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Abstract  

During pregnancy the myometrium undergoes a program of differentiation in parallel 

with immune system transformation. The end result is the production of a powerfully contractile 

tissue able to deliver a term fetus. Small heat shock proteins (sHSPs) are a family of 10 proteins 

(HSPB1-10) involved in regulating stress responses in tissues, including inflammation, and may 

take part in intercellular communication via extracellular vesicles (EVs). Since HSPB1 and 

HSPB5 are highly expressed in myometrium during late pregnancy and labour, it was 

hypothesized that HSPB1 and HSPB5 expression would be induced in myometrial cells by a pro-

inflammatory stimulus, in correlation with the Nuclear Factor kappa B (NF-kB) signaling 

pathway. Based on the literature, it was also hypothesized that these proteins would be released 

extracellularly in EVs. Immortalized human myometrial cells (hTERT-HM) were incubated with 

1 ng/ml of IL-1β or vehicle for 0.5, 1, 3, or 6 hours (h).  The expression of sHSPs and markers of 

inflammation in these cells were then assessed by immunoblot analysis. Detection of pSer82-

HSPB1 and pSer59-HSPB5 proteins was significantly elevated in cells at 0.5 h of cytokine 

incubation compared to vehicle control. Activation of NF-kB, marked by phosphorylation on 

serine-536, was also significantly elevated after 0.5 h. In contrast, inhibitor of kappa B (IkB) 

expression was significantly decreased after 1 h of cytokine incubation. Thus, pSer82-HSPB1 

and pSer59-HSPB5 levels correlate with NF-kB activation. Analysis of cell conditioned culture 

media in this experimental model also demonstrated myometrial cell secretion of EVs. Scanning 

electron microscopy and transmission electron microscopy verified EVs as round vesicles of 20 

to 200 nm in diameter regardless of whether or not cells were exposed to IL-1β. Immunoblot 

analysis demonstrated EVs contained the markers cluster of differentiation 63 (CD63), apoptosis 

linked gene 2-interacting protein X (ALIX), and tumor susceptibility gene 101 (TSG101). 
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Furthermore, HSP90, HSP70, HSPB1, and NF-kB were all detected in EVs as cargo for 

extracellular release. These results suggest a novel mechanism of myometrial cell intercellular 

communication during pregnancy that could help modulate the pro-inflammatory response in the 

myometrium at labour. 
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1. Literature Review 
 

1.1 The Significance of Pre-Term Birth  
 

Every year, approximately 15 million women give birth worldwide before full-term gestation 

is reached (World Health Organization 2018). This condition is defined as pre-term birth (PTB) 

and is when an infant is born alive before 37 weeks of gestation.  PTB accounts for about 28% of 

neonatal mortality globally and commonly results from pre-term labour (PTL), with about 50% 

of PTB cases a result of spontaneous PTL (Menon, 2008; Goldenberg et al., 2008). The rest of 

the cases result from either the premature rupture of fetal and maternal membranes (30%) or 

from medically induced labour or caesarean delivery (20%) (Goldenberg et al., 2008).  

  The incidence of PTB poses serious implications not only to the health of the infant but to 

society as a whole. Annually, it is estimated that 1 million deaths occur worldwide as a result of 

complications associated with babies being delivered before full term is reached (Liu et al., 

2016). PTB today is the leading cause of mortality and morbidity of neonates across the globe 

and in developed countries, it is the second most common cause of death in children under the 

age of five (Liu et al., 2016). Of those that survive, they often face acute ailments in 

cardiovascular and respiratory health, often find it challenging to control their body temperature, 

and are at higher risk for brain hemorrhages (Tucker & McGuire, 2004). Moreover, lifelong 

health concerns, such as learning impairments and cerebral palsy, are common (Nelson, 2008).  

Recently, it has been demonstrated that these individuals often face increased rates of difficulties 

in relationships and careers as early birth may be linked to introversion, neuroticism, and risk 

aversion in their adult life (Baumann et al., 2016). 

  In developed countries, the incidence of PTB has been increasing over recent years 

(Langhoff-Roos et al., 2006; Martin et al., 2007). This not only puts substantial emotional and 
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financial burdens on the families involved, but puts an economic weight on society as more 

resources must be utilized to give the individual an equitable quality of life. Therefore, PTB may 

be considered one of the most significant clinical problems faced in the field of neonatal 

medicine and obstetrics. Data gathered from 184 countries report that pre-term births account for 

5 to 18 percent of all births (World Health Organization, 2018). In Canada, 7.9% of births are 

pre-term and account for 7.6% of births in Saskatchewan hospitals (Saskatchewan Population 

Report, 2016). In order to tackle this significant problem of PTB, it is imperative to better 

understand the underlying mechanisms contributing to a labouring phenotype of the human 

myometrium. 

  

1.1.1 The Social and Economic Significance of PTB  

The socioeconomic significance of PTB, affecting millions of mothers, infants, and 

families worldwide, imposes a considerable health burden on global and national scales. The rate 

of PTB among individuals classified as low-economic status or an ethnic minority group is 

increased compared to the majority of the population and represents a large public health 

disparity (Kramer et al., 2001; Demissie et al., 2001). The impact of infants born pre-mature not 

only imposes a great emotional and financial weight on an infant’s family but also has a 

disproportionate impact on the utilization of health services (Hughes & Simpson, 1995).  

Although the economic burden is of far less significance than human suffering, it must not be 

overlooked.  There are substantial economic impacts associated with PTB, as infants who 

survive pre-mature delivery, from as early as 20 weeks, often face lifelong health problems and 

utilize more health care resources than their full-term counterparts (Blencowe et al., 2012). Some 

of these health disparities that persist throughout the infant’s life most commonly include 
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respiratory, neurocognitive, developmental, and metabolic disorders (Saigal & Doyle, 2008; 

Blencowe et al., 2012). Mental impairments are also known to be correlated with PTB and 

include learning disabilities, behavioural, cognitive, and psychological impairments (Hack, 

2007).   

A large factor in the financial impact of having an infant born pre-mature is in part due to 

hospital costs and the strain on the health care system. The average in-hospital costs of a pre-

term infant increases to about nine times higher than the average full-term infant in Canadian 

hospitals (Lim et al., 2009). Furthermore, the weight at birth and age of gestation of a newborn is 

inversely associated with hospital costs; the younger and smaller an infant is, the higher the 

hospital costs (Lim et al., 2009). In Canada, if a child is born at less than or equal to 30 weeks, 

gestation can cost the healthcare system from $50 000 to $90 000 CAN with the stay being 

anywhere from 40 to 85 days (Lim et al., 2009). These costs extend beyond the initial neonatal 

treatment, as the individual may need additional supports through various health services after 

discharge. For example, the average cost of raising an individual with an intellectual disability is 

$30 500 USD a year (Stabile & Allin, 2012). From increased hospital costs at birth, having to 

rely on increased supports in the school system, higher medical expenses, the possibility that 

individual may be limited in their ability to contribute to the workforce, and the influence on 

maternal employment are factors implicated to the increased cost of raising a child with special 

needs (Stabile & Allin, 2012). This affects not only health services but education, social services, 

and families of the individual themselves.  

Evidence also suggests that PTB may be a risk factor for developing chronic disease at an 

earlier than the average stage in life because pre-term infants are at higher risk of injury in utero 

and at birth (Luu et al., 2016). Injury at this time impacts the individual throughout life because 
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the individual’s organs are undergoing a critical stage of development. Through epigenetic and 

genetic adaptive mechanisms to protect the individual and repair the injuries, the inflammatory 

process may be invoked, and there is a heightened risk of the injuries being repaired abnormally 

(Rogers & Velten, 2011). These processes may invoke a phenotype where there are morphologic 

and functional differences in the individual’s organ systems and an increased risk of developing 

chronic disease at an early onset (Luu et al., 2016). The impact of this phenotype is substantial, 

as chronic diseases are responsible for the death of upwards of 60% of the global population and 

the medical costs associated with the rate of chronic disease in Canada represents 42% of total 

direct medical expenses (Economic Burden of Illness 1998; Mirolla, 2004; World Health 

Organization, 2005). Therefore, it is imperative to understand the risk factors of PTB in order to 

develop strategies that decrease its incidence and lower the economic burden associated with 

pre-term neonatal care, individuals with special needs and chronic diseases, as well as other 

health impairments resulting from PTB. 

 
1.1.2. Challenges in Rural Settings   
 

With Canada having the second largest geographical area in the world and a low 

population density relative to our landmass, many individuals reside in remote areas. Eighteen 

percent of Canada's population as of 2011 live in areas outside of major centres that are capable 

of proper delivery services (Canadian Institute of Health Research, 2018). In Saskatchewan, 

45.5% of residents live in remote communities (Canadian Institute for Health Information, 

2013). Thus, individuals such as pregnant mothers residing in rural communities are at higher 

risk of medical complications because they are located far from large healthcare centres. Some 

other disadvantages faced by individuals living in rural areas include the limited accessibility of 

social and psychological services as well as medical care and emergency hospital resources 
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(Sutherns & Bourgeault, 2008). One major challenge among the interventions used to improve 

morbidity and mortality associated with premature birth is the regionalization of perinatal care 

(Peddle et al., 1983). In order to significantly improve the chance of survival for an infant born 

pre-term, the infant must have rapid access to a neonatal intensive care unit. These units are 

equipped with highly trained individuals and appropriate facilities to increase the chance of a 

positive outcome for the infant.  

  In Canada, it is known that 67.3% of women living in a rural setting give birth in an 

urban center. Furthermore, 21.3% of those women must travel at least two hours from their home 

to receive proper care (Miller et al., 2012; Canadian Institute for Health Information, 2013). 

Thus, this may impose a state of unnecessary stress on the mother and family because of travel 

costs, board, and general anxiety from being away from the comfort of home. Therefore, a 

greater understanding of the mechanisms regulating labour will help lead to the development of 

methods aimed at more accurately determining when a woman is approaching labour. This may 

be an effective and efficient way to alleviate much of the stress and risk factors associated with 

the necessity to travel to an urban destination by narrowing the necessary period of time away 

from home (Miller et al., 2012). 

 
1.2 Pregnancy, Parturition, and PTB 
 

PTB is defined as a syndrome classified into two broad groups: spontaneous PTB and 

provider initiated PTB, where contractions are induced before 37 weeks of gestation or the infant 

is delivered through a caesarean section (Blencowe et al., 2013). Spontaneous PTB is 

multifactorial, resulting from spontaneous PTL and simultaneous premature rupture of the 

membranes (PPROM) (Goldenberg et al., 2008). The underlying risk factors of spontaneous PTB 

include infection leading to inflammation, immunological disorders, vascular disease, and others 
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with the leading cause being inflammation (Romero et al., 2006).  This inflammation remains 

unknown in upwards of 50% of spontaneous PTB (Canadian Institute for Health Information, 

2009). At present, over 60% of pre-term deliveries are unexplained and fall under 'idiopathic' 

diagnosis (Goldenberg et al., 2008). Failure to accurately foresee and recognize the underlying 

causes of early labour has restricted the development of effective treatments and therapies.   

The most common procedure to delay PTL is administration of tocolytic agents to 

decrease uterine contractions and allow time for physicians to administer steroids that speed up 

infant lung development (LeFevre, 1992; Haas et al., 2009). Tocolytic administration also allows 

time for the mother to be brought to a neonatal intensive care unit or a centre with sufficient 

resources and educated staff to handle any complications. Most commonly, these tocolytic agents 

include B2 receptors agonists (Terbutaline), Ca2+ channel blockers (Nifedipine), oxytocin 

receptor antagonists (Atosiban), non-steroidal anti-inflammatory drugs (NSAIDs; Indomethacin), 

and myosin light chain inhibitors (magnesium sulphate) (Haas et al., 2009). Corticosteroids are 

one of the most effective ways physicians can increase the survival of premature infants by 

allowing time for essential organ development (Crane et al., 2003). However, tocolytic agents 

only act acutely, delaying pregnancy from 24 hours to up to 7 days, and fail to benefit infants 

whose mothers exhibit very early PTL (<30 weeks of gestation) (Haas et al., 2009). Thus, 

methods to predict early PTL are crucial for providing treatment on a timeframe that allows for 

the optimal effect of pharmaceuticals.  

Although various management protocols, including mechanical ventilation, the 

management of electrolytes, and exogenous-surfactant therapy exist to increase pre-term infants' 

survival, there are no adequate predictors of PTL (Goldenberg et al., 2008).  The use of these 

agents may be dramatically improved if labour could be predicted weeks, rather than hours 
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before the event. A gap of knowledge remains in understanding the molecular underpinnings that 

occur in the uterine musculature during pregnancy. Thus, the overall process of labour remains 

poorly characterized. As a result, this lack of knowledge in understanding myometrial function 

during pregnancy and how dysfunction may contribute to PTL is a significant limitation to 

decreasing the global incidence of PTB. 

  
1.2.1 Myometrial Differentiation and Adaptations 
 

The human uterus is a simplex uterus composed of a single uterine body and three 

separate tissue layers. Being a hollow organ, layers are termed from the inside to outside of the 

uterine cavity: the endometrium, the myometrium and the perimetrium (Schwalm & Dubrauszky, 

1966; Sherwood, 2010; Tortora & Derrickson, 2011). The myometrium, defined as the smooth 

muscle layer in the uterus, is arranged in intertwined bundles of muscle that surround various 

vascular channels (Aguilar & Mitchell 2010). The inner circular layer of the myometrium 

develops from the paramesonephric ducts and peritoneum, whereas the outer longitudinal muscle 

is derived from a layer of mesenchymal tissue found adjacent to the circular muscle layer (Chow 

& Marshall, 1981). These layers can be described as having a phasic contractile pattern, shifting 

from a resting tone with discrete, intermittent contractures, to powerful, coordinated contractions 

at term to expel the fetus, placenta, and membranes. These muscle layers function with the help 

of surrounding stromal and vascular tissue that provide nutrients, support gas exchange, as well 

as help induce uterine contractions (Aguilar & Mitchell, 2010). In humans, the uterus may 

experience a 24-fold increase in weight from the beginning of gestation to birth (Schwalm & 

Dubrausky, 1966). These substantial physical changes exemplify the complicated and extensive 

alterations that occur structurally, physiologically and biochemically within the myometrium. 
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Significant research has been done using a pregnant rat model to mark the extensive 

changes that occur during pregnancy (Shynlova et al., 2013). A rat uterus model is a useful tool 

for understanding the human uterus because it is made of the same three uterine layers. Another 

benefit of the rat model is the smaller tissue size, making handling and surgical manipulation of 

the organ easier (Bonney, 2013). However, differences exist between rat and human models, 

such as in the gross anatomical structure of the uterus. The rat has two uterine horns or a 

bicornuate uterus, rather than one sizeable uterine body, as in the human simplex uterus 

(Mossman, 1989; Picut & Remick, 2016). Such an organization allows surgical manipulation in 

the rat to assess uterine distension with unilateral pregnancies (White & MacPhee, 2011).  A 

difference exists regarding gestational length, with the rat being 23 days, based on the presence 

of a vaginal plug designated day 1, compared to 37-40 weeks in humans. This allows studies to 

be conducted quickly in the rat compared to the human. Endocrinological differences also exist 

between the rat and human. 

In rats, the bulk of circulating progesterone is produced by the corpus luteum (CL) and 

falls during the course of pregnancy (Madhwa & Moudgal, 1970). In humans, the placenta takes 

over the role of the CL to produce progesterone, and a functional progesterone withdrawal takes 

place towards the end of gestation rather than a systemic withdrawal (Mesiano et al., 2002; 

Menon et al., 2016). However, in terms of contractions, both models are responsive to oxytocin. 

Oxytocin acts not only to promote contractions, but also to stimulate the production of 

prostaglandins to further enhance contractions, sensitize the uterus to oxytocin, induce cervical 

softening, and upregulate the number of gap junctions in the myometrium (Strauss et al., 1975; 

Husslein, 1985). Overall, the rat provides an excellent primary model to demonstrate myometrial 

programming through gestation. The programming of the myometrium throughout the entire 
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length of pregnancy is imperative to understand since many of the mechanisms utilized for its 

transformation from a relatively quiet organ to a sturdy, contractile tissue at term remain poorly 

understood. An increased body of knowledge of such programming could lead to insights into 

overcoming the problem of PTB in society.  

The rat model has provided evidence that the uterine musculature undergoes various 

anatomical, physiological and biochemical changes to prepare the mother for labour and 

parturition. In a series of four defined steps during pregnancy and one post-delivery, the 

myometrium is transformed for parturition (MacPhee & Miskiewicz, 2017).  

 The first phase of differentiation is termed the proliferation phase (Fig 1.1). In the rat, this 

phase begins on the first day of pregnancy, marked by a vaginal plug, until approximately day 

14. This phase is characterized by the myometrial cells increasing in number and the expression 

of apoptotic regulation factors such as B-cell lymphoma-2 (BCL-2) and caspase enzymes (3, 6, 

7, and 9), as shown by immunoblot analysis (Shynlova et al., 2006). The anti-apoptotic factor 

BCL-2 functions to preserve myocytes to later generate a powerful, smooth muscle, able to expel 

a fetus at term (Shynlova et al., 2006).  In addition to an increase in apoptotic mediating factors, 

this phase is also marked by an increase in cell replication. By measuring changes in two 

markers that indicate replication, proliferating cell nuclear antigen (PCNA) and 5-bromo-2-

deoxyuridine (BrdU) with their incorporation into myometrial cells, researchers demonstrated 

high levels of hyperplasia of myometrial cells during this period (Shynlova et al.,  
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Figure 1.1 The Phases of Myometrial Programming and Immune Activation. 
 
An illustration of the phases of myometrial differentiation throughout rat gestation in parallel 

with the changes in the immune system. From non-pregnant (NP) to day (d) 14 is the 

proliferative phase (orange) marked by an increase in cell number. The immune system at this 

time is in a pro-inflammatory state and begins to shift into an anti-inflammatory state at 

approximately d14. From d14 to d21 the synthetic phase (blue) takes over as characterized by 

cells increasing in size.  From d21 to d23 there is a shift into the contractile phase (yellow) where 

expression of basement membrane proteins increases. At this stage the immune system begins to 

shift back into a pro-inflammatory state to signal labour. At d23 the labour phase is evoked 

(brown) where there is an increase in the expression of contractile associated proteins that 

contribute to the initiation of labour. In the post-partum (PP) period, the myometrium shifts from 

an active contracting organ at labour back into a quiescent tissue and a process of involution 

(green) takes place, with an increase in protease production and apoptosis to aid in restoring the 

organ back to a non-pregnant state. BMP: Basement membrane proteins; CAPS: Contractile 

associated proteins.  
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2006). Specifically, PCNA levels at early pregnancy were dramatically higher than mid-

gestation, consistent with the beginning of hypertrophy mid-gestation (Shynlova et al., 2006). 

Furthermore, samples of myometrial tissue obtained from pregnant rats that were injected with 

BrdU during pregnancy, were examined immunohistochemically. It was found there was 

increased incorporation into DNA of myocytes in early pregnancy, demonstrating myometrial 

proliferation (Shynlova et al., 2006).  

The proliferation phase is also marked by an increase in the expression of mRNA of 

insulin-like growth factor-1 (IGF-1) and IGF binding protein (IGFBP)- 1 (Shynlova et al., 2013). 

There is activation of the mammalian target of rapamycin (mTOR) signalling pathway due to 

17b-estradiol, a hormone that circulates at high levels throughout gestation (Kahlert et al., 2000). 

Estrogens specifically activate IGF-1, which then functions to bind to a specific receptor 

resulting in phosphorylation of the insulin receptor substrate (IRS). Phosphatidylinositol-3-

kinase (PI3K) is then recruited, linking the IGF-1/ PI3K/ mTOR signalling pathway (Jaffer et al., 

2009). Circulating free estrogen also activates mTOR alone and the mTOR signalling pathway 

(Yu & Henske, 2006). The phosphorylation of protein kinase B (Akt), a serine/threonine kinase, 

driven by a signalling cascade starting with the phosphorylation of IRS and PI3K, positively 

regulates mTOR (Jaffer et al., 2009). All of these factors contribute to cell proliferation in the G1 

phase of the cell cycle (Shynlova et al., 2013). In order to prevent spontaneous contractions of 

the myometrial tissue during this phase, paracrine and autocrine regulators are abundant, 

including nitric oxide (NO) and relaxin (Bani et al.,1999). Relaxin originates from the CL, 

decidua, and trophoblast with a primary role to upregulate nitric oxide synthase, causing an 

increase of NO and cyclic adenosine monophosphate while decreasing intracellular calcium, 

resulting in the inhibition of contractions (Tanaka et al., 1988). 
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In the next phase, termed the synthetic period, which occurs from approximately day 15 

to day 21 in the rat, myometrial cells undergo hypertrophy or increase in size. The cells increase 

their protein synthesis, leading to a higher protein: DNA ratio in the tissue, including 

extracellular matrix (ECM) proteins such as collagen I, collagen II, and elastin (Shynlova et al., 

2004). There is also an increased expression of IGF-I and -II (Shynlova et al., 2007). At 

approximately day 15, the growing fetuses exert uterine distension while changing from a 

spherical shape to a more ellipsoid shape, thus driving myocyte adaptation and differentiation 

(Shynlova et al., 2013).  Localized ischemia occurs at the maximum radius of the fetuses that 

causes hypoxia in the circular muscle layer (Shynlova et al., 2009). This hypoxia coincides with 

the apparent activation of an apoptotic cascade intrinsic in the myometrium (Shynlova et al., 

2006). By immunoblot analysis, caspase-9, a known initiator of apoptosis, increased in 

expression along with downstream caspases 3 and 6. This occurred in parallel with a decrease in 

the expression of BCL-2, an anti-apoptotic protein, but an increase in BCL-2 like-1, a more 

potent anti-apoptotic protein (Shynlova et al., 2006; 2009a). To confirm that the increase in 

expression of apoptotic proteins was due to the local, intermittent hypoxia and not from the death 

of myometrial cells, a terminal deoxynucleotidyl transferase nick end labelling (TUNEL) assay 

was used and demonstrated that the activation of apoptosis might be prevented due to the action 

of BCL-2 like-1 (Shynlova et al., 2006). Microarray analysis was also used to show that myosin 

genes such as myosin heavy polypeptide 11, regulatory light polypeptide 5, and myosin itself all 

experience a 2- to 3- fold increase in expression in this period to possibly promote the growth of 

myocytes in order to support the size of the growing conceptus (Rehman et al., 2003).  

  The characteristic conceptus shape change likely aids in releasing local tension stress, 

thus re-establishing uterine blood flow and may activate focal adhesion kinase. Focal adhesion 
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kinase acts to recruit and stabilize focal adhesion-cytoskeletal complexes in the myometrium to 

further promote the ability of cells to increase their protein: DNA ratio (MacPhee & Lye, 2000; 

Shynlova et al., 2010).  High levels of progesterone occur throughout the synthetic stage and 

may be required to mediate focal adhesion-mediated hypertrophy by allowing focal adhesion 

turnover (Shynlova et al., 2009). When a progesterone antagonist was administered to rats on 

day 17 of gestation, myometrial cell growth was interrupted, demonstrating the role of 

progesterone in the phenotypic switch from hyperplasia to hypertrophy (Shynlova et al., 2009).  

In the following short-lived contractile phase, from day 21 to day 23, there is an 

increased expression of basement membrane proteins such as fibronectin, laminin B2 and 

collagen IV (Shynlova et al., 2004; Shynlova et al., 2009). Furthermore, an increase in 

transmembrane integrin receptors, the oxytocin receptor, and activation of the maternal immune 

system mark this phase (Williams et al., 2005; Shynlova et al., 2009). To secure myocytes in a 

way that is favourable to the contractile phenotype of the labouring uterus, the upregulation of 

these basement membrane proteins in the extracellular matrix is imperative (Williams et al., 

2005). Decreasing circulating progesterone levels in the rat and the increase of stretch on the 

myocytes act synergistically to promote these changes (Ou et al., 1997; Shynlova et al., 2013). 

By injecting progesterone into pregnant rats in the late synthetic phase, the transition into the 

contractile phase was prevented therefore indicating the importance of this hormone in the 

phenotypic switch to promote labour (Shynlova et al., 2004).  

Labour occurs at day 23, where the coordinated action between mechanical tension of the 

myometrium and endocrinological factors lead to the expression of associated contractile 

proteins (CAPs), including prostaglandin receptors (PGRs), oxytocin receptors (OTRs), voltage-

gated sodium channels, as well as gap junction proteins (Ou et al., 1998). Increases in voltage-
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gated sodium channels and gap junction proteins, such as connexin (Cx) 43, help increase cell-

to-cell communication by allowing the electrical coupling of myometrial cells to propagate 

depolarizations through the tissue (Blennerhassett & Garfield, 1988). By increasing progesterone 

receptors (PRs), most notably PR-A, and OTRs the myocytes become more sensitive to 

contractile agonists (Ou et al., 1998; Pieber et al., 2001). The increased CAP expression in rats 

occurs when there is an increased plasma estrogen to progesterone ratio as CAP expression 

cannot be induced solely by mechanical stretch when progesterone is high (Lye et al., 1993; Ou, 

1997; MacPhee & Lye, 2000). Thus, the regulation of CAP expression is further evidence of the 

requirement that endocrine and mechanical forces act synergistically to regulate labour.  

