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Preface to this Thesis  

When this thesis was proposed, we originally sought to elucidate the downstream role of HBC 

polarization induced by intermittent hypoxia on cytotrophoblast differentiation. The 

experimental plan for the original Aim 2 was to create a colour fusion assay to quantify the 

amount of syncytialization, the main step in syncytiotrophoblast formation. After 1 year of 

optimizing this method (May 2023 – May 2024), these experiments were deemed unfeasible, and 

we pivoted to using immunofluorescence to measure markers of syncytialization. After 3 months 

(May 2024 – July 2024) of optimizing the antibodies and trying numerous companies, two of our 

required antibodies for measuring cell fusion did not perform as advertised. We therefore 

switched to using western blot methods and optimized the required antibodies (July 2024 – 

September 2024). Due to the resource limitation of having one tuneable incubator, only one 

experimental condition can be completed at a time and so these experiments could not be 

completed. In the attached appendix of this thesis, the methods of the colour fusion assay, 

immunofluorescence and western blots are provided. My supervisor Dr. Kristi Adamo and thesis 

committee members Drs. Micheal De Lisio and Keir Menzies support the modifications to my 

thesis due to these challenges.  
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Abstract 

Background: Gestational parent (gesP) physical activity (PA) is associated with a plethora of 

health benefits that also provides an advantage to the fetus. Previous work from the Adamo Lab 

has found that the placenta-resident macrophage, termed Hofbauer cell (HBC), favours the anti-

inflammatory phenotype compared to the pro-inflammatory phenotype in the placenta from 

physically active gesPs. A theorised effect of gesP PA is intermittent hypoxia (IH), but we do not 

know if this effect will polarize HBCs in a similar manner. Additionally, the implications on the 

downstream roles in the placenta are not known. 

 

Methods: The first objective of this thesis was to determine if IH influences HBCs in vitro. 

Primary human HBCs were cultured under two conditions: 5% O2 as a control and IH. Flow 

cytometry analysis was conducted to quantify pro- and anti-inflammatory HBCs. CD68 was used 

as a pan-macrophage marker and double positive CD86+/CD68+ or CD206+/CD68+ were 

identified as pro-inflammatory or anti-inflammatory, respectively. To assess the impact of IH on 

the functional purpose of HBCs, we performed a phagocytosis assay. HBC conditioned media 

was collected and analyzed with a cytokine array to determine the components of the media. The 

second aim was to use the HBC conditioned media and determine the independent or combined 

effect with IH on placenta angiogenesis. Human umbilical vein endothelial cells (HUVECs) were 

used in tube formation and migration assays under the following conditions: 8% O2 (control), 8% 

O2 with HBC conditioned media, IH, or combined (HBC conditioned media and IH). 

 

Results: No differences were found in the absolute number of pro-inflammatory (p = .832) or 

anti-inflammatory (p = .614) HBCs. The proportion of anti-inflammatory HBCs between the 

conditions did not differ significantly (p = .543) with a medium effect size, d = 0.55. Similarly, 

the proportion of pro-inflammatory HBCs had a negligible effect size, d = -0.143 , and did not 

differ significantly (p =.752) between the culture conditions. Phagocytosis percentage was also 

not distinct between the two culture conditions (p = .651). We detected differential regulation of 

cytokines depending on the oxygen tension. Identification of many pro-angiogenic, anti-

angiogenic, and pleiotropic factors were identified in the conditioned media. Tube formation 

assays showed significantly shorter segments in the IH (p = .034) and IH/HBC ( p = .026) 
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condition compared to the HBC condition. There was also a lower total mesh area in the IH (p = 

.038) and IH/HBC (p = .015) conditions compared to the HBC condition, along with less master 

segments in the IH (p = .039) condition compared to the HBC condition. Lastly, the master 

segments were shorter in both the IH (p = .038) and IHHBC (p = .028) conditions compared to 

the HBC condition. No significant differences were found between the control condition and the 

experimental conditions. IH and HBCs did not impact endothelial cell migration.  

 

Conclusions: In summary, IH may not be the main driver of differences in HBC polarization as 

previously noted by Goudreau et al. Our culture conditions maintained the heterogenous HBC 

population with some favouring of the pro-inflammatory phenotypes, suggesting that the culture 

conditions may not be fully representative of the in-vivo environment, a continued shortfall of in-

vitro models. However, treatment with IH lead to different secretions from HBCs compared to 

the control. Therefore, IH appears to regulate HBC behaviour, subsequently influencing 

angiogenesis. While the impact of IH and HBCs on tube formation did not deviate significantly 

from baseline, our study shows that HBCs are master regulators of angiogenesis that do not 

override the protective mechanisms for vasculature formation under hypoxic conditions.  
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Preamble to Chapter 1:  

The manuscript titled Breaking Boundaries: A Chronology with Future Directions of Women in 

Exercise Physiology Research, Centred on Pregnancy, was submitted to Advanced Exercise and 

Health Science on March 1st, 2024, as an invited review. The manuscript was revised as 

requested on April 25th, 2024, and was accepted on April 26th, 2024. This manuscript is added to 

the thesis to establish the history of exercise physiology research focused on pregnancy and 

highlight the ongoing gaps in this novel field. 
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Chapter 1: The History of Exercise Physiology in Pregnancy
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Chapter 2: Introduction to the Placenta – The Conduit of 

Exercise Benefits 

2.1 Benefits of Gestational Parent Physical Activity  

As exercise physiology research on pregnancy has advanced since the 1800s, our knowledge 

surrounding the safety and benefits of gesP PA has led to the development of  rigorous, evidence-

based guidelines for pregnancy. With Canadians leading the charge, the 2019 Canadian 

Guideline for Physical Activity Throughout Pregnancy states that all gesPs without 

contraindications to exercise should engage in PA throughout pregnancy for a minimum of 150 

minutes of moderate-intensity PA over a minimum of 3 days, but movement every day is 

strongly recommended [1].  

 

For the gesP, the risk of pregnancy complications is significantly reduced with habitual 

engagement in PA. Specifically, PA decreases the likelihood of developing gestational 

hypertension and preeclampsia, gestational diabetes mellitus (GDM), urinary incontinence, 

pregnancy loss, anxiety and depression [1–5]. There is also a reduction in excessive gestational 

weight gain, subsequently lowering the risk of delivering large for gestational-age babies [6]. A 

meta-analysis examining the effectiveness of exercise interventions found that gesP PA prevented 

excessive gestational weight gain and postpartum weight retention [7].  At the time of labour, c-

sections are reduced with those who engaged in PA throughout pregnancy, as well as potentially 

shorter active labour times [8–10].  

 

Inadequate growth of the fetus is often a concern with gesP PA; but, evidence shows that PA 

promotes appropriate size for gestational-age and prevents macrosomia, the growth of the fetus 

beyond a specific threshold [11,12]. In early life, offspring from a physically active gesP have 

lower adiposity and a decreased risk of neural tube defects [13,14]. As highlighted in Chapter 1, 

the beneficial effects of gesP PA on the fetus are accrued through developmental plasticity or 

fetal programming, according to the DOHaD framework [15]. Fetal programming shows that the 

risk of developing future chronic diseases later in life is reduced with in-utero exposure to PA. 
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GesP PA not only lowers the prevalence of obesity, type 2 diabetes and cardiovascular diseases 

for the pregnant individual but also for the offspring into adulthood [3].  

 

While the benefits of gesP PA have been observed at an epidemiological level, the mechanisms 

behind them are not yet fully known. Since the placenta is not innervated and is the conduit 

between the gesP and fetus, all signalling must be mediated through the placenta. Therefore, it is 

probable that the placenta is the likely affecter of these benefits. The mechanistic role of the 

placenta in gesP PA is supported by changes at this organ’s tissue and cellular levels. Previously 

reviewed by Bhattacharjee, Mohammad and Adamo [5], gesP PA positively alters the placenta 

blood flow and hormone secretion and may improve placental efficiency. At the cellular and 

molecular level, gesP PA has been associated with changes in transcriptional, metabolomic, and 

protein expression, eliciting differences in the immune system, nutrient transporters, 

angiogenesis, secreted factors and the mitochondria of the placenta [16]. Changes within the 

genotypic and phenotypic aspects of the placenta suggest that the benefits of gesP PA are accrued 

through the placenta, but we do not yet know the mechanisms that elicit these differences.  

 

As proposed by Clapp [17], changes in oxygen tension, such as intermittent hypoxia (IH), may 

be one of the mechanisms of action behind the changes in the placenta. As the gesP engages in 

PA, the uterine artery constricts, and blood is diverted to the working muscles, leading to a 

transient hypoxic state within the placenta. Supported by a study using ewes, uteroplacental 

blood flow is reduced during PA [18,19]. Utilizing Doppler ultrasound, the literature has 

documented an increase in uteroplacental vascular resistance after 5 minutes of exercise, 

suggesting a temporary decrease in uteroplacental blood flow [20]. The fetus is still adequately 

oxygenated since erythropoietin (a hypoxia marker) is unchanged in cord blood and amniotic 

fluid from physically active gesPs [17,21–23]. Therefore, reduced blood flow during PA likely 

leads to a redistribution of the blood, favouring the placenta and fetus since fetal hemoglobin has 

a higher affinity for oxygen [19,24]. Once the activity has concluded, the uterine artery will 

dilate to accommodate an influx of oxygen-rich blood that rapidly reoxygenates the placenta [5]. 

We know that the hypoxic state induced by gesP PA is not permanent, as PA improves the 

chronically hypoxic conditions in the placenta induced by obesity [25]. Additionally, the 

mitigation of chronic hypoxia in the placenta with obesity suggests that gesP PA promotes 
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angiogenesis and subsequently improves uteroplacental and placental fetal circulations [5]. There 

is not yet primary research that has quantified the IH effect of PA on the placenta in humans, but 

it is commonly referred to as a probable mechanism of action for gesP PA [17,26,27].  

2.2 The Immune System, Physical Activity and Pregnancy 

The immune system is made up of innate and adaptive immunity arms, comprised of many cells 

that regulate inflammation, protect against invading pathogens and cancer, and regulate tissue 

repair. The different types of immune cells, along with which immunity arm they are associated 

with, are summarized in Figure 1. Macrophages are critical players in the innate immune system, 

orchestrating first-line responses to pathogens and activating the adaptive immune system 

through antigen presenting capabilities. Derived from blood monocytes or yolk-sac progenitors, 

macrophages carry out phagocytosis, cytokine secretion and antigen presentation [29,30]. 

Macrophages have the immune-characteristic ability to respond to their tissue microenvironment, 

polarizing  to pro- or anti-inflammatory phenotypes as required [28,30]. Often woefully 

oversimplified in the literature, macrophages can be classically activated to the pro-inflammatory 

M1-like phenotype or alternatively activated to the anti-inflammatory M2-like phenotype. 

Macrophage polarization occurs on a spectrum of activation; therefore, the polarization of 

macrophages cannot be classified as absolute [31]. For example, research has suggested the 

further division of M2 macrophages into M2a, M2b, and M2c subtypes, with an additional M2d 

phenotype recently identified in primarily tumorigenic environments [32,33].  
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Figure 1. Cell Composition of the Innate and Adaptive Immune Arms. 

 

Regulation of macrophage polarization occurs through three tightly regulated pathways: the 

external cytokine pathway, the internal pathway and the external non-cytokine pathway [34]. The 

external cytokine pathway is the most characterized pathway of macrophage polarization, 

utilizing cytokine stimuli to mimic the in-vivo T cell activation of macrophages [34]. Pro-

inflammatory macrophages are stimulated by IFN-𝛾, LPS and TNF to acquire surface markers 

CD80, CD86 and IL-1R [28,34]. The pro-inflammatory characteristics of these macrophages are 

supported by their secretions of pro-inflammatory cytokines such as IL-1, TNF, and IL-12. As 

their name suggests, pro-inflammatory macrophages promote inflammation, impair tissue 

regeneration and perform phagocytosis to remove pathogens [28,31,34]. On the other end of the 

spectrum, anti-inflammatory M2a and M2c macrophages are activated by IL-4 and IL-13 or IL-

10, respectively, with CD206 and CD163 expressed as surface markers [30,34,35]. These anti-

inflammatory subtypes promote the regulation and resolution of inflammation, tissue 

remodelling, and matrix deposition [30,35]. M2b macrophages represent an intermediate 

polarization on the overall spectrum of activation, displaying and contributing to both pro- and 
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anti-inflammatory characteristics [36]. M2b macrophages share similar characteristics to M1 

macrophages by expressing CD86 and secreting pro-inflammatory cytokines (IL-6 and TNF-⍺) 

[36]. The newly discovered M2d macrophage phenotype is less understood, but is thought to be 

activated by TGF-β and TLR agonists and characterized by secreting high levels of IL-10 and 

VEGF [37]. 

 

The ontogeny, or the internal pathway defined by macrophage origin, is a minor regulator of 

macrophage polarization [34]. Some macrophages are derived from blood monocytes from the 

bone marrow and display pro-inflammatory characteristics, whereas tissue-resident macrophages 

are derived from embryo yolk-sac progenitor cells and are typically more anti-inflammatory 

[34]. The ontogeny of the macrophages may not be as crucial as the effects of tissue 

microenvironment [34]. Results from macrophage transplant studies show that bone marrow-

derived macrophages can differentiate and take on the tissue-resident macrophage characteristics 

and roles [34,38]. Therefore, the tissue microenvironment may play a more critical role in 

defining macrophage polarization.  

 

The tissue microenvironment can be influenced by characteristics other than pro- and anti-

inflammatory cytokines, such as oxygen tension. Hypoxia induces anti-inflammatory 

polarization, increasing growth and angiogenic factor secretions [37,39]. The literature regarding 

the effect of IH on macrophage polarization is much less clear. Some studies have found that the 

cycling between normoxia and hypoxia induces pro-inflammatory signalling with increases in 

IL-6 and promotes pro-inflammatory (M1-like) polarization of macrophages [40–42]. On the 

contrary, some researchers have found that IH induces the anti-inflammatory phenotype and 

tissue micro-environment, consistent with the observations of chronic hypoxia [43,44]. Our 

understanding of the non-cytokine external pathway is limited compared to our knowledge of the 

cytokine external regulation pathway. 

 

During pregnancy, the immune system goes through complex changes to support the 

maintenance of pregnancy and the development of the fetus while still being able to fight off 

infection [45]. Previous research from the Adamo Lab revealed that exerkine (cytokines 

stimulated and released by exercise) levels are different between pregnant and non-pregnant 
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individuals [46]. The study found that at resting levels, erythropoietin (EPO) and oncostatin were 

higher in the pregnant group than in the control with increases in FGF21, EPO, IL-15, secreted 

protein acidic and rich in cysteine (SPARC), fractalkine and BDNF after exercise [46]. 

Additionally, the balance between pro- and anti-inflammatory cytokines may have a trimester-

specific response for IL-6, IL-10 and TNF-⍺ with gesP PA [47]. As such, the differences in the 

gesP immune system and cytokine levels may lead to differential macrophage polarization with 

PA.  

 

PA has an immunomodulatory effect in the non-pregnant population that regulates the 

inflammatory profile [48]. Shifts in anti-inflammatory cytokines induced by PA can inhibit the 

production of pro-inflammatory cytokines, promoting the polarization of macrophages towards 

the M2 phenotypes [49]. Research regarding the role of PA on macrophage polarization 

consistently shows a favouring towards the anti-inflammatory phenotypes in healthy and disease 

models [50–55]. Promoting this phenotype with PA has led to the clinical practice of using PA to 

moderate the development of inflammatory diseases [49]. Therefore, gesP PA could lead to 

improved pregnancy outcomes and a healthier fetus due to a reduction in the inflammatory 

environment of the placenta. However, we do not know if the macrophage of the placenta 

experiences the same shifts in polarization with PA, as seen with other organs.  

2.3 The Elusive Hofbauer Cell  

The fetal-derived tissue-resident macrophage of the placenta, termed Hofbauer cell (HBC),  are 

the only immune cell in the  chorion and can be observed as early as 18 days post-conception 

[56,57]. Often located near fetal capillaries in the villous stroma alone or in groups of two or 

three, these 10-30 µm cells have a highly vacuolated appearance with membrane blebs, 

lamellipodia, and funnel-like structures [56]. HBCs have typical macrophage roles such as 

phagocytosis and cytokine secretion, but they also have unique roles in supporting the 

homeostasis and development of the placenta [58]. Often regarded for their abilities to protect 

the semi-allogenic fetus, HBCs also regulate stromal water balance, villous development, 

placental vasculogenesis and angiogenesis [58–63]. Additionally, HBCs in the placenta have 

been linked to anti-inflammatory roles such as tissue regeneration, villi development and 

angiogenesis [58,59,64]. 
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As previously discussed in section 2.2, the ontogeny of macrophages can impact their 

polarization. It is debated in the literature if HBCs are derived from blood monocytes or blood 

islands of the yolk sac [58,65]. It is known that HBCs are derived from the fetus, as indicated by 

sex chromatin staining [66]. Specifically, these innate immune cells are derived from yolk-sac 

primitive hematopoietic stem cells (HSCs). Mice studies have observed the emergence of HSCs 

from the yolk sac to the fetal capillaries, entering the villous stroma to ingest stromal materials, 

completing their differentiation to become HBCs [65]. Although, as gestation continues, the 

ontogeny of the HBC population shifts. During the second and third trimesters, transitional cells 

between monocytes and macrophages have been observed in the placenta, suggesting that HBCs 

in the latter stages of pregnancy are derived from fetal monocytes [67].  

 

Potentially due to the ontogeny of HBCs, the polarization of these cells is the M2a, M2b and 

M2c phenotypes [59,68]. When characterizing the phenotypes of HBCs in the placenta, 

Swieboda et al. [68] found that HBCs lack M1 polarizations and are mostly comprised of M2a 

and M2c characteristics, with M2b macrophages being identified only in healthy placentas at 

term. As previously discussed, M2b macrophages are an intermediate phenotype for macrophage 

polarization. Owing to the absence of the classical M1 polarization in the placenta, M2b 

polarized macrophages have been identified as the pro-inflammatory phenotype in the placenta. 

The pro-inflammatory role of M2b macrophages is carried out by the expression of CD86 and 

the secretion of TNF, IL-6 and IL-1 [36]. The pro-inflammatory role of M2b HBCs is supported 

by their association with being augmented in the inflammatory state of GDM [69]. GDM induces 

a shift towards the pro-inflammatory phenotype with higher IL-6 and IL-1β compared to non-

effected placenta [69].  



 

 
17 

 

Figure 2. Generalization of Macrophage Polarizations of the Whole Body and Placenta. 

 

In addition to GDM, environmental exposures during pregnancy, such as toxins, viruses, gesP 

obesity, and pregnancy pathologies, impact HBC characteristics [70]. As pregnancy progresses, 

the HBC population  decreases throughout a healthy gestation [68]. This process is exacerbated 

with chorioamnionitis and advanced gestational age [71]. Low HBC numbers are also associated 

with early pregnancy loss [72], suggesting the requirement of HBCs to support the homeostasis 

of the placenta. Additionally, shifts in the pro- and anti-inflammatory HBCs in the placenta have 

been associated with Zika virus, toxoplasma gondii, HIV, obesity, and pollution [58,70,73]. 

Interestingly, previous work from the Adamo lab suggests that gesP PA may be another 

environmental factor that impacts HBC polarization. Placenta from physically active gesPs 

showed a greater proportion of the anti-inflammatory CD206+ HBCs than those who were 

physically inactive [74]. The number of CD206+ HBCs was also correlated to the number of 

moderate-to-vigorous PA minutes in mid and late gestation [74]. It is speculated that the greater 
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proportion of CD206+ HBCs in physically active placentas could be due to the theorized IH 

effect of gesP PA, but this has yet to be tested. The modifying effects of diseases, toxins and gesP 

PA on HBC number and polarization allows us to speculate that environmental perturbations may 

regulate HBCs and potentially impact their downstream roles in the placenta. Although, the 

impact of enhanced anti-inflammatory HBCs on the development of the placenta has not been 

classified.  

2.4 The Influence of Hofbauer Cells on Placenta Development 

Within the developed villi of the placenta, HBCs are located near the fetal vasculature, indicating 

potential cell-to-cell interactions and symbiotic relationships. Previous research shows that 

placental vasculature is impacted by HBCs, as they are known promoters of angiogenesis - the 

process of forming new vasculature from already established vessels. Loegl et al. [59] previously 

identified that the M2a, M2b and M2c polarized HBCs regulate tube formation and migration of 

fetal placental endothelial cells. Due to the secretions of VEGF, TNF-⍺ and FGF-2, tube 

formation was enhanced when exposed to HBC-conditioned media compared to the controls 

[59]. Interestingly, this study found that HBCs decreased endothelial cell migration, likely due to 

MIF, suggesting that these tissue-resident macrophages do not influence the direction of vascular 

growth in the placenta [59]. However, the study by Loegl et al. (2016) study only examined the 

secretion of FGF-2, VEGF, IL-6, TNF-⍺, PLGF and IL1RN, providing a limited insight into the 

regulatory role of HBCs on angiogenesis. The variety of assays employed by this 2016 study is a 

strength as it better classifies the multifaceted and complex process that is angiogenesis- albeit 

the tube assay evaluation was confined by the shortfall of variables that were assessed by the 

angiogenesis analyzer. Not including more variables that are provided by the angiogenesis 

analyzer contribute a finite overview of the impacts of HBCs on the complexity of tube 

formation; thus, reducing the overall applicability of the results. Maximizing the analyzed 

variables for the tube formation assay would provide a greater overview of the regulatory role of 

HBCs in angiogenesis. All phenotypes of HBCs can produce the pro-angiogenic factors FGF-2, 

VEGF and the anti-angiogenic factor Spry2, indicating their roles in tissue regulation and 

angiogenesis [75]. Specifically, low molecular weight FGF-2 within the placenta differs 

depending on gesP PA status, theorized to impact the permeability of fetal capillaries and 

subsequently enhance the efficiency of nutrient and gas exchange [75]. Differences in angiogenic 
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factors with gesP PA insinuate that PA is pro-angiogenic in the placenta, as seen with other 

organs [76,77]. Despite that, we do not know if the exact mechanisms apply to the placenta. 

Placentas from physically active individuals have been shown to have a larger vascular volume 

and greater capillary surface area supported by more significant placental growth and larger villi 

[26,27,78]. Compared to sedentary counterparts, a 24% increase in mid-pregnancy placenta 

growth has been observed with physically active gesPs [17]. These observed differences in 

placental development increase the surface area, thus optimizing the delivery of nutrients and 

gasses to the fetus. Moreover, the placenta from physically active gesPs has higher levels of pro-

angiogenic VEGF and PIGF compared to placentas from gesPs who were physically inactive 

[79]. These results allow researchers to speculate that the pro-angiogenic and growth-stimulating 

effect of gesP PA could be due to differences in angiogenic factor secretion. For example,  

myokines and exerkines secreted during gesP PA (e.g. IL-15, IL-6, and BDNF) have been linked 

to differences in placenta development and growth [26].  

