation (E9) 

Protein Name 
Log2 (Fold 

change) 

-Log (P-

value) 

Fibrinogen alpha chain 1.87 2.01 

Complement component C8 beta chain -0.95 2.07 

Mannan-binding lectin serine protease 2 1.26 2.19 

Coagulation factor V 1.56 2.39 

Heparin cofactor 2 0.85 2.42 

Complement C1q subcomponent subunit A 3.56 2.44 

Pigment epithelium-derived factor 2.21 2.68 

Protein Ighg3 (Fragment) -2.64 2.77 
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Complement C1q subcomponent subunit C 4.6 2.77 

Hyaluronan-binding protein 2 1.19 2.77 

Plasminogen 0.65 2.8 

Vascular non-inflammatory molecule 3 2.47 2.89 

Complement C1q subcomponent subunit B 3.82 2.96 

Complement C1r-A subcomponent 2.52 3.02 

Alpha-amylase 1 3.02 3.19 

Alpha globin 1 -1.75 3.22 

Mannan-binding lectin serine protease 1 1.68 3.38 

Hemoglobin subunit beta-2 -2.47 3.42 

Thrombospondin-1 1.41 3.64 

von Willebrand factor 3.23 3.68 

Fibrinogen beta chain 4.24 4 

Fibrinogen gamma chain 4.69 4 

Ceruloplasmin 1.58 4 

Alpha-2-macroglobulin-P -1.09 4 

Complement C4-B 1.5 4 

Complement factor H 1.15 4 

Inter alpha-trypsin inhibitor, heavy chain 4 1.88 4 

Inter-alpha-trypsin inhibitor heavy chain H1 1.12 4 

Prothrombin 1.62 4 

Prolow-density lipoprotein receptor-related protein 1 1.45 4 

78 kDa glucose-regulated protein 1.41 4 

E18 (Term not in Labor) vs E19 (Term in Labor) 

Protein Name 
Log2 (Fold 

change) 

-Log (P-

value) 

Alpha-2-macroglobulin-P -0.95 4 

Complement factor H 0.8 2.3 

Inter alpha-trypsin inhibitor, heavy chain 4 1.49 4 

Apolipoprotein B-100 0.78 4 

Hemopexin 1.08 2.21 

Inter-alpha-trypsin inhibitor heavy chain H1 0.77 2.82 

Prothrombin 0.73 3.41 

Apolipoprotein A-IV 1.08 2.96 

Murinoglobulin-2 3.51 3.38 

Carboxypeptidase N catalytic chain 1.28 2.21 

Coagulation factor V 1.38 4 

H-2 class I histocompatibility antigen, Q10 alpha chain 1.78 3.59 
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Insulin-like growth factor-binding protein complex acid labile 

subunit 
1.55 3.96 

Ig gamma-2A chain C region, membrane-bound form 2.44 2.06 

von Willebrand factor -1.09 3.85 

Epidermal growth factor receptor 0.86 2.08 

Complement C1q subcomponent subunit B 1.9 3 

Hepatocyte growth factor activator 1.28 2.15 

Vascular non-inflammatory molecule 3 1.2 2.41 
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