The upregulation of OTRs promotes increased oxytocin sensitivity at labour, allowing for 

a positive feedback event (Lye & Olson, 1996). Prostaglandins have previously been thought of 

as the 'triggers' of labour (Olson et al., 1986); however, various types of PGRs in the human 

myometrium are now known to be differentially regulated and expressed during gestation and 

labour. For example, using western blot analysis and immunohistochemistry of myometrial 

tissue from pregnant rats, researchers demonstrated that the expression of the FP receptor 

increased during gestation and peaked at labour, therefore highlighting its importance with 

contractions (Brodt-Eppley & Myatt, 1999; Alfaidy et al., 2001). In contrast, the expression of 

the EP2 mRNA receptor isoform is known to be significantly higher at the beginning of 

pregnancy and declines throughout gestation, suggesting that this receptor may play a role 

keeping the myometrium in a state of quiescence (Brodt-Eppley & Myatt, 1999). The various 

isoforms play different roles in contributing to the myometrium's contractile phenotype at term 

through activation of different secondary messenger systems such as cyclic adenosine 

monophosphate AMP and calcium-dependent signalling (Brodt-Eppley & Myatt, 1999).  
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The final phase of myometrium differentiation occurs post-partum when tissues of the 

uterus are reorganized for preparation to return to a normal non-pregnant state (Shynlova et al., 

2013). This phase is similar to a wound-healing process where tissue reorganization occurs 

through matrix metalloproteinases (MMPs), programmed cell death is triggered, and there is an 

increased expression of involution markers, such as fibroblasts, myofibroblasts, and 

macrophages to aid in the remodelling and disintegration of the ECM (Shynlova et al., 2009). 

Other proteins known to be present when wound healing occurs, include IGF-1 and IGFBP-5 

(Steeb et al., 1995; Shynlova et al., 2009). Furthermore, chemokines, including myometrial 

monocyte chemoattractant protein-1 (MCP-1), are also secreted and essential for myometrial 

involution (Shynlova et al., 2007; Shynlova et al., 2009). 

  

1.2.2 Immune Activation During Pregnancy 
 

In parallel with changes in the myometrium, the maternal immune system changes 

throughout gestation to aid in a successful pregnancy (Knackstedt et al., 2003). Three phases of 

immune system activation have been characterized to ensure immune acceptance of the fetus, 

promote optimal fetal growth, and initiate and maintain labour. These phases are known as the 

pro-inflammatory activation phase occurring at implantation, the anti-inflammatory tolerance 

phase during gestation, and a second pro-inflammatory state at the onset of labour (Mor & 

Cardenas, 2010).  The majority of pregnancy rests in an anti-inflammatory state; however, a 

pathological pro-inflammatory reaction may lead to severe consequences such as PTL 

(Knackstedt et al., 2003; Shynlova et al., 2013). The precise timing of these phases must 

correlate with the programming of the myometrium to ensure the optimal timing of the initiation 

of labour. Immunomodulators, such as cytokines, help coordinate these two processes through an 
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intricate and precise balance of expression (Mor & Cardenas, 2010). The initiation phase 

correlates with the proliferation phase of myometrial differentiation, the immunological 

tolerance phase corresponds to the synthetic phase, and finally, the second activation phase is 

associated with contraction of myocytes resulting in labour (Mor & Cardenas, 2010; Shynlova et 

al., 2013). 

The first pro-inflammatory initiation stage begins at implantation and initial placentation, 

ending at the beginning of the second trimester of pregnancy in humans. The implantation 

process leaves a site that resembles an 'open wound' in the endometrium; thus, this pro-

inflammatory response is initiated to begin the process of wound healing (Greene et al., 2008).  

Acute reactants, such as fibrinogen and plasminogen activator inhibitor 1, are required for 

healing and have been found to be in high concentrations within plasma during this time (Bonnar 

et al., 1969; Drew et al., 2001). As the inflammation begins, leukocytes are recruited to the area 

where implantation of the blastocyst occurred via the mechanism of leukocyte extravasation. 

This process is where leukocytes begin to traverse across endothelial cells of the blood vessels 

and into the target tissue (Vestweber, 2012).  The movement of leukocytes to the area of 

implantation attracts natural killer (NK) cells, which assist in wound repair and begin to remove 

cellular debris (Hanna et al., 2006). NK cells infiltrate the area of implantation, more 

specifically, at the allograft of maternal and fetal tissues, which will, in part, become the placenta 

(Hanna et al., 2006). These cells begin the process of angiogenesis with subsequent trophoblast 

invasion, allowing for placenta formation to mediate communication between the mother and 

fetus (Hanna et al., 2006).  The profile of cytokines during the time of implantation is marked by 

increased circulating levels of interleukin (IL)-8, granulocyte colony-stimulating factor (G-CSF), 

regulated on activated normal T cells where it is expressed and secreted (RANTES), and MCP-1. 
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(Achache & Revel, 2006). This milieu of cytokines and inflammatory mediators contribute to the 

strong inflammatory response that aids healing the damage to the uterus caused by blastocyst 

implantation.  

The next phase of immunological collaboration is the tolerance phase, during which fetal 

growth and development persist, and this phase is maintained until the onset of labour. It is 

characterized by an anti-inflammatory state and correlates with the synthetic stage of myometrial 

programming starting at day 14 in the rat (Shynlova et al., 2013). This state of anti-inflammation 

promotes fetal growth through uterine quiescence by secretion of inhibitors of inflammation, 

such as progesterone from the placenta, and the T-helper cell Th2 type cytokines IL-10 and 

transforming growth factor-beta (TGF-b) produced via clones of T-cells (Piccinni et al., 1995; 

Romagnani, 2000; Mor, 2008). Progesterone during the immunological tolerance phase is the 

key endocrinological regulator.  This hormone acts to keep levels of IL-10 high, a cytokine that 

has vital roles in immunosuppression and promoting an anti-inflammatory state (Szekeres-Bartho 

et al., 2008). Progesterone also plays a role in reducing pro-inflammatory cytokines such as IL-4 

and IL-5 and promotes T-cells to favour a Th2 cytokine profile, marked by TGF-b, and blocks 

lymphocyte production (Piccinni et al., 1995; Mor, 2008). To maintain the calm uterine state 

during this phase, progesterone inhibits basal and cytokine-induced MMPs to decrease the rate of 

cervical ripening and collagen restructuring that induces premature membrane rupture (Oner et 

al., 2008). Therefore, progesterone is vital to regulate the maternal immune system to promote 

the growth of the fetus by preventing uterine contractions (Oner et al., 2008).  Direct evidence of 

the function of progesterone to act as an anti-inflammatory modulator was demonstrated by 

injecting the hormone into a rat during late labour, thereby prolonging the tolerance phase by 

blocking the expression of cytokines such as MCP-1, needed for inflammation and subsequent 
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attraction of leukocytes into the myometrial tissue (Shynlova et al., 2008). Further evidence to 

support the idea of functional progesterone withdrawal at labour in humans was demonstrated 

using siRNA and gene microarray analysis in pregnant human myometrial cells to show that 

anti-inflammatory genes normally upregulated by progesterone through PR were not present in 

high amounts seen during the tolerance phase of gestation (Lee et al., 2012).  

A shift of the maternal immune system at the onset of labour results in the activation 

phase, where a state of inflammation directs labour, myometrial contractions, birth, and placental 

detachment. This shift is thought to be a result of two distinct processes. One of which is the 

mechanical stretch of myometrial cells, or myocytes, from the growth of the fetus. This event 

induces the infiltration of leukocytes by the induction of cytokine production, including IL-1 beta 

(IL-1β), tumour necrosis factor-alpha (TNF-α), IL-6, and IL-8 from endothelial and myometrial 

cells (Young et al., 2002; Osman et al., 2003; Keski-Nisula et al., 2003). These immune cells 

enter the myometrium and placental tissue and have been detected in amniotic fluid at the onset 

of labour (Thomson et al., 1999; Romero et al., 2006). Thus, a localized inflammatory event 

promotes activation of myocytes, membranes, cervical ripening, and placental rejection (Challis 

et al., 2009). The specific cytokine, IL-1β, acts on myocytes to facilitate the production of 

prostaglandins PGE2 and PGF2α at early labour to increase myometrial contractility (Todd et al., 

1996; Loudon, 2004). Furthermore, as the fetus grows with decreased uterine growth, the 

increased stretch of myocytes helps to induce cytokine expression such as IL-8 and MCP-1 from 

myometrial cells at labour (Loudon et al., 2004; Shynlova et al., 2008).  

The second process responsible for this immunological shift is the withdrawal of 

progesterone actions. In the rat, such withdrawal is systemic with reduced circulating levels of 

progesterone reported (Garfield et al., 1998; Young et al., 2011). In humans, this is a functional 
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withdrawal that occurs due to a change in progesterone receptor (PR) dynamics and signals that 

the fetus is at the maximal size, is fully developed, and parturition is approaching (Merlino et al., 

2007). PR-A and PR-B are the two main isoforms of the PRs in humans, and it is the net effect of 

both of these receptors that determines the responsiveness of progesterone (Richer et al., 2002). 

Functional withdrawal of progesterone in humans is thought to occur because the level of PR-A 

in the myometrium increases at the onset of labour, confirmed by western blotting and 

immunohistochemistry that demonstrated an increase in PR-A expression in labouring human 

myometrial tissue collected after caesarean delivery (Merlino et al., 2007).  The PR-A isoform 

limits the transcriptional ability of PR-B, thereby lowering the overall responsiveness of 

progesterone (Mesiano et al., 2002; Condon et al., 2006; Hardy et al., 2006).  

Stretch and functional withdrawal of progesterone both act to induce cervical ripening 

characterized by the accumulation of predominantly neutrophils and other leukocytes into the 

cervical stroma (Bokström et al., 1997). Cervical remodelling occurs through the activated 

leukocytes releasing proteolytic enzymes such as MMPs to digest the ECM and contributing to 

cervical dilation (Osmers et al., 1995). IL-6 and IL-8 production from the myometrium and 

cervix at the onset of labour act as chemoattractants for neutrophils (Osmers et al., 1995; Elliott 

et al., 1998). These leukocytes, as well as macrophages and human neutrophil collagenase 

(MMP8), also infiltrate the placenta to cause membrane rupture before labour (Steinborn et al., 

1998; Maymon et al., 2000). 

 Overall, both stretching of myocytes and functional progesterone withdrawal serve to 

initiate labour, leading to the induction of many hallmarks of the immune system characterizing 

the second pro-inflammatory state of immunological transformation. These include the intrusion 

of leukocytes to the myometrium, followed by an up-regulation of multiple interleukins such as 
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IL-1β, TNF-α, IL-6, and IL-8 produced by the decidua, amnion, and myometrium (Gomez et al., 

1995; Keelan et al., 2003; Romero et al., 2006; Mor & Cardenas, 2010). This accumulation of 

pro-inflammatory mediators causes a local inflammatory event that involves an abundant 

transcription factor found in most cell types, known as nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-κB) (Kawai & Akira, 2007). Activation of this transcription factor leads 

to increased gene expression of proteins involved in inflammation such as cyclooxygenase-2 

(Cox-2) thus further promoting the synthesis of PGE2 from myometrial cells, assisting with the 

propagation of labour and subsequent delivery (Zuo et al., 1994; Slater et al., 1999).  

 

1.3.3 Role of Nuclear Factor Kappa B 
  

NF-kB is a pleiotropic transcription factor found in the cytoplasm of almost every cell 

and is activated by various stimuli, including stress, cytokines, and bacterial or viral antigens 

(Lawrence, 2009). Once activated, a dimer of the complex translocates into the cell nucleus and 

acts to aid in the immune response by increasing the expression of genes for cytokines, 

chemokines, and adhesion molecules involved in pro-inflammatory responses (Lawrence, 2009). 

This transcription factor is also known to have a role in diseases such as cancer, arthritis, and 

asthma by aiding in tumorigenesis, inflammation, and immune reactions (Strickland & Ghosh, 

2006). The NF-kB pathway starts with a stimulus activating a cell surface receptor, most 

commonly toll-like receptors (TLRs) that activate when bound to ligands such as 

lipopolysaccharide (LPS) (Fig 1.2; Lin et al., 2010). When a microbial product or endogenous 

ligand binds to a surface receptor on a cell, one of two pathways of activation is triggered 

(Baeuerle & Baltimore, 1988a). 
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Figure 1.2 Canonical Pathway of NF-kB Signalling.  
 
Schematic diagram of the canonical pathway of NF-κB activation. A stimulus will activate a cell 

surface receptor (TLRs, IL-1b-R, TNFR) leading to the phosphorylation of the IKK complex. 

This kinase complex then phosphorylates IkB leading to its degradation by ubiquitination. Once 

the inhibitor complex is degraded, the P65/c-Rel p50 transcription factor migrates into the cell 

nucleus for gene transcription and subsequent protein expression.  TLRs: Toll like receptors; IL-

1b-R: interleukin 1 beta receptor; TNFR: tumor necrosis factor receptor; IKK: IkB kinase; IkB: 

Inhibitor of kappa B; P: Phosphorylation; U: Ubiquitination 
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 The first pathway is the ‘canonical’ pathway, responding to a wide range of stimuli, 

including stress, bacteria, viruses, and carcinogens (Ahn & Aggarwal, 2005). The canonical 

pathway is also known to be activated by various cytokines that promote inflammation, including 

TNF-a and IL-1b (Serasanambati & Chilakapati, 2016). The canonical pathway of activation 

plays roles in the innate immune system and inflammation (Strickland & Gosh, 2006).  

Signalling of the canonical pathway relies on the NF-kB protein complex, consisting of a 

p50-p65 and RelA heterodimer, existing in the cytoplasm of myometrial cells (Lindström & 

Bennett, 2005). This complex of proteins is held in an inactive state by regulatory proteins 

known as inhibitors of kappa B (IkB) (Baeuerle & Baltimore, 1988). There are two known 

isoforms of IkB, IkBa and IkBb , which have similar molecular weights and isoelectric points  

but are chromatographically distinct (Link et al., 1992). The main factor that initiates the NF-kB 

signalling pathway is the degradation of these IkB proteins via signalling from TLRs. Upon 

binding of a ligand to a cell surface receptor adaptor, including tumour necrosis factor receptor-

associated factor (TRAF), adaptors are recruited to the cytoplasmic portion of the receptor (Beg 

et al., 1993; Brown et al., 1993). These adaptors act to allow the degradation of IkB by recruiting 

the IkB kinase (IKK), which is a heterotrimer composed of IKKa, IKKb subunits, as well as the 

IKKg catalytic subunit also known as NF-kB essential modulator or NEMO (Karin, 1999). This 

complex phosphorylates two serine residues in the regulatory domain of IkB, leading to 

subsequent ubiquitination and degradation of the IkB proteins, which thereby releases the p50-

p65 complex of NF-kB. Nuclear translocation of this freed complex then takes place where it 

plays its primary role as a transcription factor (Hayden & Ghosh, 2008). This activation increases 

the expression of various genes including ones for inflammatory mediators such as cytokines and 

Cox-2 and also for adhesion molecules, including E-selectin vascular cell adhesion protein 1 
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(VCAM-1), and intracellular adhesion molecule 1 (ICAM-1) (Ghosh et al., 1998; Melotti et al., 

2001).  

The other pathway is termed the non-canonical or the alternative pathway, activated by 

binding of the TNF family of receptors that include CD40 ligation, B-cell activating factor 

(BAFF) binding to BAFF receptor, and lymphotoxin beta to lymphotoxin b receptor (Coope et 

al., 2002; Zarnegar et al., 2008; Hayden & Ghosh, 2012). This pathway occurs during 

development, especially during lymphoid organ development. This activation mode uses NF-kB 

inducing kinase (NIK) to activate the IKK complex, consisting of two IKKa subunits, via 

phosphorylation and does not involve NEMO. The alternative pathway is involved in processes 

for adaptive immunity, such as regulating genes for lymph-organogenesis, B-cell maturation, and 

production of antibodies (Zhong et al., 1998; Strickland and Ghosh, 2006).  

  The canonical pathway of activation is of interest as its activation leads to the expression 

of essential products and cytokines related to inflammation. These pro-inflammatory factors 

include; TNF-a, IL-1b, IL-6, and IL-8, as well as an increase in expression of Cox-2, a protein 

that is essential for the production of prostaglandins (Platz-Christensen et al., 1997; Lawrence, 

2009).  Evidence exists that heat shock proteins (HSPs) are involved in this cascade; however, 

their specific mechanism of action remains poorly characterized. For example, HSP70 has been 

shown to act like IkB to downregulate the NF-kB signalling pathway in human T-lymphoma 

cells (Guzhova et al., 1997). HSPB1 has been shown to inactivate the NF-kB transcription factor 

by interaction with the activation of IKKb to suppress skeletal muscle atrophy (Dodd et al., 

2009). HSPB5 has also been demonstrated to interact with this pathway through binding to 

IKKa to help modulate the IKK kinase activity (Adhikari et al., 2011). Furthermore, it has also 

been shown that HSPs may act in a cytokine-like manner; through CD14 and TLRs, as they may 
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promote the degradation of IkB, allowing NF-kB to move to the cell nucleus for gene 

transcription (Deepak et al., 2006). 

  The NF-kB signalling pathway has been reported to be important in the pro-inflammatory 

process at labour. It has been reported that when human myometrial cells were incubated with 

IL-1b, there were higher levels of binding of NF-kB to the promoter of the inhibitory 

progesterone receptor, potentially leading to a greater contractile phenotype of the myometrium 

(Condon et al., 2006). Furthermore, nuclear localization of the p65 subunit has been 

demonstrated in the upper and lower segment of the uterus in uterine myocytes at the onset of 

labour indicative of NF-kB activation (Khanjani et al., 2011). Therefore, activation of this 

transcription factor may lead to the stimulation of uterine contractions during labour, and, if 

inappropriately activated, it may contribute to PTL (Keelan, 2018).  

Overall, the progressive relationship between myometrial differentiation and 

immunological transformation act through a reinforced system of detection, communication, 

trafficking, and repair that may require or benefit from specific HSPs upstream or downstream of 

the NF-kB signalling pathway (MacPhee & Miskiewicz, 2017). 

1.4 Small Heat Shock Proteins  
 

Just over 50 years ago, the discovery of HSPs led to significant contributions to 

understand the mechanisms behind normal and pathological processes within different tissue 

types. It was in Dr. Ferruccio Ritossa's lab where the observation of increased RNA synthesis in 

salivary gland puffs in response to an increase in temperature lead to the discovery of these 

proteins (Ritossa, 1962). Of particular interest is the family of small heat proteins (sHSPs or 

HSPB family), previously referred to as the (a)-crystallin family (Kampinga et al., 2009). They 

are defined as a group of ten small molecular weight proteins, ranging from 12 to 43 kilodaltons 



 27 

(kDa) that are induced by a variety of physiological stressors including, but not limited to, 

temperature changes, oxidative stress, wound healing, and tissue remodelling (Guettouche et al., 

2005). These stressors have all been demonstrated to increase the expression of sHSPs in cells or 

tissues by inducing the mammalian transactivator heat shock transcription factor 1 (HSF1) 

(Guettouche et al., 2005; Yan et al., 2005; Li et al., 2013)  In mammals, the family consists of 

HSPB1 to B10 that are arranged in homomeric or heteromeric complexes made of ~ 40 to 50 

subunits, with the possibility of assemblies also being dimers and monomers (Haslbeck et al., 

2005). These proteins are known for being critical players in maintaining cellular homeostasis 

(Jakob et al., 1993).  Although they are considered a poorly conserved group of proteins, the 

sHSPs all contain a well-conserved alpha-crystallin domain (Kappé et al., 2003). These proteins 

are ubiquitous in the cytosol of most nucleated cells under normal physiological conditions.  

        sHSP members act in an ATP-independent fashion and bind to unfolded proteins following 

a stressful (e.g. inflammatory) event to prevent irreversible aggregation that could result in 

apoptosis (Orejuela et al., 2007). Although the specificity for binding specific proteins is 

unknown, it was thought that sHSP binding was rapid, binding unfolded proteins at the amino or 

N-terminal domain (Basha et al., 2006). Verification for this chaperone activity was 

demonstrated by depleting the N-terminal domain of these proteins, which abolished the ability 

of sHSPs to form these aggregated complexes and chaperone function (Plater et al., 1996; Van 

Montfort et al., 2001). 

In terms of structure, most sHSP members contain a hydrophobic tryptophan-aspartate/ 

proline-phenylalanine (WD/PF) motif and phosphoserine sites at the N-terminal end of the 

protein. The WD/PF domain provides hydrophobic sites, making them favourable for protein-

protein interactions, which are very stable at physiological temperatures (Kappé et al., 2003; 
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Thériault et al., 2004).  On the opposite end of the protein is the carboxy- or C-terminal end and 

contains the well-conserved alpha-crystallin domain (Kappé et al., 2003; Wang et al., 2004). The 

unique alpha-crystallin domain is made of approximately 80 to 90 amino acids and is the 

signature motif of this highly conserved region (Van Montfort et al., 2001). Structurally, this C-

terminal end is composed of two layers of thick, compact beta-sheets or three and five 

antiparallel strands that are connected via an interdomain loop, in contrast to the N-terminal 

domain, which is solely comprised of alpha-helices (Kappé et al., 2003). By the formation of an 

inter-subunit composite beta-sheet, these highly conserved regions aid dimerization between 

sHSPs (Sun & MacRae, 2005). For the oligomerization of sHSPs, the C-terminal domain 

functions to stabilize these structures through interactions between sites on this region and 

neighbouring alpha-crystallin domains. The N-terminal is slightly different, being highly variable 

from 24 to 247 amino acid residues and is lipophilic (Basha et al., 2006).  This region remains 

vital for stabilizing various sizes of oligomers (Van Montfort et al., 2001). The N-terminal 

domain is highly essential in the quaternary structure of these proteins, where the arms of two 

monomeric subunits found in this region interconnect, creating knot like complexes with the 

hydrophobic area found on the inside of the oligomer and the hydrophilic amino acids on the 

outside. This leads to the formation of polydisperse oligomeric assemblies of up to 50 subunits, 

and thus the quaternary structure of sHSPs is considered variable (Haslbeck et al., 2005).     

In a time of stress, several sHSPs demonstrate an inducible expression pattern. This 

response is due primarily to the stimulation of the mammalian transactivator HSF1 with some 

contributions from the transcription factor NF-kB to lead to cellular protection (Rossi et al., 

1997; Guettouche et al., 2005). More recently, other transcription factors have been found to 

induce expression of several sHSPs such as paired box (Pax), SRY- related HMG-box (SOX) 
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genes, and myoblast determination protein 1 (Guettouche et al., 2005; de Thonel et al., 2012). 

However, the classic activation of sHSPs has been highly conserved throughout evolution, where 

HSF1 monomers aggregate to homotrimers at times of physiological stress (Sarge et al., 1993). 

Once the HSF1 monomers become homotrimers, they may bind to DNA motifs that are known 

as heat shock elements (HSE) to promote transcription of HSPs (Kroeger & Morimoto, 1994). 

HSF1 is vital to the appropriate expression of sHSPs, as demonstrated in HSF1 knockout mice. 

In these mice, the expression of HSPB1 was significantly decreased compared to wild type mice 

(Yan et al., 2005).  

In order for sHSPs to function correctly, this family is subject to post-translational 

modifications, such as phosphorylation (Fig. 1.3) on up to 12 different serine residues, depending 

on the family member, in order to control structure and function (Guettouche et al., 2005). When 

an sHSP is phosphorylated, it is considered to be in an active state. For example, when HSPB5 is 

phosphorylated on serine residues, this protein plays a role in regulating interfilamentous 

interactions within muscle fibres, including actin and myosin (Wettstein et al., 2012). Mitogen-

activated protein kinases (MAPK) are the main enzymes that regulate and control 

phosphorylation on various serine residues of the sHSPs.  For example, in HSPB5, serine-59 is 

phosphorylated by the MAPK Activated Protein Kinase 2/3 (MAPKAPK 2/3) while serine-45 

phosphorylation is mediated by p42/p44 MAPK (Rouse et al., 1994). HSPB1 is known in 

mammalian cells to be phosphorylated by MAPKAPK-2 at serine 82 (Stokoe et al., 1992). A 

primary function of this phosphorylation event is to control interactions between the filaments of 

actin and myosin in smooth muscles (Wettstein et al., 2012). Besides phosphorylation, other 

post-translational modifications of sHSPs exist and include truncation (most notably of the C- 
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Figure 1.3 The key protein domains of human HSPB5 and HSPB1.  

C-terminus conserved alpha crystallin domain and N-terminal WD/PF hydrophobic domain are 

shown. (A) HSPB5 phosphorylated at Ser19, 45, 59 via p42/p44 MAPK (Ser45) and 

MAPKAPK2 (Ser59). (B) HSPB1 phosphorylated at Ser15, 78, and 82 via MAPKAPK2. N: 

amino-terminal; C: carboxy-terminal; P: phosphorylated serine residues; Ser: serine. Modified 

from Arrigo, et al., 2007. 
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terminus), deamination, and glycosylation (Stevens et al., 1978; Wilmarth et al., 2006; Treweek 
et al., 2007) 
 
 
1.4.1 Expression of HSPB1 and HSPB5 in the Myometrium   
 

Two specific members of the HSPB family, HSPB1 and HSPB5 (CRYAB or αb-

crystallin) have tissue-specific expression patterns that resemble one another, but with varying 

levels and thus highlights their protective function in cells that are exposed to stress (Arrigo et 

al., 2007). HSPB5 is highly abundant in the eye lens, and both proteins are found in skeletal 

muscle, heart, cerebral spinal fluid, serum, as well as the myometrium (Kato et al., 1991; White 

et al., 2005; Ousman et al., 2007; Christians et al., 2012; Nicoletti et al., 2016). HSPB1 is known 

to be involved in smooth muscle contractions by playing a role in actin polymerization, myosin 

remodelling, and the ability to form cross-bridges (Miron et al., 1991; Benndorf et al., 1994; 

Gerthoffer & Gunst, 2001). In contrast, HSPB5 is involved in local immune activation by 

stimulating macrophages and other white blood cells during times of stress (Henderson & 

Henderson, 2009). Furthermore, it has been shown that when exposed to extracellular HSPB5, 

macrophage-like cells release cytokines and chemokines (Bhat & Sharma, 1999; van Noort et al., 

2010). HSPB5 is also known to interact with the NF-κB pathway to regulate chronic 

inflammatory processes (van Noort et al., 2010; Dieterich et al., 2013).  Specifically, there is 

evidence that HSPB5 interacts with IKKa to modulate its kinase activity (Adhikari et al., 2011). 