 

Another proposed mechanism accounting for the differences in the vasculature and development 

of the placenta could be the IH effect of gesP PA. As stipulated by Jackson et al. [27], differences 

in the placenta vascularity with gesP PA may also be stimulated by changes in oxygen tension. 

Placenta vasculature is regulated through the activation and stabilization of HIF, leading to 

downstream secretion and signalling of VEGF [80–82]. We do not know if IH will regulate the 

same pathways, eliciting differences in markers of angiogenesis that have been observed in 

tumour models [83]. Changes in oxygen tension are normal throughout gestation as the 

beginning of pregnancy is a hypoxic environment before the gesP blood supply is established 

[84,85]. Once the gesP spiral arteries begin dumping blood into the villous spaces, oxygen 

tension is thought to peak in the placenta around weeks 12-17 of gestation [85–88]. The 

intervillous space of the placenta varies depending on the gestational stage, with the lowest at the 

beginning of pregnancy at a partial pressure of oxygen (pO2) of 20 mmHg (~2-3% O2) and 

peaking at 60mmHg (~6% O2) from weeks 12-15 of gestation as it slowly declines to 30 mmHg 

pO2 until term [87,88]. For context, atmospheric oxygen tension is at a pO2 of 159 mmHg (21% 

O2), with the lowest oxygen tension in the non-pregnant body at the end capillaries and veins 

with a pO2 of 40mmHg [87,88]. In summary, IH and HBCs moderate angiogenesis: though the 

implication of the combination of these factors is not yet known.  
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2.5 Thesis Aims  

These studies aim to delineate the interaction between HBCs and IH and determine their 

downstream effects on placenta vasculature. To address this overarching aim, the research project 

will be broken down into two aims:  

Aim 1: Compare the polarization state of HBCs in culture when exposed to IH.  

Hypothesis: HBCs exposed to IH have a higher ratio of anti-inflammatory to pro-

inflammatory phenotypes than HBCs that are maintained at physiological normoxic 

levels.  

Aim 2: Determine the impact of HBCs and IH on placenta angiogenesis.  

Hypothesis: HUVECs treated with IH and HBC-conditioned media have faster migratory 

abilities and more expansive vessel formation.   

2.6 Study Rationale  

Exercise physiology research falls short in classifying the effects of PA within the female 

population, which is further exacerbated with the pregnant population. Historically, females have 

been treated as if they were smaller males with complex hormone profiles, resulting in cautious 

approaches to exercise research that is exacerbated in the pregnant population. To advance our 

overall understanding of exercise, researchers must focus on identifying the benefits and 

clarifying the mechanisms specific to women and pregnant individuals. This project will help fill 

the overarching knowledge shortfall regarding PA and exercise in pregnant individuals, helping 

close the gender gap in exercise physiology.  

 

The benefits of gestational PA for both the gesP and the fetus have been well established in the 

literature, but there is a significant information deficit regarding the mechanism(s) behind these 

benefits. The field of exercise physiology is comparatively well-versed in the effect(s) and 

mechanism(s) of PA on other organs, such as the bones, skeletal muscles and kidneys, while the 

placenta is neglected. Compared to the previously characterized organs,  there are inherent 

challenges in studying the placenta,  a temporary organ that is not innervated, is composed of 

gesP and fetal tissues and can only examined at one time point (delivery). Much of the research 

regarding placenta biology is with pregnancies impacted by pathologies, leading to a greater 

understanding of placenta dysfunction vs. healthy function. This proposed research is crucial for 
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advancing our understanding of the molecular interactions among cells in the healthy placenta, 

significantly enhancing our insights into the cell-to-cell relationships. Moreover, this project will 

strengthen the current understanding of the roles and regulations of HBCs and endothelial cells. 

Of the limited research on healthy placentas, the cells are studied in solitude, which is not 

representative of the in vivo conditions. With the placenta comprising heterogeneous cell 

populations, delineating the cell-to-cell interactions will help developmental biologists 

understand the paracrine roles and symbiotic or commensalism relationship between these cells.  

 

This set of studies are groundbreaking as it will be among the first to investigate how intermittent 

hypoxia (IH) affects HBC polarization and placental angiogenesis. Current research primarily 

focuses on the impact of chronic hypoxia in disease models, which are not directly applicable to 

placental conditions or gesP PA. This project aims to evaluate whether IH elicited the observed 

variations in HBC polarization reported by the Adamo Lab. Given the rising prevalence of 

metabolic syndromes and cardiovascular diseases in society, deconvoluting the mechanisms of 

gesP PA could offer valuable insights into its potential as a preventive measure throughout 

pregnancy.  

 

Previous research has shown that HBC polarization in the physically active placenta favours the 

M2-like polarization, but we do not know what elicited these differences. HBCs are the most 

abundant immune cells present in the placenta, but we do not know what, other than cytokines, 

regulate these cells. While it is commonly accepted that IH is a consequence of gesP PA, we do 

not yet know if this effect regulates HBC polarization. Characterizing the polarization response 

of HBCs when exposed to IH will provide insight into the under researched non-cytokine 

external regulation pathway. Furthermore, previous research regarding the immunomodulatory 

effects of PA is focused on macrophages derived from monocytes or other tissue-resident 

macrophages; thus, we do not know if the results apply to the placenta. Therefore, determining 

how IH regulates HBC polarization will contribute to immunology and exercise physiology 

research, getting one step closer to determining the mechanism behind gesP PA.  

 

Historically, primary cells were cultured at atmospheric oxygen tension (21% O2); however, 

these in vitro models are no longer physiologically relevant. The study that this thesis will be 
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recreating by Loegl et al. used atmospheric oxygen tension and HBC conditioned media to 

mimic the effect of HBCs on angiogenesis. If similar results are found with physiological oxygen 

tensions, recreating these studies will strengthen our knowledge regarding the role of HBCs and 

further increase the reliability of these studies. Overall, this study addresses the significant gaps 

in the literature regarding the regulation and role of HBCs and how IH, an effect of gesP PA, 

impacts the interactions with endothelial cells.  
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Preamble to Chapter 3:  

The manuscript entitled: Hofbauer Cell Polarization is not Impacted by Intermittent Hypoxia is 

formatted for the Physiological Reports as a follow up to previous work by Goudreau et al. 

Retrospectively, we have determined that the study was underpowered. Since the flow cytometry 

antibody panel needed to be optimized, our HBC bank was used up and due to resource 

limitations, we are not able to meet the required sample size of 5. This manuscript covers the first 

objective of this thesis as it investigates the regulatory role of IH on HBC polarization.  
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Chapter 3: Determining the Regulatory Role of Intermittent 

Hypoxia on Hofbauer Cell Polarization 

Research Article  

Title: Hofbauer Cell Polarization is not Impacted by Intermittent 

Hypoxia.  

Abbey E. Corsona, Nicolas Collaob Alexandra D. Goudreauc, Velislava Tzanevaa, Micheal 

De Lisioa,b & Kristi B. Adamoa,d 

a School of Human Kinetics, Faculty of Health Sciences, University of Ottawa 

b School of Human Kinetics , Department of Cellular and Molecular Medicine, University of Ottawa 

c Department of Experimental Medicine, Faculty of Medicine and Health Sciences, McGill University 

d Faculty of Medicine, Obstetrics and Gynecology, University of Ottawa 

 

Abstract: The tissue-resident macrophage of the placenta, termed Hofbauer cell (HBC), has 

roles in placental angiogenesis, promoting homeostasis, protecting the semi-allogenic fetus and 

expected macrophage roles such as phagocytosis and cytokine secretion. These vast roles are 

fulfilled through the plastic ability of HBCs to respond to the tissue microenvironment, leading 

to polarization. Cytokine external regulation pathways are commonly the focus of macrophage 

activation research; however, other non-cytokine factors, such as intermittent hypoxia (IH), an 

effect of gestational parent physical activity, may regulate polarization. We exposed primary 

Hofbauer cells to a control 5% O2 condition or bouts of IH and quantified their polarization using 

flow cytometry. To observe the impact on their functionality, we analyzed phagocytosis and 

cytokine secretion by performing phagocytosis assays and cytokine arrays, respectively. IH did 

not significantly affect the number of CD68+/CD86+ (p =.832) or CD68+/CD206+ macrophages 

(p = .614). IH also did not alter the proportion of anti-inflammatory to pro-inflammatory 

macrophages (p = .287). We observed similar phagocytotic activity (p = .651) and differential 

cytokine secretions between the 5% O2 and IH conditioned mediums. In conclusion, IH may not 

be the main mechanism of action for promoting an anti-inflammatory phenotype for HBCs but 

elicits changes to the secretome. 

 

Key words: Hofbauer cells; Macrophage regulation; placenta; physical activity; intermittent 

hypoxia; pregnancy.   
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1 | Introduction  

Making up about 70% of the immune cells found in the placental villi (Megli & Coyne, 2020), the 

fetal-derived tissue-resident macrophage, termed Hofbauer Cell (HBC), has a plethora of roles that 

support the growth and development of the placenta and subsequently support the growth of the 

fetus (Megli & Coyne, 2020; Zulu et al., 2019). Specifically, HBCs are involved in cytokine 

secretion, phagocytosis, maintenance of placental homeostasis, promoting tolerance of the semi-

allogenic fetus, angiogenesis and more (Loegl et al., 2016; Swieboda et al., 2020; Zulu et al., 

2019). The ability of HBCs to exhibit these vast roles is due to their plastic ability to respond to 

changes in the tissue microenvironment through macrophage polarization. Often oversimplified in 

the literature, macrophage polarization is thought to be a spectrum of activation through cytokines 

and microbes leading to two different phenotypes: M1-like macrophages, which are “pro-

inflammatory” through classical pathway activation, and M2-like macrophages, which are thought 

to be “anti-inflammatory” through the alternative pathway activation. Pro-inflammatory 

macrophages have been characteristically shown to be activated with IFN-y with LPS or TNF and 

GM-CSF, leading to the expression of CD80, CD86, and IL-1R surface proteins, and the secretion 

of pro-inflammatory cytokines (e.g. IL-1, IL,12, TNF, IL-23) (Lendeckel et al., 2022; Martinez et 

al., 2008; Martinez & Gordon, 2014; Murray, 2017). This phenotype has a high capacity to present 

antigens, high chemokine ligand 9 production and secretes low levels of IL-10 (Martinez et al., 

2008; Mosser & Edwards, 2008). Moreover, its roles are to remove foreign pathogens through 

phagocytosis, promote inflammation and impair wound healing and tissue regeneration (Martinez 

& Gordon, 2014; L. Wang et al., 2019). However, M1-like macrophages are not found in the 

placenta (Swieboda et al., 2020).  

 

M2a, M2b and M2c macrophages are the anti-inflammatory phenotypes on the other end of the 

spectrum and found in the placenta. Additionally, there is the newly discovered M2d macrophage, 

but it is poorly characterized and is not identified in the placenta. Anti-inflammatory macrophage 

polarization is activated through many forms of stimulus for each subtype, such as IL-10, 

glucocorticoids, M-CSF, IL-4, and immune complexes, expressing surface markers CD206 and 

CD163 (Gordon & Martinez, 2010; Martinez & Gordon, 2014), as summarized in Figure 1. These 

anti-inflammatory macrophages promote roles of wound healing, matrix deposition and 

phagocytosis (Chinetti-Gbaguidi et al., 2011; Gordon & Martinez, 2010; Lendeckel et al., 2022; 
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Martinez & Gordon, 2014). Within the placenta at early and mid-gestation, HBC polarization 

mainly comprises the anti-inflammatory M2a and M2c phenotypes (Swieboda et al., 2020). At 

term, a small proportion of HBCs are the M2b phenotype (Swieboda et al., 2020). It is important 

to note that the M2b polarized macrophages do not fit into the typical anti-inflammatory 

characteristics. M2b polarized macrophages contribute to pro-inflammatory M1-like polarization 

characteristics such as the expression of CD86 along with the secretion of pro-inflammatory 

cytokines like TNF-⍺, IL-1β, IL-16, and IL-12 (Martinez & Gordon, 2014; L. Wang et al., 2019). 

Inflammatory diseases such as gestational diabetes mellitus (GDM) have been linked to an 

increased presence of CD86+ M2b macrophages (Schliefsteiner et al., 2017). Therefore, M2b 

HBCs represent the pro-inflammatory population of macrophages in the placenta.  

 

 

Figure 1. Generalization of Macrophage Polarization. (Gharavi et al., 2022; Lendeckel et al., 2022; 

Martinez & Gordon, 2014; Murray, 2017; Schaefer et al., 2017; Shrivastava & Shukla, 2019; L. 

Wang et al., 2019; Wu et al., 2012) 

Macrophage polarization occurs through tightly regulated mechanisms that are the extrinsic 

(cytokines), non-cytokine external, and intrinsic pathways (ontogeny of the macrophage) (Murray, 

2017). We have previously explored the role of the extrinsic pathway through the cytokines above 

(shown in Figure 1), but the role of non-cytokine external regulation is less known within the 

literature. Environmental factors such as pollution, disease state of the pregnant individual and diet 
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have been shown to impact macrophage parameters such as macrophage number, pro- and anti-

inflammatory balance, and cytokine secretion (Chambers et al., 2021). Additionally, viral infection 

of HBCs with HIV, Zika virus and diseases such as chorioamnionitis have been linked to changes 

in HBC numbers, shifts in polarization and modifications to cytokine secretion (Zulu et al., 2019).  

 

Interestingly, a behavioural factor like gestational parent (gesP) physical activity (PA) may 

influence HBC polarization.  In previous work by our lab, Goudreau et al. (Goudreau et al., 2023) 

examined the impact of gesP PA throughout pregnancy on HBC polarization. This novel study 

collected placenta samples from physically active and inactive participants and found that those 

who engaged in habitual PA throughout pregnancy had a significantly greater proportion of 

CD206+ HBCs. This observed change is beneficial as increased anti-inflammatory HBCs 

associated with gesP PA may support placental development, decrease inflammation and 

potentially mitigate the risk of inflammatory diseases (Goudreau et al., 2023; Loegl et al., 2016; 

Zulu et al., 2019). In the non-pregnant population, PA is also linked to the promotion of an anti-

inflammatory milieu and the promotion of M2-like polarization (Baek et al., 2020; Blanks et al., 

2019; Luo et al., 2020; Oliveira et al., 2013). However, the mechanism(s) of the observed 

favouring of M2-like polarization of HBC polarization with gesP PA has not yet been investigated.  

 

It is speculated that the mechanisms behind the promotion of the anti-inflammatory phenotype 

with gesP PA could be due to the exerkine response or intermittent hypoxia (IH) (Goudreau et al., 

2021; Hutchinson et al., 2019). As proposed by Clapp (Clapp, 2003) and reviewed by 

Bhattacharjee et al. (Bhattacharjee et al., 2021), IH is thought to occur as the pregnant individual 

engages in PA. During PA, oxygen-rich blood is diverted to the working muscle, leading to a 

transient mild state of hypoxia and decreased placental perfusion that is rapidly replenished when 

PA is ended (Clapp, 2003; Skow et al., 2017). Rapid increases in oxygen tension, a theorized event 

occurring after hypoxia during PA, are linked to M2-like polarization (Escribese et al., 2012). 

Moreover, a review by Murray (Murray, 2017) stipulated that oxygen tension may be a major non-

cytokine external regulator by activating the HIF pathways. Studies that have looked at the impact 

of chronic hypoxia or ischemic injury on tissue-resident macrophages of other organs show a shift 

in the pro- and anti-inflammatory balance, often promoting the anti-inflammatory response due to 

changes in energy metabolism, and similarly concluded that HIF pathways become activated 
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(Díaz-Bulnes et al., 2020; Escribese et al., 2012; Ke et al., 2019; N. Wang et al., 2014; Yakupova 

et al., 2022). Oxygen tension regulates macrophage polarization through the HIF-PHD- NF-κB 

axis (Escribese et al., 2012).  

 

While the impact of continuous hypoxia on macrophage polarization has been documented, the 

literature on IH is limited and has provided mixed results. For example, there are data suggesting 

that IH promotes a pro-inflammatory environment  (Fitzpatrick et al., 2021; Schaefer et al., 2017; 

Zhou et al., 2018), while other studies suggest that IH is a stimulus for anti-inflammatory 

phenotypes (Almendros et al., 2015; Campillo et al., 2017; Hou et al., 2022). The current IH 

literature often uses whole-body IH, utilizes tumour models or looks at monocyte infiltration and 

activation. It is not yet known how IH within an organ impacts tissue-resident macrophage 

polarization, especially HBCs. Therefore, this study aimed to characterize the impact of 

intermittent hypoxia, an effect of gesP PA, on HBC polarization. We hypothesize that when 

exposed to IH, HBCs will favour an anti-inflammatory profile and demonstrate polarization 

towards CD206+ M2a and M2c populations, with a decrease in CD86+ M2b HBCs.  

 

2 | Materials & Methods  

2.1 | HBC culture  

Primary human HBCs were isolated from 3 healthy placentas (Amnion Foundation, USA). 

Demographic information of the donors can be found in Table 1.  

Table 1 

Hofbauer Cell Donor Characteristics 

Gestational Parent Age (years) 33.3(4.51) 

Gestational Age (weeks) 39.4(1.050) 

Fetal weight (g) 3633(852.7) 

Fetal sex (Male/Female) 1/2 

Mode of delivery (Vaginal/C-section) 2/1 

Note. Data are presented in mean (standard deviations). n = 3  

 

HBCs were cultured in tissue culture-treated 6-well plates (FisherBrand, PA, USA) at a density of 

1.0x105 cells/cm2 in RPMI-1640 media (Gibco, NY, USA) supplemented with 5% FBS, 25mM 
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HEPES (Sigma-Aldrich, MA, USA) and 1x Pen/Strep (Gibco, NY, USA) for 48 hours at 37°C and 

5% CO2 with the following oxygen tensions: 5% O2 or IH. The oxygen tension of 5% O2 was 

selected to reflect a physiologically relevant oxygen tension within the placenta and is thus the 

control condition (Huppertz, 2023; Keeley & Mann, 2019). HBCs in the IH condition were 

exposed to an oxygen tension of 3% O2 for three three-hour bouts (to mimic the effects of 

gestational parent PA) after the cells were in culture for 24 hours. After 48 hours, HBCs and spent 

media were collected. The spent media was spun at 5000g for 10 minutes at 4°C then stored at -

20°C for future analysis. Cultured HBCs were washed three times with DPBS before dissociating 

with TrypleE (ThermoFisher, MA, USA) for 7-10 minutes  

at 37°C. Cells were then pelleted and resuspended in ice-cold FACS buffer (10% FBS, 3mM EDTA 

and PBS) to be stained for flow cytometry. 

2.2 | Sample preparation  

Harvested HBCs were stained with primary antibodies to distinguish the anti-inflammatory and 

pro-inflammatory macrophage polarizations (Liu et al., 2022) for 20 minutes at room temperature 

(RT) in the dark. Antibody concentration and conjugations are described in Table 2. Cells were 

then centrifuged at 400g for 7 minutes at 4°C, resuspended in ice-cold FACS buffer, and strained 

with a 100 m cell strainer (Corning, NY, USA). 7AAD (ThermoFisher, MA, USA) was added as 

a viability dye and the cells were kept on ice until flow cytometry analysis.  

Table 2 

Flow Cytometry Antibodies 

Antibody Concentration Conjugate Marker Supplier 

Anti-CD68 1:50 PE Pan-macrophage Miltenyi, 

Germany 

Anti-CD86 1:20 Brilliant Violet 421 Pro-inflammatory 

(M2b) 

BioLegend, 

USA 

Anti-CD206 1:20 Alexa Fluor 488 Anti-inflammatory  

(M2a & M2c) 

BioLegend, 

USA 
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2.3 | Polarization quantification 

For all antibodies, fluorescence minus one (FMO) and single stained controls (Supplemental 

Material 1) were used for compensation and to establish gates (Figure 1). The fluorescence signal 

was compensated for each antibody using UltraComp eBeads Plus compensation beads 

(ThermoFisher). AttuneTM NxT Acoustic Focusing Flow Cytometer System (ThermoFisher 

Scientific). See Collao et al. (Collao et al., 2023) for more detailed methods. Cells were identified 

as pro-inflammatory macrophages (CD68+/CD86+) or anti-inflammatory macrophages 

(CD68+/CD206+). FCS files were processed in FlowJoTM Software (BD Life Sciences; v.10.8). 

 

 

Figure 1. Flow cytometry gating strategy.  

 

2.3 | Phagocytosis assay  

We conducted a phagocytosis assay to quantify the functional phagocytotic activity in the control 

(5% O2) and the intermittent hypoxia conditions. Following the manufacturing guidelines of a 

phagocytosis assay kit (Cayman Chemical; 500290), HBCs were cultured under the same 
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conditions as previously described in section 2.1 but were cultured in u-Slide 8 well ibiditreat 

chambered coverslips (Ibidi; 80826) for 48hours. Rabbit IgG-FITC Complex coated latex beads 

(Cayman Chemical; 400291) were diluted to a ratio of 1:200 in prewarmed supplemented RPMI 

1640 media and added to the cells for 2 hours at their respective culture conditions. After the assay, 

any unbound beads and media were removed by washing the cells three times with the cell-based 

assay buffer (Cayman Chemical; 10009322). The cells were then fixed in 4% PFA for 10 minutes 

at RT and washed thrice with the cell-based assay buffer. Quenching was performed with 1x 

Trypan Blue to prevent autofluorescence (Cayman Chemical; 400292) for 2 minutes at RT. The 

cells were then washed three more times with the cell-based assay buffer, at which point Prolong 

Glass Antifade Mountant with NucBlue (ThermoFisher) was used to mount and visualize the cell 

nuclei. Ibidi slides were then imaged using an inverted fluorescence microscope (AxioObserver 

Z1, Toronto, Canada) equipped with blue and green filters at the Cell Biology and Image 

Acquisition Core Facilities at the University of Ottawa. Each sample was imaged using the tiling 

function (5 x 5) for 25 images. Negative controls omitted the addition of the latex beads. 

Phagocytotic activity was represented as the percentage of cells with beads (Sharma et al., 2014). 

The assay was completed once per donor for each condition.  