  Due to the fact that some main functions of these proteins involve acting as molecular 

chaperones involved in caspase-mediated apoptotic pathways, cytoskeletal rearrangements, and 

immune system activation and that the initiation and progression of labour needs an 

inflammatory response, these proteins may play an essential role in the processes of generating a 

contractile phenotype of the myometrium (MacPhee & Miskiewicz, 2017).  
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In terms of expression, HSPB1 protein is abundant in the labouring myometrium as 

expression increased from synthetic to labour phases, as was shown by immunoblot analysis in 

the rat myometrium (White et al., 2005). HSPB1 was also detected in the human myometrium 

using immunoblot analysis and levels of this protein exhibited a 3-fold increase in expression in 

labouring versus non-labouring myometrial tissue (MacIntyre et al., 2008). Evidence that HSPB1 

was also associated with contractions was demonstrated using immunofluorescence imaging, 

where in human labouring myometrium, it was found to be co-localized with smooth muscle 

actin (MacIntyre et al., 2008). Furthermore, in terms of regulation of its expression in the 

myometrium, it was demonstrated using the unilaterally pregnant rat model that stretching of 

cells increased the expression of HSPB1 (White & MacPhee, 2011). Further evidence that 

HSPB1 expression was upregulated via stretch was observed when comparing myometrium from 

ovariectomized, nonpregnant rats that was stretched with cervical dilators for 24h with 

unstretched empty horns. The expression of HSPB1 was only increased in the distended horns 

(White & MacPhee, 2011).  

Evidence that HSPB5 also exists in the myometrium was demonstrated in rat models 

where immunoblot analysis revealed that levels of HSPB5 and HSPB5 phosphorylated on serine 

59 (pSer59-HSPB5) increased significantly from the synthetic to the labour phases of 

myometrial programming (Nicoletti et al., 2016). Furthermore, immunofluorescence imaging 

found pSer59-HSPB5 to be spatially localized in the cytoplasm as well as associated with 

membranes of myometrial cells. With the use of confocal microscopy, pSer59-HSPB5 was 

reported to co-localize with the focal adhesion protein FERMT2 as well as with a marker of 

endosomes and extracellular vesicles (EVs) named cluster of differentiation (CD) 63 (Nicoletti et 

al., 2016). In humans, the total level of HSPB5 in labouring versus non-labouring myometrial 
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tissue was reduced by 69% in labouring tissue demonstrated by immunoblot and 2-dimensional 

differential gel electrophoresis, but serine phosphorylated HSPB5 was not investigated 

(MacIntyre et al., 2008).  

HSPB5 specifically has been reported to cause both anti-inflammatory and pro-

inflammatory responses, which may imply a function, in addition to myometrial contraction and 

proteostasis, in regulating inflammation during late pregnancy and labour. HSPB5 is unique in 

the fact that different local concentrations of this HSP will provide a balance between the innate 

and adaptive responses of the immune system to promote immune regulation or an inflammatory 

event, respectively (De et al., 2000; Henderson and Henderson, 2009). Specifically, when present 

at high concentrations, HSPB5 invokes a T-cell response leading to increased synthesis of 

interferon-gamma (IFN-g) and activates macrophages (van Noort et al., 2010, 2012). However, 

when HSPB5 is present at low concentrations, a regulatory macrophage immune response is 

triggered, characterized by increased expression of IL-10 (van Noort et al., 2010, 2012).  

To induce a cytokine response from macrophages in the vicinity of the myometrium, HSPB5 

would likely have to be secreted from myometrial cells. Under a state of stress, HSPB5 has been 

demonstrated to be released from vascular smooth muscle cells, cultured B-cells, and others, 

although it has never been reported to be released from myometrial cells (Harding et al., 1983; 

Lancaster & Febbraio, 2005). Therefore, HSPB5 protein may have two roles: as an intracellular 

chaperone or regulator of intracellular processes and as an extracellular signalling protein 

(Katzmann et al., 2001; van Noort et al., 2012).  

 
1.5 Extracellular Vesicles   
 

Since sHSPs have been proven to have roles in the activation and suppression of the 

immune system, and that the immune system is directly involved with the initiation of labour, a 



 35 

mechanism of secretion of sHSPs from myometrial cells may exist in order to induce local 

changes in the immune system (van Noort et al., 2012).  

EVs are comprised of a lipid bilayer that encloses cytosol of the cell from which they are 

secreted. This process of EV secretion is conserved throughout evolution known to occur in all 

eukaryotes, either in response to a stimulus or constitutively (Raposo & Stoovogel, 2013). EVs 

are a blanket term for secreted vesicles and include exosomes, microvesicles (MVs; ectosomes), 

apoptotic bodies and oncosomes. EVs are known to be secreted from a diverse range of tissues 

and are known to aid in cell to cell communication (De Maio, 2011). Specifically, the release of 

EVs into the extracellular space provides a means of transporting signals for intercellular 

communication at near or distant sites by travelling through the body and being taken up by 

target tissue.  

Possible ways cells communicate may be through HSPs enclosed in EVs, as evidence 

demonstrates that some HSPs are EV cargo. For example, HSP70, HSP90, and HSPB1 have 

been shown to be cargo in EVs released from B cells (Clayton et al., 2005). Other common cargo 

that EVs carry includes DNA, RNA, metabolites, proteins, lipids, as well as membrane receptors 

from the cell of origin (Keerthikumar et al., 2016; Pathan et al., 2019). More specifically, 

common proteins shared across EVs have been established and are now used as markers for 

characterizing these vesicles. These include the tetraspanin or transmembrane four superfamily 

such as CD9, CD63, CD81, and CD82 (Kobayashi et al., 2000; Théry et al., 2002). Other 

markers include genes responsible for the movement of intermembrane proteins, including the 

tumour-susceptibility gene 101 (TSG101), suggesting that an endocytic pathway may be 

involved (Babst et al., 2000; Mathieu et al., 2019). However, the sorting of proteins into these 
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vesicles remains weakly understood since most of the defined proteins found in exosomes lack a 

discernible signal sequence (Babst et al., 2000). 

One explanation for how proteins are chosen for EV packaging is the theory of 

ubiquitination (Katzmann et al., 2001). This mechanism of organization arose when ubiquitin 

ligase was discovered in EVs originating from T-cells (Blanchard et al., 2002). This mechanism 

of selective protein sorting depends on cytosolic domains of transmembrane proteins, which acts 

to favour cargo for the EVs. The MVs derived from T-cells contained the transmembrane 

proteins CD63, CD2, lymphocyte function-associated antigen 1, major histocompatibility 

complex I  and II, and C-X-C chemokine receptor 4; however, proteins that are highly expressed 

in the plasma membrane, CD28 and CD45, were not found (Blanchard et al., 2002). Therefore, it 

is thought that the cytosolic domain of different membrane proteins may be involved in the 

sorting process. Further evidence comes from a yeast homolog of TSG101, known as vacuolar 

sorting protein 23, where its ability for ubiquitin-binding is necessary for organizing proteins into 

interior compartments of late endosomes that later become exosomes (Katzmann et al., 2001). 

In order to distinguish the various types of EVs, they are most commonly defined based 

on their synthesis or mechanism of release. The first type of EV, MVs, are formed through direct 

budding from the plasma membrane, therefore sequestering cellular cytosol in the process 

(Heijnen et al., 1999). These vesicles are approximately 50-1000 nm in diameter and generally 

contain known markers such as CD31, CD41, and CD45 (Andaloussi et al., 2013). This type of 

EVs has also been previously found to enclose HSP70 and HSP90 derived from B lymphocytes, 

dendritic cells, reticulocytes, and human peripheral blood mononuclear cells (Johnstone et al., 

1987; Raposo et al., 1996; Zitvogel et al., 1998). 
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The second type of EVs are exosomes. Their biogenesis occurs through the fusion of the 

plasma membrane with multivesicular bodies, thereby causing these bodies to release exosomes 

of about 20 - 150 nm (Harding et al., 1983; Pan & Johnstone, 1983). Evidence of exosomes 

being involved with the endosomal pathway further suggests that they are formed in a two-step 

process (Johnstone et al., 1987). First, inward budding of endosomal membranes containing 

cytoplasm creates multivesicular endosomes or bodies, then the fusion of these structures and 

plasma membrane occurs, releasing these vesicles into the extracellular space (Fig 1.4). 

Exosomes commonly contain the markers CD9, CD81, and CD63. Other compositional markers 

of these EVs include MHC proteins, flotillin-1, HSP70, and HSP90 (Record et al., 2011). 

     Apoptotic bodies and oncosomes are the last two types of EVs. Apoptotic bodies are 

produced by cells undergoing a death process, whereby vesicular bodies of 500 nm to 2000 nm 

are released (Théry et al., 2002). Oncosomes are produced mainly by malignant cells and are the 

largest of the four, ranging from 1-10 µm in size (Di Vizio et al., 2012). 

EVs are proposed to serve various functions, including the release of intracellular 

proteins into the extracellular space to serve as signals, as well as the deposit of wastes outside 

the cell if the waste cannot be degraded in lysosomes (Pan & Johnstone, 1983). EVs may also 

serve to induce a T-cell response through immune activation depending on the contents and 

cellular origin of the vesicle (Théry et al., 2002). Additional cell-specific functions include the 

mechanism reticulocytes use to discard secreted membrane proteins, including transferrin 

receptors that are no longer of use to mature red blood cells (Pan & Johnstone, 1983). 

Furthermore, it has been demonstrated that when the lysosomal pathway is disrupted in cancer 

cells, an increasing amount of EVs is secreted, indicating that these pathways may be related 

(Théry et al., 2002).  
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Figure 1.4 Formation of Microvesicles and Exosomes. 
 
A schematic representation of the mechanism of exosome and microvesicle formation, together 

known as extracellular vesicles (EVs). Exosome formation starts with the inward budding of an 

early endosomal structure (A) within the donor cell generating a multivesicular body (B). This 

structure may fuse with the plasma membrane releasing structures of 20-150 nm called exosomes 

(C) or fuse with a lysosome for degradation.  Microvesicle formation (D) results from direct 

budding from the plasma membrane, thereby incorporating portions of the cytosol. A recipient 

cell may take up these EVs and their cargo via direct fusion (E) or through endocytosis (F). EVs 

may also release their content to the extracellular fluid. Once in the recipient cell, cargo is either 

released by the vesicles (G) or becomes part of the endosomal system (H). 
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It is evident that EVs exhibit critical physiological functions, and thus they may be key 

players aiding in cell to cell communication throughout gestation. For example, EVs in sheep are 

released from the ovine conceptus and uterus (Burns et al., 2016). In humans, in early gestation, 

EVs are known to be released from the ovarian follicle, endometrium, embryo, as well as 

trophoblast cells (Ng et al., 2013; Tannetta et al., 2014; Machtinger et al., 2016). At the onset of 

labour, the major source of EVs become the syncytiotrophoblast of the placenta, which are 

thought to help modulate the response of the maternal adaptive immune system. (Germain et al., 

2007; Redman & Sargent, 2008; Southcombe et al., 2011).  Furthermore, sHSPs have been 

shown to be released from EVs and may be an alternate secretion pathway for sHSPs in the 

myometrium, possibly including HSPB5 and HSPB1. Currently, there has been no formal 

evidence demonstrating that EVs are released from myometrial cells or that sHSPs are cargo in 

such myometrial vesicles if they exist. 

 

1.6 Overall Rationale  
 

PTB continues to be a devastating health crisis on both national and global scales, with 

long-term costs impinging on all health services sectors. At present, a lack of information 

remains regarding the control of myometrial programming throughout labour and pregnancy, 

leaving the effective treatment and prevention of PTL unresolved. Although advances in 

understanding the changes the myometrium undergoes throughout gestation, and how 

inflammation plays a role, are beginning to unfold, there is a lack of a concise understanding of 

how immune system activation contributes to the contractile phenotype of the uterus. 

Past research has indicated that sHSPs could influence myometrial development 

throughout pregnancy and labour and play important roles in myometrial programming 
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(MacPhee & Miskiewicz, 2017). Examining the expression and potential release of these 

proteins from myometrial cells after a pro-inflammatory event similar to the one initiated at 

labour could lead to a better understanding of their role in myometrial cell function. Such 

additional basic scientific knowledge will be the foundation required for future advanced 

solutions for treatment and prevention of labour that occurs pre-term and the associated neonatal 

complications, as well as lifelong morbidity that results. 

The aim of this thesis was to examine the effects of induced pro-inflammatory conditions 

on HSPB5 and HSPB1 protein expression in myometrial cells and their potential for association 

with the NF-kB signalling pathway. This was accomplished by utilizing the hTERT-HM cell line 

model and IL-1β administration to these cells to induce a pro-inflammatory response. 

Subsequently, the expression of proteins, including HSPB5, HSPB1, NF-kB, IkB, and Cox-2, 

was assessed using immunoblot analysis. Furthermore, the potential role of EV production by 

myometrial cells was examined for the first time, using a commercial EV isolation protocol, and 

if present, their cargo characterized under normal proliferation or pro-inflammatory conditions. 

1.7 Hypotheses  
 

It was hypothesized that the induction of a pro-inflammatory response in hTERT-HM 

cells as a result of administration of IL-1β will induce HSPB5 and HSPB1 expression, post-

translational modification (serine phosphorylation) of these proteins and be associated with the 

NF-kB signaling pathway. Furthermore, it was hypothesized that these HSPB family members 

may be released in myometrial cell-derived EVs, which could help modulate myometrial cell 

functions via intercellular communication. 

 
1.8 Objectives  
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Objective 1: Examine the expression of HSPB5 and HSPB1 proteins in the immortalized human 

myometrial cell line hTERT-HM upon stimulation by IL-1b. 

 

Objective 2: Examine the potential release of EVs from myometrial cells and assess the release 

of HSPB family members in such vesicles, if present. 
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2. Materials and Methods 
 

2.1 Cell Culture   
 

Immortalized human myometrial cells (hTERT-HM) were used in all experiments. These 

cells were kindly donated by Dr. Ruth Word (University of Texas South Western Medical 

Center, Dallas, TX, USA). The cell line was developed from a primary culture of uterine 

myometrium samples obtained from non-pregnant healthy women during hysterectomies. By 

using expression vectors containing human telomerase reverse transcriptase (hTERT), the cells 

were transfected and then immortalized, and telomere length was maintained (Condon et al. 

2002). Assessment of the expression of CNN1 (Calponin), smoothelin, and OTR proteins 

ensured the cells preserved essential characteristics of uterine smooth muscle cells (Condon et al. 

2002). For propagation, these cells were cultured under standard culture conditions in 75 cm2  

culture flasks (Cat# 353136; BDFalcon, Corning, NY, USA) under 5% CO2 and 37 °C in 

standard media consisting of Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 

(DMEM/F12) media (Cat #11320032; ThermoFisher Scientific, Ottawa, ON, CA) containing 

10% fetal bovine serum (FBS; Cat # 12483020; ThermoFisher) and 1% penicillin/ streptomycin 

(P/S) (Cat # 15140122; ThermoFisher). Media was changed every day to limit the accumulation 

of metabolites and cellular debris and when the culture reached ~90 % confluency, cells were 

passaged at a ratio of 1:3 into new culture flasks using trypsin-EDTA solution (0.05% v/v trypsin 

in EDTA, Cat # 15400-054; ThermoFisher). 

 
2.2 Interleukin-1β Treatment 
 
 Once hTERT-HM cells achieved ~90 % confluence in culture flasks, cells were collected 

with a trypsin-EDTA solution followed by cell counts as well as viability assessment using a 

TC20 cell counter (Bio-Rad, Mississauga, ON, CA). Twenty-four hours prior to experiments, 
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cells were seeded in one of two ways:  1) For cell lysate experiments, 0.35x106 cells/well were 

seeded into 6-well tissue culture plates (Cat # 353046; BDFalcon) in low serum media consisting 

of DMEM/F12 media containing 5% FBS and 1% P/S or 2) for MTS viability assays 5x102 

cells/well were seeded into 96-well tissue culture plates (Cat # 353072; BDFalcon) in low serum 

media. Use of 5% FBS in low serum media was determined from previous experiments 

demonstrating FBS concentrations less then 5% in culture media induced sHSP expression due 

to nutrient deprivation. 

 
2.2.1 Concentration Titration Experiments  
 

Twenty-four hours after seeding, cells were washed with fresh low serum media and then 

subsequently cultured for 1 h or 3 h in low serum media containing 0.1% human serum albumin 

(HSA; Cat # A9731; Sigma-Aldrich) to act as a vehicle control or recombinant human IL-1β 

(Cat # H6291; Sigma-Aldrich) in 0.1% HSA at the appropriate concentration (0.1 ng/ml, 0.5  

ng/ml, 1 ng/ml, or 10 ng/ml). At each defined timepoint (1 h and 3 h) cell lysates were collected 

by adding radio-immunoprecipitation assay (RIPA) lysis buffer (50mM Tris-HCl [pH 7.5], 

150mM NaCl, 1% sodium deoxycholate, 0.1% Sodium Dodecyl Sulfate (SDS)) containing 

protease inhibitors (Complete Mini, Cat # 04693159001, Roche Diagnostics, Laval, QC, CA) 

and phosphatase inhibitors (phosSTOP, Cat # 04906845001; Roche Diagnostics) to cell 

monolayers. The cell lysates were homogenized using a Precellys bead mill (Bertin Instruments, 

Montigny-le-Bretonneux, FR) and 1.4 mm ceramic beads (Cat # 10155-554; VWR, Mississauga, 

ON) for 10 seconds on ice. The homogenized mixture was then centrifuged at 12000 x g for 15 

minutes at 4°C. The supernatant of each sample was then transferred to an Eppendorf tube and 

stored at -80°C.  
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2.2.2 Time Course Experiments   
 
Twenty-four hours after seeding, cells were washed with fresh low serum media and then 

subsequently cultured with low serum media containing 0.1% HSA vehicle control or 1 ng/ml 

IL-1β in 0.1% HSA. After 3 h and 6 h of cytokine stimulation, the culture media from each well 

was collected for cytokine analysis (see Section 2.4) while at 0.5 h, 1 h, 3 h and 6 h post-

addition, cell lysates were collected as described in section 2.2.1.  

 

 
2.3 MTS Viability Assays  
 
 Cell viability was measured in all experiments using a CellTiter 96 Aqueous One 

Solution Cell Proliferation MTS Assay kit (Cat # G3580; Promega, Madison, WI, USA) 

according to the manufacturer's instructions. In the concentration titration experiments (section 

2.2.1) cell viability was assayed after 1 h and 3 h while in the time course experiments, cell 

viability was assayed at 1 h, 3 h, and 6 h time points. For each time point and treatment 

combination, viability assays were conducted in quadruplicate. The day of the experiment, low 

serum media containing the appropriate concentration of IL-1β or HSA vehicle control was 

added to the appropriate well. One hour preceding the defined time point, 20 µL of MTS solution 

was added to each well and assays by measuring absorbance at 490 nm in treatment and control 

groups as well as media controls using a Spectra Max 190 spectrophotometer (Molecular 

Devices, Sunnyvale, CA, USA). Background absorbance of media controls was subtracted from 

all groups. 

 
2.4 Cytokine Analysis  
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 During each time course experiment before cells were lysed at 3 h and 6 h post-treatment, 

1 ml of media was collected from the wells of tissue culture plates to assess cytokine production. 

Collected media was cleared by centrifugation at 12000 x g for 10 minutes at 4°C. Eight hundred 

microliters of cleared media supernatant were then collected and transferred into a new 

Eppendorf tube and stored at -80°C. For cytokine ELISA, media was diluted 1:10 in phosphate 

buffered saline (PBS) and 50 µL was transferred to 0.5 mL microcentrifuge tubes. The prepared 

samples were assessed for levels of granulocyte macrophage colony stimulating factor (GM-

CSF), IFN-g,  IL-6, IL-8, and MCP-1 by Eve Technologies (Calgary, AB; 

https://www.evetechnologies.com/discovery-assay/) using a Human Focus 13-plex Discovery 

Assay (HDF13). All other cytokines assessed in the Discovery assay (IL-2, IL-4, IL-5, IL-12, IL-

13, and TNF-a) were below levels of detection in the samples. 

 
2.5 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
 
 The protein concentrations of cell lysates and EV samples were determined using the 

Bio-Rad Protein Assay Kit II (Cat # 500002; Bio-Rad) following the manufacturer’s instructions. 

Protein samples (12 µg for cell lysates, 5 µg for EV lysates) were mixed with an equal volume of 

2x loading dye containing b-mercaptoethanol (reducing conditions; 100mM Tris-Cl, pH 6.8, 

10% b-mercaptoethanol, 4% SDS, 0.2% bromophenol blue, 20 % glycerol) or 2x loading dye 

without reducing agent (non-reducing conditions; 100mM Tris-Cl, pH 6.8, 4% SDS, 0.2% 

bromophenol blue, 20 % glycerol) and then separated using electrophoresis on 12% SDS- 

polyacrylamide gels in 1x running buffer (25 mM Tris-HCl, 250 mM glycine, 0.1% SDS, pH 

8.3). After separation, the samples were electroblotted onto 0.2 µm nitrocellulose membranes 

(Cat # 162-0097; Bio-Rad) in transfer buffer (25mM Tris-HCl, 192mM glycine, 20% methanol, 
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0.01% SDS). The quality of protein transfer to membranes was visualized using a Memcode 

Reversible Protein Stain Kit, following the manufacturer’s instructions (Cat#: PI24580; Thermo 

Fisher Scientific). In short, membranes were first stained with Reversible Protein Stain, then 

washed with a Destain solution in order to visualize protein bands. The blots were scanned and 

subsequently treated with Stain Eraser solution in accordance with the specifications of the 

manufacturer. The blots were either stored at -20 °C or used immediately for immunoblot 

analysis.  

 
2.6 Immunoblot Analysis 
 

Blots were incubated for 1 h at room temperature in a blocking solution consisting of 5% 

milk powder in Tris-buffered saline containing Tween 20 (TBST; 20mM Tris-HCl [pH 7.6], 

150mM NaCl, 0.1% Tween 20) or 5% Bovine Serum Albumin (BSA) (Cat # 10735078001; 

Roche Diagnostics) in TBST depending on the recommendations of the antisera manufacturers. 

Blots were incubated with appropriate primary antibodies (Table 2.1) then washed 3 times for 10 

minutes in TBST. Enzyme horseradish peroxidase-conjugated secondary antisera were then 

added to blots and incubated at room temperature for 1 h to detect the primary antiserum.  To 

detect the target protein-antibody complexes on immunoblots a SuperSignal West Pico Plus 

chemiluminescence substrate signal detection system (Cat # PI34580; Thermostat) was used 

following the manufacturer's instructions.  Subsequent digital exposures and images were 

captured utilizing a Bio-Rad ChemiDoc MP digital imaging system.  Multiple images were 

captured in order to guarantee linearity of each exposure. To serve as a loading control for 

densitometric analysis, all membranes were probed for Glyceraldehyde 3-Phosphate 

Dehydrogenase (GAPDH) expression utilizing a rabbit polyclonal GAPDH-specific antibody 

(Table 2.1). 
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Table 2.1 Antibodies Utilized for Immunoblot Analysis.  HRP- Horseradish peroxidase.  
Antibody Supplier Catalogue 

Number 
Dilution  

HSPB5 
(Rabbit monoclonal) 

Cell Signalling Technology 
Danvers, MA, USA 

45844 1: 1000  

HSPB1 (Mouse monoclonal) StressMarq, Victoria, BC, Canada SMC-161 1: 50 000 

HSP 90 (Mouse monoclonal) StressMarq,  SMC-149 1:5000 

HSP 70 (Rabbit monoclonal) Abcam, Cambridge, MA, USA Ab181606 1:20 000 

pSer59-HSPB5 
(Rabbit polyclonal) 

Enzo Life Sciences, Farmingdale, 
NY, US 

ADI-SPA-227 1:5 000  
 

pSer82-HSPB1 (Rabbit 
monoclonal) 

Cell Signaling Technology 9709 1:20 000 

NF-kB (Rabbit monoclonal) Cell Signalling Technology 8242 1:20 000 

pSer536- NF-kB (Rabbit 
monoclonal) 

Cell Signaling Technology 3033 1: 20 000 

Cox-2 (Rabbit monoclonal) Cell Signaling Technology 12282 1: 2000 

IkBa (Mouse monoclonal) Cell Signaling Technology 4814 1: 15 000 

CD63 (Mouse monoclonal) ThermoFisher, Ottawa, ON, CA MA5-11501 1:10 000 

TSG101 (Rabbit polyclonal) Sigma Aldrich, Oakville, ON, CA HPA006161 1:5000 

ALIX (Mouse monoclonal) Cell Signalling Technology 2171 1:5000 

Calnexin (Rabbit 
monoclonal) 

Cell Signalling Technology  2679 1:5000 

GAPDH 
(Rabbit polyclonal) 

Abcam Ab9485 1:30 000 

Anti-Rabbit HRP Promega, Madison, WI, USA W4011 1:10 000 

Anti- Mouse HRP Promega W4021 1:10 000 
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2.7 Extracellular Vesicles 
 
 In order to isolate EVs, hTERT-HM cells were cultured in 75 cm2 flasks containing 

DMEM/F12 media with 10% FBS and 1% P/S (standard media). Twenty-four hours before the 

culture reached confluency, cells were cultivated in Opti-MEM media (serum-free media) (Cat # 

31985070; ThermoFisher) at 37 °C for 24 h. Treatment groups were then designated into a 

vehicle control group and IL-1β group. For the vehicle group, cells were cultured in serum free 

media containing 0.1% HSA. For the IL-1β group, cells were cultured in serum free media 

containing 1 ng/ml of IL-1β in 0.1% HSA. Twenty-four hours post-treatment, 1 mL of media 

was collected from each flask for cytokine analysis as described in section 2.5. The remaining 

culture supernatants (8 ml/flask) were pooled within their appropriate groups. Cell lysates were 

obtained as described in Section 2.2.1 following supernatant collection.  Pooled supernatants 

were centrifuged at 4 °C for 5 minutes at 500 x g in a Sorvall Legend RT refrigerated clinical 

centrifuge to remove any residual detached cells, then subsequently filtered through 0.8 µm 

Millipore syringe filters to remove any remaining cellular debris. After transferring supernatants 

to new tubes, EVs were collected with an ExoEasy Maxi Kit (Cat # 76064; Qiagen; Toronto, 

ON, CA) according to the manufacturer’s instructions. Briefly, one volume of Buffer XBP was 

added to each group of pooled supernatants and the mixture inverted five times. The sample 

mixtures were then transferred onto ExoEasy membrane affinity spin columns and centrifuged at 

500 x g for 1 minute at 4 °C. The flow through was discarded and the transfer step repeated until 

the entire volume of each sample mixture was passed through their respective column. Ten 

millilitres of Buffer XWP was then added to the columns and columns centrifuged at 3000 x g 

for five minutes. The flow throughs were discarded and the wash step repeated with 5 ml of 

Buffer XWP. ExoEasy spin columns were then transferred to fresh collection tubes and 400 µl of 
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elution Buffer XE was added to each membrane, incubated for 1 min and centrifuged at 500 x g 

for 5 minutes. The resulting eluate was then re-applied to the membrane and centrifuged at 3000 

x g for final EV collection. EV samples underwent further concentration using Vivaspin 500 

centrifugal concentrators with a 100 kDa molecular weight cut-off (Cat # 14-558-405; 

ThermoFisher). The samples were spun at 12000 x g until the volume of the samples was ~100 

µl.  EVs were then subjected to sonication (2 x 10 s) while keeping the samples on ice. The final 

concentrated EV samples were stored at -80°C. To determine the amount of protein in each 

sample, Bradford protein assays were conducted as described in Section 2.6. For SDS-PAGE and 

immunoblot analysis, 5 µg of EV preparation per lane were used as described above. 

Immunoblots were then used to assess detection of specific proteins of interest.  

 
 2.7.1 Scanning Electron Microscopy Examination of Extracellular Vesicles 

 
For scanning electron microscopy (SEM) of EVs, EV samples were fixed with 2.5% 

glutaraldehyde in Qiagen buffer XE for 15 minutes on 0.1% poly-L-lysine-coated glass 

coverslips. Coverslips were washed with 0.1M sodium cacodylate buffer (pH 7.2) followed by 

dehydration with an ethanol series of 30%, 50%, 70%, 80%, 90%, 95% and 3 x 100% ethanol for 

5 minutes at each ethanol concentration. The samples were then critically point dried and coated 

with 5 nm chromium. Imaging was conducted with a Hitachi SU8010 electron microscope 

(WCVM Imaging Centre, University of Saskatchewan).  

 

 
2.7.2 Transmission Electron Microscopy Examination of Extracellular Vesicles 
 
 To examine the EVs using transmission electron microscopy (TEM), 5 µl of the EV 

sample was placed on a 400-mesh copper grid (formvar/carbon support). After 10 minutes, 
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excess buffer was wicked off and the grid air dried. Negative staining was conducted by floating 

the grid on a drop of 2% uranyl acetate for 10 minutes. Using a Kimwipe the corner of the grid 

was touched to wick off excess liquid and the grid again allowed to air dry. The grid was then 

imaged using a Hitachi HT7700 transmission electron microscope (WCVM Imaging Centre, 

University of Saskatchewan).  

 
  
2.8 Data Analysis  
 

Densitometric analysis of immunoblot data was conducted using Image Lab software 

(version 5, Bio-Rad). GAPDH expression served as normalization controls for all immunoblot 

experiments. Concentration titration and time course experimental data were analyzed using a 

one-way or two-way Analysis of Variance and Tukey-Kramer multiple comparisons tests. A 

confidence interval of P<0.05 was used to define results as significantly different. Graphical 

representation and statistical analyses of all data were conducted using GraphPad Prism version 

8.0 for Mac (GraphPad Software, www.graphpad.com).  
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3. Results 
 

 

3.1 Determination of Optimal IL-1β Concentrations for Stimulating Inflammatory Conditions 

in hTERT-HM Cells. 

Concentration titration experiments (n=5) were conducted to define the optimal 

concentration of IL-1β necessary to stimulate an inflammatory response without significantly 

effecting cell viability in hTERT-HM cells. Immunoblot analysis revealed that pSer536-NF-κB 

(pNF-κB) levels, after 1 h of incubation with IL-1β, were significantly elevated in cells exposed 

to 0.5 ng/ml, 1 ng/ml, and 10 ng/ml of IL-1β versus levels in cells incubated with vehicle or 0.1 

ng/ml of cytokine (Fig. 3.1; *P<0.05). pNF-κB levels in cells incubated with 10 ng/ml of IL-1β 

were also significantly higher than in cells exposed to 0.5 ng/ml and 1 ng/ml of IL-1β (**). pNF-

κB levels after 3 h of incubation with IL-1β were significantly elevated in cells exposed to 1 

ng/ml and 10 ng/ml IL-1β compared to cells incubated with vehicle or exposed to 0.1 ng/ml of 

cytokine (Fig. 3.1; # P<0.05). Following 1 h of incubation with IL-1β, pSer82-HSPB1 (pHSPB1) 

levels were significantly elevated in cells exposed to 1 ng/ml and 10 ng/ml of IL-1β compared to 

cells incubated with vehicle or exposed to 0.1 ng/ml and 0.5 ng/ml concentrations of IL-1β (Fig. 

3.2; *P<0.05). Furthermore, pHSPB1 levels in cells incubated with 10 ng/ml of IL-1β were also 

significantly higher than in cells exposed to 1 ng/ml of the cytokine (**). After 3 h of incubation 

to cytokine, pHSPB1 levels continued to be significantly elevated at the 10 ng/ml cytokine 

concentration compared to levels in cells incubated with all other concentrations (Fig. 3.2; 

#P<0.05). Lastly, pSer59-HSPB5 (pHSPB5) levels after 1h incubation with cytokine were 

significantly elevated upon exposure to 10 ng/ml of IL-1β versus levels in the vehicle control or 

in cells incubated with all other concentrations tested (Fig. 3.3; *P<0.05).  
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Figure 3.1 Assessment of pNF-kB Detection in hTERT-HM Cells after Incubation with Various 

Concentrations of IL-1β.  

Immunoblot analysis of serine-536 phosphorylated NF-κB (pNF-kB) levels in hTERT-HM cells 

after incubation with IL-1β. Representative immunoblots of pNF-κB detection and GAPDH 

expression are shown. Results indicate that pNF-κB levels were significantly elevated after 1 h 

of incubation with 0.5 ng/ml, 1 ng/ml, and 10 ng/ml of IL- 1β compared to incubation with 0 

ng/ml and 0.1 ng/ml (*). Incubation with 10 ng/ml of IL-1β for 1h also resulted in significantly 

higher pNF-κB levels compared to the cells incubated with 0.5 ng/ml and 1 ng/ml of pNF-κB 

(**). After 3h of incubation with 10 ng/ml and 1 ng/ml of IL-1β, pNF-κB levels continued to be 

significantly elevated compared to the cells incubated with 0 ng/ml and 0.1 ng/ml of IL-1β (#). 

Data presented are from five independent experiments (n=5) and error bars represent the 

standard error of the mean. Values were considered significantly different when P<0.05. 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.  
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Figure 3.2 Assessment of pHSPB1 Detection in hTERT-HM Cells after Incubation with Various 

Concentrations of IL-1β. 

Immunoblot analysis of serine-82-phosphorylated HSPB1 (pHSPB1) protein levels in hTERT-

HM cells after incubation with IL-1β. Representative immunoblots of pHSPB1 detection and 

GAPDH expression are shown. Results indicate that pHSPB1 levels were significantly elevated 

after 1 h incubation with 1 ng/ml and 10 ng/ml of IL-1β compared to levels at 0 ng/ml and 0.1 

ng/ml concentrations (*). The pHSPB1 levels were also significantly higher after incubation with 

10 ng/ml of IL-1β compared to levels in cells incubated with 1 ng/ml after 1h (**). After 3 h of 

incubation with 10 ng/ml of IL-1β, pHSPB1 levels continued to be significantly elevated 

compared to all other concentrations (#). Data presented are from five independent experiments 

(n=5) and error bars represent the standard error of the mean. Values were considered 

significantly different when P<0.05. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
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Figure 3.3 Assessment of pHSPB5 Detection in hTERT-HM Cells after Incubation with Various 

Concentrations of IL-1β. 

Immunoblot analysis of serine-59-phosphorylated HSPB5 (pHSPB5) protein levels in hTERT-

HM cells after incubation with IL-1β. Representative immunoblots of pHSPB5 detection and 

GAPDH expression are shown. Results indicate that pHSPB5 levels were significantly elevated 

after 1 h of incubation with 10 ng/ml of IL-1β compared to all other concentrations (*). Data 

presented are from five independent experiments (n=5) and error bars represent the standard 

error of the mean. Values were considered significantly different when P<0.05. GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase.  
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MTS assays with myometrial cells cultured in 96-well plates were conducted in parallel 

with the concentration titration experiments to assess the effect of IL-1β concentrations on the 

viability of hTERT-HM cells following 1 h and 3 h of cytokine incubation. Data from three sets 

of experiments (n=3) showed that there were no significant impacts of the IL-1β concentrations 

on hTERT-HM cells after 1 h or 3 h incubation periods (Fig. 3.4).  

Overall, the results of experiments indicated that the concentration of IL-1β necessary to 

provoke a pro-inflammatory response in hTERT-HM cells without significantly impacting cell 

viability was 1 ng/ml IL-1β.  
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Figure 3.4 Examination of hTERT-HM Cell Viability Upon Incubation with IL-1β. 

Analysis of hTERT-HM cell viability via MTS assays after 1h (A) and 3h (B) of incubation with 

IL-1β. No significant differences were found in the viability of cells incubated with any of the 

tested concentrations compared to the vehicle control. Data presented are from three independent 

experiments (n=3) and error bars represent the standard error of the mean.  
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3.2 Effects of IL-1β Induced Inflammation on NF-κB, Cox-2, IkB, HSPB1, and HSPB5 

Expression in hTERT-HM Cells 

In order to assess the impact of inflammation triggered by IL-1β on stress proteins and 

the NF-kB signaling pathway, the expression of pNF-κB, total NF-κB, Cox-2,  IkB,  pHSPB1, 

total HSPB1, pHSPB5, and total HSPB5 proteins were analyzed in hTERT-HM cells following 

incubation with 1 ng/ml of IL-1β. Immunoblot analysis was conducted in 5 independent 

experiments to examine protein expression levels (n=5). Analysis showed that pNF-κB levels in 

cells were significantly elevated after 0.5 h, 1 h, and 3 h of cytokine incubation compared to cells 

with vehicle (Fig. 3.5; *P<0.05), while total NF-κB expression was not altered significantly by 

cytokine exposure (Fig. 3.6). Cox-2, a protein that exhibits induced expression as a result of NF-

κB activation, was found to be significantly elevated 3 h after incubation with IL-1β compared to 

cells incubated with vehicle (Fig. 3.7; *P<0.05). The expression of IkB, the major regulator of 

NF-κB, was found to be significantly decreased after 1 h of cytokine incubation compared to the 

respective vehicle control cells (Fig. 3.8; *P<0.05). With respect to stress protein responses to 

cytokine incubation, pHSPB1 levels were significantly elevated after cytokine incubation for 0.5 

h compared to the respective vehicle control cells (Fig. 3.9; *P<0.05); however, total HSPB1 

expression was not significantly changed at any timepoint examined after incubation with IL-1β 

(Fig. 3.10). pHSPB5 levels were also significantly elevated after incubation with IL-1β for 0.5 h 

compared to the respective vehicle control cells (Fig. 3.11; *P<0.05), while total HSPB5 

expression was not significantly altered at any timepoint after incubation with cytokine (Fig. 

3.12).  
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Figure 3.5 Analysis of pNF-kB Detection in hTERT-HM Cells after Incubation with 1 ng/ml of 

IL-1β.  

Immunoblot analysis of serine-536 phosphorylated NF-κB (pNF-kB) protein levels in hTERT-

HM cells after exposure to a vehicle control (black bar) or IL-1β (red bar). Representative 

immunoblots of pNF-κB and GAPDH levels are shown. Results indicate that pNF-κB levels 

were significantly elevated 0.5 h, 1 h, and 3 h after incubation with 1 ng/ml of IL- 1β compared 

to respective vehicle controls (*). Data presented are from five independent experiments (n=5) 

and error bars represent the standard error of the mean. Values were considered significantly 

different when P<0.05. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.  
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Figure 3.6 Analysis of NF-kB Expression in hTERT-HM Cells after Incubation with 1 ng/ml of 

IL-1β. 

Immunoblot analysis of NF-kB protein expression in hTERT-HM cells after exposure to a 

vehicle control (black bar) or IL-1β (red bar). Representative immunoblots of total NF-kB and 

GAPDH levels are shown. Results indicate that total NF-kB expression was not significantly 

changed at any timepoint after incubation with 1 ng/ml of IL-1β compared to respective vehicle 

controls. Data presented are from five independent experiments (n=5) and error bars represent 

the standard error of the mean. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
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Figure 3.7 Analysis of Cox-2 Expression in hTERT-HM Cells after Incubation with 1 ng/ml of 

IL-1β. 

Immunoblot analysis of Cox-2 protein expression in hTERT-HM cells after exposure to a vehicle 

control (black bar) or IL-1β (red bar). Representative immunoblots of Cox-2 and GAPDH 

expression are shown. Cox-2 expression was significantly elevated 3 h after incubation with 1 

ng/ml of IL-1β compared to a respective vehicle control (*). Data presented are from five 

independent experiments (n=5) and error bars represent the standard error of the mean. Values 

were considered significantly different when P<0.05. GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase. Cox-2, cyclooxygenase-2.  
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Figure 3.8 Analysis of IkB Expression in hTERT-HM Cells after Incubation with 1 ng/ml of IL-

1β. 

Immunoblot analysis of IkB protein expression in hTERT-HM cells after exposure to a vehicle 

control (black bar) or IL-1β (red bar). Representative immunoblots of IkB and GAPDH levels 

are shown. IkB expression was significantly decreased after incubation for 1h with 1 ng/ml of 

IL-1β compared to a respective vehicle control (*). Data presented are from five independent 

experiments (n=5) and error bars represent the standard error of the mean. Values were 

considered significantly different when P<0.05. GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase. IkB, inhibitor of kappa B. 
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Figure 3.9 Analysis of pHSPB1 Detection in hTERT-HM Cells after Incubation with 1ng/ml of 

IL-1β. 

Immunoblot analysis of serine-82-phosphorylated (pHSPB1) protein levels in hTERT-HM cells 

after incubation with vehicle control (black bar) or IL-1β (red bar). Representative immunoblots 

of pHSPB1 and GAPDH levels are shown. Results indicated that pHSPB1 levels were 

significantly elevated after 0.5 h incubation with 1 ng/ml of IL-1β compared to a respective 

vehicle control (*). Data presented are from five independent experiments (n=5) and error bars 

represent the standard error of the mean. Values were considered significantly different when 

P<0.05. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.  
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Figure 3.10 Analysis of HSPB1 Expression in hTERT-HM Cells after Incubation with 1 ng/ml 

of IL-1β. 

Immunoblot analysis of HSPB1 protein expression in hTERT-HM cells after exposure to a 

vehicle control (black bar) or IL-1β (red bar). Representative immunoblots of total HSPB1 and 

GAPDH levels are shown. Results indicate that total HSPB1 expression was not significantly 

altered at any timepoint after incubation with 1 ng/ml of IL-1β compared to respective vehicle 

controls. Data presented are from five independent experiments (n=5) and error bars represent 

the standard error of the mean. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.  
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Figure 3.11 Analysis of pHSPB5 Detection in hTERT-HM Cells after Incubation with 1 ng/ml 

of IL-1β. 

Immunoblot analysis of serine-59-phosphorylated HSPB5 (pHSPB5) protein levels in hTERT-

HM cells after exposure to a vehicle control (black bar) or IL-1β (red bar). Representative 

immunoblots of pHSPB5 and GAPDH levels are shown. Results indicate that pHSPB5 levels 

were significantly elevated 0.5 h after incubation with 1 ng/ml of IL-1β compared to a respective 

vehicle control (*). Data presented are from five independent experiments (n=5) and error bars 

represent the standard error of the mean. Values were considered significantly different when 

P<0.05. GAPDH, glyceraldehyde-3- phosphate dehydrogenase.  

  



Georgi Bailey
76



 77 

Figure 3.12 Analysis of HSPB5 Expression in hTERT-HM Cells after Incubation with 1 ng/ml 

of IL-1β. 

Immunoblot analysis of HSPB5 protein expression in hTERT-HM cells after exposure to a 

vehicle control (black bar) or IL-1β (red bar). Representative immunoblots of total HSPB5 and 

GAPDH levels are shown. Results indicate that total HSPB5 expression was not significantly 

changed at any timepoint after incubation with 1 ng/ml of IL-1β compared to a vehicle control. 

Data presented are from five independent experiments (n=5) and error bars represent the 

standard error of the mean. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
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For every time course experiment conducted an MTS assay was performed in parallel on 

cells incubated with cytokine. Data collected from these assays showed that there were no 

significant effects on cell viability after incubating hTERT-HM cells with 1 ng/ml of IL-1β for 1 

h, 3 h or 6 h of culture (Fig. 3.13).  

In order to further confirm that 1 ng/ml of IL-1β stimulated hTERT-HM cells to produce 

a pro-inflammatory response, cell conditioned culture media was collected during experiments to 

determine the presence of cytokines using an ELISA. GM-CSF, IFN- γ, IL-6 and MCP-1 levels 

were significantly elevated in culture media after 6 h incubation of cells with IL-1β compared to 

the respective vehicle control incubated cells (Figs. 3.14, 3.15; *P<0.05). In contrast, IL-8 levels 

were found to be elevated in media after both 3 h and 6 h incubation of cells with cytokine 

compared to the respective vehicle controls (Fig. 3.15; *P<0.05).  

Overall, results demonstrated that pHSPB1 and pHSPB5 levels responded robustly and 

rapidly to 1 ng/ml of IL-1β and expression correlated with timing of decreased IkB expression 

and activation of NF-κB.  
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Figure 3.13 Analysis of hTERT-HM Cell Viability Following Incubation with 1 ng/ml of IL-1β. 
 
Analysis of hTERT-HM cell viability via MTS assays after 1 h (A), 3 h (B), and 6 h (C) 

incubation with 1 ng/ml of IL-1β. No significant differences were found in cell viability between 

cells incubated with a vehicle control (black bars) and with IL-1β (red bars). Data presented are 

from five independent experiments (n=5) and error bars represent the standard error of the mean.  
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Figure 3.14 Detection of GM-CSF and IFN- γ in Cell Supernatant Following Incubation of 

hTERT-HM Cells with 1 ng/ml of IL-1β. 

ELISA cytokine analysis of hTERT-HM cell conditioned media after 3 h and 6 h incubation with 

IL-1β is shown. Results indicate that levels of GM-CSF (A) and IFN-g (B) were significantly 

elevated in culture media after 6 h incubation with 1 ng/ml IL-1β (red bars) compared to 

respective vehicle controls (black bars) (*). Data presented are from five independent 

experiments (n=5) and error bars represent the standard error of the mean. Values were 

considered significantly different when P<0.05.  
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Figure 3.15 Detection of IL-6, IL-8, and MCP-1 in Cell Supernatant Following Incubation of 

hTERT-HM Cells with 1 ng/ml of IL-1β. 

ELISA cytokine analysis of hTERT-HM cell conditioned media after 3 h and 6 h incubation with 

IL-1β is shown. Results indicate that IL-6 (A), and MCP-1 (C) levels were significantly elevated 

in culture media 6 h after incubation with 1 ng/ml IL-1β (red bars) compared to vehicle controls 

(black bars) (*). IL-6 (B) levels were significantly elevated in media 3 h and 6 h after incubation 

with IL-1 β (*). Data presented are from five independent experiments (n=5) and error bars 

represent the standard error of the mean. Values were considered significantly different when 

P<0.05.  
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3.3 Assessment of Extracellular Vesicle Production by hTERT-HM Cells  

 

To assess whether hTERT-HM cells produced EVs and if vesicles and their cargo were 

altered under pro-inflammatory conditions, EVs were isolated and purified from hTERT-HM cell 

conditioned media following incubation with 1 ng/ml IL-1β or vehicle for 24 h. The presence of 

cytokines in cell-conditioned media verifying pro-inflammatory conditions in these cells after 24 

h of cytokine incubation was assessed with ELISA. GM-CSF, IL-6, IL-8 and MCP-1 were all 

markedly elevated in conditioned media from hTERT-HM cells incubated with IL-1β compared 

to vehicle control cells (Fig. 3.16; *P<0.05).  

To examine the EVs, SEM and TEM were utilized.  SEM and TEM verified the presence  

of EVs as round vesicles ranging in size from 20 nm to 200 nm in diameter (Figs. 3.17, 3.18). 

These vesicles were detected in hTERT-HM cell supernatant regardless of whether cells were 

exposed to IL-1β or vehicle.  

To assess the cargo of EVs produced by hTERT-HM cells, EV and total whole cell lysate 

preparations were electrophoretically separated by SDS-PAGE and electroblotted to 

nitrocellulose.  Total protein levels in the samples were confirmed by blot staining (Fig. 3.19).  

Immunoblot analysis subsequently confirmed the presence of EV markers apoptosis linked gene-

2 interacting protein X (ALIX), TSG101, and CD63 at their expected molecular weights (MW). 

CD63 was detected at ~63 kDa, ALIX was detected at ~ 95 kDa, and TSG101 was detected at ~ 

55 kDa in EVs collected from cells regardless of treatment (Fig. 3.20). Calnexin has a MW of 

~90 kDa and is a marker of endoplasmic reticulum and/or apoptotic bodies and frequent  
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Figure 3.16 Detection of GM-CSF, IL-6, IL-8 and MCP-1 in Cell Supernatant Following 

Incubation of hTERT-HM cells with 1 ng/ml of IL-1β. 

ELISA cytokine analysis of hTERT-HM cell conditioned media after 24 h incubation with IL-1β 

is shown. Results indicate that GM-CSF (A), IL-6 (B), IL-8 (C), and MCP-1 (D) levels were 

significantly elevated after 24 h incubation with 1 ng/ml IL-1β (red bars) compared to a vehicle 

control (black bars) (*). Data presented are from five independent experiments (n=5) and error 

bars represent the standard error of the mean. Values were considered significantly different 

when P<0.05. 
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Figure 3.17 Ultrastructural Identification of Extracellular Vesicles from hTERT-HM Cells using 

scanning electron microscopy.  

Representative images of extracellular vesicles (EVs) released from cells exposed to a vehicle 

control (A, B) or 1 ng/ml of IL-1β (C, D) are shown. Scale Bars: 500 nm.  
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Figure 3.18 Ultrastructural Identification of Extracellular Vesicles from hTERT-HM Cells using 

transmission electron microscopy.  

Representative images of extracellular vesicles (EVs) released from hTERT-HM cells exposed to 

a vehicle control (A, B) or 1 ng/ml of IL-1β (C, D) are shown. Scale Bars: top panels = 1.0µm; 

lower panels = 500nm. 
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Figure 3.19 Immunoblot Stained for Total Proteins in Extracellular Vesicle Preparations or 

Whole Cell Lysates from hTERT-HM Cells. 

Extracellular vesicles (EVs) were collected from cell conditioned media following incubation of 

cells with 1 ng/ml of IL-1β or vehicle for 24 h. EVs and whole cell lysates were prepared as 

described in Section 2.5. A representative immunoblot stained for total proteins is shown. The 

protein stained immunoblot demonstrated relatively greater enrichment of moderate to larger 

molecular weight proteins in EVs compared to hTERT-HM whole cell lysates. 
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contaminant of EV preparations. This protein was absent in EVs demonstrating EV collection 

specificity. All of the proteins examined were also detected in hTERT-HM total cell lysates as 

expected (Fig. 3.20). 

Once ultrastructural and biochemical characterization of EV markers was complete, a 

more specific determination of the cargo sorted into EVs and subsequently released from 

myometrial cells was conducted. The presence of HSPB1, HSPB5, HSP70, HSP90, and NF-κB 

was assessed via immunoblot analysis of EV lysates (Fig. 3.20). Results indicated HSP90, 

HSP70, HSPB1 as well as NF-κB were detected as EV cargo released from myometrial cells 

regardless of treatment with cytokine or vehicle. However, HSPB5 was undetectable within 

vesicles using immunoblot analysis. 

Overall, the data demonstrated that the human myometrial cell line, hTERT-HM, released 

EVs containing proteins regarded as EV markers. Furthermore, HSP90, HSP70, HSPB1 and NF-

κB were all found within these vesicles. 
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Figure 3.20 Assessment of Markers and Cargo of Extracellular Vesicles Released from hTERT-

HM Cells. 