2.4 | Cytokine array  

Cytokines and chemokines secreted by HBCs were analyzed by performing a cytokine array 

(Abcam; ab133998) on conditioned media previously collected and stored from the 5% O2 and IH 

conditions. As a negative control, we performed the array on the basal RPMI-1640 media to 

quantify the baseline levels of cytokines in the media. The array was completed following the 

manufacturer’s instructions. We performed overnight incubations at 4°C for the media, biotin-

conjugated cytokine antibodies, and the HRP-Streptavidin steps. The array was imaged with the 

ChemiDoc Imaging System (Bio-Rad). The integrated density of the grey value was measured for 

each spot using ImageJ (2.14.0/1.54f). The negative control was then subtracted from each spot to 

remove the background. The pixel density was normalized to the average density of the positive 

controls from the reference array (RPMI complete media) using the manufacturer’s equation of 

X(Ny) = X(y) * P1/P(y); where X(Ny) is the normalized signal density of the spot, X(y) is the mean 

signal density of the spot, P1 is the mean signal density of the positive control spots on the 

reference array, and P(y) is the mean signal density of the positive control spots of the array. Data 



 

 
32 

were then normalized using log2-fold change versus the control condition. Cytokines with log2-

fold changes greater than 2 or less than -2 were considered biologically relevant.  

 

2.5 | Statistical analysis  

R-studio software (version 4.4.0) was used for statistical analysis. Mean and standard error cell 

counts of pro- and anti-inflammatory macrophages and percentage phagocytosis were calculated. 

The effect size was measured using Cohen’s d. Differences in cell counts and phagocytotic activity 

were compared between culture conditions using paired-sample t-tests. Statistical significance was 

set at p < 0.05. Heatmap analysis was completed for the cytokine array using the “ggplot2” 

package in R.  

 

3 | Results  

3.1 | HBC Polarization does not change with IH 

To determine the effect of IH on HBC polarization, we compared the number and ratio of pro- and 

anti-inflammatory HBCs between the control condition (5% O2) and IH with a paired samples t-

test. Means and standard errors for the number of CD68+/CD206+ (anti-inflammatory HBCs) and 

CD68+/CD86+ (pro-inflammatory HBCs) are presented in Figure 2A and Figure 2B, respectively. 

The analysis revealed no significant effect of culture condition, t(2) = 0.591, p = .614, on the 

number of anti-inflammatory HBCs between the 5% O2 (M = 6374, SD = 8744) and IH conditions 

(M = 4753, SD = 5660) with a small effect size, d = 0.30, 95% CI [-1.155, 1.763]. Additionally, 

the number of pro-inflammatory HBCs for the 5% O2 (M = 8656, SD = 7605) and IH conditions 

(M = 8154, SD = 7564) were not statistically significant, t(2) = 0.240, p = .832 and had a negligible 

effect size, d = 0.07, 95% CI [-0.70, 0.83]. The relative percentage of anti-inflammatory and pro-

inflammatory HBCs within the separate conditions are presented in Figure 2c. The proportion of 

anti-inflammatory HBCs was not significantly different, t(2) = 0.726, p = .543, between the 5% 

O2 (M = 37.3 % , SD = 24.0%) and the IH condition (M = 26.1%, SD = 16.0%) with a medium 

effect size, d = 0.55, 95% CI [-1.700, 2.795]. Similarly, the relative proportion of pro-inflammatory 

HBCs in the 5% O2 (M = 47.5%, SD = 24.2%) and IH (M = 50.9%, SD = 14.0%) conditions did 

not differ significantly , t(2) = -0.362, p = .752, with a  negligible negative effect size, d = -0.143, 

95% CI [-1.245, 0.959].
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Figure 2. Hofbauer Cell Counts and Proportions Between Culture Conditions. Data are presented 

in mean + standard error.  HBC counts of CD68+/CD206+ (A) and CD68+/CD86+ (B) for each 

culture condition. The data from the 5% condition are shown in the dark grey bars with the 

intermittent hypoxia condition shown in the gold bars. Individual data points correspond to values 

from each cell donor, with each donor being represented by a unique colour. The relative 

contributions of anti-inflammatory (purple) to pro-inflammatory (light grey) HBCs relative to all 

CD68+ cells (C). IH: Intermittent hypoxia. No significant differences were identified. n = 3. 

 

3.2 | Phagocytosis activity is unchanged 

Phagocytic activity was determined by calculating the percentage of cells that contained beads. 

The mean percent phagocytosis per culture condition with standard error of the mean is visualized 

in Figure 3. Upon analysis, no significant differences in phagocytotic activity were revealed, t(2) 

= 0.527, p = .651,  between the 5% O2 (M = 35.0%, SD = 5.06%) and IH (M = 33.4%, SD = 

7.73%). Representative images are presented for the 5% O2 condition in Figure 4, and the IH 

condition is presented in Figure 5. The negative control (no beads added) is shown in Figure 6. 
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Figure 3. Comparison of Phagocytic Activity for the Control and Intermittent Hypoxia Conditions. 

Data are presented as mean and standard error of the mean. The percent phagocytosis is presented 

on the y-axis, with the culture condition on the x-axis. The 5% O2 and intermittent hypoxia 

conditions are visualized in the dark grey and gold bars, respectively. Individual data points 

correspond to values from each cell donor, with each donor being represented by a unique colour. 

IH: Intermittent hypoxia. No significant differences were identified. n = 3.
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Figure 4. Phagocytosis Assay for the 5% O2 Condition. FITC channel (A) shows the phagocytized beads. Nuclei stained with Hoechst 

(H3342) (B). Merged image (C). Images taken with the 20x objective with the tiling function (5 x 5). Scale bar is 200 µm. Zoomed in 

picture to show colocalization (D), with a scale bar of 50 µm. 
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Figure 5. Phagocytosis Assay for the Intermittent Hypoxia Condition. FITC channel (A) shows the phagocytized beads. Nuclei stained 

with Hoechst (H3342) (B). Merged image (C). Images taken with the 20x objective with the tiling function (5 x 5). Scale bar is 200 µm. 

Zoomed in picture to show colocalization (D), with a scale bar is 50 µm. 
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Figure 6. Negative Control for the Phagocytosis Assay. FITC channel (left) shows the phagocytized beads. Nuclei stained with Hoechst 

(H3342) shown in the middle. Merged image shown on the right. Images taken with the 20x objective with the tiling function (5 x 5). 

Scale bar is 200 µm. 
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3.3 |  Differential secretome  

The log2-fold changes for the cytokines in the media were normalized to the control for the 

conditioned medias from the 5% O2 and IH conditions shown in Figure 7.  Relative to the control, 

5% O2 had 52 (27 up- and 25 downregulated) and IH had 57 (11 up- and 46 downregulated) 

differentially expressed cytokines (Figure 7A). Comparing the two conditions, 25 of the 

differentially expressed cytokines were affected in the same direction, while 7 were influenced in 

opposite directions (Figure 7B). Specifically, opposing regulations of IGF-1, HGF, IGFBP-4, 

MCP-4, MIF, OPG and TIMP-1 were identified. There were 37 cytokines that were differentially 

expressed in one condition only. There were 15 up- and 4 downregulated cytokines in the 5% 

condition with 2 up- and 16 downregulated cytokines in the IH condition.  The most up-regulated 

change compared to the control was IL-8, with a 21.53 and 20.85 log2-fold change in the 5% and 

IH conditions, respectively. The most down-regulated cytokine was MCP-3 in the IH condition at 

-19.84 log2-fold change compared to the control.  
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Figure 7. Oxygen tension influences cytokine secretion from Hofbauer cells. Data were 

normalized to the densitometry of the control condition. Fold changes greater than 100% (log2fold 

>2 or <-2) were identified as biologically relevant.  A heat map comparing the log2fold changes 

normalized to the control condition for all cytokines (A). A Venn diagram with the number of 

cytokines that were relatively up-regulated (red) or down-regulated (blue) for the 5% and 

intermittent hypoxia conditions, shown in dark grey and gold circles, respectively (B). Cytokines 

that had the same directional effect for both conditions are shown in the black text in the 

overlapping circles. The number of cytokines that had  relative differences in opposing regulation 

for both conditions are shown in light grey in the overlapping circles. CNTRL: Control; IH: 

Intermittent Hypoxia.  

 

4 | Discussion  

Previously, placenta from physically active gesPs was shown to have a significantly higher 

proportion of anti-inflammatory HBCs compared to placenta from those who were physically 

inactive (Goudreau et al., 2023). IH is a theorized effect of gesP PA and a potential mechanism; 
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therefore, this study sought to test if IH contributed to the differences observed by Goudreau et 

al.(Goudreau et al., 2023). We hypothesized that IH would promote greater polarization of anti-

inflammatory HBCs. We did not see differences in the absolute number of CD206+ or CD86+ HBCs 

at varying oxygen tensions. Unlike the previous study, we did not identify any statistically 

significant differences in the relative proportions of HBC polarization with IH. However, there 

was a medium effect size with the impact of oxygen tension on the relative contribution of anti-

inflammatory HBCs. The effect of IH favoured the pro-inflammatory phenotypes, which is the 

opposite of our hypothesis and the findings from our previous work. Therefore, IH may not be the 

main driver of the changes in the HBC polarization observed by Goudreau et al. (Goudreau et al., 

2023).  

  

In chronic hypoxia studies, less than 1% O2 has been shown to activate HIF-1⍺, leading to 

downstream metabolic changes such as switching to the glycolytic metabolism and initiating the 

inflammatory response (Díaz-Bulnes et al., 2020). However, this switch does not occur as rapidly 

in M2a and M2c macrophages, as they can utilize fatty-acid oxidation for extended periods to 

support their roles (Díaz-Bulnes et al., 2020; Viola et al., 2019). Moreover, while M2b 

macrophages offer some metabolic flexibility, they are less metabolically flexible than the anti-

inflammatory M2a and M2c phenotypes (Fuchs et al., 2024). Therefore, the lack of significant 

shifts in the polarizations may be due to their metabolic flexibility, leading to statistically preserved 

proportions in the IH condition. Additionally, oxygen tension is thought to regulate macrophage 

polarization through epigenetic enzymes such as histone demethylases, but the exact mechanisms 

are not yet known (Díaz-Bulnes et al., 2020). Therefore, future studies should quantify changes in 

these enzymes to elucidate any differences at the metabolic and molecular level of HBCs with IH. 

 

Healthy pregnancies contain a majority of the anti-inflammatory HBC phenotypes at term 

(Swieboda et al., 2020); however, we observed a greater absolute amount of pro-inflammatory 

HBCs and a lower proportion of anti-inflammatory phenotypes, independent of the oxygen 

tension. Specifically, Swieboda et al. (2020) determined that ~85% of the term HBCs were of the 

M2a and M2c anti-inflammatory phenotypes while the pro-inflammatory M2b phenotype only 

accounted for ~10% of the total term HBCs. We did not observe similar proportions as previously 

reported, which may be due to confounding variables of fetal-sex and the culture media. In this 
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study, we have reported multiple characteristics regarding our donors, which strengthens the 

results of this study. Interestingly, all characteristics were relatively similar, but one participant 

had much higher proportions of pro-inflammatory HBCs and was the only participant that had a 

male fetus. Previous research in placenta biology suggests that there may be sex-specific 

differences in the placental inflammasome (Arthurs et al., 2022; Aiken and Ozanne, 2013), which 

could justify the outlying data. More research is required to confirm the hypothesis on the sex-

differences in HBC polarization, therefore reporting fetal sex in studies that utilize primary cells 

for study placental biology should be required.  

 

Secondly, we can posit that the HBCs cultured in this study did not maintain their innate 

polarization in culture due to the composition of the media. FBS could impact macrophage 

polarization in cell culture media as it can introduce cytokines and other signalling molecules 

involved in the external regulation pathways. In the supplemented RPMI-1640 media, we detected 

cytokines that are involved in stimulating macrophage polarization. Specifically, we identified 

VEGF,  TGFβ, M-CSF, IL-4, IL-5, and EGF, known stimulators of anti-inflammatory polarizations 

(Casella et al., 2016; Kerneur et al., 2022; Lin et al., 2015; Murray, 2017; Xu et al., 2022). On the 

other hand, we discerned IFN-𝛾, a potent pro-inflammatory stimulator, along with RANTES, IL-

12, TNF, IP-10, and IL-6 (Kerneur et al., 2022; Murray, 2017). The role of IL-6 in macrophage 

polarization may not be as pro-inflammatory as some of the literature suggests (Chen et al., 2022; 

Nishimoto & Kishimoto, 2006). IL-6 is often labelled pro-inflammatory, but this cytokine can also 

enhance the polarization of alternatively activated macrophages (Fernando et al., 2014), potentially 

due to the upregulation of IL-4 receptor ⍺ (Braune et al., 2017). The presence of these pro-

inflammatory cytokines could elicit the pro-inflammatory phenotype that we observed in both 

conditions, which is not truly representative of the in-vivo polarizations.  

 

Since there were no differences in macrophage polarization, our findings of similar phagocytic 

activity are consistent. We could speculate that the phagocytotic ability of these cells becomes 

saturated at around 30% when performing this assay. When pro-inflammatory macrophages are 

activated by IFN-𝛾, Fc-mediated phagocytosis (the process for phagocytizing the IgG-coated 

beads) is downregulated (Frausto-Del-Río et al., 2012). This decrease in phagocytosis is thought 

to be due to downregulation in the Fc receptor Fc𝛾R (Frausto-Del-Río et al., 2012) or limited by 
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the available surface area of the cell membrane (Cannon & Swanson, 1992). Due to the presence 

of IFN-𝛾 in the RPMI-1640 media, it is plausible that our HBCs could have been activated by this 

cytokine, leading to a decrease in their phagocytic ability and favouring the pro-inflammatory 

polarization. As reported in the literature, exposure to hypoxia is thought to boost phagocytosis by 

activating p38 MAP Kinase-HIF-1⍺ link (Anand et al., 2007), but, to the best of our knowledge, 

there are no reports available on how IH impacts tissue-resident macrophage phagocytosis. This 

study suggests that IH does not impact phagocytosis for HBCs.  

 

Along with phagocytosis, another major role of macrophages is their ability to secrete cytokines 

and chemokines after being polarized to facilitate their various roles. While IH may not be the 

primary regulator of HBC polarization, we identified numerous biologically relevant cytokines 

that were differentially secreted between the two conditions; suggesting that oxygen tension can 

influence HBC behaviour. Overall, there was four times more down-regulation and about seven 

times less up-regulation of cytokines compared to control levels when comparing the IH and 5% 

conditions. These data suggest that IH may have a downregulatory effect on select cytokines 

compared to control conditions. There were 25 cytokines that were similarly regulated, while seven 

cytokines were regulated in opposite directions. Some of the differentially regulated cytokines 

include an up-regulation of IGF-1, HGF, MCP-4, MIF and TIMP-1 in the 5% condition with all 

being down-regulation in IH condition. The down-regulation of IGF-1 with exposure to IH may 

have ramifications on the uptake and metabolism of glucose and amino acids, as this growth factor 

has roles in nutrient transport in the skeletal muscle (Kaur et al., 2021). Placental growth and 

development, including angiogenesis and the maintenance of membrane integrity, may also be 

impacted by IH as the down-regulation of HGF, MIF, TIMP-1 and IGF-1 all have roles in these 

complex processes (Bach, 2015; Cartwright et al., 1999; Hellström et al., 2016; Ietta et al., 2018; 

Kaur et al., 2021; Kim et al., 2012; Todros et al., 2021; Vincent et al., 2015). While we can 

speculate on the effects of the observed down-regulation of these cytokines, the epidemiological 

research regarding the consequences of gesP PA are not consistent with our findings. The current 

literature suggests that gesP PA is linked to increased placental growth and angiogenesis with no 

detrimental effects on nutrient transport and the metabolism within the placenta (Adamo et al., 

2024; Jackson et al. 1995). Moreover, MIF has been shown to be increased with hypoxia-

reoxygenation (Ietta et al., 2018), but we observed the opposite effect. The different findings with 
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MIF levels could be due to varying methods with oxygen tensions used, suggesting that the chosen 

IH condition may not have been as extreme as the previous study, or that the cells did not 

experience hypoxia-reoxygenation cycles. In hindsight, experiments should have been completed 

to confirm that the cells experienced hypoxia in this study. Moreover, we do not know what oxygen 

tensions are experienced by the placenta during gesP PA; thus, the differential cytokine levels 

observed in this study may not be meaningful in-vivo. Taken together, these results reiterate our 

findings that IH may not be a main mechanism responsible for the benefits of gesP PA. 

Additionally, classifying and comparing the cytokines that we have observed within placenta from 

physically active and inactive placentas could allow us to make connections or unveil relationships 

that might  help justify our current results.  

 

Furthermore, the differential regulation of cytokines between the culture conditions leads us to 

speculate that there could be implications on the downstream roles of HBCs. We identified many 

cytokines that are involved in the development and growth of the placenta. Some of the contrasting 

cytokines of interest are IL-10, Angiogenin, G-CSF, NT-4, MIP-1β,  MCP-1, and more. These 

cytokines are responsible for tissue remodelling, immune responses, trophoblast function, and 

angiogenesis (Briana et al., 2007; Furmento et al., 2014; Hartung, 1998; Kim et al., 2023; Lee et 

al., 2014; Miyake et al., 2015; Pala et al., 2023; Pavlov et al., 2014).The cytokine displaying the 

greatest up-regulation was IL-8 in both the HBC-conditioned mediums, with more in the 5% O2 

condition. This cytokine is responsible for activating other immune cells to help protect the fetus 

from invading bacteria (Shimoya et al., 1992) and participates in the signalling of maternal spiral 

artery remodelling, implantation and maintenance of pregnancy (Vilotić et al., 2022). IL-8 also has 

roles in angiogenesis, trophoblast migration, and differentiation (Brkić et al., 2018; Jovanović et 

al., 2010; Martin, 2001). We also observed an upregulation of IL-6 only in the 5% O2 condition, 

which is often secreted from pro-inflammatory macrophages to support their pro-inflammatory 

roles (Baay et al., 2011). However, IL-6 can also be secreted from anti-inflammatory macrophages 

when stimulated with IL-4 (Casella et al., 2016), which we identified in the RPMI media. IL-6 is 

integral for establishing pregnancy, gesP spiral artery remodelling and may be a key molecule in 

the initiation of parturition (Vilotić et al., 2022). Implantation and placentation may be further 

aided by HBC secretion of Osteopontin (OPN), an extracellular matrix molecule and cytokine in 

the conditioned mediums (Johnson et al., 2003). As such, the secretions of HBCs are involved in 
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the development of the placenta and the progression of pregnancy. Our results suggest that oxygen 

tension may have indirect effects on these processes due to variability in cytokine secretion. 

 

Of interest, we also found up-regulation of IGFBP-3 and IGFBP-4 in the IH condition, with a 

downregulation of IGFBP-4 for the 5% condition. On the other hand, IGFBP-1 and IGFBP-2 were 

up-regulated in the 5% culture condition only. Within this family, IGFBP-1, -3 and -4 are 

pleiotropic promoting both pro- and anti-angiogenic while IGFBP-2 is thought to be only pro-

angiogenic (Slater et al., 2019). Another factor that we observed to be down-regulated to a lesser 

extent in the 5% compared to the control was FGF-4, which is thought to promote wound closure, 

stimulate trophoblast proliferation and be positively related the development of gestational 

diabetes mellitus (GDM) (Devi et al., 2020; Fan et al., 2022; Sun et al., 2023; Tanaka et al., 1998). 

Similarly, we detected differential patterns of regulation between the conditions for 

osteoprotegerin, a factor that is involved in glucose homeostasis during pregnancy (Huang et al., 

2020). The IH condition, a proxy for the effect of gesP PA, resulted in upregulated osteoprotegerin 

secretion while the 5% condition induced a downregulation of osteoproetegrin compared to 

control. These results allow us to hypothesize that the observed decrease in the prevalence of GDM 

with gesP PA could be due to the influence of oxygen tension on HBC secretions of factors that 

regulate glucose homeostasis. While the role of HBC number and inflammatory profile in GDM 

has been elucidated (Sisino et al., 2013; Zulu et al., 2019), the  involvement of secretions from 

HBCs may be a potential mechanism to be investigated. Detecting these factors with the cytokine 

array reinforces the importance of characterizing macrophage polarization as a dynamic spectrum 

and avoiding the oversimplified M1/M2 paradigm (Katkar & Ghosh, 2023; Martinez & Gordon, 

2014; Murray et al., 2014). Overall, the identified changes in cytokine secretions suggest that 

oxygen tension may impact the downstream role of HBCs in regulating the development of the 

placenta, the maintenance of pregnancy and potentially the pathogenesis or progression of 

placental diseases. 

  

When oversimplified in the literature, IL-10 and IL-12 are thought to be the main secretions of 

anti- and pro-inflammatory macrophages, respectively (Zulu et al., 2019). We detected an up-

regulation of IL-10 compared to the control, with more in the 5% condition. While both 

polarizations of macrophages can secrete IL-10, anti-inflammatory macrophages can secrete 
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comparatively higher amounts (Murray, 2017). Therefore, we could postulate that the HBCs 

exposed to IH had a lower anti-inflammatory effect than the 5% O2 condition. Our flow cytometry 

data partially confirm this finding of lower anti-inflammatory contributions after exposure to IH, 

although they were not statistically different. Interestingly, we detected the same downregulation 

of IL-12 in both conditions compared to the control. IL-12 is a main secretion for pro-inflammatory 

M1 macrophages (Kerneur et al., 2022), therefore, we can speculate that the identified CD86+ 

macrophages are of the M2b phenotype as they secrete IL-10 at high levels compared to low levels 

of IL-12 (L. Wang et al., 2019). These findings are consistent with the literature that the classical 

M1 pro-inflammatory macrophages are not found in the placenta and that the M2b macrophages 

are responsible for carrying out the pro-inflammatory roles in the placenta.  

 

A continuing shortfall of in vitro models is that they cannot directly represent the in vivo conditions, 

potentially leading to the observed promotion of the pro-inflammatory phenotype. Conditions such 

as cell density, media contents and pH have previously been shown to impact macrophage 

polarization (Ruder et al., 2023; Wu et al., 2019). With this in mind, the exposure time of IH to the 

HBCs may have been too short as these primary cells do not proliferate and are only viable in 

culture for three to five days. Previous studies have shown that the duration, timing and degree of 

difference in the hypoxic conditions of the placenta can differentially regulate cell behaviour and 

disease outcome (Siragher & Sferruzzi-Perri, 2021). Exploring the effect of IH on explant cultures 

could sustain HBCs in culture for more prolonged periods, allowing us to look more at the chronic 

effect of IH and sustain their innate polarizations observed in healthy placentas. Additionally, a 

post-priori power calculation using our large effect size for the ratio of HBCs revealed that we 

were underpowered. Reaching a sample size of 5 would increase the probability of detecting an 

effect of oxygen tension on HBC polarization (Supplemental Table 1) and thus, adequately 

powered future studies should explore this topic further.  

 

5 | Conclusion 

In conclusion, our results from the inflammatory profile of the cytokines and flow cytometry 

confirm that our cultured HBCs contain a heterogeneous population. We can also speculate that 

IH, an effect of gesP PA, may not be the primary mechanism behind the observed differences in 

HBC polarization by Goudreau et al.(Goudreau et al., 2023). However, changes in oxygen tension 
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did impact the secretome, thus potentially changing their downstream roles in angiogenesis, GDM 

risk, and placenta development. The cytokine external regulation pathways, metabolic changes and 

epigenetic regulation often impact macrophage polarization. Previous studies have characterized 

the secretions of exerkines and cytokines throughout pregnancy and are suspected of eliciting 

differences in HBC polarization (Goudreau et al., 2021; Hutchinson et al., 2019); therefore, future 

research should elucidate the role of these factors on HBC polarization with gesP PA.  
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Supplemental Files  

Table S1 

Input parameters for G*Power. 

Variable Value 

Effect size f 1.479 

⍺ error of probability 0.05 

Power (1- β error probability) 0.8 

Statistical Test Means: difference between two dependent 

means 

 

 

Figure S1. Fluorescence minus one (FMO) staining to establish the gaiting strategy. 
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Preamble to Chapter 4:  

The manuscript entitled: Implications of Hofbauer Cells and Intermittent Hypoxia on Placental 

Angiogenesis formatted for Placenta. This manuscript covers the second objective of this thesis 

as it investigates the regulatory role of IH and HBCs on placental angiogenesis.  
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Angiogenesis in the Placenta.  
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Highlights 

• Hofbauer cells are overall regulators of angiogenesis.  

• Pro and anti-angiogenic factors were detected in Hofbauer cell conditioned media. 

• Hofbauer cells secrete angiogenin.  

• Tube assays treated with conditioned media have more expansive and dense networks than 

intermittent hypoxia.  

• The migration of HUVECs is not impacted by intermittent hypoxia and Hofbauer cells.  

 

Abstract: 

The role of Hofbauer cells (HBCs) in placental angiogenesis has been well documented in the 

literature. Mechanisms such as intermittent hypoxia (IH) - a theorized effect of gestational parent 

physical activity, have been linked to regulating angiogenesis in other organs but not the 

placenta. In this study, we aimed to evaluate the role of IH on placental angiogenesis and 

investigate if there are any interactive or additive effects with the secretions from HBCs. 

Utilizing tube formation and migration assays, human umbilical vein endothelial cells (HUVEC) 

were exposed to HBC-conditioned media and/or IH to investigate their effect(s) on indicators of 

angiogenesis. A cytokine array revealed that HBCs secrete pro- and anti-angiogenic factors, 

providing evidence of their role in the overall regulation of angiogenesis. Analysis of the tube 

mailto:kadamo@uOttawa.ca
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formation assay did reveal significantly shorter segments in the IH (p = .034) and IH/HBC ( p = 

.026) condition compared to the HBC condition. The total mesh area was also lower in the IH (p 

=0 .38) and IH/HBC (p = .015) conditions compared to the HBC condition, along with less 

master segments in the IH (p = .039) condition compared to the HBC condition. Lastly, the 

length of the master segments was shorter in both the IH (p = .038) and IHHBC (p = .028) 

conditions compared to the HBC condition. No significant differences were revealed for the 

migration assay. In conclusion, we can speculate that IH is less angiogenic than the secretions 

from HBCs, but more research is required to confirm.  

Keywords: Hofbauer cells; angiogenesis; intermittent hypoxia; physical activity.  

 

1. Introduction  

Physical activity (PA) throughout gestation has been linked to improved health outcomes for the 

gestational parent (gesP) and the fetus [1–3]. While the exact mechanisms behind the plethora of 

evidence-based benefits are not yet known, the placenta is likely a mediator of these benefits, as 

it is the conduit between the gesP and the fetus. Previous research regarding the impact of gesP 

PA on the placenta suggests that PA is linked to improved endothelial function, increased 

placental angiogenesis, and a reduced risk of vascular dysfunction (hypertension and 

preeclampsia) throughout pregnancy [4,5]. Exposure to PA has been shown to improve vascular 

function with gesP PA through greater placental growth and increased placental vascularity [6]. 

These changes optimize the delivery of nutrients and oxygen to the fetus, supporting fetal growth 

and development. Previously, Jackson et al. [7] observed increased total vascular volume and 

greater capillary surface area and volume in the villi of the placenta from those who engaged in 

PA compared to non-physically active controls. Changes in the placenta vasculature when 

exposed to PA are likely due to angiogenesis– the sprouting of new vessels from previously 

established vessels [8]. Dubé et al. [9] further speculated that gesP PA is pro-angiogenic on the 

developing placenta. Data from the vitamin D and lifestyle intervention for gestational diabetes 

mellitus prevention (DALI) lifestyle study suggests that PA  throughout pregnancy does lead to 

greater density of villi, thus leading to a larger surface area for gas and nutrient exchange [10]. 

However, these changes are independent of increased vessel density of the placenta [10]. 

Therefore, more research is needed to provide robust evidence regarding the role of PA on the 

placenta vascular system.  
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Angiogenesis occurs through numerous processes, such as endothelial cell proliferation, 

migration, enzymatic degradation of the capillary basement membrane, tube formation and 

vessel fusion [8]. A predominant angiogenic cell in the placenta is the tissue-resident 

macrophage, termed the Hofbauer Cell (HBC). Found only in the placenta, HBCs are responsible 

for cytokine secretion, phagocytosis, protecting the semi-allogenic fetus, and promoting 

homeostasis [11]. HBCs have consistently been found near fetal capillaries [12], implicating 

their role in angiogenesis through paracrine effects. Specifically, the number of HBCs is 

correlated to the number of vascular structures in the placenta [13]. In contrast, a lower number 

of HBCs is associated with blighted ovum and defective placental vasculature [14], indicating 

their critical role in regulating angiogenesis.  

 

While often oversimplified in the literature, this highly plastic innate immune cell can become 

polarized over a range of phenotypes, most notably, the pro-inflammatory (M1-like) or the anti-

inflammatory (M2-like) phenotypes. This plasticity allows HBCs to not only participate in 

angiogenesis [15] but also in maintaining stromal water balance, promoting tolerance of the 

semi-allogenic fetus, phagocytosis, and cytokine secretion, among other functions.[11,13,16]. 

Interestingly, our group has shown that increases in the proportion of anti-inflammatory 

phenotypes have been positively associated with increases in PA minutes throughout gestation 

[17]. Precisely, identified HBCs do not adopt the M1 phenotypes but were polarized to the M2a, 

M2b and M2c phenotypes, which stimulate placental angiogenesis through the secretion of 

VEGF and FGF2 in vitro [13,15]. Additionally, HBCs secrete Spry2, an angiogenic regulator, 

reiterating their participation in angiogenesis [18]. Other angiogenic factors and their roles are 

summarized in Figure 1.  
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Figure 1. Angiogenic factors secreted by Hofbauer cells and their actions in angiogenesis [16,19–29]. 

 

The literature also suggests that the observed vascular changes within the placenta may be an 

adaptive response to a transient decrease in oxygen tension caused by gesP PA [9]. During PA, it 

has been widely accepted that blood is diverted to the working muscles, leading to a transient 

state of hypoxia within the placenta [30], which has been speculated to stimulate placental 

angiogenesis [7]. It is thought that the placenta can respond to moderate changes in oxygen 

availability to prioritize the development of the fetus [31]. The theorized intermittent hypoxic 

(IH) state that occurs as a result of gesP PA initiates angiogenesis through the activation and 

stabilization of hypoxia-inducible factor (HIF), leading to downstream upregulation of VEGF 

[8,31–33]. While much of the research has been focused on the detrimental impacts of chronic 

hypoxia on the placenta and, subsequently, the fetus [31], there is very little research regarding 

the impact of IH on the healthy placenta. In tumours, IH has been shown to increase the 

formation of tubes and migration of endothelial cells compared to normoxia [34]. However, no 

studies have examined how the placenta would respond to IH. More research is needed to fill the 

gap in knowledge regarding the impact of IH on placental angiogenesis and if there is an 

interactive effect with the pro-angiogenic secretions from HBCs. Therefore, this study aims to 

determine the independent or additive effect(s) of HBCs and IH on placental angiogenesis in 

vitro. We hypothesize that when human umbilical vein endothelial cells (HUVECs) are exposed 
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to HBCs and IH, more expansive tube networks and faster migration will be observed compared 

to the controls.  

 

2. Methods  

2.1 Hofbauer Conditioned Media  

Primary human HBCs isolated from healthy pregnancies (Amnion Foundation, USA) were 

seeded in a cell-culture-treated 6-well plate (ThermoFisher). HBCs remained in culture at 37°C 

with 5% CO2 for 48 hours at a density of 5.0 x 105 cells/well. HBCs were cultured in RPMI 1640 

media (ThermoFisher) supplemented with 5% FBS, 25 mM HEPES (Sigma-Aldrich) and 1x 

Pen/Strep (Gibco). To reflect the physiologically normoxic conditions of the placenta, an oxygen 

tension of 5% O2 was selected [35]. Media was collected after 48 hours in culture, spun at 5000g 

for 10 minutes to clear any debris, aliquoted, and then stored at -20°C for future use and analysis.  

 

2.2 Analysis of Conditioned Media 

We analyzed the cytokines and chemokines from the collected HBC-conditioned media with a 

cytokine array (Abcam; ab133998). A negative control blot was run with RPMI complete media 

(described in section 2.1). The array was completed following the manufacturer’s instructions. 

We performed overnight incubations at 4°C for the media, biotin-conjugated cytokine antibodies, 

and the HRP-Streptavidin steps. The array was imaged with the ChemiDoc Imaging System 

(Bio-Rad). The integrated density of the grey value was measured for each spot using ImageJ 

(2.14.0/1.54f). The negative control was then subtracted from each spot to remove the 

background. The array data was normalized to the average density of the positive controls from 

the reference array (RPMI complete media) using the manufacturer’s equation of X(Ny) = X(y) * 

P1/P(y); where X(Ny) is the normalized signal density of the spot, X(y) is the mean signal density 

of the spot, P1 is the mean signal density of the positive control spots on the reference array, and 

P(y) is the mean signal density of the positive control spots of the array. Data were then 

normalized using log2-fold change versus the control condition. Cytokines with log2-fold 

changes greater than 2 or less than -2 were considered biologically relevant.  
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2.3 Cell Culture Conditions and Assay 

To test the potential independent or additive impact of HBCs and IH on angiogenesis in the 

placenta, human umbilical vein endothelial cells (HUVECs) were cultured under the following 

four conditions: Endothelial Cell Growth Media (PromoCell) at 8% O2 (control); 30% HBC 

conditioned media at 8% O2 (test the independent effect of HBCs); Endothelial Cell Growth 

Media with IH (bouts of 3% O2; test the independent effect of IH); and 30% HBC conditioned 

media with IH (test the potential additive or interactive effect(s)). HBC-conditioned media was 

optimized to be diluted to 30% in Endothelial Cell Media. An oxygen tension of 8% was selected 

as a control to reflect the physiologically relevant oxygen tension of the placenta blood vessels 

[35].  

 

2.4 Tube Formation Assay  

Assays were performed to assess the tube-forming  ability [36] of HUVECs while exposed to 

HBC-conditioned media and/or IH. HUVECs were expanded for 24-48 hours with Endothelial 

Cell Growth Media. Glass bottom 24-well plates (CELLTREAT) were coated with 250 µL of 

reduced growth factor phenol red-free Matrigel (Corning) on ice, then put in a humidified 

chamber at 37°C for 30 minutes to polymerize. HUVECs were harvested, counted and spun at 

400g for 5 minutes at 4°C. Harvested HUVECs were resuspended at 1.0x106 cells/mL with 

Endothelial Cell Growth Media. Cells were then seeded in the Matrigel-coated wells at a density 

of 1.0x105 cells/well. The density of cells was optimized to ensure there were enough cells to 

form tubes, but not monolayers. Assays were performed for the optimized time of 4 hours. The 

IH condition for this assay was 2 hours at 8% O2, followed by 2 hours at 3% O2. This assay was 

completed with three technical replicates for each individual replicate for a sample size of n = 3. 

 

After 4 hours, phase contrast images were taken with a Zeiss Axiovert 40 C microscope equipped 

with Lumenera INFINITY2-2C Colour CCD Camera. The wells were divided into four 

quadrants to minimize bias. One image was taken in the centre and one from each quadrant, for a 

total of five images per well. Images were then uploaded to ImageJ and converted to 8-bit RGB 

images for tube formation analysis. Using the Angiogenesis Analyzer by Carpentier et al. [37], 

we quantified the number of nodes, junctions, meshes, total mesh area, number of segments, total 
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length, branching length, branching interval, mesh index, mean mesh size and number of 

branches. A description of the variables quantified in the tube assay is presented in Table 1.  

 

Table 1. 

Description of Tube Assay Variables 

Measured Variable Description 

Number of Nodes Total count of connecting points where multiple tubes 

intersect. Showing potential branching points.  

 

Number of Junctions The intersection of two connecting branches. Showing 

complex branching points.  

 

Number of Meshes Total count of enclosed loops that are formed by tubes. 

  

Total Mesh Area Calculated combined area of all meshes. Indicates network 

density and extent.   

 

Number of Segments  Number of tube structures connecting nodes or junctions. 

Segments are the building blocks of the network. 

 

Total Length The sum of all tube lengths in the network. 

 

Number of Branches The total count of tubes that connect nodes and junctions.  

 

Branching Length The sum of all the branches that extend outwards. 

 

Branching Interval The average length between branches. Indicates the pattern 

and regularity of the branches.  

 

Mesh Index Ratio of number of meshes to the total number of nodes or 

junctions. Measure reflects the complexity of the network.  

 

Mean Mesh Size The average size of the enclosed loops.  
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2.3 Wound Closure Assay  

Wound closure assays were completed to assess the impact of HBCs and IH on HUVECS 

migration and proliferation, as described by Justus et al. [38]. HUVECs were cultured in cell-

culture-treated 24-well plates (Fisher) and grown to confluency in Endothelial Cell Growth 

Media. A sterile 200µL pipette tip was used to gently press against the bottom of the well in a 

straight line from left to right to create a wound in the cell monolayer. Following the aspiration 

of cell media, each well was washed with DPBS and gentle swirling to remove any loose cells in 

the wound. DPBS was then aspirated, followed by adding freshly warmed media according to the 

experimental conditions. The IH condition for this assay was two 3-hour bouts of 3% O2 

separated by 3 hours at normoxia (8% O2). The assay was completed for each condition with 

three technical replicates for three individual replicates, n = 3. Phase contrast images (Zeiss 

Axiovert 40 C with Lumenera INFINITY2-2C Color CCD Camera) of the wound were taken in 

the centre of the well at the initial time of the wound and every three hours after for 12 hours 

total. Wound width was analyzed by ImageJ, using the measure tool to measure the width (in 

pixels) of three spots of the wound (left, centre, and right) per time point. The average wound 

width was then calculated and normalized to the initial wound size to allow for comparisons 

between and within the culture conditions.  

 

2.4 Data Analysis 

Data are presented as mean and standard error. Statistical analyses were conducted on R-studio 

(4.4.0). Differences between the culture conditions for the independent variables from the tube 

assay were assessed using multiple one-way analysis of variances (ANOVA), while the 

differences for the wound closure assay were assessed through a repeated measures ANOVA. 

Post-hoc analyses were performed using a Bonferroni correction to determine where differences 

were significant. Significance was set at p <.05.  

 

3. Results 

3.1 Cytokine Array of HBC Media.  

The log2fold change in the HBC conditioned media compared to the RPMI control media is 

presented in Figure 2. Only cytokines that were detected in the HBC conditioned media were 
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included in the analysis. The secretion of cytokines was considered biologically relevant when 

there was a 100% difference (log2fold change >2 or <-2) compared to the control RPMI media. 

The analysis revealed that 30 cytokines were upregulated in the HBC conditioned media 

compared to the control, with none downregulated. The greatest difference was 20.78 log2fold 

change with IL-8. The lowest biologically relevant upregulation was MCP-1 with a 2.09 fold 

increase from the control. 
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Figure 2. Angiogenic Factor Secretion from Hofbauer Cells. Data were normalized to the control condition. Fold changes greater than 100% (>2 

or <-2) were considered biologically relevant. A bar graph with the log2fold changes on the y-axis and cytokines that were present in the 

conditioned media are shown on the y-axis. 
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3.2 Wound Closure Assay  

Representative images of wound closure for all culture conditions are presented in Figure 3.   

 

 

Figure 3. Representative wound closure over time per condition. Images were taken with the 5x 

objective. The culture conditions are labelled on the top of the figure, and the time points that the images 

were taken are labelled on the left. Images were taken of the initial wound (0h) and every three hours until 

12h. HBC: Hofbauer cells; IH: Intermittent hypoxia; IH/HBC: Intermittent hypoxia and Hofbauer cell.  
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Mean wound closure ratio of all culture conditions is presented in Figure 4. A repeated measures 

ANOVA was run to determine the effect of culture condition on wound closure. The analysis 

revealed a significant main effect for time, F(4, 32) = 194.75, p < .001, ηp² = 0.96. Post-hoc 

pairwise comparisons with Bonferroni corrections indicated that wound closure significantly 

differed at all time points (p < .001). The analysis did not reveal a significant main effect for cell 

culture condition, F(3, 8) = 2.26, p =.158, ηp² = 0.459. We also did not observe an interactive 

effect between time and cell culture condition, F(12, 32) = 1.64, p = .130, ηp² = 0.38.  

 

 

Figure 4. Mean wound size ratio with SEM over time. The mean wound size was normalized to the initial 

wound size; the ratio is shown on the y-axis. The time, in hours, is on the x-axis. The black = control,  

dark grey = HBC condition, IH = medium grey and IHHBC wound closures = light grey lines. No 

significant differences were identified. HBC: Hofbauer cells; IH: Intermittent hypoxia; IH/HBC: 

Intermittent hypoxia and Hofbauer cell.  
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3.3 Tube Assay 

Representative images of the tube formation assay for each condition are shown in Figure 5.  

 

Figure 5. Representative images of tube formation assay for each culture condition. Images were taken 

with the 5x objective. The media type is presented on the left side of the figure and the oxygen tension is 

shown on the top. HBC; Hofbauer cells.  

 

To have a comprehensive understanding of tube formation, we calculated the number of nodes, 

junctions, meshes, segments, total segment length, number of master segments, total master 

segment length, total tube length, mesh area, branching length, branching interval, mesh index, 

mean mesh size, and number of branches. We conducted a series of one-way ANOVAs to 

compare the effect of cell culture condition on the variables of tube formation. The results of the 

ANOVAs are summarized in Table 2.  
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Table 2.  

ANOVA Results for Tube Formation Assay 

Variable SSBetween dfBetween MSBetween SSWithin dfWithin MSWithin F value P value η2 

Number of Nodes 31221 3 10407 17000 8 2125 4.898 .032* 0.65 

Number of Junctions 2581 3 860.2 1448 8 180.9 4.754 .035* 0.64 

Number of Segments 4055 3 1351.5 2347 8 293.4 4.607 .037* 0.63 

Total Segment Length 1.549x107 3 5.164x106 6.242x106 8 780264 6.618 .015* 0.71 

Number of Master Segments 1421.40 3 473.8 693.4 8 86.68 5.466 .024* 0.67 

Total Master Segment Length 1.668x107 3 5.561x106 6.954x106 8 869306 6.397 .016* 0.71 

Total Length 25278931 3 8426310 12348671 8 1543584 5.459 .025* 0.67 

Number of Branches 726.8 3 242.28 462.7 8 57.83 4.189 .047* 0.61 

Total Branches Length 2033305 3 677768 2120361 8 265045 2.557 .128 0.49 

Branching Interval 376.8 3 125.59 469.9 8 58.74 2.138 .174 0.44 

Number of Meshes 207.0 3 69.00 142.3 8 17.79 3.879 .056 0.59 

Total Meshes Area 5.713x1010 3 1.904x1010 2.079 x1010 8 2.599x109 7.327 .011* 0.73 

Mean Mesh Size 339866 3 113289 20989475 8 2623684 .043 .987 0.02 

Mesh Index 170.4 3 56.79 1921.5 8 240.2 0.236 .869 0.08 

Note. SS: Sum of Squares; df: degrees of freedom; MS: Mean Squares; η2: Eta Squared.  

 * p < 0.05 
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ANOVAs with significant results moved onto post-hoc pairwise comparisons with Bonferroni 

corrections. The post-hoc analysis revealed that the HBC condition had a significantly higher 

total mesh area than the IH (p = .038) and IH/HBC (p = .015) conditions. Additionally, the total 

segment length was significantly longer in the HBC condition than in the IH (p =.015) and 

IH/HBC (p = .026) conditions. The HBC condition was found to have a significantly higher 

number of master segments than the IH/HBC (p = .039) condition. The total master segment 

length was also longer in the HBC condition than in the IH (p = .038) and IH/HBC (p = .028) 

conditions. There were no significant effects between the control condition and the culture 

conditions for all variables. The means and standard errors for each dependent variable of tube 

formation are presented in Figure 6.  
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Figure 6. Tube Formation Characteristics. The mean and standard errors are presented for the total length 

(A), number of nodes (B), number of junctions (C), number of segments (D), total segment length I, total 

mesh area (F), number of meshes (G), mean mesh size (H), mesh index (I), number of branches (J), 

branching interval (K), total branching length (L), number of segments (M) and total master segment 

length (N). The dependent variables are on the y-axis with the condition on the x-axis. The control 

condition is depicted with the black bars. The HBC condition is shown with the dark grey bars. The 

medium and light grey bars present the IH and the IH/HBC conditions, respectively. CNTRL: Control; 

HBCs: Hofbauer cells; IH: Intermittent hypoxia; IH/HBC: Intermittent Hypoxia and Hofbauer Cell.  
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4. Discussion  

This study aimed to determine if HBCs and IH have an independent or additive effect on 

placental angiogenesis, measured through HUVECs tube formation and migration. It was 

hypothesized that tube formation and wound closure would be greater in the combined HBC and 

IH condition. Current research suggests that IH increases tube formation and migration with 

endothelial cells [34,39]. However, much of the IH research uses large variations in oxygen 

tensions, potentially eliciting these differences in angiogenic markers that may not be 

physiologically relevant. Acute changes in oxygen tension are considered primary stimuli for 

angiogenesis through the activation of HIF-1, which subsequently induces angiogenic factor 

secretion in endothelial cells [40,41]. Specifically, hypoxia-reoxygenation cycles with 

endothelial cells have been shown to regulate HIF-1 NF-κB and Nrf2, potentially corresponding 

to the observed increase in tube formation and cell migration in the literature [34]. An increase in 

the expression of genes involved in angiogenesis, such as IL-15, BDNF, VEGF, FGF2 and 

EPHB, has been observed in Eahy926 endothelial cells when exposed to IH [34]. However, IH 

may also elicit anti-angiogenic effects since it downregulates pro-angiogenic genes such as IL-8, 

EPOR, NRG1 and PDGFβ [34]. Downregulation of these genes could have led to the observed 

shorter master segment length, lower total mesh area, and shorter segment lengths in the tube 

formation assay for the IH and IH/HBC conditions compared to the HBC condition. Decreases in 

these values indicate that IH may lead to less intricate and dense networks which may have 

implications for nutrient and gas transport efficiency compared to the HBC alone condition. We 

cannot confirm that IH leads to an overall decrease in vessel network extent and branching as 

there were no significant differences from control. Although, the IH and IH/HBC conditions did 

trend towards lower tube formation values than the control, whereas the HBC conditions did 

trend towards the same or higher tube formation values than the control, the differences were not 

statistically different (see Supplemental Table 1). The placenta, our organ of interest, experiences 

physiological shifts in oxygen tension during its development, subsequently regulating the HIF 

pathways and angiogenesis [32]. Therefore, we would anticipate that the placenta vasculature 

would similarly respond to IH. The observed null effect may be due to the IH treatment time 

being too short, not having a large enough difference in oxygen tensions, or not timing the 

hypoxia correctly since the duration, intensity, and timing of hypoxia have been linked to 

differential changes in the placenta [31].  
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Angiogenesis is a complex process comprising many steps with various pathways (e.g., 

PI3K/AKT and MAPK/ERK) that differences in VEGF, FGF, and OPN can regulate. Precisely, 

HBC polarization is thought to play a role in promoting angiogenesis in the placenta. M2a, M2b, 

and M2c HBCs have previously been linked to regulating angiogenesis in-vitro, measured 

through tube formation and migration assays [15]. While M1 macrophages secrete VEGF [17], 

research suggests that they have less angiogenic potential than the anti-inflammatory 

counterparts due to FGF2 and PIGF signalling [42]. Culture conditions such as cell density and 

pH of the media have been shown to impact the polarization of macrophages [43,44], and thus 

potentially change their downstream roles. Since we identified pro-inflammatory cytokines IFN-

𝛾 and TNF-⍺ in the RPMI media, we may have stimulated the HBCs towards a pro-inflammatory 

polarization [45]. Additionally, some of the insignificant results could be equated to the low 

sample size. To determine if our study was underpowered, we performed a retrospective power 

analysis using G*power (Supplemental Table 1). The analysis determined that we need to include 

five independent samples per condition when using the average effect size from these 

experiments. An increase in sample size will provide more power to the study as the HBC 

condition was close to statistical significance compared to the control for the tube assay 

(Supplemental Table 1).  