EVs were collected from cell conditioned media following incubation of cells with 1 ng/ml of 

IL-1β or vehicle for 24 h. Representative immunoblots probed for EV marker proteins and 

additional cargo are shown. Immunoblot analysis revealed the detection of marker proteins 

ALIX, TSG101, and CD63 in EVs. Calnexin, a marker of endoplasmic reticulum and/or 

apoptotic bodies, was not present in the EVs validating EV collection specificity. Representative 

immunoblots are also shown demonstrating HSP90, HSP70, HSPB1, and NF-kB are detected as 

cargo in EVs regardless of incubation of cells with IL-1β or vehicle. All the proteins were 

detected in cell lysates as expected since they are normal cell components. ALIX, apoptosis-

linked gene-2 interacting protein X; TSG101, tumor susceptibility gene 101; CD63, Cluster of 

Differentiation 63.  
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4. Discussion 
 

During pregnancy, the myometrium, fetal membranes, and maternal immune system 

work in tandem to coordinate signals that ultimately lead to successful parturition. However, 

underlying mechanisms that synchronize key events throughout gestation remains largely 

uncharacterized.  The myometrium, or the smooth muscle layer of the uterus, undergoes a 

program of differentiation and adaptation at the molecular and cellular levels (Shynlova et al., 

2013). In parallel with this myometrial programming, the myometrium and fetal membranes also 

undergo an immune transformation, specifically marked by activation of the NF-kB signalling 

pathway (Knackstedt et al., 2003; Mor & Cardenas, 2010). The ultimate consequence of 

integrated myometrial programming and immune transformation is the generation of a tissue that 

produces precisely regulated contractions requisite to the delivery of a term fetus capable of 

survival outside the uterus. sHSPs, a family of 10 members (B1-B10), are involved in regulating 

stress responses (MacPhee & Miskiewicz, 2017). HSPB5 and HSPB1 are of interest because 

they are highly expressed in myometrial tissue; furthermore, they are known to regulate immune 

transformation and contractile activation in various tissues. However, the mechanism(s) of action 

of these proteins within the myometrium remains unclear. HSPs are increasingly being detected 

in EVs, and these structures are emerging as an important means of intercellular communication 

in reproductive tissues capable of transporting cargo from cell to cell. They could play a role in 

myometrial activation; however, whether or not EVs are produced by myometrial cells is 

unknown. 

 
4.1 IL-1b  as a Pro-Inflammatory Stimulator in Human Myometrial cells  
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Due to the lack of availability of human myometrial tissue to establish primary cultures 

in-house, the cell line used for experiments in this thesis was used to represent myometrial cells 

seen in normal, healthy, human myometrium to minimize confounding factors. Primary culture 

models of human myometrial cells have been developed and isolated; however, a significant 

limitation is the reduced proliferative potential of diploid cells (Hayflick & Moorhead, 

1961;Casey, 1984). To overcome the finite lifespan of primary culture cell models and limited 

availability of human myometrial tissue samples, experiments utilized an immortalized human 

myometrial cell line (hTERT-HM). The hTERT-HM cell line was developed from a primary 

culture of uterine myometrium samples obtained from healthy women during hysterectomies and 

retained essential characteristics of uterine smooth muscle cells, including expression of CNN1, 

smoothelin, and OTR (Condon et al. 2002). hTERT is a human telomerase reverse transcriptase 

that acts to stabilize the length of telomeres and allow cells to gain immortality in culture. Using 

hTERT further allowed the generation of cell cultures with minimal changes to normal cell 

physiology and allowed the lifespan of cell cultures to extend past senescence (Condon et al., 

2002).  The hTERT-HM line has also been used successfully for contraction assays on collagen 

lattices (DeVost & Zingg, 2007). 

When hTERT-HM cells were incubated with 1 ng/ml of IL-1b, a pro-inflammatory 

response was confirmed by an increased secretion of the cytokines GM-CSF, IFN-g, MCP-1, IL-

6, and IL-8 into cell media as demonstrated via ELISA. Furthermore, immunoblot analysis 

demonstrated the increased detection of the activated pro-inflammatory mediator pNF-kB and 

the downstream effector Cox-2, correlated with a decrease in expression of IkB with cytokine 

incubation. These results provide strong validation that cell incubation with 1 ng/ml of IL-1b 

produced an inflammatory response in the myometrial cell line. Other researchers have used 1 
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ng/ml of IL-1b to elicit an inflammatory response in myometrial cells. Mosher et al. (2012) 

utilized 1 ng/ml of IL-1b to induce IL-8 (CXCL8), monocyte chemoattractant protein-1 (CCL2), 

and GM-CSF (CSF2) production by primary human myometrial cells. Chevillard et al. (2007) 

used this concentration of cytokine to demonstrate that the pregnant human 31 myometrial cell 

line (PHM1-31) responded to IL-1b by regulating genes associated with contractions, including 

NF-kB gene expression. Furthermore, Saliba et al. (2018) used 1 ng/ml of IL-1b to provoke a 

pro-inflammatory response in PHM1-31 cells in order to examine the regulation of CXCL1 and 

colony-stimulating factor 3 (CSF3) cytokine levels through the MAF bZIP transcription factor F.  

To further justify why IL-1b was chosen to produce a pro-inflammatory response in 

hTERT-HM cells, evidence has shown IL-1b mRNA expression increases at labour within the 

cervix, myometrium, and amnion and that IL-1b helps stimulate contractions of the uterine 

smooth muscle through increasing basal and stored calcium entrance into myocytes (Romero et 

al., 1993; Osman et al., 2003; Tribe et al., 2003). Furthermore, IL-1b promotes Cox-2 synthesis 

within these tissues; therefore, enhancing prostaglandin production (Romero et al., 1993; Rauk 

and Chiao, 2000). Using a human myometrial cell line (HMC), researchers have also 

demonstrated that IL-1b is a crucial cytokine to promote labour (Liu et al., 2015). The increased 

presence of IL-1b in the myometrium also resulted in the up-regulation of CAPs in the tissue, 

including Cox-2 and Cx43, the cytokines IL-6 and IL-8, as well as increased leukocyte 

recruitment (Li et al., 2016). 

 
4.2 NF-kB Activation in hTERT-HM Myometrial Cells 
 

In this thesis, the significant increase in detection of the active or phosphorylated form of 

NF-kB in hTERT-HM cells following incubation with IL-1b, suggests this transcription factor 
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has a role in promoting inflammatory activation in these cells. However, in contrast to the 

findings that pNF-kB expression in hTERT-HM cells was elevated following 0.5, 1, and 3 h of 

cell incubation with 1 ng/ml of IL-1b, the levels of the total form of NF-kB did not change 

significantly over this time course. This demonstrated that the response in hTERT-HM cells 

observed involved primarily post-translational modifications. Phosphorylation of NF-kB 

subunits is a key event that serves to aid in the stability, transcriptional ability as well 

degradation of NF-kB and may act to specifically regulate genes to control the transcriptional 

activity of NF-kB (Christian et al., 2016). This occurs by the recruitment of transcription factors 

and regulatory proteins to target repressor and enhancer regions of DNA that regulate the 

expression of genes (Perkins, 2006). Common kinases to phosphorylate NF-kB include the 

family of MAPKs and protein kinase A, with MAPKs in particular reported in the human and rat 

myometrium during late pregnancy and labour where they could regulate NF-kB activation 

(Oldenhof et al., 2002; Chapman et al., 2004; Alexander et al., 2012). For example, Otun et al. 

(2005) demonstrated that in spontaneously labouring human myometrial samples, expression of 

p38 and extracellular signal regulated kinase 1 was significantly elevated in the upper uterine 

segment. Furthermore, it has been demonstrated that when the p65 subunit of NF-kB (RelA) was 

immunoprecipitated from human pregnant myometrial samples, it associated with PKA, which 

phosphorylates RelA at Ser-276 (Zhong et al., 1998; Chapman et al., 2004). IKKb also has the 

ability to phosphorylate NF-kB and most commonly does so on the p105, p100, and p65 subunits 

(Heissmeyer et al., 1999; Sakurai et al., 1999; Xiao et al., 2004). The antibody used in this thesis 

to assess pNF-kB was specific for Ser-536 of the p65 subunit of NF-kB. IKKb plays two key 

roles in regulating the process of NF-kB activation. First it phosphorylates IkBa, a protein that 

when unphosphorylated interacts with and holds the p65 subunit of the NF-kB complex in the 
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cytoplasm of cells (Sakurai et al., 1999). IKKb then goes on to phosphorylate Ser-536 on p65 

activating NF-kB transcription factor activity (Sakurai et al., 1999; Haller et al., 2002; Mattioli et 

al., 2004). Future studies using hTERT-HM cells induced with IL-1b should examine the 

detection of activated (phosphorylated) IKKb, as well as other kinases such as p38 MAPK and 

PKA, with validated commercial antisera to further identify components of the IL-1b-induced 

NF-kB pathway in myometrial cells. 

The decrease in expression of IkB observed in this thesis showed additional evidence that 

NF-kB was activated in hTERT-HM cells during cytokine incubation. More specifically, IkB 

expression was significantly decreased in hTERT-HM cells after 1 h of incubation with cytokine, 

suggesting its ubiquitination and subsequent degradation by the IKK complex and proteasome 

(Karin, 1999). NF-kB is normally held within the cell cytoplasm through contact with IkB 

(Baeuerle & Baltimore, 1988). Activation of the IKK complex results in the phosphorylation of 

IkB, which allows for its recognition by b-transduction repeat containing protein found within an 

E3 ligase complex, and this recognition leads to the ubiquitination and degradation through the 

26S proteasome (Hoffman et al., 2006; Christian et al., 2016). NF-kB is subsequently released to 

move into the nucleus to bind specific kB sites on the DNA for transcription (Hoffman et al., 

2006; Christian et al., 2016).  

The inflammatory changes that occur throughout gestation are regulated through intricate 

interactions between the maternal and fetal-placental unit (Mor & Cardenas, 2010). This entire 

inflammatory event that takes place at the onset of, and through the course of labour, would not 

be possible without the activation of the transcription factor NF-kB and downstream 

inflammatory effector proteins such as Cox-2 (Slater et al., 1999). Further verification that 

immune modulation occurred in hTERT-HM myometrial cells during a pro-inflammatory event 
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was demonstrated by an increase in expression of Cox-2. This protein was significantly elevated 

after three hours of incubation with 1 ng/ml of IL-1b. IL-b was previously reported to stimulate a 

pro-inflammatory response in human myometrial smooth muscle cells, with rapidly increased 

expression of Cox-2 mRNA and protein levels after 1 h of incubation and subsequent sustained 

expression 24 h after exposure (Bartlett et al., 1999). The delayed elevation in Cox-2 expression 

relative to pNF-kB levels observed in my experiments would be expected as activation of NF-kB 

would then lead to increased Cox-2 mRNA expression followed by translation. Belt et al. (1999) 

also reported that incubation of a different myometrial cell line with 10 ng/ml of IL-1b led to 

rapid reduction of IkB within 30 minutes, translocation of NF-kB to nuclei at 30 minutes, and 

increased Cox-2 expression by 4 hours post incubation. Thus, my results confirm the validity of 

the pro-inflammatory model in hTERT-HM cells used for experiments.  This evidence also 

aligns with the model of immune activation within the myometrium, where the activation of the 

NF-kB signalling pathway modulates other proteins essential for the inflammatory process such 

as Cox-2.  

What remains in question is whether other regulatory proteins are involved with the 

activation of the NF-kB transcription factor pathway. It is well known that during a time of 

cellular stress resulting in inflammation both NF-kB and sHSPs are present and active (Manning 

& Anderson, 1994; van Noort et al., 2012). Furthermore, sHSPs are thought to be involved with 

the activation of the myometrium (MacPhee and Miskiewicz, 2017). Thus, the questions remain 

as to if and how these proteins could act together to promote inflammation and subsequent 

parturition (Choi et al., 2007; MacIntyre et al., 2008).   
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4.3 sHSPs and inflammation  

When hTERT-HM cells were incubated with 1 ng/ml of IL-1b, the levels of pHSPB1 and 

pHSPB5 detected were significantly elevated after 0.5 h of stimulation and then returned to basal 

levels. In contrast, the total level of these proteins did not show any significant differences 

suggesting rapid post-translational modifications of HSPB1 and HSPB5 took place after the 

inflammatory stimulus. Furthermore, the rapid response demonstrated their possible involvement 

in regulating an inflammatory environment within the myometrium. Both HSPB1 and HSPB5 

exert chaperone activity through ATP-independent mechanisms, and phosphorylation of serine 

or threonine residues on these proteins can regulate their structure and properties (Pigaga & 

Quinlan, 2006; Laskowska et al., 2010.) Specifically, Ser-82 on HSPB1 and Ser-59 on HSPB5 

are phosphorylated by MAPKAPK2,3 following phosphorylation by upstream p38 MAPK 

(Stokoe et al., 1992; Rouse et al., 1994). Specifically, phosphorylation of HSPB1 at Ser-82 is 

important for allowing separation of multimers into monomers and dimers, and this 

phosphorylation is well known to aid chaperone function and regulate the dynamics of actin 

filaments, while phosphorylation at Ser-59 of HSPB5 can function to control the interaction 

between HSPB5 and actin (Lambert et al., 1999; Dorion & Landry 2002; Singh et al., 2007; 

Clarke & Mearow, 2013; Nicoletti et al., 2016). Therefore, increased detection of the 

phosphorylated forms of both HSPB1 and HSPB5 suggests that they were rapidly activated after 

incubation with IL-1b and may function to modulate the events required for NF-kB activation in 

hTERT-HM cells.   

Of note, HSPB1 and HSPB5, show significantly increased expression in rat myometrium 

during the contractile and labour phases of programming (White et al., 2005; White & MacPhee 



 105 

et al., 2011; Nicoletti et al., 2016). pSer15-HSPB1 and pSer82-HSPB1 have also been detected 

in human myometrium at labour, and evidence suggests HSPB1 may help in contractile 

activation of myocytes by associating with the actin cytoskeleton (White et al., 2005; MacIntyre 

et al., 2008). Total HSPB5 protein expression has also been detected in the cytoplasm of 

myometrial cells in humans, while in rats both total HSPB5 and pSer59-HSPB5 have been 

detected in myocytes with increased levels during contractile and labour phases (MacIntyre et 

al., 2008; Nicoletti et al., 2016).  

HSPB5 has been shown to influence the activation of the NF-kB transcription factor 

signalling pathway in C2C12 myoblasts (Adhikari et al., 2011). C2C12 myoblasts stably 

overexpressing HSPB5 had increased IkB phosphorylation and degradation, compared to 

untransfected control cells, and the levels were comparable to untransfected cells stimulated with 

TNF-a. In contrast, the expression of a mutant HSPB5 with reduced chaperone activity (R12G-

HSPB5) in C2C12 cells reduced IkB phosphorylation below levels found in control cells 

(Adhikari et al., 2011).  Furthermore, immunoprecipitation studies demonstrated that IKK 

interacted with HSPB5 in HSPB5-overexpressing cells and that the interaction was further 

increased with treatment of cells with TNF-a (Adhikari et al., 2011). Lastly, the activity of IKK 

was enhanced in cells overexpressing HSPB5, which displayed enhanced HSPB5 

phosphorylation on Ser-59 (Adhikari et al., 2011).  Using mice deficient in HSPB5, Dieterich et 

al. (2013) demonstrated that when cultured endothelial cells from these mice were stimulated 

with the pro-inflammatory mediator TNF-a, the expression of IkB was elevated, leading to 

inhibition of the action of NF-kB. Thus, the importance of HSPB5 in activating the NF-kB 

driven inflammatory pathways within cells appears evident.  



 106 

HSPB1 is known to enhance the activity of NF-kB by promoting phosphorylated IkB 

degradation directly through the 26S proteasome in the human leukemic cell line U937.  

Parcellier et al. (2003) used flow cytometry of nuclei that had been isolated from U937 cells to 

demonstrate that when exposed to IL-1b (1 ng/ml) or TNF-a, nuclear translocation of NF-kB 

occurred 4 hours post-treatment and this effect was amplified in U937 cells that had been 

transfected to overexpress HSPB1. To confirm this finding, the researchers also used 

electrophoretic mobility shift assays and found that the exposure of U937 cells to TNF-a 

increased the affinity of NF-kB to bind to DNA, an effect which was further amplified in cells 

overexpressing HSPB1 (Parcellier et al., 2003). To assess the interaction between HSPB1 and 

the proteasome, whole cells lysates from U937 HSPB1 transfected cells underwent 

coimmunoprecipitation studies and demonstrated that PA700, an activator complex of the 

proteasome essential for the degradation of ubiquitinated proteins, coimmunoprecipitated with 

HSPB1 and that this interaction was stronger in HSPB1 overexpressing cells compared to control 

cells (Parcellier et al., 2003). They further used flow cytometry to examine the rate of IkBa 

degradation in response to etoposide exposure in control and HSPB1 transfected U937 cells and 

found that in transfected cells at least 60% of IkBa was lost 1 h post treatment, whereas the 

levels of IkBa remained unchanged in control cells (Parcellier et al., 2003). Lastly, they 

examined whether an interaction existed between HSPB1, pIkBa, and the 26S proteasome using 

lysates of HSPB1 overexpressing U937 cells after treatment with etoposide (Parcellier et al., 

2003). Coimmunoprecipitation studies revealed an interaction between HSPB1, pIkBa, and the 

26S proteasome, suggesting that the formation of a ternary complex between these proteins 

resulted after a stressful stimulus (Parcellier et al., 2003). These experiments all suggest that 

when HSPB1 is expressed following a stimulus, HSPB1 will aid in proteolysis of phosphorylated 
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IkBa through the proteasome allowing for release and nuclear translocation of NF-kB (Parcellier 

et al., 2003).   

The events described demonstrate possible intracellular mechanisms requiring HSPB1 

and HSPB5 to control NF-kB activation and immune activation within the myometrium just 

prior to and at labour. However, there is also evidence that sHSPs may be able to act 

extracellularly through release from EVs secreted from myometrial cells to activate the NF-kB 

signalling pathway to further promote a feedforward signalling pathway.     

 
4.4 EVs are released by myometrial cells and contain HSPs as cargo  

In this thesis, it was hypothesized that myometrium-derived cells would secrete EVs that 

might aid in intercellular communication. Using a commercially available membrane-based 

affinity column binding procedure to isolate EVs from conditioned media of hTERT-HM cells, 

SEM and TEM confirmed the novel release of EVs from this immortalized cell line regardless of 

whether or not cells were incubated with 1 ng/ml of IL-1b or vehicle. Electron microscopy 

techniques to visualize EVs are considered the 'gold standard' as they are well established and 

allow direct verification of EV appearance and size (Gyorgy et al., 2011; Witwer et al., 2013). 

From hTERT-HM cell conditioned media, vesicles had a rounded appearance under SEM while 

under TEM rounded membrane-bound vesicles with electron-dense centers that resembled cup-

shaped structures were observed. Similar TEM observations have been reported by Rikkert et al. 

(2019) when examining the quality of electron microscope images of EVs present in urine. In 

terms of physical dimensions, the pool of EVs secreted from myometrial cells were composed of 

heterogeneous sizes, from 20-200 nm, suggesting they could be classified as exosomes and/or 

MVs based on these observed proportions. Exosomes are reported to be 20-150 nm in diameter 

and are formed through the inward budding of early endosomal structures within the donor cell 
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generating a multivesicular body, which then fuses with the plasma membrane to release vesicles 

(Harding et al., 1983; Pan & Johnstone, 1983; Heijnen et al., 1999). In contrast, MVs are about 

50-1000 nm in size and are formed through direct budding from the plasma membrane (Harding 

et al., 1983; Pan & Johnstone, 1983; Heijnen et al., 1999). Thus, based on size characterization, 

the EVs released from myometrial cells could include a mixture of these two vesicle types.  

Using immunoblot analysis of isolated EVs from hTERT-HM cell-conditioned media, 

various markers of these vesicles were identified, confirming their secretion from myometrial 

cells. EVs are hypothesized to be essential to aid in the communication between cells during 

pregnancy and are found in various reproductive fluids including amniotic fluid, uterine fluid and 

mucus, and follicular fluid (Asea et al., 2008; da Silveira et al., 2012; Ng et al., 2013; Diez-

Fraile, 2014). It is also known that EVs are released from endometrial epithelial cells, cells of the 

placenta, and from the fetus (Atay et al., 2011; Kshirsagar et al., 2012; Ng et al., 2013; Burns et 

al., 2016). This present study is now the first to demonstrate the secretion of EVs from 

immortalized human myometrial cells. 

In the EVs isolated from hTERT-HM cells, regardless of cytokine or vehicle incubation, 

the presence of CD63, TSG101, ALIX, HSP70, and HSP90 as EV cargo was demonstrated. 

Common markers have been described to identify and distinguish EVs and include the family of 

tetraspanin proteins embedded in the EV membranes such as CD9, CD63, CD81, and CD82 

(Kobayashi et al., 2000; Théry et al., 2002). These tetraspanin proteins function to regulate 

microdomains within the EV membranes known as tetraspanin-enriched microdomains (Hemler, 

2005). They do so by interacting with transmembrane and cytosolic proteins as well as through 

the formation of clusters (Yáñez-Mó et al., 2009). TSG101 and ALIX are endosome-associated 

proteins involved in the endocytic pathway and function to transport membrane proteins 



 109 

(Katzmann et al., 2001). Thus, TSG101 and ALIX are thought to be involved in the biogenesis of 

EVs through the endocytic pathway, which could also exist in myometrial cells (Mathieu et al., 

2019). HSP70 and HSP90 are two other distinguished EV markers that were first found in EVs 

secreted from reticulocytes and human peripheral blood mononuclear cells (Harding et al., 1983; 

Lancaster & Febbaraio, 2005). Interestingly, extracellular HSP70 (eHSP70) has been reported to 

provoke inflammation marked by detection of IL-1a, IL-6, IL-8, and TNF-a and stimulating 

TLR2 and TLR4 on the plasma membrane of THP-1 cells (Hulina et al., 2018). Therefore, 

eHSP70 may also help induce the pro-inflammatory events in the myometrium at labour. 

Calnexin, a marker of EV contamination, was not found in the EV preparations but was found in 

whole-cell lysates, which was expected. Calnexin is a component of endoplasmic reticulum 

membranes and is commonly used to confirm the absence of cellular fragments and successful 

purification of EVs, therefore confirming the efficacy of EV isolation in the experiments of this 

thesis (Li et al., 2015; Buschmann et al., 2018).  

When EVs secreted by myometrial cells were isolated and then analyzed via immunoblot 

analysis for the presence of sHSPs and inflammatory proteins, only HSPB1 and NF-kB were 

detected, while HSPB5 was not detectable. The absence of specific signal sequences in sHSPs 

indicates that an alternate pathway of secretion, such as EVs, must exist so these proteins can 

leave an intact cell and exert extracellular functions (van Noort et al., 2012). It has already been 

demonstrated that some sHSPs members are secreted via EVs (Lancaster & Febbraio, 2005; 

Clayton et al., 2005). Through TEM, immunogold labelling, immunoblotting, ELISA and 

fluorescence-activated cell-sorting, HSPB1 has been demonstrated to localize to EVs secreted 

from THP-1 cells (Shi et al., 2019). Furthermore, EVs from retinal pigment epithelial cells have 

been shown to contain HSPB5 (Sreekumar et al., 2010). The lack of detection of HSPB5 from 
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hTERT HM cells was unexpected as pHSPB5 was shown to co-localize in perinuclear areas of 

hTERT-HM cells with CD63 suggesting the possibility of HSPB5 to be sorted as cargo to EVs 

via the endosomal pathway (Nicoletti et al., 2016). The lack of detection of HSPB5 in EVs 

suggests the function of this sHSP lies intracellularly where it could be involved in regulating 

activation of NF-kB. Various reports highlight the ability of EVs to stimulate the NF-kB 

signalling pathway in target cells. For example, Tang et al. (2016) demonstrated how EVs 

secreted from monocytes activated NF-kB in endothelial cells. However, to our knowledge, there 

has been no reports of NF-kB protein as cargo within EVs, and the Exocarta and Vesiclepedia 

databases do not contain references of NF-kB detection in EVs at this time 

(http://www.exocarta.org; http://microvesicles.org). Thus, our findings support a novel 

mechanism of intercellular inflammatory signalling where NF-kB could be delivered to nearby 

cells to promote inflammation, perhaps through a feedforward mechanism.  

The role of EVs in promoting inflammation is not without precedence. Trophoblast cells 

are thought to be primary sources of EVs to control the immune system environment during 

pregnancy (Redman & Sargent, 2008). For example, Kshirsagar et al. (2012) found 

immunomodulatory proteins, including human leukocyte antigen-G molecules 5, in exosomes 

secreted from the placenta at early and at term gestation. There are now multiple reports 

demonstrating a more general immunomodulatory function of EVs. Anand et al. (2010) showed 

how EVs secreted from mycobacteria infected cells activated the NF-kB transcription factor 

triggering inflammation, with HSP70 being a key molecule found in these EVs (Anand et al., 

2010). EVs containing HSP70 were further implicated in immune modulation by triggering 

macrophage activation (Vega et al., 2008). Furthermore, HSPB1 containing EVs secreted from 

THP-1 cells have been shown to activate the NF-kB signalling pathway via TLR4, suggesting a 
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role in the inflammatory process (Shi et al., 2019). This evidence that EVs play a role in immune 

system processes combined with the finding that NF-kB was detected as cargo in EVs released 

from myocytes in this study suggests that myometrial EVs may be important to modulate the 

immune system at labour. 

A limitation of this EV study was that the techniques used could not accurately determine 

if there was a significant difference in the amount or size range of EVs released from myometrial 

cells after cytokine incubation versus vehicle control. Nanoparticle tracking, a technique for 

rapidly and accurately determining the size and amount of EVs, was not available for the 

experiments, thereby preventing a more detailed analysis of the EVs produced by myometrial 

cells following incubation with cytokine or the vehicle control. Nanoparticle tracking works by 

using the Stokes-Einstein equation based on Brownian motion to calculate the average velocity 

of particles after a laser beam is shined through the sample, scattering the particles, and recorded 

with a CCD camera (Kestens et al., 2017). This technique should be used in future studies to 

accurately determine the concentration and size of EVs produced by hTERT HM cells in the 

presence of cytokine or vehicle.  Nevertheless, other factors may have contributed to the 

insignificant differences in cargo detection between groups. For example, the concentration used 

for cytokine incubation, 1 ng/ml of IL-1b, may have been too low to induce a marked difference 

in protein sequestration within EVs. Furthermore, the cytokine incubation period of 24 hours 

may have been too acute or chronic, and thus a time course of cytokine incubation should be 

considered for further EV isolation and characterization experiments. 

Overall, SEM and TEM imaging combined with immunoblot analysis for EV markers 

demonstrated the novel release of EVs from immortalized human myometrial cells. These 
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findings add to a growing literature demonstrating that EVs could aid in the reproductive process 

and are secreted from various reproductive tissues and cells (Tannetta et al., 2014). Furthermore, 

the presence of HSP70, HSPB1 and NF-kB as cargo in EVs released from myocytes suggests 

that they could play a part in the inflammatory activation process that occurs at labour.  

4.5 An HSP-NF-kB Pathway for Myometrial Activation?  
 

The progression of labour is known to be dominated by a feedforward endocrinological 

and pro-inflammatory loop to generate larger and larger contractions as labour advances to allow 

successful delivery of the fetus and membranes (Challis et al., 1991; Sykes et al., 2011). The 

increased detection of pNF-kB, pHSPB1, and pHSPB5 in hTERT-HM cells in response to 

cytokine incubation, coupled with known elevated expression of these three proteins in the 

myometrium during late pregnancy and labour suggests a novel signalling network in the tissue 

that could lead to myometrial and immune activation (White et al., 2005; Nicoletti et al., 2016; 

Khanjani et al., 2011).   

Key information is important for developing a model of an HSP-NF-kB signalling 

pathway during late pregnancy and labour. While the fetus grows during gestation, there is an 

increased degree of stretch on the myometrial tissue. This stretch leads to increases in 

myometrial Cox-2, CXCL8, CCL2, and production of other chemokines, all promoting 

inflammation within the myometrium. (Loudon, et al., 2004; Sooranna et al., 2004; Shynlova et 

al., 2007; Hua et al., 2012). Moreover, the principal mediator of stretch-induced pro-

inflammation is NF-kB, demonstrated by an increase in phospho-p65 after an application of 16% 

stretch in myometrial cells, which could be halted by an inhibitor of IKK (Hua et al., 2012).  The 

stretching of myocytes is responsible, at least in part, for inflammatory activation, but stretch 
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also upregulates HSPB1 and HSPB5 within the myometrium (White & MacPhee, 201l; Nicoletti 

et al., 2016). For example, using a non-pregnant ovariectomized rat model, immunoblot analysis 

revealed that HSPB1 expression and phosphorylation on Serine-15 increased when stretched 

using laminaria tents compared to empty contralateral uterine horns (White & MacPhee 2011). 

Furthermore, both total and phosphorylated HSPB5 levels were induced in gravid horns of 

unilaterally pregnant rats at d19 and at labour (Nicoletti et al., 2016). Stretching of myocytes also 

activates the MAPK and ERK signalling pathways, two pathways that are known to 

phosphorylate sHSPs (Oldenhof et al., 2002; Gaestel, 2002). Therefore, HSPB1 and HSPB5 may 

be activated by these kinases to subsequently regulate the NF-kB pathway and cytokine 

production.  

Reports have demonstrated how HSPB1 and HSPB5 may interact with NF-kB to promote 

their antiapoptotic and pro-inflammatory roles. For example, Parcellier et al. (2003) indicated 

that HSPB1 binds to the 26S proteasome and polyubiquitin chains to facilitate the degradation of 

IkBa. HSPB1 has been detected in the cytoplasm of rat myometrial cells at labour where it could 

perform such a function (White et al., 2005). Moreover, extracellular HSPB1 has been reported 

to upregulate NF-kB expression in THP-1 human monocyte cells, thereby increasing the 

expression of genes coding for IL-1b, TNF-a, IL-10 (Salari et al., 2013). In contrast, HSPB5 

appears to regulate NF-kB in a different manner. For example, pSer59-HSPB5 has been 

demonstrated to interact with IKKb in myoblasts (Adhikari et al., 2011). The interaction between 

pSer59-HSPB5 and IKKb stimulated the ability of IKKb to act as a kinase and phosphorylate 

IkB (Adhikari et al., 2011).  
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Overall, a proposed model (Fig. 4.1) of integrated myometrial programming and immune 

activation involves the fetus growing in utero, increasing the amounts of uterine stretch exerted 

on myometrial cells, resulting in a state of cellular stress. The stretch felt by myocytes may 

trigger an increased synthesis and activation of HSPB1 and HSPB5 within the myometrium and 

also the production of inflammatory cytokines. Key stretch-induced kinases could phosphorylate 

sHSPs such as MAPKAPK2 on Ser82 of HSPB1 and Ser59 of HSPB5 (Oldenhof et al., 2002; 

Sooranna et al., 2007). This response could occur in parallel to endocrinological changes within 

the uterus. Mechanical stretch and the functional withdrawal of progesterone would increase 

cytokines, chemokines, and pro-inflammatory factors in the myometrium which include IL-6, 

CXCL8, CXCL1, G-CSF, and NF-kB (Hua et al., 2012; Lee et al., 2015; Rajagopal et al., 2015). 

When a pro-inflammatory stimulus such as IL-1b becomes bound to its cell surface receptor on 

myometrial cells, it would initiate the NF-kB transcription factor signalling pathway. Increased 

production of pHSPB5 would aid interaction with and activation of IKKb, enhancing its kinase 

activity and ability to phosphorylate IkB. Meanwhile, increased levels of pHSPB1 could increase 

its binding affinity for ubiquitin, the 26S proteasome, and phosphorylated IkB leading to IkB 

proteasomal degradation. This would aid release and subsequent translocation of NF-kB dimers 

to the cell nucleus. Once NF-kB dimers become translocated into the nucleus, they could bind to 

DNA promoters to enhance transcription of genes associated with inflammation and promote a 

feedforward inflammatory loop. The proteins transcribed and subsequently translated could 

include Cox-2 to promote prostaglandin synthesis, acting to enhance contractions as labour 

progresses.   
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Figure 4.1 A model of the relationship between HSPB1, HSPB5, and NF-κB activation in 

myometrial cells during late pregnancy and labour.  

A stress stimulus such as uterine distension could induce expression of key genes and activate 

intracellular signaling pathways including the p38 MAPK pathway, leading to phosphorylation 

of rapidly produced HSPB5 and HSPB1. Uterine distension and functional progesterone 

withdrawal could also lead to increased production of cytokines such as IL-1b which could bind 

to cell surface receptors (e.g. IL-1b-R) and initiate signaling. Phosphorylated HSPB5 could 

associate with IKKa/b to assist in the phosphorylation of the IKK complex. The IKK kinase 

complex would then phosphorylate IkB leading to its ubiquitination. Phosphorylated HSPB1 

could associate with phosphorylated IkB and promote proteolysis of IkB through the proteasome 

allowing for release and nuclear translocation of NF-kB. 
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 An intercellular mechanism may also be occurring in parallel as myometrial cells release 

EVs containing HSPB1, HSP70 and NF-kB. Thus, these proteins may be able to act 

extracellularly with HSPB1 and HSP70 binding receptors such as TLR2 or TLR4 on myometrial 

cells to activate the NF-kB signalling pathway and further promote a feedforward inflammatory 

loop.   

 

4.6 Major Conclusions 
 
Research based on two objectives have produced two major sets of conclusions in this thesis. 

 

Objective 1: Examine the expression of HSPB5 and HSPB1 protein in the immortalized human 

myometrial cell line hTERT HM upon stimulation by IL-1b. 

Major Conclusions: pSer59-HSPB5 and pSer82-HSPB1 detection levels were rapidly increased 

in hTERT-HM cells upon stimulation with 1 ng/ml of IL-1b in association with decreased 

detection levels of IkB, increased levels of activated NF-kB, and subsequent increased Cox-2 

expression. The results suggest a sHSP-NF-kB signalling pathway could exist to regulate 

immune activation in myometrial cells.  

 

Objective 2: Examine the potential release of extracellular vesicles from myometrial cells and 

assess the release of HSPB family members in such vesicles, if present. 

Major Conclusions: EV production by the myometrium derived hTERT-HM cell line and 

detection of HSPB1, HSP70, and NF-kB as EV cargo was demonstrated for the first time. 

Results suggest the potential for myometrial cell intercellular communication during pregnancy. 

 



 118 

References  
 
Achache, H., & Revel, A. (2006). Endometrial receptivity markers, the journey to successful 
embryo implantation. Human Reproduction Update, 12(6), 731-746. 
 
Adhikari, A. S., Singh, B. N., Rao, K. S., & Rao, C. M. (2011). αB-crystallin, a small heat 
shock protein, modulates NF-κB activity in a phosphorylation-dependent manner and protects 
muscle myoblasts from TNF-α induced cytotoxicity. Biochimica et Biophysica Acta (BBA)-
Molecular Cell Research, 1813(8), 1532-1542. 
 
Aguilar, H. N., & Mitchell, B. F. (2010). Physiological pathways and molecular mechanisms 
regulating uterine contractility. Human Reproduction Update, 16(6), 725-744. 
 
Ahn, K. S., & Aggarwal, B. B. (2005). Transcription factor NF‐κB: a sensor for smoke and 
stress signals. Annals of the New York Academy of Sciences, 1056(1), 218-233. 

Alexander, H. A., Sooranna, S. R., Myatt, L., & Johnson, M. R. (2012). Myometrial tumor 
necrosis factor-α receptors increase with gestation and labor and modulate gene expression 
through mitogen-activated kinase and nuclear factor-κB. Reproductive Sciences, 19(1), 43-54. 

Alfaidy, N., Xiong, Z. G., Myatt, L., Lye, S. J., MacDonald, J. F., & Challis, J. R. (2001). 
Prostaglandin F2α potentiates cortisol production by stimulating 11β-hydroxysteroid 
dehydrogenase 1: A novel feedback loop that may contribute to human labor. The Journal of 
Clinical Endocrinology & Metabolism, 86(11), 5585-5592. 
 
Anand, P. K., Anand, E., Bleck, C. K., Anes, E., & Griffiths, G. (2010). Exosomal Hsp70 
induces a pro-inflammatory response to foreign particles including mycobacteria. PLoS 
One, 5(4), e10136. 
 
Andaloussi, S. E., Mäger, I., Breakefield, X. O., & Wood, M. J. (2013). Extracellular vesicles: 
biology and emerging therapeutic opportunities. Nature Reviews Drug Discovery, 12(5), 347-
357. 
 
Arrigo, A. P., Simon, S., Gibert, B., Kretz-Remy, C., Nivon, M., Czekalla, A., ... & Vicart, P. 
(2007). Hsp27 (HspB1) and αB-crystallin (HspB5) as therapeutic targets. FEBS 
Letters, 581(19), 3665-3674. 
 
Asea, A., Jean-Pierre, C., Kaur, P., Rao, P., Linhares, I. M., Skupski, D., & Witkin, S. S. 
(2008). Heat shock protein-containing exosomes in mid-trimester amniotic fluids. Journal of 
Reproductive Immunology, 79(1), 12-17. 
 
Atay, S., Gercel-Taylor, C., Kesimer, M., & Taylor, D. D. (2011). Morphologic and proteomic 
characterization of exosomes released by cultured extravillous trophoblast cells. Experimental 
Cell Research, 317(8), 1192-1202. 
 



 119 

Babst, M., Odorizzi, G., Estepa, E. J., & Emr, S. D. (2000). Mammalian tumor susceptibility 
gene 101 (TSG101) and the yeast homologue, Vps23p, both function in late endosomal 
trafficking. Traffic, 1(3), 248-258. 
 
Baeuerle, P. A., & Baltimore, D. (1988). I kappa B: a specific inhibitor of the NF-kappa B 
transcription factor. Science, 242(4878), 540-546. 
 
Baeuerle, P. A., & Baltimore, D. (1988a). Activation of DNA-binding activity in an apparently 
cytoplasmic precursor of the NF-κB transcription factor. Cell, 53(2), 211-217. 
 
Bani, D., Baccari, M. C., Nistri, S., Calamai, F., Bigazzi, M., & Sacchi, T. B. (1999). Relaxin 
up-regulates the nitric oxide biosynthetic pathway in the mouse uterus: involvement in the 
inhibition of myometrial contractility. Endocrinology, 140(10), 4434-4441. 
 
Bartlett, S. R., Sawdy, R., & Mann, G. E. (1999). Induction of cyclooxygenase‐2 expression in 
human myometrial smooth muscle cells by interleukin‐1β: involvement of p38 mitogen‐
activated protein kinase. The Journal of Physiology, 520(2), 399-406. 
 
Basha, E., Friedrich, K. L., & Vierling, E. (2006). The N-terminal arm of small heat shock 
proteins is important for both chaperone activity and substrate specificity. Journal of Biological 
Chemistry, 281(52), 39943-39952. 
 
Baumann, N., Bartmann, P., & Wolke, D. (2016). Health-related quality of life into adulthood 
after very preterm birth. Pediatrics, 137(4), e20153148. 
 
Beg, A. A., Finco, T. S., Nantermet, P. V., & Baldwin, A. S. (1993). Tumor necrosis factor and 
interleukin-1 lead to phosphorylation and loss of I kappa B alpha: a mechanism for NF-kappa B 
activation. Molecular & Cellular Biology, 13(6), 3301-3310. 
 
Belt, A. R., Baldassare, J. J., Molnár, M., Romero, R., & Hertelendy, F. (1999). The nuclear 
transcription factor NF-κB mediates interleukin-1β–induced expression of cyclooxygenase-2 in 
human myometrial cells. American Journal of Obstetrics and Gynecology, 181(2), 359-366. 
 
Benndorf, R., Hayess, K., Ryazantsev, S., Wieske, M., Behlke, J., & Lutsch, G. (1994). 
Phosphorylation and supramolecular organization of murine small heat shock protein HSP25 
abolish its actin polymerization-inhibiting activity. Journal of Biological Chemistry, 269(32), 
20780-20784. 
 
Bhat, N. R., & Sharma, K. K. (1999). Microglial activation by the small heat shock protein, α-
crystallin. Neuroreport, 10(13), 2869-2873. 
 
Blanchard, N., Lankar, D., Faure, F., Regnault, A., Dumont, C., Raposo, G., & Hivroz, C. 
(2002). TCR activation of human T cells induces the production of exosomes bearing the 
TCR/CD3/ζ complex. The Journal of Immunology, 168(7), 3235-3241. 
 



 120 

Blencowe, H., Cousens, S., Chou, D., Oestergaard, M., Say, L., Moller, A. B., ... & Lawn, J. 
(2013). Born too soon: the global epidemiology of 15 million preterm births. Reproductive 
Health, 10(1), S2. 
 
Blencowe, H., Cousens, S., Oestergaard, M. Z., Chou, D., Moller, A. B., Narwal, R., ... & 
Lawn, J. E. (2012). National, regional, and worldwide estimates of preterm birth rates in the 
year 2010 with time trends since 1990 for selected countries: a systematic analysis and 
implications. The Lancet, 379(9832), 2162-2172. 
 
Blennerhassett, M. G., & Garfield, R. E. (1991). Effect of gap junction number and 
permeability on intercellular coupling in rat myometrium. American Journal of Physiology-Cell 
Physiology, 261(6), C1001-C1009 
 
Bokström, H., Brännström, M., Alexandersson, M., & Norström, A. (1997). Leukocyte 
subpopulations in the human uterine cervical stroma at early and term pregnancy. Human 
Reproduction, 12(3), 586-590. 
 
Bonnar, J., McNicol, G. P., & Douglas, A. S. (1969). Fibrinolytic enzyme system and 
pregnancy. British Medical Journal, 3(5667), 387-389. 
 
Bonney, E. A. (2013). Demystifying animal models of adverse pregnancy outcomes: touching 
bench and bedside. American Journal of Reproductive Immunology, 69(6), 567-584. 
 
Brodt-Eppley, J., & Myatt, L. (1999). Prostaglandin receptors in lower segment myometrium 
during gestation and labor. Obstetrics & Gynecology, 93(1), 89-93. 
 
Brown, K., Park, S., Kanno, T., Franzoso, G., & Siebenlist, U. (1993). Mutual regulation of the 
transcriptional activator NF-kappa B and its inhibitor, I kappa B-alpha. Proceedings of the 
National Academy of Sciences USA, 90(6), 2532-2536. 
 
Burns, G. W., Brooks, K. E., & Spencer, T. E. (2016). Extracellular vesicles originate from the 
conceptus and uterus during early pregnancy in sheep. Biology of Reproduction, 94(3), 56. 
 
Buschmann, D., Kirchner, B., Hermann, S., Märte, M., Wurmser, C., Brandes, F., ... & 
Schelling, G. (2018). Evaluation of serum extracellular vesicle isolation methods for profiling 
miRNAs by next-generation sequencing. Journal of Extracellular Vesicles, 7(1), 1481321. 
 
Canadian Institute for Health Information. Hospital Births in Canada: A Focus on Women 
Living in Rural and Remote Areas. Ottawa, ON: CIHI, 2013. 
 
Canadian Institute for Health Information. Too Early, Too Small: A Profile of Small Babies 
Across Canada. 2009. www.cihi.ca. 
 
Canadian Institute of Health Information Snapshot. Inpatient hospitalizations, surgeries, 
newborns and childbirth indicators, 2016-2017, April 2018. 
https://secure.cihi.ca/free_products/hospch-hosp-2016-2017-snapshot_en.pdf  



 121 

Casey, M. L., MacDonald, P. C., Mitchell, M. D., & Snyder, J. M. (1984). Maintenance and 
characterization of human myometrial smooth muscle cells in monolayer culture. In 
Vitro, 20(5), 396-403. 
 
Challis, J. R., Lockwood, C. J., Myatt, L., Norman, J. E., Strauss III, J. F., & Petraglia, F. 
(2009). Inflammation and pregnancy. Reproductive Sciences, 16(2), 206-215. 
 
Challis, J. R., Riley, S. C., & Yang, K. (1991). Endocrinology of labour. Fetal & Maternal 
Medicine Review, 3(1), 47-66. 
 
Chapman, N. R., Europe-Finner, G. N., & Robson, S. C. (2004). Expression and 
deoxyribonucleic acid-binding activity of the nuclear factor κB family in the human 
myometrium during pregnancy and labor. The Journal of Clinical Endocrinology & 
Metabolism, 89(11), 5683-5693. 
 
Chevillard, G., Derjuga, A., Devost, D., Zingg, H. H., & Blank, V. (2007). Identification of 
interleukin-1β regulated genes in uterine smooth muscle cells. Reproduction, 134(6), 811-822. 
 
Choi, S. J., young Oh, S., Kim, J. H., & Roh, C. R. (2007). Changes of nuclear factor kappa B 
(NF-κB), cyclooxygenase-2 (COX-2) and matrix metalloproteinase-9 (MMP-9) in human 
myometrium before and during term labor. European Journal of Obstetrics & Gynecology and 
Reproductive Biology, 132(2), 182-188. 
 
Chow, E. H., & Marshall, J. M. (1981). Effects of catecholamines on circular and longitudinal 
uterine muscle of the rat. European Journal of Pharmacology, 76(2-3), 157-165. 
 
Christian, F., Smith, E. L., & Carmody, R. J. (2016). The regulation of NF-κB subunits by 
phosphorylation. Cells, 5(1), 12. 
 
Christians, E. S., Ishiwata, T., & Benjamin, I. J. (2012). Small heat shock proteins in redox 
metabolism: implications for cardiovascular diseases. The International Journal of 
Biochemistry & Cell Biology, 44(10), 1632-1645. 
  
Clarke, J. P., & Mearow, K. M. (2013). Cell stress promotes the association of phosphorylated 
HspB1 with F-actin. PLoS One, 8(7), e68978. 
 
Clayton, A., Turkes, A., Navabi, H., Mason, M. D., & Tabi, Z. (2005). Induction of heat shock 
proteins in B-cell exosomes. Journal of Cell Science, 118(16), 3631-3638. 
 
Condon, J. C., Hardy, D. B., Kovaric, K., & Mendelson, C. R. (2006). Up-regulation of the 
progesterone receptor (PR)-C isoform in laboring myometrium by activation of nuclear factor-
κB may contribute to the onset of labor through inhibition of PR function. Molecular 
Endocrinology, 20(4), 764-775. 
 



 122 

Condon, J., Yin, S., Mayhew, B., Word, R. A., Wright, W. E., Shay, J. W., & Rainey, W. E. 
(2002). Telomerase immortalization of human myometrial cells. Biology of 
Reproduction, 67(2), 506–514.  
 
Coope, H. J., Atkinson, P. G. P., Huhse, B., Belich, M., Janzen, J., Holman, M. J., ... & Ley, S. 
C. (2002). CD40 regulates the processing of NF‐κB2 p100 to p52. EMBO Journal, 21(20), 
5375-5385. 
 
Crane, J., Armson, A., Brunner, M., De, S. L. R., Farine, D., Keenan-Lindsay, L., ... & Van 
Aerde, J. (2003). Antenatal corticosteroid therapy for fetal maturation. Journal of Obstetrics & 
Gynaecology Canada, 25(1), 45-52. 
 
da Silveira, J. C., Veeramachaneni, D. N., Winger, Q. A., Carnevale, E. M., & Bouma, G. J. 
(2012). Cell-secreted vesicles in equine ovarian follicular fluid contain miRNAs and proteins: a 
possible new form of cell communication within the ovarian follicle. Biology of 
Reproduction, 86(3), 71.  
 
De, A. K., Kodys, K. M., Yeh, B. S., & Miller-Graziano, C. (2000). Exaggerated human 
monocyte IL-10 concomitant to minimal TNF-alpha induction by heat-shock protein 27 
(Hsp27) suggests Hsp27 is primarily an anti-inflammatory stimulus. Journal of 
Immunology, 165(7), 3951–3958.  
 
De Maio, A. (2011). Extracellular heat shock proteins, cellular export vesicles, and the Stress 
Observation System: a form of communication during injury, infection, and cell damage. Cell 
Stress & Chaperones, 16(3), 235-249. 
 
de Thonel, A., Le Mouël, A., & Mezger, V. (2012). Transcriptional regulation of small HSP—
HSF1 and beyond. The International Journal of Biochemistry & Cell Biology, 44(10), 1593-
1612. 
 
Deepak, P., Kumar, S., & Acharya, A. (2006). Heat shock proteins (HSP): future trends in 
cancer immunotherapy. European Journal of Inflammation, 4(1), 1-10. 
 
Demissie, K., Rhoads, G. G., Ananth, C. V., Alexander, G. R., Kramer, M. S., Kogan, M. D., & 
Joseph, K. S. (2001). Trends in preterm birth and neonatal mortality among blacks and whites 
in the United States from 1989 to 1997. American Journal of Epidemiology, 154(4), 307-315. 
 
Devost, D., & Zingg, H. H. (2007). Novel in vitro system for functional assessment of oxytocin 
action. American Journal of Physiology-Endocrinology & Metabolism, 292(1), E1-E6. 
 
Di Vizio, D., Morello, M., Dudley, A. C., Schow, P. W., Adam, R. M., Morley, S., ... & Moses, 
M. A. (2012). Large oncosomes in human prostate cancer tissues and in the circulation of mice 
with metastatic disease. The American Journal of Pathology, 181(5), 1573-1584. 
 
Dieterich, L. C., Huang, H., Massena, S., Golenhofen, N., Phillipson, M., & Dimberg, A. 
(2013). αB-crystallin/HspB5 regulates endothelial–leukocyte interactions by enhancing NF-κB-



 123 

induced up-regulation of adhesion molecules ICAM-1, VCAM-1 and E-
selectin. Angiogenesis, 16(4), 975-983. 
 
Diez-Fraile, A., Lammens, T., Tilleman, K., Witkowski, W., Verhasselt, B., De Sutter, P., ... & 
D’Herde, K. (2014). Age-associated differential microRNA levels in human follicular fluid 
reveal pathways potentially determining fertility and success of in vitro fertilization. Human 
Fertility, 17(2), 90-98. 
 
Dodd, S. L., Hain, B., Senf, S. M., & Judge, A. R. (2009). Hsp27 inhibits IKKβ-induced NF-κB 
activity and skeletal muscle atrophy. FASEB Journal, 23(10), 3415-3423. 
 
Dorion, S., & Landry, J. (2002). Activation of the mitogen-activated protein kinase pathways 
by heat shock. Cell Stress & Chaperones, 7(2), 200–206.  
 
Drew, A. F., Liu, H., Davidson, J. M., Daugherty, C. C., & Degen, J. L. (2001). Wound-healing 
defects in mice lacking fibrinogen. Blood, 97(12), 3691-3698. 
 
Elliott, C. L., Kelly, R. W., Critchley, H. O., Riley, S. C., & Calder, A. A. (1998). Regulation 
of interleukin 8 production in the term human placenta during labor and by 
antigestagens. American Journal of Obstetrics & Gynecology, 179(1), 215-220. 
 
Gaestel, M. (2002). sHsp-phosphorylation: enzymes, signaling pathways and functional 
implications. In Small Stress Proteins (pp. 151-169). Springer, Berlin, Heidelberg. 
 
Garfield, R. E., Saade, G., Buhimschi, C., Buhimschi, I., Shi, L., Shi, S. Q., & Chwalisz, K. 
(1998). Control and assessment of the uterus and cervix during pregnancy and labour. Human 
Reproduction Update, 4(5), 673-695. 
 
Germain, S. J., Sacks, G. P., Soorana, S. R., Sargent, I. L., & Redman, C. W. (2007). Systemic 
inflammatory priming in normal pregnancy and preeclampsia: the role of circulating 
syncytiotrophoblast microparticles. The Journal of Immunology, 178(9), 5949-5956. 
 
Gerthoffer, W. T., & Gunst, S. J. (2001). Invited review: focal adhesion and small heat shock 
proteins in the regulation of actin remodeling and contractility in smooth muscle. Journal of 
Applied Physiology, 91(2), 963-972. 
 
Ghosh, S., May, M. J., & Kopp, E. B. (1998). NF-κB and Rel proteins: evolutionarily 
conserved mediators of immune responses. Annual Review of Immunology, 16(1), 225-260. 
 
Goldenberg, R. L., Culhane, J. F., Iams, J. D., & Romero, R. (2008). Epidemiology and causes 
of preterm birth. The Lancet, 371(9606), 75-84. 
 