 

As expected, many factors detected in the HBC-conditioned media have roles in immune 

regulation, responses, and placental development [46–51]. Additionally, results from the cytokine 

array show that HBCs regulate angiogenesis by secreting pro- and anti-angiogenic factors. We 

detected an up-regulation of FGF-7, GRO, NAP-2, Eotaxin-2, Eotaxin-3, and PIGF, which have 

been shown to promote angiogenesis [52–56].  It was previously identified that all polarizations 

of HBCs expressed VEGF [18], and in this study, we have shown that HBCs secrete VEGF, but 

we do not know if the secretion depends upon HBC polarization. Importantly, this study has also 

identified that HBCs can secrete Angiogenin. A previous study by Pavlov and colleagues [57] 

suggested that Angiogenin was only secreted by trophoblasts, mesenchymal stem cells, and 

decidual macrophages, but not from HBCs when using CD45+ as a marker. However, in this 

study, we have detected Angiogenin in the HBC-conditioned media and not in the control media, 
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showing that HBCs can secrete this pro-angiogenic factor, which induces new vessel formation 

and endothelial cell proliferation [58].  

 

The highest up-regulated cytokine from the control was IL-8, which has been consistently linked 

to promoting angiogenesis, endothelial cell survival, migration and proliferation [29,59]. IL-8 is 

thought to directly interact with HUVECs and impact tube organization through potentially 

binding to the CXCR2 receptor [29]. In human intestinal microvascular endothelial cells, IL-8 

binding to the CXCR2 receptor led to downstream effects such as phosphorylation of 

extracellular signal-regulated protein kinase ½ (ERK ½) [60], a known angiogenic pathway [61]. 

Additionally, IL-8 stimulates the production of matrix metallopeptidase 2 (MMP)2 and MMP9, 

which degrade the extracellular matrix to allow for endothelial cell migration, invasion, and tube 

formation [29,62]. Furthermore, the secretion of IL-8 from skeletal muscle is regulated by 

muscle contractions [63], so this cytokine may be a regulator of the observed changes in placenta 

vasculature with exposure to gesP PA. MCP-1 and Osteopontin (OPN) were other pro-

angiogenic factors detected at high levels in the HBC-conditioned media. Through the receptors 

CCR2 and MCP-induced-protein (MCPIP), MCP-1 binds to endothelial cells, inducing the 

upregulation of VEGF and HIF-1⍺ gene expression, subsequently inducing the secretion of 

VEGF-A leading to new vessel formation [25,27,56]. MCP-1 secreted from HBCs also regulates 

cytotrophoblast differentiation and low levels are associated with intrauterine growth restriction 

[64,65]. Secretions of OPN by HBCs at high amounts have previously been identified and are 

thought to increase angiogenesis via CD44 and integrin complexes and activation of ERK1/2 and 

PI3K/AKT pathways [66,67]. OPN also impacts pregnancy outcomes by regulating signal 

transduction at the uterine-placental interface, contributes to decidualization, and regulates other 

immune cell behaviour and cytokines as a product of immune cells [68]. The high levels of 

MCP-1 and OPN recapitulate the multifaceted regulatory role of HBCs in placental 

development.  

 

A balance between pro-angiogenic and anti-angiogenic factors is integral to mitigating the risk of 

developing pathologies like preeclampsia [69]. Anti-angiogenic factors such as IL-10 and NT-4,  

were biologically relevant in the conditioned media [70–72]. The pleiotropic cytokine IL-6 was 

also detected, which exerts both pro- and anti-angiogenic effects and regulates endothelial cell 
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migration [59,73,74]. Moreover, the insulin-like growth factor-binding protein (IGFBP) family 

helps maintain the balance of pro- and anti-angiogenic regulation [75]. IGFBP1 and IGFBP2 are 

pro-angiogenic, while IGFBP4 is believed to be anti-angiogenic; however, the mechanisms are 

not yet known [75]. At the same time, IGFBP3 can act as a promoter and inhibiter of 

angiogenesis by inducing the expression of VEGF or inhibiting endothelial cell adhesions, 

respectively. Similarly, TIMP-1 is another pleiotropic factor identified and can inhibit or promote 

angiogenesis. Depending on the tissue environment, TIMP-1 can inhibit angiogenesis by 

suppressing MMPs or promote angiogenesis by stimulating endothelial cell proliferation and 

survival  [76,77]. These findings are validated by the discovery of the anti-angiogenic Sprouty 

(Spry) proteins from HBCs  [18,20]. Spry-2 protein expression in the placenta was similar 

between physically active and inactive gesPs, indicating that HBCs maintain their regulatory role 

[18]. The regulation of vasculature with anti-angiogenic factors is an integral aspect of 

establishing healthy vessels to maintain homeostasis of the tissues. In response to tissue 

demands, capillaries can respond to changes in the tissue environment by growing or regressing 

[8]. Too much angiogenesis can lead to pathologies such as age-related macular degeneration, 

rheumatoid arthritis and endometriosis [78–80]. Therefore, anti-angiogenic factors are integral 

for balancing pro-angiogenic factors, maintaining the balance of new vessel formation, thus, 

reiterating the regulatory role of HBCs on angiogenesis through their secretions.  

 

Hypoxia is consistently shown to stimulate angiogenesis; however, the vessels formed from this 

stimulus may have faulty vessel integrity. The induction of high VEGF secretion by hypoxia 

elicits disorganized and structurally immature vessels, leading to impaired oxygen and nutrient 

delivery [81,82]. Our findings of lower markers of tube formation for the IH and the IH/HBC 

conditions compared to the HBC condition may be due to a temporary decrease in angiogenesis 

when the cells experience hypoxia. A temporary decrease in angiogenesis during hypoxia could 

be a protective mechanism to maintain the integrity of the already established vasculature. 

Moreover, hypoxic environments are important stimuli for trophoblast development [83]; 

therefore, the transient decrease in angiogenesis during this time could protect vessel integrity 

while allowing the trophoblasts to optimally develop the villus spaces for the expanding 

vasculature. Since the combined condition showed similar tube formation values to the IH alone 

condition, these results suggest that HBCs do not override this potentially protective mechanism, 
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as there were no differences with the control. The lack of significant differences from the control 

shows that the adaptations in the tube formation with different environments do not cause 

significant changes from baseline, indicating a minor overall regulatory effect of IH and HBCs. 

HBCs are often referenced as pro-angiogenic; however, our results from the tube formation assay 

and cytokine array strongly suggest that HBCs can also be anti-angiogenic, indicative of overall 

master regulators of angiogenesis in the placenta.  

 

The use of migration assays in our model allowed us to determine that secretions from HBCs do 

not impact the migratory abilities of HUVECs. Loegl and colleagues [15] similarly utilized 

conditioned media from HBCs on fetoplacental endothelial cells and observed a decrease in 

migration compared to the controls. They had equated these results to the presence of migration 

inhibiting factor (MIF), which we also detected. Our lack of differences in the migration assay of 

this study may be due to a neutralization between factors that promote (e.g., IL-8, OPN, and 

Angiogenin) or inhibit (e.g., TIMP-3) endothelial cell migration [29,53,58,59,84–86]. To confirm 

this speculation, we would need to enhance our analysis of the mechanistic roles of these factors 

and perform more sensitive assays.  

 

In conclusion, our data suggest that IH, an effect of gesP PA, does not have a compounding effect 

on the angiogenic abilities of  HBCs. However, further adequately powered research using more 

sensitive assays is required to confirm the independent roles of HBCs and IH. Factors secreted 

by HBCs found in the conditioned media promoted tube formation more than IH and IH/HBC 

conditions. Previous IH studies have used large extremes in oxygen tensions that may not be 

physiologically relevant. To ensure physiologically relevant conditions, primary research is 

required to quantify the changes in oxygen tension within the human placenta to provide 

informed cell culture models. Our results show that HBCs exhibit a regulatory paracrine effect 

on angiogenesis by secreting pro-angiogenic, anti-angiogenic and pleiotropic factors. 

Specifically, we detected high levels of IL-8, Angiogenin, OPN, TIMP-1 and MCP-1. 

Elucidating the mechanisms behind HBC regulation of these pathways will allow us to 

deconvolute the angiogenic dysregulations linked to preeclampsia and fetal growth restriction.  
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Table S1 

Input parameters for G*Power. 

Variable Value 

Effect size f 0.546a 

⍺ error of probability 0.05 

Power (1- β error probability) 0.8 

Number of Groups 4 

Statistical Test  ANOVA: Repeated measures, between factors 

aeffect size was calculated by taking the average effect size that was calculated from each 

variable of the tube formation assay. 
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Table S2 

Results of Post-hoc Pairwise Comparisons with Bonferroni Corrections 

Outcome Comparisons Mean Difference SE of Difference 95% CI T-value Adjusted p-value 

Number of 

nodes 

CNTRL-HBC -52.16 37.64 -172.69, 68.37 -1.386 1.00 

CNTRL-IH 61.17 37.64 -59.36, 181.70 1.625 .857 

CNTRL-IHHBC 75.77 37.64 -44.76, 196.30 2.013 .473 

HBC-IH 113.33 37.64 -7.197, 233.9 3.011 .101 

HBC-IHHBC 127.93 37.64 7.403, 248.5 3.399 .056 

IH-IHHBC 14.600 37.64 -105.93, 135.13 0.388 1.00 

Number of 

junctions 

CNTRL-HBC -15.778 10.98 -50.95, 19.393 -1.437 1.00 

CNTRL-IH 18.222 10.98 -16.949, 53.39 1.659 .814 

CNTRL-IHHBC 20.18 10.98 -14.993, 55.35 1.837 .621 

HBC-IH 34.00 10.98 -1.171, 69.17 3.096 .089 

HBC-IHHBC 35.96 10.98 0.785, 71.13 3.274 .068 

IH-IHHBC 1.956 10.98 -33.22, 37.13 0.178 1.00 

*p < .05 

 

 

 

 

 

 



 

 
86 

Table S2 Continued 

Outcome Comparisons Mean Difference SE of Difference 95% CI T-value Adjusted p-value 

Number of 

segments 

CNTRL-HBC -22.83 13.99 -67.61, 21.96 -1.632 .847 

CNTRL-IH 19.593 13.99 -25.19, 64.38 1.401 1.000 

CNTRL-IHHBC 23.42 13.99 -21.37, 68.20 1.674 .796 

HBC-IH 42.42 13.99 -2.36, 87.21 3.033 .097 

HBC-IHHBC 46.24 13.99 1.460, 91.0 3.307 .065 

IH-IHHBC 3.822 13.99 -40.9, 48.6 0.273 1.000 

Total segments 

length 

CNTRL-HBC -1629.3 721.2 -3939, 680.4 -2.259 .323 

CNTRL-IH 1069.2 721.2 -1240.4, 3379 1.482 1.000 

CNTRL-IHHBC 1213.7 721.2 -1095.9, 3523 1.683 .785 

HBC-IH 2698 721.2 388.8, 5008 3.741 .034* 

HBC-IHHBC 2843 721.2 533.3, 5153 3.942 .026* 

IH-IHHBC 144.53 721.2 -2165, 2454 0.200 1.000 

Number of 

master segments 

CNTRL-HBC -17.711 7.602 -42.05, 6.632 -2.330 .289 

CNTRL-IH 7.667 7.602 -16.676, 32.01 1.009 1.000 

CNTRL-IHHBC 10.067 7.602 -14.276, 34.41 1.324 1.000 

HBC-IH 25.38 7.602 1.035, 49.72 3.338 .062 

HBC-IHHBC 27.78 7.602 3.435, 52.12 3.654 .039* 

IH-IHHBC 2.400 7.602 -21.94, 26.74 0.316 1.000 

*p < .05 
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Table S2 Continued 

Outcome Comparisons Mean Difference SE of Difference 95% CI T-value Adjusted p-value 

Total master 

segments length 

CNTRL-HBC -1637.1 761.3 -4075, 800.8 -2.150 .382 

CNTRL-IH 1154.6 761.3 -1283.3, 3592 1.517 1.000 

CNTRL-IHHBC 1311.2 761.3 -1126.7, 3749 1.722 .740 

HBC-IH 2792 761.3 353.8, 5230 3.667 .038* 

HBC-IHHBC 2948 761.3 510.4, 5386 3.873 .028* 

IH-IHHBC 156.64 761.3 -2281, 2595 0.206 1.000 

Total length 

CNTRL-HBC -977.2 1014.4 -4226, 2271 -0.963 1.000 

CNTRL-IH 2190 1014.4 -1058.2, 5439 2.159 .377 

CNTRL-IHHBC 2458 1014.4 -790.1, 5707 2.423 .250 

HBC-IH 3168 1014.4 -80.99, 6416 3.123 .085 

HBC-IHHBC 3436 1014.4 187.10, 6684 3.387 .057 

IH-IHHBC 268.1 1014.4 -2980, 3517 0.264 1.000 

Number of 

branches 

CNTRL-HBC 0.178 6.209 -19.707, 20.06 0.029 1.000 

CNTRL-IH 16.022 6.209 -3.862, 35.91 2.580 .196 

CNTRL-IHHBC 15.267 6.209 -4.618, 35.15 2.459 .236 

HBC-IH 15.844 6.209 -4.040, 35.73 2.552 .204 

HBC-IHHBC 15.089 6.209 -4.795, 34.97 2.430 .247 

IH-IHHBC -0.756 6.209 -20.64, 19.129 -0.122 1.000 

*p < .05 
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Table S2 Continued 

Outcome Comparisons Mean Difference SE of Difference 95% CI T-value Adjusted p-value 

Total meshes 

area 

CNTRL-HBC -128175 41627 -261478, 5128 -3.079 .091 

CNTRL-IH 24775 41627 -108528, 158078 0.595 1.000 

CNTRL-IHHBC 51675 41627 -81628, 184979 1.241 1.000 

HBC-IH 152950 41627 19646, 286253 3.674 .038* 

HBC-IHHBC 179850 41627 4657, 313154 4.321 .015* 

IH-IHHBC 26900 41627 -106403, 160203 0.646 1.000 

*p < .05 
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Chapter 5: Discussion & General Conclusions 

5.1 Key Findings  

This thesis sought to determine the impact of IH, a theorized effect of gesP PA, on HBC 

polarization and the subsequent implications for placental angiogenesis. We discerned that IH 

may not be a primary mechanism behind HBC polarization; however, we did find that IH led to 

differences in the secretome of HBCs and subsequently impacted HUVEC tube formation. 

 

In Chapter 3 of this thesis, we endeavoured to establish if IH evokes similar differences in HBC 

polarization, as seen in previous work by the Adamo Lab [74]. We hypothesized that when HBCs 

were exposed to IH, there would be a favouring of the CD206+ phenotype. We did not observe 

any difference in the absolute or ratio values for the pro-inflammatory and anti-inflammatory 

phenotypes between the culture conditions. We did identify distinctions in the regulation of 

cytokines and chemokines secreted between the two groups. There were 25 similarly regulated 

cytokines from the control media, with 7 cytokines that were regulated in opposing directions 

between the two culture conditions. We measured a greater number of upregulated cytokines in 

the 5% condition (n = 15) compared to the IH condition (n = 2) while more cytokines were 

downregulated in the latter condition  (n = 16) than the former (n = 4). The RPMI media 

contained IFN-𝛾, IL-6, and IL-4, which may have impacted the polarization of the HBCs. 

 

The manuscript titled Hofbauer Cells and Intermittent Hypoxia: Potential Regulators for 

Angiogenesis in the Placenta, comprising Chapter 4, aimed to explore the independent and 

combined effects of HBC-conditioned media and IH on markers of angiogenesis. We 

hypothesized that the combined treatment group would have more significant HUVEC tube 

formation and cell migration compared to the controls. No differences were found between all 

conditions for the migration assay, showing that IH and HBCs independently and coordinately do 

not impact the motility of HUVEC. Interestingly, we found that the IH and IH/HBC conditions 

had lower total mesh area, significantly shorter segments and fewer master segments than the 

HBC condition. Additionally, there were shorter master segments in the IH groups compared to 

the HBC condition. Using a cytokine array, we classified the angiogenic secretions from HBCs. 
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We detected angiogenin, a pro-angiogenic cytokine previously not thought to be secreted from 

HBCs. In addition, we noted pro-angiogenic ( PIGF and FGF-7), anti-angiogenic (MIF and NT-

4) and pleiotropic factors (IL-6, IGFBP) in the HBC conditioned media. Overall, the study in 

Chapter 4 alludes to HBCs being master regulators of angiogenesis in the placenta and not just 

pro-angiogenic.  

5.2 Hofbauer Cells & Placental Angiogenesis with Implications of 

Gestational Parent Physical Activity 

The healthy development of the placenta is integral to a successful pregnancy as it provides the 

foundation for fetal life through its roles of nutrient and gas transport, hormone secretion and 

protection against infection. The benefits of gesP PA are well documented in the literature [1,89–

91], but the mechanisms of action are not yet determined. The placenta likely mediates these 

benefits as the conduit between the gesP and the fetus. Previous work from the Adamo Lab found 

a significantly greater ratio between the anti- and pro-inflammatory HBCs in the placenta from 

physically active vs. inactive gesPs [74]. In the first study of this thesis, we hypothesized that the 

differential ratios in HBC polarization from Goudreau et al. [74] were elicited by IH, a theorized 

effect of gesP PA [17,27]. Contrary to our hypothesis, we did not observe a difference in the 

HBC polarization ratio after exposing the cells to IH. There were also no changes in the absolute 

number of HBC phenotypes or percent phagocytosis between the culture conditions.  

 

The baseline polarization of the HBCs in culture may have influenced the response to IH. There 

was a more prominent presence of pro-inflammatory HBCs in both conditions compared to what 

is reported by the literature [68]. In the healthy population, HBCs are primarily of the M2a and 

M2c anti-inflammatory phenotypes, suggesting an overall role of tissue regulation and 

regeneration in the placenta [58,68]. In contrast, inflammatory states, such as GDM, are 

associated with an increased presence of the pro-inflammatory M2b HBCs [69]. Since the HBCs 

were isolated from healthy placentas, we would not anticipate a marked participation of the pro-

inflammatory phenotype. This suggests that the cells did not maintain their innate polarization in 

culture. Therefore, we speculate that our null findings - IH exposure not inducing differences in 

HBC polarization - could be equated to a differential composition of phenotypes, which may 

have been resistant to the stimuli.  
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Differences in the innate polarization of HBCs could be due to the confounding factor of FBS in 

the RPMI-1640 media. Known stimulators of pro-inflammatory polarization such as IFN-𝛾, 

RANTES, IL-12, TNF, IP-10 and IL-6, were measured in the media [34,92]. IFN-𝛾 is a potent 

pro-inflammatory stimulus that is well-classified in the literature [93]. Secreted from T helper 1 

cells, cytotoxic T lymphocytes and group 1 innate lymphoid cells, IFN- 𝛾 binds to its receptors, 

inducing activation of the Janus kinase (JAK)-signal transducer which subsequently activates 

signal transducer and activator of transcription 1 (STAT1) pathways [93]. The activation of 

STAT1 influences transcriptional, chromatin and metabolic mechanisms, thereby polarizing the 

macrophage towards the pro-inflammatory phenotype [93]. IFN-𝛾 mediated polarization 

increases the sensitivity to other pro-inflammatory stimuli and resists anti-inflammatory stimuli, 

which is thought to result in super-activation [93]. Although, the concentration, duration and 

balance with other cytokines will influence the pro-inflammatory repercussions of IFN-𝛾 on 

macrophage polarization [34]. For example, IL-6 is often regarded as a robust pro-inflammatory 

cytokine, which may be more regulatory than researchers first expected, as IL-6 upregulates the 

IL-4 receptor ⍺, leading to alternative activation of macrophages [39,94]. In the media, we also 

detected anti-inflammatory stimulating cytokines such as VEGF, TGFβ, M-CSF, IL-4, IL-5, and 

EGF. The presence of these cytokines in the media may have influenced HBC polarization 

through the external cytokine pathways instead of our intended stimulus of IH. Overall, the 

cytokine milieu of the media could lead to the adoption of a more pro-inflammatory phenotype 

that is not seen in the healthy placenta. FBS in culture media may be a confounding factor that 

researchers should consider when studying macrophage polarization. The integral need of FBS to 

maintain the cells in culture makes it challenging to eliminate this reagent, as starve media is not 

physiologically relevant to a healthy tissue environment, and cells cannot thrive in these 

conditions long term.  

 

Moreover, the initial polarization of HBCs before culture may have been impacted by the 

delivery method, as the majority of isolated HBCs were from placentas delivered vaginally. 

Parturition is thought to be an inflammatory event in multiple reproductive tissues, including the 

placenta [95]. Swienboda et al. [68] only noted the pro-inflammatory HBC phenotype in term 

placenta, not in early- and mid-gestation. The incurred presence of M2b HBCs at term suggested 
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that this phenotype may be involved in regulating and initiating labour-induced inflammation 

[68]. The induction of the inflammatory phenotype during labour processes may pose a factor to 

consider when culturing these cells. Although, parturition likely has a minor effect since the 

placenta samples from Goudreau et al. [74] were delivered vaginally and did not observe a 

majority pro-inflammatory phenotype. To determine the extent of the pro-inflammatory impact 

of parturition on these cells, the literature should compare first-trimester and term HBCs to study 

their in-vitro regulation.   

 

Consequently, our findings suggest that IH may not be the primary mechanism behind the results 

from Goudreau et al. [74]; however, variations in oxygen tension may have caused changes in 

the tissue microenvironment. The influence of the microenvironment vs. ontogeny is heavily 

debated in the literature [34]. While HBCs naturally adopt the anti-inflammatory phenotypes in a 

healthy placenta, we observed that IH decreased the proportion of anti-inflammatory to pro-

inflammatory HBCs. These results allow us to speculate that changes in the tissue 

microenvironment have a greater impact on HBC polarization than ontogeny. Although the 

difference was not statistically significant, there was a large effect size, suggesting that changes 

in oxygen tension influence macrophage behaviour, regardless of their inherent polarization. 

These findings are consistent with transplant studies. For example, after exposure to radiation, 

chemotherapy or systemic infection, researchers have learned that tissue macrophage populations 

in other organs can be replaced with bone marrow-derived cells [34]. The transplanted 

macrophages acclimate, leading to the characteristic tissue-macrophage polarizations for that 

organ [34]. In the context of pregnancy pathology, the inflammatory state and high glucose 

microenvironment with GDM promote pro-inflammatory HBCs [69], further supporting the 

pivotal role of tissue microenvironment over ontogeny. As such, macrophage polarization may 

not be entirely dependent on the origin of the macrophage.  

 

The coupling of flow cytometry with the markers CD206 and CD86 allowed us to quantify the 

anti- and pro-inflammatory phenotypes, respectively, but did not provide an in-depth analysis of 

the sub-phenotypes. By analyzing the secretions of the HBCs, we can speculate on the presence 

of the M2a, M2b and M2c proportions. IL-12 and IL-10 are often characterized as the main 

secretions of pro- or anti-inflammatory macrophages, respectively [34,36,58]. In the IH 
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condition, there was a much lower up-regulation of IL-10 than the 5% O2 condition and detected 

a down-regulation of IL-12 in both conditions compared to the control. While all macrophage 

phenotypes secrete IL-10, anti-inflammatory macrophages are the main secretors of this cytokine 

[34]. For example, M2b macrophages secrete IL-10 with very low levels of IL-12 and express 

CD86+ as a surface marker. Therefore, the pro-inflammatory macrophages we identified in this 

study are likely the M2b polarization, not the M1 phenotype, which is consistent with the 

macrophage composition of the placenta. Moreover, the levels of these cytokines suggest that the 

IH condition contained more pro-inflammatory HBCs, as confirmed by our flow cytometry data.   

 

Many cytokines in the conditioned mediums are expected to affect immune regulation and tissue 

remodelling [96–103]. It is important to note that the large up-regulation of IL-8, found in the 

HBC-conditioned media, which has roles in immunity by protecting the fetus from invading 

bacteria, implantation, maintenance of pregnancy and placental development [104–108]. 

Interestingly, this chemokine is pro-inflammatory and is thus thought to come from pro-

inflammatory macrophages [109]. Despite this cytokine being regarded as pro-inflammatory, IL-

8 in the conditioned media was higher in the 5% O2 condition, which had fewer CD86+ HBCs. 

Therefore, IL-8 may not be exclusively secreted from pro-inflammatory HBCs, reiterating the 

fluidity of macrophage polarization. A prime example of this fluidity is IL-6, which was only up-

regulated in the 5% O2 condition. Often regarded for its pro-inflammatory nature, this cytokine 

can display pleiotropic characteristics, resulting in its ability to promote homeostasis of the 

amniotic cells, stimulate trophoblast invasion and migration, spiral artery remodelling, regulate 

placental hormone synthesis and parturition [104,110]. Interestingly, the balance between IL-8 

and IL-6 in the placenta may have implications for the development of GDM, preeclampsia, 

pregnancy loss, embryo implantation and trophoblast invasion [104]. Since we did not identify 

any IL-6 in the IH condition, gesP PA may have ramifications on the IL-8/IL-6 balance and 

subsequently influence pathology risk.  

 

We also discerned biologically relevant up-regulation of OPN, MCP-1 and macrophage 

inflammatory protein beta (MIP-1β) in the 5% O2 condition compared to the IH condition. OPN 

is secreted from many cell types, including macrophages, and mediates inflammation and 

extracellular matrix proteins [111], a major role for M2c macrophages [112]. As such, this 
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secretion helps confirm that a portion of the identified anti-inflammatory HBCs in both 

conditions were of M2c phenotype, with potentially more in the 5% O2 condition. MCP-1 is 

involved in trophoblast invasion, endothelial cell migration, immune system modulation and an 

angiogenic factor [96], reiterating the purpose of HBCs in placenta development through 

paracrine effects. Similarly, MIP-1β has functions in maintaining the immunosurveillance aspect 

of macrophages and may help mediate inflammatory responses [113]. Overall, the classified 

cytokines and chemokines in the conditioned media reaffirm the regulatory position of HBCs in 

placenta development and recapitulate that HBCs are a heterogeneous cell population.  

 

Given the differences in the secretory profile of HBCs when exposed to IH, our subsequent study 

in Chapter 4 aimed to classify the downstream impact on placental angiogenesis. Previous 

studies have shown that HBC secretions of VEGF, FGF2, and Spry2 regulate the processes of 

angiogenesis [59,74,75], but most studies often focus on the pro-angiogenic capabilities of these 

cells [58]. Additionally, the IH effect of gesP PA is thought to be a pro-angiogenic stimulus that 

induces differences in the density of placenta vasculature [26,27]. Hypoxia stabilizes HIF 

proteins, leading to downstream upregulation of VEGF and the promotion of angiogenesis in 

other organs [80–82,114]. Interestingly, gesP PA has been associated with higher levels of pro-

angiogenic factors VEGF and PIGF, along with their receptors in the placenta [79]. These prior 

investigations lend credence to the hypothesis that HBC secretions and IH may have a 

concomitant impact on angiogenesis. Independently, IH and HBCs are pro-angiogenic, but we do 

not know how these two regulators interact. In Chapter 4 of this thesis, we hypothesized that IH 

and HBCs would synergize, leading to more expansive HUVEC tube formation and faster cell 

migration.  

 

While interpreting our findings on the effects of IH and HBCs on angiogenesis, we can speculate 

that these factors may have opposing effects on tube formation. At physiological normoxia, the 

HBC condition had more expansive and complex vasculature that did not differ significantly 

from baseline levels. Greater tube formation values in the HBC condition reinforce the 

literature’s findings that these macrophages lead to more expansive vessel networks [59]. 

Markers of the complexity and vastness of tube networks were markedly lower in the IH and 

IH/HBC conditions than in the HBC conditions. The deviations from baseline tube formation 
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allow us to speculate that IH results in a temporary reduction in angiogenesis as a protective 

mechanism to prevent the formation of faulty or leaky vasculature [115,116] as the complexity 

and vastness of the vessels were lower. HBCs do not override this protective mechanism, as the 

IH/HBC condition had similar variables to the IH-alone condition. We speculate that HBCs 

conserve their pro-angiogenic role to protect the integrity of the vasculature being formed in the 

placenta when exposed to the IH effect of gesP PA. Overall, these results suggest HBC secretions 

differentially affect vascular formation, depending on the environment.   

 

Our results strongly suggest that HBCs are global master regulators of angiogenesis of the 

placenta. Consistent with the literature, we identified many pro-angiogenic factors such as NAP-

2, FGF-7, Eotaxin and PIGF in the HBC-conditioned media [117–121]. As seen in Aim 1, we 

detected the most up-regulation with IL-8 in the conditioned media. This cytokine promotes 

angiogenesis by enhancing endothelial cell proliferation, migration and survival, impacting tube 

formation [122,123]. The mechanism of action for IL-8 is through the activation of the ERK1/2 

angiogenic pathway and stimulates the production of MMPs, which break down the extracellular 

matrix to promote endothelial migration and tube formation [123–126]. Also acting through the 

ERK1/2 pathways and shown to be upregulated compared to the control in the conditioned media 

was OPN, a pro-angiogenic factor that has roles in the placentation and decidualization [127–

129], supporting the early regulatory roles of HBCs. We can speculate that HBC secretions of 

MCP-1 further enhance the angiogenic processes in the placenta. It is thought that MCP-1 binds 

to the CCR2 receptor on endothelial cells, upregulating HIF-1 and VEGF gene expression, which 

leads to new vessel formation [121,130,131].  

 

A compelling novelty of this thesis is the discovery that angiogenin is secreted from HBCs. 

Previous classification of angiogenin secretion from the placenta revealed that this factor was 

only secreted by trophoblasts, mesenchymal stem cells and decidual macrophages [132]. When 

using CD45+ as a marker for HBCs, Pavlolv et al. [132] did not identify secretions of this pro-

angiogenic factor from the placenta resident macrophage. Angiogenin promotes angiogenesis by 

binding to endothelial cells and then internalized to the nucleus, regulating many pro-angiogenic 

genes, such as MMPs [101]. Interestingly, angiogenin levels in the placenta have been shown to 

be regulated by gesP PA [133]. Specifically, gesP PA was associated with a 10-fold increase in 
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this protein expression, along with increases in placental angiogenesis and no associations with 

markers of endoplasmic reticulum or oxidative stress [133]. The previous study did not 

determine the origin of angiogenin secretion, so future studies should determine the direct role of 

angiogenin from HBCs on the placenta vasculature and the regulatory effect of gesP PA. When 

exposed to IH, the response of angiogenin did not differ from control, suggested that the 

previously observed results of increased angiogenin in the placenta with gesP PA was not due to 

changes in oxygen tension. Once again, reaffirming the common theme that IH may not be the 

main driver for differences in the biology of the placenta associated with gesP PA. Although, our 

findings support the common theme in the literature that HBCs are potent pro-angiogenic 

stimulators through paracrine effects.  

 

The literature often emphasizes the pro-angiogenic role of HBCs and neglects their anti-

angiogenic role. Pro-angiogenic processes are frequently regarded as beneficial, ignoring the fact 

that too much angiogenesis is linked to endometriosis, rheumatoid arthritis and age-related 

macular degeneration [134–136]. Therefore, it is integral to have modulation of this complex 

process to maintain homeostatic conditions. Regulation in the placenta may come from the 

known anti-angiogenic IL-10 and TIMP-1 [137–141], which were up-regulated in the HBC-

conditioned media. There were also numerous pleiotropic factors in the conditioned media that 

can exhibit a regulatory effect on angiogenesis. Noteworthy factors include the IGFBP regulator 

family, with IGFBP-3 and IGFBP-4 that we found to be up-regulated in the IH condition, while 

IGFBP-1 and IGFBP-2 were up-regulated in the 5% O2 condition. Although the mechanisms are 

not yet known,  IGFBP-2 promotes angiogenesis, while IGFBP-1, -3 and -4 are pleiotropic, 

displaying pro- and anti-angiogenic properties [142]. Therefore, we can posit that a homeostatic 

angiogenic equilibrium is achieved by HBCs, ensuring a steady-state production of new 

vasculature through the secretion of pro- and anti-angiogenic factors, which may be altered 

depending on oxygen tension.   

 

The balance between angiogenic factors likely led to no differences in HUVEC migration in the 

HBC and IH/HBC conditions. It seems that the path of vessel growth was not affected by HBCs. 

MIF in the HBC-conditioned media has previously been observed to have an inhibiting effect on 

the migration of fetal endothelial cells [59]. The secretions of pro-migratory (e.g. IL-8, OPN, 
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Angiogenin and FGF) and anti-migratory (TIMP-3) factors in the conditioned media further 

support our findings that HBCs are master regulators of angiogenesis in the placenta 

[101,118,122,123,143–145]. Overall, the different secretions of angiogenic factors between the 

culture conditions confirm the findings that IH impacts HBC behaviour and may subsequently 

influence their downstream roles.  

 

While the results of this thesis have provided significant insight into the roles of HBCs in the 

placenta, it is crucial to recognize the limitations of these projects. The sample size of this thesis 

presents a notable limitation as, retrospectively, we determined that the studies were 

underpowered. Increasing the sample size would improve the power, thus enhancing the 

generalizability, reliability and validity of these studies. Additionally, a continual shortfall of in-

vitro models is the limited external validity. HBC polarization and angiogenesis are complex 

processes that involve numerous regulators and stimuli [28,30,82]. We recognize that our 

examination was only a subset of the potential regulatory pathways in these processes.  

 

We have attempted to increase the external validity of these projects by using physiologically 

relevant oxygen tensions. Historically, researchers cultured cells with atmospheric oxygen 

tension (21% O2; 159mmHg), which does not reflect the in-vivo oxygen tension of the placental 

environment. Within the non-pregnant human body, the lowest oxygen tension is found in the 

end capillaries and veins with a partial pressure of oxygen (pO2) of 40mmHg [87]. Oxygen 

tension in the placenta varies depending on the gestational stage, beginning with a low pO2 of 

20mmHg in the intervillous spaces of the placenta [87]. When the maternal spiral artery blood 

flow is established during the 12th- 15th week of pregnancy, placental oxygenation peaks at 

60mmHg [87]. After that, oxygen tension decreases to a pO2 of 34mmHg and 30mmHg in the 

24-36 week of pregnancy and 37 weeks until labour, respectively [87]. 

 

Consequently, culturing primary cell lines from the placenta at atmospheric oxygen tension is not 

physiologically relevant to this organ. The inappropriate use of atmospheric oxygen tensions has 

complicated the literature regarding the effect of hypoxia and IH in the placenta, as the models 

are not reflective of the true environment and have large differences in oxygen tensions; thus, 

these results are not as generalizable. Justifiably, changing oxygen tension from atmospheric 
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partial pressures to hypoxia (< 1% O2) would trigger detrimental effects on cell behaviour and 

lead to the current incorrect conclusions regarding the repercussions on the developing fetus, as 

this is a 20% difference. Physiologically, the shifts in oxygen tension during gesP PA are not this 

large since the literature shows that the fetus does not experience hypoxia with gesP PA [17,23]. 

Moreover, the timing, duration and intensity of hypoxia differentially affect placental cell 

behaviours; therefore, hypoxia studies require future standardization to allow for comparable 

results [80].  

5.3 Future Directions  

The studies in this thesis have provided ample material for future projects. Despite the 

pioneering work in the field of exercise physiology in pregnancy by Clapp [7], who theorized the 

IH effect of gesP PA, these events have not yet been quantified. Therefore, we do not have a 

clear picture of the biological impact of gesP PA on the placenta. Furthermore, we are not able to 

accurately mimic the IH effect in in-vitro models to expand our mechanistic understanding of the 

benefits associated with gesP PA. Given the  overall trend of cytokine down-regulation observed 

with IH, future research should aim to categorize these cytokines in placentas from physically 

active and inactive gesPs. This approach would help determine whether similar patterns of 

regulation are present and enable further evaluation of the theorized IH effect.  

 

Since HBCs are located near the trophoblast cell populations, they probably exhibit a paracrine 

or cell-to-cell effect on trophoblast differentiation. Previous research has examined the impact of 

HBC secretions on cytotrophoblast differentiation into extra-villous trophoblasts. There is 

minimal literature characterizing the outcomes of syncytiotrophoblast development, an integral 

cell population that carries out many roles. Similarly, culturing individual cell lines from the 

placenta does not genuinely represent the in-vivo environment. While solo culture models are 

required to control confounding variables and pinpoint cellular mechanisms, HBC polarization 

and their downstream roles are likely impacted by cell-to-cell communications and paracrine 

effects in a symbiotic nature between other structures in the placenta. In culture, HBCs do not 

proliferate and can only survive three to five days, which provides significant time restraints on 

experiments. Utilizing cotyledon explant culture could allow researchers to classify these 

mechanisms and preserve the HBCs long enough to expose the cells to more chronic IH.  
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Future projects should continue to explore the mechanisms behind the differences in HBC 

polarization with gesP PA by Goudreau et al. [74]. While we theorized these distinctions in HBC 

polarization were due to IH, other mechanisms like the exerkine response to PA should be 

examined. Previous work from the Adamo lab has characterized the exerkine response during PA 

during pregnancy [46,47] but has not directly tested the relationship on HBC polarization. Other 

regulators may be the shear stress forces exerted after IH or a combination of all three. Outside 

of pregnancy, the mechanisms involved in PA rarely act in solitude; therefore, we should look at 

classifying the whole-body responses to gesP PA on HBCs. Due to these studies being slightly 

underpowered and the biologically relevant differences noted in cytokines and chemokines with 

changes in oxygen tension, we cannot rule out the polarization stimulus of IH on HBCs. 

Therefore, adequately powered studies are required to confirm the involvement of oxygen 

tension on HBC polarization and behaviour. Moreover, IH may still elicit differences in other 

aspects of placental development as the mechanisms of gesP PA are likely multifaceted and cell-

specific.  

 

Additionally, researchers should critically evaluate how we address macrophage polarization 

nomenclature. For the ease of studying macrophage phenotypes, the nomenclature is 

oversimplified to the M1 and M2 phenotypes. Currently, researchers are highlighting the need 

for revising these oversimplifications of polarization that have led to a compounding effect of 

mis-guided information on macrophage polarization. In reality, macrophage polarization is a 

highly complex set of processes that the harsh borders of M1 or M2 classifications cannot bind. 

As we have demonstrated in the first study of this thesis, macrophage polarization is a spectrum 

with an amalgamation of both pro- and anti-inflammatory characteristics. A prime example of 

this confluence of qualities is the M2b macrophage, which displays many characteristics and 

assumes many roles. Macrophage polarization research should aim to consolidate the markers of 

polarization and nomenclature, as suggested by Murray et al. [31] and Martinez and Gordon 

[112]. Consistent methods and terms will facilitate consistency in the literature and allow for 

more comparisons between studies.  
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Lastly, future projects should look at the mechanistic role of the cytokines in placenta 

development. These cytokines could include angiogenin, IL-8, MCP-1, OPN, and IGFBPs. These 

cytokines have previously been thought to have roles in trophoblast differentiation and survival, 

angiogenesis and macrophage polarization, but the exact mechanisms have not been classified. 

Classifying any differences in these cytokines from the placentas of physically inactive and 

active gesPs could provide preliminary evidence of their roles in mediating the differences 

observed in other studies from the Adamo Lab.  

6.4 Significance 

As shown in the literature, this thesis supports the thought that HBCs are multifaceted innate 

immunity cells with a regulatory role in placenta development. These are some of the first 

projects that have looked at the downstream roles of HBCs within the healthy placenta and 

examined how gesP PA may modify the behaviour of this transient organ. The novelty of this 

project is enhanced by the use of primary cell lines that can be traced back to donor 

characteristics. We have determined that IH, an effect of gesP PA, may not be the primary 

regulator in HBC polarization, but it does regulate HBC behaviour. Therefore, this project has 

opened new avenues of inquiry to classify the mechanism(s) responsible for the results found by 

Goudreau et al. [74]. To our knowledge, this work is the first to have identified that HBCs 

secrete angiogenin. Our elucidation of the regulatory role of HBCs in angiogenesis will help 

researchers have a more comprehensive picture of the factors involved in the healthy placenta 

and the development of pregnancy pathologies.   

 

In the context of exercise physiology, we know a great deal about how other tissues and organs 

respond to PA, yet little is currently known about the placenta- a critical organ for the appropriate 

development of the fetus. Knowing that PA is beneficial during pregnancy, much remains 

unanswered regarding its impact on the placenta. These projects aimed to identify how cells in 

the placenta respond to IH, a theorized mechanism of action for gesP PA. Based on the current 

literature, we believe that IH is a sensible proxy for the impact of gesP PA on the placenta. 

However, our results suggest that this theorized effect is not the preliminary independent 

mechanism of gesP PA for influencing differences in HBC polarization and placental 

angiogenesis. Future research should investigate additional mechanisms that may act 
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synergistically with IH. Studies focusing on the influence of gesP PA on the placenta are 

necessary to narrow the gender gap in research and to provide evidence supporting informed 

policies and practices across pregnancy.  



 

 
102 

References 

[1] M.F. Mottola, M.H. Davenport, S.-M. Ruchat, G.A. Davies, V.J. Poitras, C.E. Gray, A. 

Jaramillo Garcia, N. Barrowman, K.B. Adamo, M. Duggan, R. Barakat, P. Chilibeck, K. 

Fleming, M. Forte, J. Korolnek, T. Nagpal, L.G. Slater, D. Stirling, L. Zehr, 2019 

Canadian guideline for physical activity throughout pregnancy, Br. J. Sports Med. 52 

(2018) 1339–1346. https://doi.org/10.1136/bjsports-2018-100056. 

[2] M.H. Davenport, S.-M. Ruchat, V.J. Poitras, A. Jaramillo Garcia, C.E. Gray, N. Barrowman, 

R.J. Skow, V.L. Meah, L. Riske, F. Sobierajski, M. James, A.J. Kathol, M. Nuspl, A.-A. 

Marchand, T.S. Nagpal, L.G. Slater, A. Weeks, K.B. Adamo, G.A. Davies, R. Barakat, 

M.F. Mottola, Prenatal exercise for the prevention of gestational diabetes mellitus and 

hypertensive disorders of pregnancy: a systematic review and meta-analysis, Br. J. Sports 

Med. 52 (2018) 1367–1375. https://doi.org/10.1136/bjsports-2018-099355. 

[3] T.S. Nagpal, M.F. Mottola, Physical activity throughout pregnancy is key to preventing 

chronic disease, Reproduction 160 (2020) R111–R118. https://doi.org/10.1530/REP-20-

0337. 

[4] C. Cai, S. Busch, R. Wang, A. Sivak, M.H. Davenport, Physical activity before and during 

pregnancy and maternal mental health: A systematic review and meta-analysis of 

observational studies, J. Affect. Disord. 309 (2022) 393–403. 

https://doi.org/10.1016/j.jad.2022.04.143. 

[5] J. Bhattacharjee, S. Mohammad, K.B. Adamo, Does exercise during pregnancy impact 

organs or structures of the maternal-fetal interface?, Tissue Cell 72 (2021) 101543. 

https://doi.org/10.1016/j.tice.2021.101543. 