Gomez, R., Ghezzi, F., Romero, R., Muñoz, H., Tolosa, J. E., & Rojas, I. (1995). Premature 
labor and intra-amniotic infection: clinical aspects and role of the cytokines in diagnosis and 
pathophysiology. Clinics in Perinatology, 22(2), 281-342. 
 



 124 

Government of Canada, Economic burden of Illness 1998 
https://www.canada.ca/en/public-health/services/chronic-diseases/chronic-disease-knowledge-
development-exchange/economic-burden-illness-canada.html 
 
Greene, M. F., Creasy, R. K., Resnik, R., Iams, J. D., Lockwood, C. J., & Moore, T. 
(2008). Creasy and Resnik's Maternal-Fetal Medicine: Principles & Practice E-Book. Elsevier 
Health Sciences. 
 
Guettouche, T., Boellmann, F., Lane, W. S., & Voellmy, R. (2005). Analysis of 
phosphorylation of human heat shock factor 1 in cells experiencing a stress. BMC 
Biochemistry, 6(1), 4. 
 
Guzhova, I. V., Darieva, Z. A., Melo, A. R., & Margulis, B. A. (1997). Major stress protein 
Hsp70 interacts with NF-kB regulatory complex in human T-lymphoma cells. Cell Stress & 
Chaperones, 2(2), 132-139. 
 
Gyorgy, B., Modos, K., Pallinger, E., Paloczi, K., Pasztoi, M., Misjak, P., ... & Polgar, A. 
(2011). Detection and isolation of cell-derived microparticles are compromised by protein 
complexes due to shared biophysical parameters. Blood, 117 (4): e39-e48. 
 
Haas, D. M., Imperiale, T. F., Kirkpatrick, P. R., Klein, R. W., Zollinger, T. W., & 
Golichowski, A. M. (2009). Tocolytic therapy: a meta-analysis and decision 
analysis. Obstetrics & Gynecology, 113(3), 585-594. 
 
Hack, M. (2007). Survival and neurodevelopmental outcomes of preterm infants. Journal of 
Pediatric Gastroenterology & Nutrition, 45, S141-S142. 
 
Haller, D., Russo, M. P., Sartor, R. B., & Jobin, C. (2002). IKKβ and phosphatidylinositol 3-
kinase/Akt participate in non-pathogenic Gram-negative enteric bacteria-induced RelA 
phosphorylation and NF-κB activation in both primary and intestinal epithelial cell 
lines. Journal of Biological Chemistry, 277(41), 38168-38178. 
 
Hanna, J., Goldman-Wohl, D., Hamani, Y., Avraham, I., Greenfield, C., Natanson-Yaron, S., ... 
& Gazit, R. (2006). Decidual NK cells regulate key developmental processes at the human 
fetal-maternal interface. Nature Medicine, 12(9), 1065-1074. 
 
Harding, C., Heuser, J., & Stahl, P. (1983). Receptor-mediated endocytosis of transferrin and 
recycling of the transferrin receptor in rat reticulocytes. The Journal of Cell Biology, 97(2), 
329-339. 
 
Hardy, D. B., Janowski, B. A., Corey, D. R., & Mendelson, C. R. (2006). Progesterone receptor 
plays a major antiinflammatory role in human myometrial cells by antagonism of nuclear 
factor-κB activation of cyclooxygenase 2 expression. Molecular Endocrinology, 20(11), 2724-
2733. 
 



 125 

Haslbeck, M., Franzmann, T., Weinfurtner, D., & Buchner, J. (2005). Some like it hot: the 
structure and function of small heat-shock proteins. Nature Structural & Molecular 
Biology, 12(10), 842-846. 
 
Hayden, M. S., & Ghosh, S. (2008). Shared principles in NF-κB signaling. Cell, 132(3), 344-
362. 
 
Hayden, M. S., & Ghosh, S. (2012). NF-κB, the first quarter-century: remarkable progress and 
outstanding questions. Genes & Development, 26(3), 203-234 
 
Hayflick, L., & Moorhead, P. S. (1961). The serial cultivation of human diploid cell 
strains. Experimental Cell Research, 25(3), 585-621. 
 
Heijnen, H. F., Schiel, A. E., Fijnheer, R., Geuze, H. J., & Sixma, J. J. (1999). Activated 
Platelets Release Two Types of Membrane Vesicles: Microvesicles by Surface Shedding and 
Exosomes Derived From Exocytosis of Multivesicular Bodies and a-Granules. Blood, 94(11), 
3791-3799. 
 
Heissmeyer, V., Krappmann, D., Wulczyn, F. G., & Scheidereit, C. (1999). NF‐κB p105 is a 
target of IκB kinases and controls signal induction of Bcl‐3–p50 complexes. EMBO 
Journal, 18(17), 4766-4778. 
 
Hemler, M. E. (2005). Tetraspanin functions and associated microdomains. Nature Reviews 
Molecular Cell Biology, 6(10), 801-811. 
 
Henderson, B., & Henderson, S. (2009). Unfolding the relationship between secreted molecular 
chaperones and macrophage activation states. Cell Stress & Chaperones, 14(4), 329–341.  
 
Hoffmann, A., Natoli, G., & Ghosh, G. (2006). Transcriptional regulation via the NF-κ B 
signaling module. Oncogene, 25(51), 6706-6716. 
 
Hua, R., Pease, J. E., Sooranna, S. R., Viney, J. M., Nelson, S. M., Myatt, L., ... & Johnson, M. 
R. (2012). Stretch and inflammatory cytokines drive myometrial chemokine expression via NF-
κB activation. Endocrinology, 153(1), 481-491. 
 
Hughes, D., & Simpson, L. (1995). The role of social change in preventing low birth 
weight. The Future of Children, 87-102. 
 
Hulina, A., Rajković, M. G., Despot, D. J., Jelić, D., Dojder, A., Čepelak, I., & Rumora, L. 
(2018). Extracellular Hsp70 induces inflammation and modulates LPS/LTA-stimulated 
inflammatory response in THP-1 cells. Cell Stress & Chaperones, 23(3), 373-384. 
 
Husslein, P. (1985). Causes of labor initiation in man: role of oxytocin and 
prostaglandins. Zeitschrift fur Geburtshilfe und Perinatologie, 189(3), 95-102. 
 
 



 126 

Jaffer, S., Shynlova, O., & Lye, S. (2009). Mammalian target of rapamycin is activated in 
association with myometrial proliferation during pregnancy. Endocrinology, 150(10), 4672-
4680. 
 
Jakob, U., Gaestel, M., Engel, K., & Buchner, J. (1993). Small heat shock proteins are 
molecular chaperones. Journal of Biological Chemistry, 268(3), 1517-1520. 
 
Johnstone, R. M., Adam, M., Hammond, J. R., Orr, L., & Turbide, C. (1987). Vesicle formation 
during reticulocyte maturation. Association of plasma membrane activities with released 
vesicles (exosomes). Journal of Biological Chemistry, 262(19), 9412-9420. 
 
Kahlert, S., Nuedling, S., van Eickels, M., Vetter, H., Meyer, R., & Grohé, C. (2000). Estrogen 
receptor α rapidly activates the IGF-1 receptor pathway. Journal of Biological 
Chemistry, 275(24), 18447-18453. 
 
Kampinga, H. H., Hageman, J., Vos, M. J., Kubota, H., Tanguay, R. M., Bruford, E. A., ... & 
Hightower, L. E. (2009). Guidelines for the nomenclature of the human heat shock 
proteins. Cell Stress & Chaperones, 14(1), 105-111. 
 
Kappé, G., Franck, E., Verschuure, P., Boelens, W. C., Leunissen, J. A., & de Jong, W. W. 
(2003). The human genome encodes 10 α-crystallin–related small heat shock proteins: HspB1–
10. Cell Stress & Chaperones, 8(1), 53-61. 
 
Karin, M. (1999). How NF-κB is activated: the role of the IκB kinase (IKK) 
complex. Oncogene, 18(49), 6867-6874. 
 
Kato, K., Shinohara, H., Kurobe, N., Inaguma, Y., Shimizu, K., & Ohshima, K. (1991). Tissue 
distribution and developmental profiles of immunoreactive alpha B crystallin in the rat 
determined with a sensitive immunoassay system. Biochimica et Biophysica Acta-General 
Subjects, 1074(1), 201–208.  
 
Katzmann, D. J., Babst, M., & Emr, S. D. (2001). Ubiquitin-dependent sorting into the 
multivesicular body pathway requires the function of a conserved endosomal protein sorting 
complex, ESCRT-I. Cell, 106(2), 145-155. 
 
Kawai, T., & Akira, S. (2007). Signaling to NF-κB by Toll-like receptors. Trends in Molecular 
Medicine, 13(11), 460-469. 
 
Keelan, J. A. (2018). Intrauterine inflammatory activation, functional progesterone withdrawal, 
and the timing of term and preterm birth. Journal of Reproductive Immunology, 125, 89-99. 
 
Keelan, J., Blumenstein, M., Helliwell, R. J. A., Sato, T. A., Marvin, K. W., & Mitchell, M. D. 
(2003). Cytokines, prostaglandins and parturition—a review. Placenta, 24, S33-S46. 
 



 127 

Keerthikumar, S., Chisanga, D., Ariyaratne, D., Al Saffar, H., Anand, S., Zhao, K., ... & 
Gangoda, L. (2016). ExoCarta: a web-based compendium of exosomal cargo. Journal of 
Molecular Biology, 428(4), 688-692. 
 
Keski-Nisula, L. T., Aalto, M. L., Kirkinen, P. P., Kosma, V. M., & Heinonen, S. T. (2003). 
Myometrial inflammation in human delivery and its association with labor and 
infection. American Journal of Clinical Pathology, 120(2), 217-224. 
 
Kestens, V., Bozatzidis, V., De Temmerman, P. J., Ramaye, Y., & Roebben, G. (2017). 
Validation of a particle tracking analysis method for the size determination of nano- and 
microparticles. Journal of Nanoparticle Research, 19(8), 271.  
 
Khanjani, S., Kandola, M. K., Lindstrom, T. M., Sooranna, S. R., Melchionda, M., Lee, Y. S., 
... & Bennett, P. R. (2011). NF‐κB regulates a cassette of immune/inflammatory genes in 
human pregnant myometrium at term. Journal of Cellular and Molecular Medicine, 15(4), 809-
824. 
 
Knackstedt, M. K., Zenclussen, A. C., Hertwig, K., Hagen, E., Dudenhausen, J. W., Clark, D. 
A., & Arck, P. C. (2003). Th1 cytokines and the prothrombinase fgl2 in stress‐triggered and 
inflammatory abortion. American Journal of Reproductive Immunology, 49(4), 210-220. 
 
Kobayashi, T., Vischer, U. M., Rosnoblet, C., Lebrand, C., Lindsay, M., Parton, R. G., ... & 
Gruenberg, J. (2000). The tetraspanin CD63/lamp3 cycles between endocytic and secretory 
compartments in human endothelial cells. Molecular Biology of the Cell, 11(5), 1829-1843. 
 
Kramer, M. S., Goulet, L., Lydon, J., Séguin, L., McNamara, H., Dassa, C., ... & Kahn, S. 
(2001). Socio‐economic disparities in preterm birth: causal pathways and 
mechanisms. Paediatric & Perinatal Epidemiology, 15, 104-123. 
 
Kroeger, P. E., & Morimoto, R. I. (1994). Selection of new HSF1 and HSF2 DNA-binding sites 
reveals difference in trimer cooperativity. Molecular & Cellular Biology, 14(11), 7592-7603. 
 
Kshirsagar, S. K., Alam, S. M., Jasti, S., Hodes, H., Nauser, T., Gilliam, M., ... & Petroff, M. 
G. (2012). Immunomodulatory molecules are released from the first trimester and term placenta 
via exosomes. Placenta, 33(12), 982-990. 
 
Lambert, H., Charette, S. J., Bernier, A. F., Guimond, A., & Landry, J. (1999). HSP27 
multimerization mediated by phosphorylation-sensitive intermolecular interactions at the amino 
terminus. Journal of Biological Chemistry, 274(14), 9378–9385.  
 
Lancaster, G. I., & Febbraio, M. A. (2005). Exosome-dependent trafficking of HSP70 A novel 
secretory pathway for cellular stress proteins. Journal of Biological Chemistry, 280(24), 23349-
23355. 
 



 128 

Langhoff-Roos, J., Kesmodel, U., Jacobsson, B., Rasmussen, S., & Vogel, I. (2006). 
Spontaneous preterm delivery in primiparous women at low risk in Denmark: population based 
study. British Medical Journal, 332(7547), 937–939.  
 
Laskowska, E., Matuszewska, E., & Kuczynska-Wisnik, D. (2010). Small heat shock proteins 
and protein-misfolding diseases. Current Pharmaceutical Biotechnology, 11(2), 146-157. 
 
Lawrence, T. (2009). The nuclear factor NF-κB pathway in inflammation. Cold Spring Harbor 
Perspectives in Biology, 1(6), a001651. 
 
Lee, Y. H., Shynlova, O., & Lye, S. J. (2015). Stretch-induced human myometrial cytokines 
enhance immune cell recruitment via endothelial activation. Cellular & Molecular 
Immunology, 12(2), 231-242. 
 
Lee, Y., Sooranna, S. R., Terzidou, V., Christian, M., Brosens, J., Huhtinen, K., ... & Bennett, 
P. R. (2012). Interactions between inflammatory signals and the progesterone receptor in 
regulating gene expression in pregnant human uterine myocytes. Journal of Cellular and 
Molecular Medicine, 16(10), 2487-2503. 
 
Lefevre, M. L. (1992). Preventing the complications of preterm birth. American Family 
Physician, 46(2), 441-448. 
 
Li, H., Yu, Y., Shi, Y., Fazli, L., Slater, D., Lye, S., & Dong, X. (2016). HoxA13 Stimulates 
Myometrial Cells to Secrete IL-1β and Enhance the Expression of Contraction-Associated 
Proteins. Endocrinology, 157(5), 2129-2139. 
 
Li, J., Lee, Y., Johansson, H. J., Mäger, I., Vader, P., Nordin, J. Z., ... & Andaloussi, S. E. 
(2015). Serum-free culture alters the quantity and protein composition of neuroblastoma-
derived extracellular vesicles. Journal of Extracellular Vesicles, 4(1), 26883. 
 
Li, J., Zhang, Y., Cui, L., Wang, J., Pang, X., Lai, Y., ... & Li, Y. (2013). Mechanical stretch 
changes coronary artery fibroblasts function by upregulating HSF1 protein 
expression. International Journal of Biological Macromolecules, 59, 105-110. 
 
Lim, G., Tracey, J., Boom, N., Karmakar, S., Wang, J., Berthelot, J. M., & Heick, C. (2009). 
Hospital costs for preterm and small-for-gestational age babies in Canada. Healthcare 
Quarterly, 12(4), 20-24. 
 
Lin, Y., Bai, L., Chen, W., & Xu, S. (2010). The NF-κB activation pathways, emerging 
molecular targets for cancer prevention and therapy. Expert Opinion on Therapeutic 
Targets, 14(1), 45-55. 
 
Lindstrom, T. M., & Bennett, P. R. (2005). The role of nuclear factor kappa B in human 
labour. Reproduction, 130(5), 569-581. 
 



 129 

Link, E., Kerr, L. D., Schreck, R., Zabel, U., Verma, I., & Baeuerle, P. A. (1992). Purified I 
kappa B-beta is inactivated upon dephosphorylation. Journal of Biological Chemistry, 267(1), 
239-246. 
 
Liu, L., Li, H., Dargahi, D., Shynlova, O., Slater, D., Jones, S. J., ... & Dong, X. (2015). 
HoxA13 regulates phenotype regionalization of human pregnant myometrium. The Journal of 
Clinical Endocrinology & Metabolism, 100(12), E1512-E1522. 
 
Liu, L., Oza, S., Hogan, D., Chu, Y., Perin, J., Zhu, J., ... & Black, R. E. (2016). Global, 
regional, and national causes of under-5 mortality in 2000–15: an updated systematic analysis 
with implications for the Sustainable Development Goals. The Lancet, 388(10063), 3027-3035. 
 
Loudon, J. A. Z., Sooranna, S. R., Bennett, P. R., & Johnson, M. R. (2004). Mechanical stretch 
of human uterine smooth muscle cells increases IL-8 mRNA expression and peptide 
synthesis. Molecular Human Reproduction, 10(12), 895-899. 
 
Luu, T. M., Katz, S. L., Leeson, P., Thébaud, B., & Nuyt, A. M. (2016). Preterm birth: risk 
factor for early-onset chronic diseases. Canadian Medical Association Journal, 188(10), 736-
746. 
 
Lye, S. J., & Olson, D. M. (1996). Parturition and regulation of uterine activity. Pediatrics & 
Perinatology: The Scientific Basis. London: Edward Arnold Publishers, 242-51. 
 
Lye, S. J., Nicholson, B. J., Mascarenhas, M., MacKenzie, L., & Petrocelli, T. (1993). 
Increased expression of connexin-43 in the rat myometrium during labor is associated with an 
increase in the plasma estrogen: progesterone ratio. Endocrinology, 132(6), 2380-2386. 
 
Machtinger, R., Laurent, L. C., & Baccarelli, A. A. (2016). Extracellular vesicles: roles in 
gamete maturation, fertilization and embryo implantation. Human Reproduction Update, 22(2), 
182-193. 
 
MacIntyre, D. A., Tyson, E. K., Read, M., Smith, R., Yeo, G., Kwek, K., & Chan, E. C. (2008). 
Contraction in human myometrium is associated with changes in small heat shock 
proteins. Endocrinology, 149(1), 245-252. 
 
MacPhee, D. J., & Lye, S. J. (2000). Focal adhesion signaling in the rat myometrium is 
abruptly terminated with the onset of labor. Endocrinology, 141(1), 274-283. 
 
MacPhee, D. J., & Miskiewicz, E. I. (2017). The potential functions of small heat shock 
proteins in the uterine musculature during pregnancy. In The Role of Heat Shock Proteins in 
Reproductive System Development & Function (pp. 95-116). Springer, Cham. 
 
Madhwa Raj, H. G., & Moudgal, N. R. (1970). Hormonal control of gestation in the intact 
rat. Endocrinology, 86(4), 874-889. 
 



 130 

Manning, A. M., & Anderson, D. C. (1994). Transcription Factor NF-κB: An Emerging 
Regulator of Inflammation. In Annual Reports in Medicinal Chemistry (Vol. 29, pp. 235-244). 
Academic Press. 
 
Martin, J. A., Hamilton, B. E., Sutton, P. D., Ventura, S. J., Menacker, F., Kirmeyer, S., & 
Munson, M. L. (2007). Births: final data for 2005. National Vital Statistics Reports, 56(6), 1-
103. 
 
Mathieu, M., Martin-Jaular, L., Lavieu, G., & Thery, C. (2019). Specificities of secretion and 
uptake of exosomes and other extracellular vesicles for cell-to-cell communication. Nature Cell 
Biology, 21(1), 9-17. 
 
Mattioli, I., Sebald, A., Bucher, C., Charles, R. P., Nakano, H., Doi, T., ... & Schmitz, M. L. 
(2004). Transient and selective NF-κB p65 serine 536 phosphorylation induced by T cell 
costimulation is mediated by IκB kinase β and controls the kinetics of p65 nuclear import. The 
Journal of Immunology, 172(10), 6336-6344. 
 
Maymon, E., Romero, R., Pacora, P., Gomez, R., Athayde, N., Edwin, S., & Yoon, B. H. 
(2000). Human neutrophil collagenase (matrix metalloproteinase 8) in parturition, premature 
rupture of the membranes, and intrauterine infection. American Journal of Obstetrics and 
Gynecology, 183(1), 94-99. 
 
Melotti, P., Nicolis, E., Tamanini, A., Rolfini, R., Pavirani, A., & Cabrini, G. (2001). 
Activation of NF-kB mediates ICAM-1 induction in respiratory cells exposed to an adenovirus-
derived vector. Gene Therapy, 8(18), 1436-1442. 
 
Menon, R., Bonney, E. A., Condon, J., Mesiano, S., & Taylor, R. N. (2016). Novel concepts on 
pregnancy clocks and alarms: redundancy and synergy in human parturition. Human 
Reproduction Update, 22(5), 535–560.  
 
Menon, R. (2008). Spontaneous preterm birth, a clinical dilemma: etiologic, pathophysiologic 
and genetic heterogeneities and racial disparity. Acta Obstetricia et Gynecologica 
Scandinavica, 87(6), 590-600. 
 
Merlino, A. A., Welsh, T. N., Tan, H., Yi, L. J., Cannon, V., Mercer, B. M., & Mesiano, S. 
(2007). Nuclear progesterone receptors in the human pregnancy myometrium: evidence that 
parturition involves functional progesterone withdrawal mediated by increased expression of 
progesterone receptor-A. The Journal of Clinical Endocrinology & Metabolism, 92(5), 1927-
1933. 
 
Mesiano, S., Chan, E. C., Fitter, J. T., Kwek, K., Yeo, G., & Smith, R. (2002). Progesterone 
withdrawal and estrogen activation in human parturition are coordinated by progesterone 
receptor A expression in the myometrium. The Journal of Clinical Endocrinology & 
Metabolism, 87(6), 2924-2930. 
 



 131 

Miller, K. J., Couchie, C., Ehman, W., Graves, L., Grzybowski, S., Medves, J., ... & Wilson, R. 
(2012). Rural maternity care. Journal of Obstetrics & Gynaecology Canada, 34(10), 984-991. 
 
Mirolla, M. (2004). The Cost of Chronic Disease in Canada (pp. 61-67). GPI Atlantic. 
 
Miron, T., Vancompernolle, K., Vandekerckhove, J., Wilchek, M., & Geiger, B. (1991). A 25-
kD inhibitor of actin polymerization is a low molecular mass heat shock protein. The Journal of 
Cell Biology, 114(2), 255-261. 
 
Mor, G. (2008). Inflammation and pregnancy: The Role of Toll‐like Receptors in Trophoblast–
Immune Interaction. Annals of the New York Academy of Sciences, 1127(1), 121-128. 
 
Mor, G., & Cardenas, I. (2010). The immune system in pregnancy: a unique 
complexity. American Journal of Reproductive Immunology, 63(6), 425-433. 
 
Mosher, A. A., Rainey, K. J., Giembycz, M. A., Wood, S., & Slater, D. M. (2012). 
Prostaglandin E2 represses interleukin 1 beta-induced inflammatory mediator output from 
pregnant human myometrial cells through the EP2 and EP4 receptors. Biology of Reproduction 
87(1), 7–10.  
 
Mossman, H. W. (1989). Comparative anatomy. In Biology of the Uterus (pp. 19-34). Springer, 
Boston, MA. 
 
Nelson, K. B. (2008). Causative factors in cerebral palsy. Clinical Obstetrics & 
Gynecology, 51(4), 749-762. 
 
Ng, Y. H., Rome, S., Jalabert, A., Forterre, A., Singh, H., Hincks, C. L., & Salamonsen, L. A. 
(2013). Endometrial exosomes/microvesicles in the uterine microenvironment: a new paradigm 
for embryo-endometrial cross talk at implantation. PLoS One, 8(3), e58502. 
 
Nicoletti, J. G., White, B. G., Miskiewicz, E. I., & MacPhee, D. J. (2016). Induction of 
expression and phosphorylation of heat shock protein B5 (CRYAB) in rat myometrium during 
pregnancy and labour. Reproduction), 152(1), 69–79.  
 
O'Neil, E. V., Burns, G. W., Ferreira, C. R., & Spencer, T. E. (2020). Characterization and 
regulation of extracellular vesicles in the lumen of the ovine uterus. Biology of 
Reproduction, 102(5), 1020–1032.  
 
Oldenhof, A. D., Shynlova, O. P., Liu, M., Langille, B. L., & Lye, S. J. (2002). Mitogen-
activated protein kinases mediate stretch-induced c-fos mRNA expression in myometrial 
smooth muscle cells. American Journal of Physiology-Cell Physiology, 283(5), C1530-C1539. 
 
Olson, D. M., Lye, S. J., & Challis, J. R. G. (1986). Prostaglandin concentrations in ovine 
maternal and fetal tissues at late gestation. Pediatric Research, 20(1), 83-86. 
 



 132 

Oner, C., Schatz, F., Kizilay, G., Murk, W., Buchwalder, L. F., Kayisli, U. A., ... & Lockwood, 
C. J. (2008). Progestin-inflammatory cytokine interactions affect matrix metalloproteinase-1 
and-3 expression in term decidual cells: implications for treatment of chorioamnionitis-induced 
preterm delivery. The Journal of Clinical Endocrinology & Metabolism, 93(1), 252-259. 
 
Otun, H. A., MacDougall, M. W., Bailey, J., Europe-Finner, G. N., & Robson, S. C. (2005). 
Spatial and temporal expression of the myometrial mitogen-activated protein kinases p38 and 
ERK1/2 in the human uterus during pregnancy and labor. Journal of the Society for 
Gynecologic Investigation, 12(3), 185–190.  
 
Orejuela, D., Bergeron, A., Morrow, G., & Tanguay, R. M. (2007). Small heat shock proteins 
in physiological and stress-related processes. In Cell Stress Proteins (pp. 143-177). Springer, 
New York, NY. 
 
Osman, I., Young, A., Ledingham, M. A., Thomson, A. J., Jordan, F., Greer, I. A., & Norman, 
J. E. (2003). Leukocyte density and pro‐inflammatory cytokine expression in human fetal 
membranes, decidua, cervix and myometrium before and during labour at term. Molecular 
Human Reproduction, 9(1), 41-45. 
 
Osmers, R. G., Blaser, J., Kuhn, W., & Tschesche, H. (1995). Interleukin-8 synthesis and the 
onset of labor. Obstetrics & Gynecology, 86(2), 223-229. 
 