[6] R.F. Goldstein, S.K. Abell, S. Ranasinha, M. Misso, J.A. Boyle, M.H. Black, N. Li, G. Hu, F. 

Corrado, L. Rode, Y.J. Kim, M. Haugen, W.O. Song, M.H. Kim, A. Bogaerts, R. 

Devlieger, J.H. Chung, H.J. Teede, Association of Gestational Weight Gain With Maternal 

and Infant Outcomes: A Systematic Review and Meta-analysis, JAMA 317 (2017) 2207–

2225. https://doi.org/10.1001/jama.2017.3635. 

[7] S.-M. Ruchat, M.F. Mottola, R.J. Skow, T.S. Nagpal, V.L. Meah, M. James, L. Riske, F. 

Sobierajski, A.J. Kathol, A.-A. Marchand, M. Nuspl, A. Weeks, C.E. Gray, V.J. Poitras, A. 

Jaramillo Garcia, N. Barrowman, L.G. Slater, K.B. Adamo, G.A. Davies, R. Barakat, M.H. 

Davenport, Effectiveness of exercise interventions in the prevention of excessive 

gestational weight gain and postpartum weight retention: a systematic review and meta-

analysis, Br. J. Sports Med. 52 (2018) 1347–1356. https://doi.org/10.1136/bjsports-2018-

099399. 

[8] A. Rajabi, N. Maharlouei, A. Rezaianzadeh, K.B. Lankarani, F. Esmaeilzadeh, A. Gholami, 

K. Mansori, Physical activities (exercises or choreses) during pregnancy and mode of 

delivery in nulliparous women: A prospective cohort study, Taiwan. J. Obstet. Gynecol. 57 

(2018) 18–22. https://doi.org/10.1016/j.tjog.2017.12.003. 

[9] E.N. Nielsen, P.K. Andersen, H.K. Hegaard, M. Juhl, Mode of Delivery according to Leisure 

Time Physical Activity before and during Pregnancy: A Multicenter Cohort Study of Low-

Risk Women, J. Pregnancy 2017 (2017) 6209605. https://doi.org/10.1155/2017/6209605. 

[10] V.Y. Watkins, C.M. O’Donnell, M. Perez, P. Zhao, S. England, E.B. Carter, J.C. Kelly, A. 

Frolova, N. Raghuraman, The impact of physical activity during pregnancy on labor and 



 

 
103 

delivery, Am. J. Obstet. Gynecol. 225 (2021) 437.e1-437.e8. 

https://doi.org/10.1016/j.ajog.2021.05.036. 

[11] D. Zhang, T.S. Nagpal, C. Silva-José, M. Sánchez-Polán, J. Gil-Ares, R. Barakat, Influence 

of Physical Activity during Pregnancy on Birth Weight: Systematic Review and Meta-

Analysis of Randomized Controlled Trials, J. Clin. Med. 12 (2023) 5421. 

https://doi.org/10.3390/jcm12165421. 

[12] M. Vargas-Terrones, T.S. Nagpal, R. Barakat, Impact of exercise during pregnancy on 

gestational weight gain and birth weight: an overview, Braz. J. Phys. Ther. 23 (2019) 164–

169. https://doi.org/10.1016/j.bjpt.2018.11.012. 

[13] S.L. Carmichael, G.M. Shaw, E. Neri, D.M. Schaffer, S. Selvin, Physical activity and risk of 

neural tube defects, Matern. Child Health J. 6 (2002) 151–157. 

https://doi.org/10.1023/a:1019722011688. 

[14] J.F. Clapp, Morphometric and neurodevelopmental outcome at age five years of the 

offspring of women who continued to exercise regularly throughout pregnancy, J. Pediatr. 

129 (1996) 856–863. https://doi.org/10.1016/s0022-3476(96)70029-x. 

[15] D.J.P. Barker, The origins of the developmental origins theory, J. Intern. Med. 261 (2007) 

412–417. https://doi.org/10.1111/j.1365-2796.2007.01809.x. 

[16] K.B. Adamo, A.D. Goudreau, A. Corson, M.L. MacDonald, N. O’Rourke, V. Tzaneva, 

Physically active pregnancies – insights from the placenta, Physiol. Rep. (2024). 

[17] J.F. Clapp, The effects of maternal exercise on fetal oxygenation and feto-placental growth, 

Eur. J. Obstet. Gynecol. Reprod. Biol. 110 (2003) S80–S85. 

https://doi.org/10.1016/S0301-2115(03)00176-3. 

[18] K.D. Chandler, B.J. Leury, A.R. Bird, A.W. Bell, Effects of undernutrition and exercise 

during late pregnancy on uterine, fetal and uteroplacental metabolism in the ewe, Br. J. 

Nutr. 53 (1985) 625–635. https://doi.org/10.1079/bjn19850072. 

[19] L.B. Curet, J.A. Orr, H.G. Rankin, T. Ungerer, Effect of exercise on cardiac output and 

distribution of uterine blood flow in pregnant ewes, J. Appl. Physiol. 40 (1976) 725–728. 

https://doi.org/10.1152/jappl.1976.40.5.725. 

[20] R.J. Morrow, J.W. Knox Ritchie, S.B. Bull, Fetal and maternal hemodynamic responses to 

exercise in pregnancy assessed by Doppler ultrasonography, Am. J. Obstet. Gynecol. 160 

(1989) 138–140. https://doi.org/10.1016/0002-9378(89)90106-3. 

[21] K.U. Eckardt, U. Boutellier, A. Kurtz, M. Schopen, E.A. Koller, C. Bauer, Rate of 

erythropoietin formation in humans in response to acute hypobaric hypoxia, J. Appl. 

Physiol. 66 (1989) 1785–1788. https://doi.org/10.1152/jappl.1989.66.4.1785. 

[22] R.-L. Ge, S. Witkowski, Y. Zhang, C. Alfrey, M. Sivieri, T. Karlsen, G.K. Resaland, M. 

Harber, J. Stray-Gundersen, B.D. Levine, Determinants of erythropoietin release  in 

response to short-term hypobaric hypoxia, J. Appl. Physiol. 92 (2002) 2361–2367. 

https://doi.org/10.1152/japplphysiol.00684.2001. 

[23] J.F. Clapp, K.D. Little, S.K. Appleby-Wineberg, J.A. Widness, The effect of regular 

maternal exercise on erythropoietin in cord blood and amniotic fluid, Am. J. Obstet. 

Gynecol. 172 (1995) 1445–1451. https://doi.org/10.1016/0002-9378(95)90476-x. 

[24] J. Everse, Heme Proteins, in: W.J. Lennarz, M.D. Lane (Eds.), Encycl. Biol. Chem., 

Elsevier, New York, 2004: pp. 354–361. https://doi.org/10.1016/B0-12-443710-9/00304-5. 

[25] D.S. Fernandez-Twinn, G. Gascoin, B. Musial, S. Carr, D. Duque-Guimaraes, H.L. 

Blackmore, M.Z. Alfaradhi, E. Loche, A.N. Sferruzzi-Perri, A.L. Fowden, S.E. Ozanne, 



 

 
104 

Exercise rescues obese mothers’ insulin sensitivity, placental hypoxia and male offspring 

insulin sensitivity, Sci. Rep. 7 (2017) 44650. https://doi.org/10.1038/srep44650. 

[26] C. Dubé, C. Aguer, K. Adamo, S. Bainbridge, A role for maternally derived myokines to 

optimize placental function and fetal growth across gestation, Appl. Physiol. Nutr. Metab. 

42 (2017) 459–469. https://doi.org/10.1139/apnm-2016-0446. 

[27] M.R. Jackson, P. Gott, S.J. Lye, J.W. Knox Ritchie, J.F. Clapp, The effects of maternal 

aerobic exercise on human placental development: Placental volumetric composition and 

surface areas, Placenta 16 (1995) 179–191. https://doi.org/10.1016/0143-4004(95)90007-

1. 

[28] F.O. Martinez, A. Sica, A. Mantovani, M. Locati, Macrophage activation and polarization, 

Front. Biosci. 13 (2008) 453–461. 

[29] D. Hirayama, T. Iida, H. Nakase, The Phagocytic Function of Macrophage-Enforcing Innate 

Immunity and Tissue Homeostasis, Int. J. Mol. Sci. 19 (2017) 92. 

https://doi.org/10.3390/ijms19010092. 

[30] S. Gordon, F.O. Martinez, Alternative Activation of Macrophages: Mechanism and 

Functions, Immunity 32 (2010) 593–604. https://doi.org/10.1016/j.immuni.2010.05.007. 

[31] P.J. Murray, J.E. Allen, S.K. Biswas, E.A. Fisher, D.W. Gilroy, S. Goerdt, S. Gordon, J.A. 

Hamilton, L.B. Ivashkiv, T. Lawrence, M. Locati, A. Mantovani, F.O. Martinez, J.-L. 

Mege, D.M. Mosser, G. Natoli, J.P. Saeij, J.L. Schultze, K.A. Shirey, A. Sica, J. Suttles, I. 

Udalova, J.A. van Ginderachter, S.N. Vogel, T.A. Wynn, Macrophage activation and 

polarization: nomenclature and experimental guidelines, Immunity 41 (2014) 14–20. 

https://doi.org/10.1016/j.immuni.2014.06.008. 

[32] C. Atri, F.Z. Guerfali, D. Laouini, Role of Human Macrophage Polarization in 

Inflammation during Infectious Diseases, Int. J. Mol. Sci. 19 (2018). 

https://doi.org/10.3390/ijms19061801. 

[33] A.T. Gharavi, N.A. Hanjani, E. Movahed, M. Doroudian, The role of macrophage subtypes 

and exosomes in immunomodulation, Cell. Mol. Biol. Lett. 27 (2022) 83. 

https://doi.org/10.1186/s11658-022-00384-y. 

[34] P.J. Murray, Macrophage Polarization, Annu. Rev. Physiol. 79 (2017) 541–566. 

https://doi.org/10.1146/annurev-physiol-022516-034339. 

[35] S. Gordon, Alternative activation of macrophages, Nat. Rev. Immunol. 3 (2003) 23–35. 

https://doi.org/10.1038/nri978. 

[36] L. Wang, S. Zhang, H. Wu, X. Rong, J. Guo, M2b macrophage polarization and its roles in 

diseases, J. Leukoc. Biol. 106 (2019) 345–358. https://doi.org/10.1002/JLB.3RU1018-

378RR. 

[37] E.I. Yakupova, G.V. Maleev, A.V. Krivtsov, E.Y. Plotnikov, Macrophage polarization in 

hypoxia and ischemia/reperfusion: Insights into the role of energetic metabolism, Exp. 

Biol. Med. 247 (2022) 958–971. https://doi.org/10.1177/15353702221080130. 

[38] J. Wang, J.E. Wegener, T.-W. Huang, S. Sripathy, H. De Jesus-Cortes, P. Xu, S. Tran, W. 

Knobbe, V. Leko, J. Britt, R. Starwalt, L. McDaniel, C. Ward, D. Parra, B. Newcomb, U. 

Lao, D.A. Flowers, S. Cullen, N.L. Jorstad, Y. Yang, L. Glaskova, S. Vigneau, J. Kozlitina, 

S.D. Reichardt, H.M. Reichardt, J. Gärtner, M.S. Bartolomei, M. Fang, K. Loeb, C.D. 

Keene, I. Bernstein, M. Goodell, D.J. Brat, P. Huppke, J. Neul, A. Bedalov, A.A. Pieper, 

Wild type microglia do not arrest pathology in mouse models of Rett syndrome, Nature 

521 (2015) E1–E4. https://doi.org/10.1038/nature14444. 



 

 
105 

[39] X. Chen, Q.L. Song, R. Ji, J.Y. Wang, Z.H. Li, Z.N. Xiao, D.Y. Guo, J. Yang, Hypoxia-

induced polarization of M2 macrophages and C-C motif chemokine ligand 5 secretion 

promotes the migration and invasion of trophoblasts†, Biol. Reprod. 107 (2022) 834–845. 

https://doi.org/10.1093/biolre/ioac100. 

[40] E. Schaefer, W. Wu, C. Mark, A. Yang, E. DiGiacomo, C. Carlton-Smith, S. Salloum, C. 

Brisac, W. Lin, K.E. Corey, R.T. Chung, Intermittent hypoxia is a proinflammatory 

stimulus resulting in IL-6 expression and M1 macrophage polarization, Hepatol. Commun. 

1 (2017) 326–337. https://doi.org/10.1002/hep4.1045. 

[41] S.F. Fitzpatrick, A.D. King, C. O’Donnell, H.M. Roche, S. Ryan, Mechanisms of 

intermittent hypoxia-mediated macrophage activation – potential therapeutic targets for 

obstructive sleep apnoea, J. Sleep Res. 30 (2021) e13202. 

https://doi.org/10.1111/jsr.13202. 

[42] J. Zhou, W. Bai, Q. Liu, J. Cui, W. Zhang, Intermittent Hypoxia Enhances THP-1 Monocyte 

Adhesion and Chemotaxis and Promotes M1 Macrophage Polarization via RAGE, 

BioMed Res. Int. 2018 (2018) 1650456. https://doi.org/10.1155/2018/1650456. 

[43] I. Almendros, A. Gileles-Hillel, A. Khalyfa, Y. Wang, S.X. Zhang, A. Carreras, R. Farré, D. 

Gozal, Adipose tissue macrophage polarization by intermittent hypoxia in a mouse model 

of OSA: Effect of tumor microenvironment, Cancer Lett. 361 (2015) 233–239. 

https://doi.org/10.1016/j.canlet.2015.03.010. 

[44] X. Ke, C. Chen, Y. Song, Q. Cai, J. Li, Y. Tang, X. Han, W. Qu, A. Chen, H. Wang, G. Xu, 

D. Liu, Hypoxia modifies the polarization of macrophages and their inflammatory 

microenvironment, and inhibits malignant behavior in cancer cells, Oncol. Lett. 18 (2019) 

5871–5878. https://doi.org/10.3892/ol.2019.10956. 

[45] G. Mor, I. Cardenas, The Immune System in Pregnancy: A Unique Complexity, Am. J. 

Reprod. Immunol. N. Y. N 1989 63 (2010) 425–433. https://doi.org/10.1111/j.1600-

0897.2010.00836.x. 

[46] K.A. Hutchinson, S. Mohammad, L. Garneau, K. McInnis, C. Aguer, K.B. Adamo, 

Examination of the Myokine Response in Pregnant and Non-pregnant Women Following 

an Acute Bout of Moderate-Intensity Walking, Front. Physiol. 10 (2019). 

https://www.frontiersin.org/articles/10.3389/fphys.2019.01188 (accessed December 7, 

2023). 

[47] A.D. Goudreau, C. Everest, T.S. Nagpal, J.L. Puranda, J. Bhattacharjee, T. Vasanthan, K.B. 

Adamo, Elucidating the interaction between maternal physical activity and circulating 

myokines throughout gestation: A scoping review, Am. J. Reprod. Immunol. 86 (2021) 

e13488. https://doi.org/10.1111/aji.13488. 

[48] S.A. Santos, F.S. Lira, E.T. Silva, A.V. Caris, L.M. Oyama, R.V. Thomatieli-Santos, Effect 

of moderate exercise under hypoxia on Th1/Th2 cytokine balance, Clin. Respir. J. 13 

(2019) 583–589. https://doi.org/10.1111/crj.13061. 

[49] I.O.M. Callegari, G.Z. Rocha, A.G. Oliveira, Physical exercise, health, and disease 

treatment: The role of macrophages, Front. Physiol. 14 (2023) 1061353. 

https://doi.org/10.3389/fphys.2023.1061353. 

[50] L. Zhenyu, W. Ying, T. Zhuang, X. Yongchao, J. Kim, Exercise-mediated macrophage 

polarization modulates the targeted therapeutic effect of NAFLD: a review, Phys. Act. 

Nutr. 27 (2023) 10–16. https://doi.org/10.20463/pan.2023.0023. 

[51] A.G. Oliveira, T.G. Araujo, B.M. Carvalho, D. Guadagnini, G.Z. Rocha, R.A. Bagarolli, 

J.B.C. Carvalheira, M.J.A. Saad, Acute exercise induces a phenotypic switch in adipose 



 

 
106 

tissue macrophage polarization in diet-induced obese rats, Obesity 21 (2013) 2545–2556. 

https://doi.org/10.1002/oby.20402. 

[52] A.M. Blanks, T.T. Wagamon, L. Lafratta, M.G. Sisk, M.B. Senter, L.N. Pedersen, N. 

Bohmke, A. Shah, V.L. Mihalick, R.L. Franco, Impact of physical activity on monocyte 

subset CCR2 expression and macrophage polarization following moderate intensity 

exercise, Brain Behav. Immun. - Health 2 (2019) 100033. 

https://doi.org/10.1016/j.bbih.2019.100033. 

[53] A.M. Blanks, L.N. Pedersen, N. Bohmke, V.L. Mihalick, R.L. Franco, Sex differences in 

monocyte CCR2 expression and macrophage polarization following acute exercise, Life 

Sci. 299 (2022) 120557. https://doi.org/10.1016/j.lfs.2022.120557. 

[54] K.-W. Baek, D.-I. Lee, M.-J. Jeong, S.A. Kang, Y. Choe, J.-I. Yoo, H.S. Yu, J.-S. Kim, 

Effects of lifelong spontaneous exercise on the M1/M2 macrophage polarization ratio and 

gene expression in adipose tissue of super-aged mice, Exp. Gerontol. 141 (2020) 111091. 

https://doi.org/10.1016/j.exger.2020.111091. 

[55] K.-W. Baek, J.H. Kim, H.S. Yu, J.-S. Kim, Adipose Tissue Macrophage Polarization Is 

Altered during Recovery after Exercise: A Large-Scale Flow Cytometric Study, Curr. 

Issues Mol. Biol. 46 (2024) 1308–1317. https://doi.org/10.3390/cimb46020083. 

[56] M. Castellucci, D. Zaccheo, G. Pescetto, A three-dimensional study of the normal human 

placental villous core: I. The Hofbauer cells, Cell Tissue Res. 210 (1980). 

https://doi.org/10.1007/BF00237612. 

[57] C. Megli, C.B. Coyne, Gatekeepers of the fetus: Characterization of placental macrophages, 

J. Exp. Med. 218 (2020) e20202071. https://doi.org/10.1084/jem.20202071. 

[58] M.Z. Zulu, F.O. Martinez, S. Gordon, C.M. Gray, The Elusive Role of Placental 

Macrophages: The Hofbauer Cell, J. Innate Immun. 11 (2019) 447–456. 

https://doi.org/10.1159/000497416. 

[59] J. Loegl, U. Hiden, E. Nussbaumer, C. Schliefsteiner, S. Cvitic, I. Lang, C. Wadsack, B. 

Huppertz, G. Desoye, Hofbauer cells of M2a, M2b and M2c polarization may regulate 

feto-placental angiogenesis, Reproduction 152 (2016) 447–455. 

[60] G. Fakonti, P. Pantazi, V. Bokun, B. Holder, Placental Macrophage (Hofbauer Cell) 

Responses to Infection During Pregnancy: A Systematic Scoping Review, Front. Immunol. 

12 (2022). https://www.frontiersin.org/articles/10.3389/fimmu.2021.756035 (accessed 

June 19, 2023). 

[61] M. Frauli, H. Ludwig, Demonstration of the ability of Hofbauer cells to phagocytose 

exogenous antibodies, Eur. J. Obstet. Gynecol. Reprod. Biol. 26 (1987) 135–144. 

https://doi.org/10.1016/0028-2243(87)90048-7. 

[62] C. Grigoriadis, A. Tympa, M. Creatsa, P. Bakas, A. Liapis, A. Kondi-Pafiti, G. Creatsas, 

Hofbauer cells morphology and density in placentas from normal and pathological 

gestations, Rev. Bras. Ginecol. E Obstetrícia 35 (2013) 407–412. 

https://doi.org/10.1590/S0100-72032013000900005. 

[63] L. Reyes, B. Wolfe, T. Golos, Hofbauer Cells: Placental Macrophages of Fetal Origin, 

Results Probl. Cell Differ. 62 (2017) 45–60. https://doi.org/10.1007/978-3-319-54090-0_3. 

[64] S. Khan, H. Katabuchi, M. Araki, R. Nishimura, H. Okamura, Human Villous Macrophage-

Conditioned Media Enhance Human Trophoblast Growth and Differentiation In Vitro, 

Biol. Reprod. 62 (2000) 1075–1083. https://doi.org/10.1095/biolreprod62.4.1075. 

[65] K. Takahashi, M. Naito, H. Katabuchi, K. Higashi, Development, Differentiation, and 

Maturation of Macrophages in the Chorionic Villi of Mouse Placenta With Special 



 

 
107 

Reference to the Origin of Hofbauer Cells, J. Leukoc. Biol. 50 (1991) 57–68. 

https://doi.org/10.1002/jlb.50.1.57. 

[66] T.A. Wynn, A. Chawla, J.W. Pollard, Macrophage biology in development, homeostasis and 

disease, Nature 496 (2013) 445–455. https://doi.org/10.1038/nature12034. 

[67] S.A. Selkov, A.V. Selutin, O.M. Pavlova, N.N. Khromov-Borisov, O.V. Pavlov, 

Comparative phenotypic characterization of human cord blood monocytes and placental 

macrophages at term, Placenta 34 (2013) 836–839. 

https://doi.org/10.1016/j.placenta.2013.05.007. 

[68] D. Swieboda, E.L. Johnson, J. Beaver, L. Haddad, E.A.L. Enninga, M. Hathcock, S. 

Cordes, V. Jean, I. Lane, I. Skountzou, R. Chakraborty, Baby’s First Macrophage: 

Temporal Regulation of Hofbauer Cell Phenotype Influences Ligand-Mediated Innate 

Immune Responses across Gestation, J. Immunol. 204 (2020) 2380–2391. 

https://doi.org/10.4049/jimmunol.1901185. 

[69] C. Schliefsteiner, M. Peinhaupt, S. Kopp, J. Lögl, I. Lang-Olip, U. Hiden, A. Heinemann, 

G. Desoye, C. Wadsack, Human Placental Hofbauer Cells Maintain an Anti-inflammatory 

M2 Phenotype despite the Presence of Gestational Diabetes Mellitus, Front. Immunol. 8 

(2017) 888. https://doi.org/10.3389/fimmu.2017.00888. 

[70] M. Chambers, A. Rees, J.G. Cronin, M. Nair, N. Jones, C.A. Thornton, Macrophage 

Plasticity in Reproduction and Environmental Influences on Their Function, Front. 

Immunol. 11 (2021). https://www.frontiersin.org/articles/10.3389/fimmu.2020.607328 

(accessed December 7, 2022). 