Ou, C. W., Chen, Z. Q., Qi, S., & Lye, S. J. (1998). Increased expression of the rat myometrial 
oxytocin receptor messenger ribonucleic acid during labor requires both mechanical and 
hormonal signals. Biology of Reproduction, 59(5), 1055-1061 
 
Ou, C. W., Orsino, A., & Lye, S. J. (1997). Expression of connexin-43 and connexin-26 in the 
rat myometrium during pregnancy and labor is differentially regulated by mechanical and 
hormonal signals. Endocrinology, 138(12), 5398-5407. 
 
Ousman, S. S., Tomooka, B. H., Van Noort, J. M., Wawrousek, E. F., O’Conner, K., Hafler, D. 
A., ... & Steinman, L. (2007). Protective and therapeutic role for αB-crystallin in autoimmune 
demyelination. Nature, 448(7152), 474-479. 
 
Pan, B. T., & Johnstone, R. M. (1983). Fate of the transferrin receptor during maturation of 
sheep reticulocytes in vitro: selective externalization of the receptor. Cell, 33(3), 967-978. 
 
Parcellier, A., Schmitt, E., Gurbuxani, S., Seigneurin-Berny, D., Pance, A., Chantôme, A., ... & 
Garrido, C. (2003). HSP27 is a ubiquitin-binding protein involved in I-κBα proteasomal 
degradation. Molecular & Cellular Biology, 23(16), 5790-5802. 
 
Pathan, M., Fonseka, P., Chitti, S. V., Kang, T., Sanwlani, R., Van Deun, J., ... & Mathivanan, 
S. (2019). Vesiclepedia 2019: a compendium of RNA, proteins, lipids and metabolites in 
extracellular vesicles. Nucleic Acids Research, 47(D1), D516-D519. 
 



 133 

Peddle, L. J., Brown, H., Buckley, J., Dixon, W., Kaye, J. M., Muise, M., ... & Young, C. 
(1983). Voluntary regionalization and associated trends in perinatal care: the Nova Scotia 
Reproductive Care Program. American Journal of Obstetrics & Gynecology, 145(2), 170-176. 
 
Perkins, N. D. (2006). Post-translational modifications regulating the activity and function of 
the nuclear factor kappa B pathway. Oncogene, 25(51), 6717-6730. 
 
Piccinni, M. P., Giudizi, M. G., Biagiotti, R., Beloni, L., Giannarini, L., Sampognaro, S., ... & 
Livi, C. (1995). Progesterone favors the development of human T helper cells producing Th2-
type cytokines and promotes both IL-4 production and membrane CD30 expression in 
established Th1 cell clones. The Journal of Immunology, 155(1), 128-133. 
 
Picut, C. A., & Remick, A. K. (2016). Female Reproductive System. In Atlas of Histology of 
the Juvenile Rat (pp. 203-226). Academic Press. 
 
Pieber, D., Allport, V. C., Hills, F., Johnson, M., & Bennett, P. R. (2001). Interactions between 
progesterone receptor isoforms in myometrial cells in human labour. Molecular Human 
Reproduction, 7(9), 875-879. 
 
Pigaga, V., & Quinlan, R. A. (2006). Lenticular chaperones suppress the aggregation of the 
cataract-causing mutant T5P gamma C-crystallin. Experimental Cell Research, 312(1), 51–62.  
 
Plater, M. L., Goode, D., & Crabbe, M. J. C. (1996). Effects of site-directed mutations on the 
chaperone-like activity of αB-crystallin. Journal of Biological Chemistry, 271(45), 28558-
28566. 
 
Platz-Christensen, J. J., Pernevi, P., Bokström, H., & Wiqvist, N. (1997). Prostaglandin E and 
F2α concentration in the cervical mucus and mechanism of cervical 
ripening. Prostaglandins, 53(4), 253-261. 
 
Rajagopal, S. P., Hutchinson, J. L., Dorward, D. A., Rossi, A. G., & Norman, J. E. (2015). 
Crosstalk between monocytes and myometrial smooth muscle in culture generates synergistic 
pro-inflammatory cytokine production and enhances myocyte contraction, with effects opposed 
by progesterone. Molecular Human Reproduction, 21(8), 672-686. 
 
Raposo, G., & Stoorvogel, W. (2013). Extracellular vesicles: exosomes, microvesicles, and 
friends. Journal of Cell Biology, 200(4), 373-383. 
 
Raposo, G., Nijman, H. W., Stoorvogel, W., Liejendekker, R., Harding, C. V., Melief, C. J., & 
Geuze, H. J. (1996). B lymphocytes secrete antigen-presenting vesicles. The Journal of 
Experimental Medicine, 183(3), 1161-1172. 
 
Rauk, P. N., & Chiao, J. P. (2000). Interleukin‐1 stimulates human uterine prostaglandin 
production through induction of cyclooxygenase‐2 expression. American Journal of 
Reproductive Immunology, 43(3), 152-159. 
 



 134 

Record, M., Subra, C., Silvente-Poirot, S., & Poirot, M. (2011). Exosomes as intercellular 
signalosomes and pharmacological effectors. Biochemical Pharmacology, 81(10), 1171-1182. 
 
Redman, C. W. G., & Sargent, I. L. (2008). Circulating microparticles in normal pregnancy and 
pre-eclampsia. Placenta, 29, 73-77. 
 
Rehman, K. S., Yin, S., Mayhew, B. A., Word, R. A., & Rainey, W. E. (2003). Human 
myometrial adaptation to pregnancy: cDNA microarray gene expression profiling of 
myometrium from non‐pregnant and pregnant women. Molecular Human Reproduction, 9(11), 
681-700. 
 
Richer, J. K., Jacobsen, B. M., Manning, N. G., Abel, M. G., Wolf, D. M., & Horwitz, K. B. 
(2002). Differential gene regulation by the two progesterone receptor isoforms in human breast 
cancer cells. Journal of Biological Chemistry, 277(7), 5209-5218. 
 
Rikkert, L. G., Nieuwland, R., Terstappen, L. W. M. M., & Coumans, F. A. W. (2019). Quality 
of extracellular vesicle images by transmission electron microscopy is operator and protocol 
dependent. Journal of Extracellular Vesicles, 8(1), 1555419. 
 
Ritossa, F. (1962). A new puffing pattern induced by temperature shock and DNP in 
Drosophila. Experientia, 18(12), 571-573. 
 
Rogers, L. K., & Velten, M. (2011). Maternal inflammation, growth retardation, and preterm 
birth: insights into adult cardiovascular disease. Life Sciences, 89(13-14), 417-421. 
 
Romagnani, S. (2000). T-cell subsets (Th1 versus Th2). Annals of Allergy, Asthma & 
Immunology, 85(1), 9-21. 
 
Romero, R., Baumann, P., Gomez, R., Salafia, C., Rittenhouse, L., Barberio, D., ... & Mitchell, 
M. D. (1993). The relationship between spontaneous rupture of membranes, labor, and 
microbial invasion of the amniotic cavity and amniotic fluid concentrations of prostaglandins 
and thromboxane B2 in term pregnancy. American Journal of Obstetrics & 
Gynecology, 168(6), 1654-1668. 
 
Romero, R., Espinoza, J., Gonçalves, L. F., Kusanovic, J. P., Friel, L. A., & Nien, J. K. (2006). 
Inflammation in preterm and term labour and delivery. In Seminars in Fetal & Neonatal 
Medicine (Vol. 11, No. 5, pp. 317-326). WB Saunders. 
 
Rossi, A., Elia, G., & Santoro, M. G. (1997). Inhibition of nuclear factor κB by prostaglandin 
A1: an effect associated with heat shock transcription factor activation. Proceedings of the 
National Academy of Sciences USA, 94(2), 746-750. 
 
Rouse, J., Cohen, P., Trigon, S., Morange, M., Alonso-Llamazares, A., Zamanillo, D., ... & 
Nebreda, A. R. (1994). A novel kinase cascade triggered by stress and heat shock that 
stimulates MAPKAP kinase-2 and phosphorylation of the small heat shock 
proteins. Cell, 78(6), 1027-1037. 



 135 

 
Saigal, S., & Doyle, L. W. (2008). An overview of mortality and sequelae of preterm birth from 
infancy to adulthood. The Lancet, 371(9608), 261-269. 
 
Sakurai, H., Chiba, H., Miyoshi, H., Sugita, T., & Toriumi, W. (1999). IκB kinases 
phosphorylate NF-κB p65 subunit on serine 536 in the transactivation domain. Journal of 
Biological Chemistry, 274(43), 30353-30356. 
 
Salari, S., Seibert, T., Chen, Y. X., Hu, T., Shi, C., Zhao, X., ... & O’Brien, E. R. (2013). 
Extracellular HSP27 acts as a signaling molecule to activate NF-κB in macrophages. Cell 
Stress & Chaperones, 18(1), 53-63. 
 
Saliba, J., Coutaud, B., Solovieva, V., Lu, F., & Blank, V. (2019). Regulation of CXCL 1 
chemokine and CSF 3 cytokine levels in myometrial cells by the MAFF transcription 
factor. Journal of Cellular & Molecular Medicine, 23(4), 2517-2525. 
 
Sarge, K. D., Murphy, S. P., & Morimoto, R. I. (1993). Activation of heat shock gene 
transcription by heat shock factor 1 involves oligomerization, acquisition of DNA-binding 
activity, and nuclear localization and can occur in the absence of stress. Molecular & Cellular 
Biology, 13(3), 1392-1407 
 
Saskatchewan Population Report 2016, Census of Canada 
https://www12.statcan.gc.ca/censusrecensement/index-eng.cfm 
 
Schwalm H., & Dubrauszky V. (1966). The structure of the musculature of the human uterus—
muscles and connective tissue. American Journal of Obstetrics & Gynecology, 94(3), 391-404.  
 
Serasanambati, M., & Chilakapati, S. R. (2016). Function of nuclear factor kappa B (NF-kB) in 
human diseases-a review. South Indian Journal of Biological Sciences, 2(4), 368-387. 

Sherwood, L., 2010. Human Physiology: From Cells to Systems. 7 ed. Belmont, California: 
Brooks/Cole, Cengage Learning.  

Shi, C., Ulke-Lemée, A., Deng, J., Batulan, Z., & O’Brien, E. R. (2019). Characterization of 
heat shock protein 27 in extracellular vesicles: a potential anti-inflammatory therapy. The 
Federation of American Societies for Experimental Biology Journal, 33(2), 1617-1630. 
 
Shynlova, O., Mitchell, J. A., Tsampalieros, A., Langille, B. L., & Lye, S. J. (2004). 
Progesterone and gravidity differentially regulate expression of extracellular matrix 
components in the pregnant rat myometrium. Biology of Reproduction, 70(4), 986-992. 
 
Shynlova, O., Oldenhof, A., Dorogin, A., Xu, Q., Mu, J., Nashman, N., & Lye, S. J. (2006). 
Myometrial apoptosis: activation of the caspase cascade in the pregnant rat myometrium at 
midgestation. Biology of Reproduction, 74(5), 839-849. 
 



 136 

Shynlova, O., Tsui, P., Dorogin, A., Langille, B. L., & Lye, S. J. (2007). Insulin-like growth 
factors and their binding proteins define specific phases of myometrial differentiation during 
pregnancy in the rat. Biology of Reproduction, 76(4), 571-578 
 
Shynlova, O., Tsui, P., Dorogin, A., & Lye, S. J. (2008). Monocyte chemoattractant protein-1 
(CCL-2) integrates mechanical and endocrine signals that mediate term and preterm labor. The 
Journal of Immunology, 181(2), 1470-1479. 
 
Shynlova, O., Chow, M., & Lye, S. J. (2009a). Expression and organization of basement 
membranes and focal adhesion proteins in pregnant myometrium is regulated by uterine 
stretch. Reproductive Sciences, 16(10), 960-969. 
 
Shynlova, O., Tsui, P., Jaffer, S., & Lye, S. J. (2009). Integration of endocrine and mechanical 
signals in the regulation of myometrial functions during pregnancy and labour. European 
Journal of Obstetrics & Gynecology and Reproductive Biology, 144, S2-S10. 
 
Shynlova, O., Kwong, R., & Lye, S. J. (2010). Mechanical stretch regulates hypertrophic 
phenotype of the myometrium during pregnancy. Reproduction, 139(1), 247-253. 
 
Shynlova, O., Lee, Y. H., Srikhajon, K., & Lye, S. J. (2013). Physiologic uterine inflammation 
and labor onset: integration of endocrine and mechanical signals. Reproductive Sciences, 20(2), 
154-167. 
 
Singh, D., McCann, K. L., & Imani, F. (2007). MAPK and heat shock protein 27 activation are 
associated with respiratory syncytial virus induction of human bronchial epithelial monolayer 
disruption. American journal of physiology. Lung Cellular and Molecular Physiology, 293(2), 
L436–L445.  
 
Slater, D. M., Dennes, W. J., Campa, J. S., Poston, L., & Bennett, P. R. (1999). Expression of 
cyclo-oxygenase types-1 and-2 in human myometrium throughout pregnancy. Molecular 
Human Reproduction, 5(9), 880-884. 
 
Sooranna, S. R., Engineer, N., Liang, Z., Bennett, P. R., Johnson, M. R., & Imperial College 
Parturition Research Group. (2007). Stretch and interleukin 1 beta: Pro‐labour factors with 
similar mitogen‐activated protein kinase effects but differential patterns of transcription factor 
activation and gene expression. Journal of Cellular Physiology, 212(1), 195-206. 
 
Sooranna, S. R., Lee, Y., Kim, L. U., Mohan, A. R., Bennett, P. R., & Johnson, M. R. (2004). 
Mechanical stretch activates type 2 cyclooxygenase via activator protein‐1 transcription factor 
in human myometrial cells. Molecular Human Reproduction, 10(2), 109-113. 
 
Southcombe, J., Tannetta, D., Redman, C., & Sargent, I. (2011). The immunomodulatory role 
of syncytiotrophoblast microvesicles. PLoS One, 6(5), e20245. 
 



 137 

Sreekumar, P. G., Kannan, R., Kitamura, M., Spee, C., Barron, E., Ryan, S. J., & Hinton, D. R. 
(2010). αB crystallin is apically secreted within exosomes by polarized human retinal pigment 
epithelium and provides neuroprotection to adjacent cells. PLoS One, 5(10), e12578. 
 
Stabile, M., & Allin, S. (2012). The economic costs of childhood disability. The Future of 
Children, 22(1), 65-96. 
 
Steeb, C. B., Trahair, J. F., & Read, L. C. (1995). Administration of insulin-like growth factor-I 
(IGF-I) peptides for three days stimulates proliferation of the small intestinal epithelium in 
rats. Gut, 37(5), 630–638.  
 
Steinborn, A., Von Gall, C., Hildenbrand, R., Stutte, H. J., & Kaufmann, M. (1998). 
Identification of placental cytokine-producing cells in term and preterm labor. Obstetrics & 
Gynecology, 91(3), 329-335. 
 
Stevens, V. J., Rouzer, C. A., Monnier, V. M., & Cerami, A. (1978). Diabetic cataract 
formation: potential role of glycosylation of lens crystallins. Proceedings of the National 
Academy of Sciences USA, 75(6), 2918-2922. 
 
Stokoe, D., Engel, K., Campbell, D. G., Cohen, P., & Gaestel, M. (1992). Identification of 
MAPKAP kinase 2 as a major enzyme responsible for the phosphorylation of the small 
mammalian heat shock proteins. FEBS Letters, 313(3), 307-313. 
 
Strauss, J. F., 3rd, Sokoloski, J., Caploe, P., Duffy, P., Mintz, G., & Stambaugh, R. L. (1975). 
On the role of prostaglandins in parturition in the rat. Endocrinology, 96(4), 1040–1043.  
 
Strickland, I., & Ghosh, S. (2006). Use of cell permeable NBD peptides for suppression of 
inflammation. Annals of the Rheumatic Diseases, 65(suppl 3), iii75-iii82. 
 
Sun, Y., & MacRae, T. H. (2005). Small heat shock proteins: molecular structure and 
chaperone function. Cellular and Molecular Life Sciences, 62(21), 2460-2476. 
 
Sutherns, R., & Bourgeault, I. L. (2008). Accessing maternity care in rural Canada: there's more 
to the story than distance to a doctor. Health Care for Women International, 29(8-9), 863-883. 
 
Sykes, L., MacIntyre, D. A., Teoh, T. G., & Bennett, P. R. (2011). Targeting immune activation 
in the prevention of preterm labour. European Obstetrics & Gynaecology, 6(2), 100-106. 
 
Szekeres-Bartho, J., Wilczynski, J. R., Basta, P., & Kalinka, J. (2008). Role of progesterone 
and progestin therapy in threatened abortion and preterm labour. Frontiers in 
Biosciences, 13(5), 1981-1990. 
 
Tanaka, T., Ishikawa, T., Hagiwara, M., Onoda, K., Itoh, H., & Hidaka, H. (1988). Effects of 
cilostazol, a selective cAMP phosphodiesterase inhibitor on the contraction of vascular smooth 
muscle. Pharmacology, 36(5), 313-320. 
 



 138 

Tang, N., Sun, B., Gupta, A., Rempel, H., & Pulliam, L. (2016). Monocyte exosomes induce 
adhesion molecules and cytokines via activation of NF-κB in endothelial cells. The FASEB 
Journal, 30(9), 3097-3106. 
 
Tannetta, D., Dragovic, R., Alyahyaei, Z., & Southcombe, J. (2014). Extracellular vesicles and 
reproduction–promotion of successful pregnancy. Cellular & Molecular Immunology, 11(6), 
548-563. 
 
Thériault, J. R., Lambert, H., Chávez-Zobel, A. T., Charest, G., Lavigne, P., & Landry, J. 
(2004). Essential role of the NH2-terminal WD/EPF motif in the phosphorylation-activated 
protective function of mammalian Hsp27. Journal of Biological Chemistry, 279(22), 23463-
23471. 
 
Théry, C., Zitvogel, L., & Amigorena, S. (2002). Exosomes: composition, biogenesis and 
function. Nature Reviews Immunology, 2(8), 569-579. 
 
Thomson, A. J., Telfer, J. F., Young, A., Campbell, S., Stewart, C. J., Cameron, I. T., ... & 
Norman, J. E. (1999). Leukocytes infiltrate the myometrium during human parturition: further 
evidence that labour is an inflammatory process. Human Reproduction, 14(1), 229-236. 
 
Todd, H. M., Dundoo, V. L., Gerber, W. R., Cwiak, C. A., Baldassare, J. J., & Hertelendy, F. 
(1996). Effect of cytokines on prostaglandin E2 and prostacyclin production in primary cultures 
of human myometrial cells. Journal of Maternal-Fetal Medicine, 5(4), 161-167. 
 
  
Tortora, G., & Derrickson, B (2011). Principles of Anatomy & Physiology (13th. ed.). Wiley. 
p. 1105. ISBN 9780470646083. 
 
Treweek, T. M., Ecroyd, H., Williams, D. M., Meehan, S., Carver, J. A., & Walker, M. J. (2007). 
Site-directed mutations in the C-terminal extension of human αB-crystallin affect chaperone 
function and block amyloid fibril formation. PLoS One, 2(10), e1046. 
 
Tribe, R. M., Moriarty, P., Dalrymple, A., Hassoni, A. A., & Poston, L. (2003). Interleukin-1β 
induces calcium transients and enhances basal and store operated calcium entry in human 
myometrial smooth muscle. Biology of Reproduction, 68(5), 1842-1849. 
 
Tucker, J., & McGuire, W. (2004). Epidemiology of preterm birth. British Medical 
Journal, 329(7467), 675-678. 
 
Van Montfort, R., Slingsby, C., & Vierling, E. (2001). Structure and function of the small heat 
shock protein/α-crystallin family of molecular chaperones. Advances in Protein Chemistry, 59, 
105-156. 
 
van Noort, J. M., Bsibsi, M., Gerritsen, W. H., van der Valk, P., Bajramovic, J. J., Steinman, L., 
& Amor, S. (2010). αB-crystallin is a target for adaptive immune responses and a trigger of 
innate responses in preactive multiple sclerosis lesions. Journal of Neuropathology & 
Experimental Neurology, 69(7), 694-703. 



 139 

 
van Noort, J. M., Bsibsi, M., Nacken, P., Gerritsen, W. H., & Amor, S. (2012). The link between 
small heat shock proteins and the immune system. The International Journal of Biochemistry & 
Cell Biology, 44(10), 1670-1679. 
 
Vega, V. L., Rodríguez-Silva, M., Frey, T., Gehrmann, M., Diaz, J. C., Steinem, C., ... & De 
Maio, A. (2008). Hsp70 translocates into the plasma membrane after stress and is released into 
the extracellular environment in a membrane-associated form that activates macrophages. The 
Journal of Immunology, 180(6), 4299-4307. 
 
Vestweber D. (2012). Novel insights into leukocyte extravasation. Current Opinion in 
Hematology, 19(3), 212–217.  
 
Wang, Y., Theriault, J. R., He, H., Gong, J., & Calderwood, S. K. (2004). Expression of a 
dominant negative heat shock factor-1 construct inhibits aneuploidy in prostate carcinoma 
cells. Journal of Biological Chemistry, 279(31), 32651-32659. 
 
Wettstein, G., Bellaye, P. S., Micheau, O., & Bonniaud, P. (2012). Small heat shock proteins and 
the cytoskeleton: an essential interplay for cell integrity? The International Journal of 
Biochemistry & Cell Biology, 44(10), 1680-1686. 
 
White, B. G., & MacPhee, D. J. (2011). Distension of the uterus induces HspB1 expression in rat 
uterine smooth muscle. American Journal of Physiology-Regulatory, Integrative and 
Comparative Physiology, 301(5), R1418-R1426. 
 
White, B. G., Williams, S. J., Highmore, K., & MacPhee, D. J. (2005). Small heat shock protein 
27 (Hsp27) expression is highly induced in rat myometrium during late pregnancy and 
labour. Reproduction, 129(1), 115-126 
 
Williams, S. J., White, B. G., & MacPhee, D. J. (2005). Expression of α5 integrin (Itga5) is 
elevated in the rat myometrium during late pregnancy and labor: Implications for development of 
a mechanical syncytium. Biology of Reproduction, 72(5), 1114-1124. 
 
Wilmarth, P. A., Tanner, S., Dasari, S., Nagalla, S. R., Riviere, M. A., Bafna, V., ... & David, L. 
L. (2006). Age-related changes in human crystallins determined from comparative analysis of 
post-translational modifications in young and aged lens: does deamidation contribute to 
crystallin insolubility?. Journal of Proteome Research, 5(10), 2554-2566. 
 
Witwer, K. W., Buzás, E. I., Bemis, L. T., Bora, A., Lässer, C., Lötvall, J., ... & Théry, C. 
(2013). Standardization of sample collection, isolation and analysis methods in extracellular 
vesicle research. Journal of Extracellular Vesicles, 2(1), 20360 

World Health Organization. Preterm birth [Online]. World Health Organization. 
http://www.who.int/news-room/fact-sheets/detail/preterm-birth  [24 Oct 2018].   



 140 

World Health Organization, Preventing Chronic Diseases 2005. pp 200. CHF 30.00. ISBN 92 4 
1563001. 

Xiao, G., Fong, A., & Sun, S. C. (2004). Induction of p100 processing by NF-κB-inducing 
kinase involves docking IκB kinase α (IKKα) to p100 and IKKα-mediated 
phosphorylation. Journal of Biological Chemistry, 279(29), 30099-30105. 
 
Yan, L. J., Rajasekaran, N. S., Sathyanarayanan, S., & Benjamin, I. J. (2005). Mouse HSF1 
disruption perturbs redox state and increases mitochondrial oxidative stress in 
kidney. Antioxidants & Redox Signaling, 7(3-4), 465-471. 
 
Yáñez-Mó, M., Barreiro, O., Gordon-Alonso, M., Sala-Valdés, M., & Sánchez-Madrid, F. 
(2009). Tetraspanin-enriched microdomains: a functional unit in cell plasma membranes. Trends 
in Cell Biology, 19(9), 434-446. 
 
Young, A., Thomson, A. J., Ledingham, M., Jordan, F., Greer, I. A., & Norman, J. E. (2002). 
Immunolocalization of proinflammatory cytokines in myometrium, cervix, and fetal membranes 
during human parturition at term. Biology of Reproduction, 66(2), 445-449. 
 
Young, I. R., Renfree, M. B., Mesiano, S., Shaw, G., Jenkin, G., & Smith, R. (2011). The 
comparative physiology of parturition in mammals: hormones and parturition in mammals. 
In Hormones and Reproduction of Vertebrates (pp. 95-116). Academic Press. 
 
Yu, J., & Henske, E. P. (2006). Estrogen-induced activation of mammalian target of rapamycin 
is mediated via tuberin and the small GTPase Ras homologue enriched in brain. Cancer 
Research, 66(19), 9461-9466. 
 
Zarnegar, B. J., Wang, Y., Mahoney, D. J., Dempsey, P. W., Cheung, H. H., He, J., ... & 
Korneluk, R. G. (2008). Noncanonical NF-κB activation requires coordinated assembly of a 
regulatory complex of the adaptors cIAP1, cIAP2, TRAF2 and TRAF3 and the kinase 
NIK. Nature Immunology, 9(12), 1371. 
 
Zhong, H., Voll, R. E., & Ghosh, S. (1998). Phosphorylation of NF-κB p65 by PKA stimulates 
transcriptional activity by promoting a novel bivalent interaction with the coactivator 
CBP/p300. Molecular Cell, 1(5), 661-671. 
 
Zitvogel, L., Regnault, A., Lozier, A., Wolfers, J., Flament, C., Tenza, D., ... & Amigorena, S. 
(1998). Eradication of established murine tumors using a novel cell-free vaccine: dendritic cell 
derived exosomes. Nature Medicine, 4(5), 594-600. 
 
Zuo, J., Lei, Z. M., Rao, C. V., Pietrantoni, M., & Cook, V. D. (1994). Differential 
cyclooxygenase-1 and-2 gene expression in human myometria from preterm and term 
deliveries. The Journal of Clinical Endocrinology & Metabolism, 79(3), 894-89 