[71] M.-T.N. Vinnars, E. Rindsjö, S. Ghazi, A. Sundberg, N. Papadogiannakis, The number of 

CD68(+) (Hofbauer) cells is decreased in placentas with chorioamnionitis and with 

advancing gestational age, Pediatr. Dev. Pathol. Off. J. Soc. Pediatr. Pathol. Paediatr. 

Pathol. Soc. 13 (2010) 300–304. https://doi.org/10.2350/09-03-0632-OA.1. 

[72] Y.A. Karakaya, E. Ozer, The role of Hofbauer cells on the pathogenesis of early pregnancy 

loss, Placenta 34 (2013) 1211–1215. https://doi.org/10.1016/j.placenta.2013.10.010. 

[73] P. Hendrix, Z. Tang, M. Silasi, K.E. Racicot, G. Mor, V.M. Abrahams, S. Guller, 

Herpesvirus-infected Hofbauer cells activate endothelial cells through an IL-1β-dependent 

mechanism, Placenta 91 (2020) 59–65. https://doi.org/10.1016/j.placenta.2020.01.010. 

[74] A.D. Goudreau, C. Everest, L. Tanara, V. Tzaneva, K.B. Adamo, Characterization of 

Hofbauer cell polarization and VEGF localization in human term placenta from active and 

inactive pregnant individuals, Physiol. Rep. 11 (2023) e15741. 

https://doi.org/10.14814/phy2.15741. 

[75] A.D. Goudreau, L. Tanara, V. Tzaneva, K.B. Adamo, Examining the Effects of Gestational 

Physical Activity and Hofbauer Cell Polarization on Angiogenic Factors, Int. J. Environ. 

Res. Public. Health 20 (2023) 6298. https://doi.org/10.3390/ijerph20136298. 

[76] M. Ross, C.K. Kargl, R. Ferguson, T.P. Gavin, Y. Hellsten, Exercise-induced skeletal 

muscle angiogenesis: impact of age, sex, angiocrines and cellular mediators, Eur. J. Appl. 

Physiol. 123 (2023) 1415–1432. https://doi.org/10.1007/s00421-022-05128-6. 

[77] T. Gustafsson, W.E. Kraus, EXERCISE-INDUCED ANGIOGENESIS-RELATED 

GROWTH AND TRANSCRIPTION FACTORS IN SKELETAL MUSCLE, AND THEIR 

MODIFICATION IN MUSCLE PATHOLOGY, (n.d.). 

[78] J.F. Clapp, H. Kim, B. Burciu, B. Lopez, Beginning regular exercise in early pregnancy: 

Effect on fetoplacental growth, Am. J. Obstet. Gynecol. 183 (2000) 1484–1488. 

https://doi.org/10.1067/mob.2000.107096. 



 

 
108 

[79] J. Bhattacharjee, S. Mohammad, A.D. Goudreau, K.B. Adamo, Physical activity 

differentially regulates VEGF, PlGF, and their receptors in the human placenta, Physiol. 

Rep. 9 (2021) e14710. https://doi.org/10.14814/phy2.14710. 

[80] E. Siragher, A.N. Sferruzzi-Perri, Placental hypoxia: What have we learnt from small 

animal models?, Placenta 113 (2021) 29–47. 

https://doi.org/10.1016/j.placenta.2021.03.018. 

[81] D.S. Charnock-Jones, P. Kaufmann, T.M. Mayhew, Aspects of Human Fetoplacental 

Vasculogenesis and Angiogenesis. I. Molecular Regulation, Placenta 25 (2004) 103–113. 

https://doi.org/10.1016/j.placenta.2003.10.004. 

[82] T.H. Adair, J.-P. Montani, Overview of Angiogenesis, in: Angiogenesis, Morgan & 

Claypool Life Sciences, 2010. https://www.ncbi.nlm.nih.gov/books/NBK53238/ (accessed 

May 21, 2024). 

[83] S. Toffoli, A. Roegiers, O. Feron, M. Van Steenbrugge, N. Ninane, M. Raes, C. Michiels, 

Intermittent hypoxia is an angiogenic inducer for endothelial cells: role of HIF-1, 

Angiogenesis 12 (2009) 47–67. https://doi.org/10.1007/s10456-009-9131-y. 

[84] C.-W. Chang, A.K. Wakeland, M.M. Parast, Trophoblast lineage specification, 

differentiation, and their regulation by oxygen tension, J. Endocrinol. 236 (2018) R43–

R56. https://doi.org/10.1530/JOE-17-0402. 

[85] M.G. Tuuli, M.S. Longtine, D.M. Nelson, Review: Oxygen and trophoblast biology — A 

source of controversy, Placenta 32 (2011) S109–S118. 

https://doi.org/10.1016/j.placenta.2010.12.013. 

[86] E. Jauniaux, A.L. Watson, J. Hempstock, Y.P. Bao, J.N. Skepper, G.J. Burton, Onset of 

maternal arterial blood flow and placental oxidative stress. A possible factor in human 

early pregnancy failure, Am. J. Pathol. 157 (2000) 2111–2122. 

https://doi.org/10.1016/S0002-9440(10)64849-3. 

[87] B. Huppertz, Placental physioxia is based on spatial and temporal variations of placental 

oxygenation throughout pregnancy, J. Reprod. Immunol. 158 (2023) 103985. 

https://doi.org/10.1016/j.jri.2023.103985. 

[88] G.J. Burton, T. Cindrova-Davies, H. wa Yung, E. Jauniaux, HYPOXIA AND 

REPRODUCTIVE HEALTH: Oxygen and development of the human placenta, (2021). 

https://doi.org/10.1530/REP-20-0153. 

[89] M.F. Mottola, R. Artal, Fetal and maternal metabolic responses to exercise during 

pregnancy, Early Hum. Dev. 94 (2016) 33–41. 

https://doi.org/10.1016/j.earlhumdev.2016.01.008. 

[90] K.B. Adamo, A.D. Goudreau, A.E. Corson, M.L. MacDonald, N. O’Rourke, V. Tzaneva, 

Physically active pregnancies: Insights from the placenta, Physiol. Rep. 12 (2024) e16104. 

https://doi.org/10.14814/phy2.16104. 

[91] M.H. Davenport, V.L. Meah, S.-M. Ruchat, G.A. Davies, R.J. Skow, N. Barrowman, K.B. 

Adamo, V.J. Poitras, C.E. Gray, A. Jaramillo Garcia, F. Sobierajski, L. Riske, M. James, 

A.J. Kathol, M. Nuspl, A.-A. Marchand, T.S. Nagpal, L.G. Slater, A. Weeks, R. Barakat, 

M.F. Mottola, Impact of prenatal exercise on neonatal and childhood outcomes: a 

systematic review and meta-analysis, Br. J. Sports Med. 52 (2018) 1386–1396. 

https://doi.org/10.1136/bjsports-2018-099836. 

[92] C. Kerneur, C.E. Cano, D. Olive, Major pathways involved in macrophage polarization in 

cancer, Front. Immunol. 13 (2022) 1026954. 

https://doi.org/10.3389/fimmu.2022.1026954. 



 

 
109 

[93] L.B. Ivashkiv, IFNγ: signalling, epigenetics and roles in immunity, metabolism, disease and 

cancer immunotherapy, Nat. Rev. Immunol. 18 (2018) 545–558. 

https://doi.org/10.1038/s41577-018-0029-z. 

[94] J. Braune, U. Weyer, C. Hobusch, J. Mauer, J.C. Brüning, I. Bechmann, M. Gericke, IL-6 

Regulates M2 Polarization and Local Proliferation of Adipose Tissue Macrophages in 

Obesity, J. Immunol. 198 (2017) 2927–2934. https://doi.org/10.4049/jimmunol.1600476. 

[95] C. Kyathanahalli, M. Snedden, E. Hirsch, Is human labor at term an inflammatory 

condition?, Biol. Reprod. 108 (2022) 23–40. https://doi.org/10.1093/biolre/ioac182. 

[96] D.D. Briana, M. Boutsikou, S. Baka, G. Papadopoulos, D. Gourgiotis, K.P. Puchner, D. 

Hassiakos, A. Malamitsi-Puchner, Perinatal Plasma Monocyte Chemotactic Protein-1 

Concentrations in Intrauterine Growth Restriction, Mediators Inflamm. 2007 (2007) 

65032. https://doi.org/10.1155/2007/65032. 

[97] K. Shimoya, N. Matsuzaki, T. Taniguchi, T. Kameda, M. Koyama, R. Neki, F. Saji, O. 

Tanizawa, Human placenta constitutively produces interleukin-8 during pregnancy and 

enhances its production in intrauterine infection, Biol. Reprod. 47 (1992) 220–226. 

https://doi.org/10.1095/biolreprod47.2.220. 

[98] Ş. Pala, R. Atılgan, B. Çim, M.K. Açıkgözoğlu, M.D. Can, S.C. Oğlak, N. İlhan, M. 

Yılmaz, Investigation of Fractalkine and MIP-1β Levels as Markers in Premature 

Membrane Rupture Cases: A Prospective Cohort Study, Clin. Exp. Obstet. Gynecol. 50 

(2023) 155. https://doi.org/10.31083/j.ceog5007155. 

[99] M. Kim, J. Lee, L. Cai, H. Choi, D. Oh, A. Jawad, S.-H. Hyun, Neurotrophin-4 promotes 

the specification of trophectoderm lineage after parthenogenetic activation and enhances 

porcine early embryonic development, Front. Cell Dev. Biol. 11 (2023). 

https://doi.org/10.3389/fcell.2023.1194596. 

[100] O.V. Pavlov, A.V. Selutin, O.M. Pavlova, S.A. Selkov, Two patterns of cytokine 

production by placental macrophages, Placenta 91 (2020) 1–10. 

https://doi.org/10.1016/j.placenta.2020.01.005. 

[101] M. Miyake, S. Goodison, A. Lawton, E. Gomes-Giacoia, CJ. Rosser, Angiogenin promotes 

tumoral growth and angiogenesis by regulating matrix metallopeptidase-2 expression via 

the ERK1/2 pathway, Oncogene 34 (2015) 890–901. https://doi.org/10.1038/onc.2014.2. 

[102] T. Hartung, Anti-inflammatory effects of granulocyte colony-stimulating factor, Curr. 

Opin. Hematol. 5 (1998) 221–225. https://doi.org/10.1097/00062752-199805000-00013. 

[103] S.H. Lee, K.W. Kim, K.-M. Min, K.-W. Kim, S.-I. Chang, J.C. Kim, Angiogenin Reduces 

Immune Inflammation via Inhibition of TANK-Binding Kinase 1 Expression in Human 

Corneal Fibroblast Cells, Mediators Inflamm. 2014 (2014) 861435. 

https://doi.org/10.1155/2014/861435. 

[104] A. Vilotić, M. Nacka-Aleksić, A. Pirković, Ž. Bojić-Trbojević, D. Dekanski, M. Jovanović 

Krivokuća, IL-6 and IL-8: An Overview of Their Roles in Healthy and Pathological 

Pregnancies, Int. J. Mol. Sci. 23 (2022) 14574. https://doi.org/10.3390/ijms232314574. 

[105] T.A. Martin, Interleukin-8 and Angiogenesis, in: C.R. Snyder, W.G. Jiang, K. Matsumoto, 

T. Nakamura (Eds.), Growth Factors Their Recept. Cancer Metastasis, Springer 

Netherlands, Dordrecht, 2001: pp. 51–65. https://doi.org/10.1007/0-306-48399-8_3. 

[106] M. Jovanović, I. Stefanoska, L. Radojčić, L. Vićovac, Interleukin-8 (CXCL8) stimulates 

trophoblast cell migration and invasion by increasing levels of matrix metalloproteinase 

(MMP)2 and MMP9 and integrins α5 and β1, (2010). https://doi.org/10.1530/REP-09-

0341. 



 

 
110 

[107] J. Brkić, C. Dunk, J. O’Brien, G. Fu, L. Nadeem, Y.-L. Wang, D. Rosman, M. Salem, O. 

Shynlova, I. Yougbaré, H. Ni, S.J. Lye, C. Peng, MicroRNA-218-5p Promotes 

Endovascular Trophoblast Differentiation and Spiral Artery Remodeling, Mol. Ther. J. 

Am. Soc. Gene Ther. 26 (2018) 2189–2205. https://doi.org/10.1016/j.ymthe.2018.07.009. 

[108] M. Baay, A. Brouwer, P. Pauwels, M. Peeters, F. Lardon, Tumor Cells and Tumor-

Associated Macrophages: Secreted Proteins as Potential Targets for Therapy, Clin. Dev. 

Immunol. 2011 (2011) 565187. https://doi.org/10.1155/2011/565187. 

[109] Z. Strizova, I. Benesova, R. Bartolini, R. Novysedlak, E. Cecrdlova, L.K. Foley, I. Striz, 

M1/M2 macrophages and their overlaps – myth or reality?, Clin. Sci. Lond. Engl. 1979 

137 (2023) 1067. https://doi.org/10.1042/CS20220531. 

[110] C. Omere, L. Richardson, G.R. Saade, E.A. Bonney, T. Kechichian, R. Menon, Interleukin 

(IL)-6: A Friend or Foe of Pregnancy and Parturition? Evidence From Functional Studies 

in Fetal Membrane Cells, Front. Physiol. 11 (2020). 

https://doi.org/10.3389/fphys.2020.00891. 

[111] A. O’Regan, J.S. Berman, Osteopontin: a key cytokine in cell-mediated and 

granulomatous inflammation, Int. J. Exp. Pathol. 81 (2000) 373–390. 

https://doi.org/10.1046/j.1365-2613.2000.00163.x. 

[112] F.O. Martinez, S. Gordon, The M1 and M2 paradigm of macrophage activation: time for 

reassessment, F1000Prime Rep. 6 (2014) 13. https://doi.org/10.12703/P6-13. 

[113] S. Chaisavaneeyakorn, J.M. Moore, L. Mirel, C. Othoro, J. Otieno, S.C. Chaiyaroj, Y.P. 

Shi, B.L. Nahlen, A.A. Lal, V. Udhayakumar, Levels of macrophage inflammatory protein 

1 alpha (MIP-1 alpha) and MIP-1 beta in intervillous blood plasma samples from women 

with placental malaria and human immunodeficiency virus infection, Clin. Diagn. Lab. 

Immunol. 10 (2003) 631–636. https://doi.org/10.1128/cdli.10.4.631-636.2003. 

[114] G.-H. Fong, Mechanisms of adaptive angiogenesis to tissue hypoxia, Angiogenesis 11 

(2008) 121–140. https://doi.org/10.1007/s10456-008-9107-3. 

[115] P. Carmeliet, R.K. Jain, Molecular mechanisms and clinical applications of angiogenesis., 

Nature 473 (2011) 298–308. https://doi.org/10.1038/nature10144. 

[116] R.K. Jain, Molecular regulation of vessel maturation., Nat. Med. 9 (2003) 685–694. 

https://doi.org/10.1038/nm0603-685. 

[117] F. Kiefer, A.F. Siekmann, The role of chemokines and their receptors in angiogenesis, Cell. 

Mol. Life Sci. CMLS 68 (2011) 2811–2830. https://doi.org/10.1007/s00018-011-0677-7. 

[118] G. Szebenyi, J.F. Fallon, Fibroblast growth factors as multifunctional signaling factors, Int. 

Rev. Cytol. 185 (1999) 45–106. https://doi.org/10.1016/s0074-7696(08)60149-7. 

[119] N.M. Siafakas, K.M. Antoniou, E.G. Tzortzaki, Role of angiogenesis and vascular 

remodeling in chronic obstructive pulmonary disease, Int. J. Chron. Obstruct. Pulmon. 

Dis. 2 (2007) 453–462. 

[120] E. Fahey, S.L. Doyle, IL-1 Family Cytokine Regulation of Vascular Permeability and 

Angiogenesis, Front. Immunol. 10 (2019). https://doi.org/10.3389/fimmu.2019.01426. 

[121] J. Niu, A. Azfer, O. Zhelyabovska, S. Fatma, P.E. Kolattukudy, Monocyte Chemotactic 

Protein (MCP)-1 Promotes Angiogenesis via a Novel Transcription Factor, MCP-1-

induced Protein (MCPIP), J. Biol. Chem. 283 (2008) 14542–14551. 

https://doi.org/10.1074/jbc.M802139200. 

[122] C. Sunderkötter, K. Steinbrink, M. Goebeler, R. Bhardwaj, C. Sorg, Macrophages and 

angiogenesis, J. Leukoc. Biol. 55 (1994) 410–422. https://doi.org/10.1002/jlb.55.3.410. 



 

 
111 

[123] A. Li, S. Dubey, M.L. Varney, B.J. Dave, R.K. Singh, IL-8 directly enhanced endothelial 

cell survival, proliferation, and matrix metalloproteinases production and regulated 

angiogenesis, J. Immunol. Baltim. Md 1950 170 (2003) 3369–3376. 

https://doi.org/10.4049/jimmunol.170.6.3369. 

[124] J. Heidemann, H. Ogawa, M.B. Dwinell, P. Rafiee, C. Maaser, H.R. Gockel, M.F. 

Otterson, D.M. Ota, N. Lügering, W. Domschke, D.G. Binion, Angiogenic Effects of 

Interleukin 8 (CXCL8) in Human Intestinal Microvascular Endothelial Cells Are Mediated 

by CXCR2*, J. Biol. Chem. 278 (2003) 8508–8515. 

https://doi.org/10.1074/jbc.M208231200. 

[125] Y.-Y. Song, D. Liang, D.-K. Liu, L. Lin, L. Zhang, W.-Q. Yang, The role of the ERK 

signaling pathway in promoting angiogenesis for treating ischemic diseases, Front. Cell 

Dev. Biol. 11 (2023). https://doi.org/10.3389/fcell.2023.1164166. 

[126] C. Du Cheyne, H. Tay, W. De Spiegelaere, The complex TIE between macrophages and 

angiogenesis, Anat. Histol. Embryol. 49 (2020) 585–596. 

https://doi.org/10.1111/ahe.12518. 

[127] J. Dai, L. Peng, K. Fan, H. Wang, R. Wei, G. Ji, J. Cai, B. Lu, B. Li, D. Zhang, Y. Kang, 

M. Tan, W. Qian, Y. Guo, Osteopontin induces angiogenesis through activation of 

PI3K/AKT and ERK1/2 in endothelial cells, Oncogene 28 (2009) 3412–3422. 

https://doi.org/10.1038/onc.2009.189. 

[128] J.R. Thomas, A. Appios, X. Zhao, R. Dutkiewicz, M. Donde, C.Y.C. Lee, P. Naidu, C. Lee, 

J. Cerveira, B. Liu, F. Ginhoux, G. Burton, R.S. Hamilton, A. Moffett, A. Sharkey, N. 

McGovern, Phenotypic and functional characterization of first-trimester human placental 

macrophages, Hofbauer cells, J. Exp. Med. 218 (2020) e20200891. 

https://doi.org/10.1084/jem.20200891. 

[129] G.A. Johnson, R.C. Burghardt, F.W. Bazer, T.E. Spencer, Osteopontin: Roles in 

Implantation and Placentation1, Biol. Reprod. 69 (2003) 1458–1471. 

https://doi.org/10.1095/biolreprod.103.020651. 

[130] R. Salcedo, M. Ponce, H. Young, K. Wasserman, J. Ward, H. Kleinman, J. Oppenheim, W. 

Murphy, Human endothelial cells express CCR2 and respond to MCP-1: Direct role of 

MCP-1 in angiogenesis and tumor progression, Blood 96 (2000) 34–40. 

https://doi.org/10.1182/blood.V96.1.34.013a49_34_40. 

[131] K.H. Hong, J. Ryu, K.H. Han, Monocyte chemoattractant protein-1–induced angiogenesis 

is mediated by vascular endothelial growth factor-A, Blood 105 (2005) 1405–1407. 

https://doi.org/10.1182/blood-2004-08-3178. 

[132] N. Pavlov, J.-L. Frendo, J. Guibourdenche, S.A. Degrelle, D. Evain-Brion, J. Badet, 

Angiogenin expression during early human placental development; association with blood 

vessel formation, BioMed Res. Int. 2014 (2014) 781632. 

https://doi.org/10.1155/2014/781632. 

[133] D.B. Hardy, X. Mu, K.S. Marchiori, M.F. Mottola, Exercise in Pregnancy Increases 

Placental Angiogenin without Changes in Oxidative or Endoplasmic Reticulum Stress, 

Med. Sci. Sports Exerc. 53 (2021) 1846. https://doi.org/10.1249/MSS.0000000000002647. 

[134] M.W. Laschke, M.D. Menger, In vitro and in vivo approaches to study angiogenesis in the 

pathophysiology and therapy of endometriosis, Hum. Reprod. Update 13 (2007) 331–342. 

https://doi.org/10.1093/humupd/dmm006. 



 

 
112 

[135] W. Eichler, Y. Yafai, P. Wiedemann, D. Fengler, Antineovascular agents in the treatment of 

eye diseases, Curr. Pharm. Des. 12 (2006) 2645–2660. 

https://doi.org/10.2174/138161206777698729. 

[136] E.M. Paleolog, Angiogenesis in rheumatoid arthritis, Arthritis Res. 4 Suppl 3 (2002) S81-

90. https://doi.org/10.1186/ar575. 

[137] O.V. Volpert, T. Fong, A.E. Koch, J.D. Peterson, C. Waltenbaugh, R.I. Tepper, N.P. Bouck, 

Inhibition of Angiogenesis by Interleukin 4, J. Exp. Med. 188 (1998) 1039–1046. 

[138] C. Sgadari, A.L. Angiolillo, G. Tosato, Inhibition of angiogenesis by interleukin-12 is 

mediated by the interferon-inducible protein 10, Blood 87 (1996) 3877–3882. 

[139] J.-S. Silvestre, Z. Mallat, M. Duriez, R. Tamarat, M.F. Bureau, D. Scherman, N. Duverger, 

D. Branellec, A. Tedgui, B.I. Levy, Antiangiogenic Effect of Interleukin-10 in Ischemia-

Induced Angiogenesis in Mice Hindlimb, Circ. Res. 87 (2000) 448–452. 

https://doi.org/10.1161/01.RES.87.6.448. 

[140] K. Brew, H. Nagase, The tissue inhibitors of metalloproteinases (TIMPs): an ancient 

family with structural and functional diversity, Biochim. Biophys. Acta 1803 (2010) 55–

71. https://doi.org/10.1016/j.bbamcr.2010.01.003. 

[141] A.C. Aplin, W.H. Zhu, E. Fogel, R.F. Nicosia, Vascular regression and survival are 

differentially regulated by MT1-MMP and TIMPs in the aortic ring model of angiogenesis, 

Am. J. Physiol. - Cell Physiol. 297 (2009) C471–C480. 

https://doi.org/10.1152/ajpcell.00019.2009. 

[142] T. Slater, N.J. Haywood, C. Matthews, H. Cheema, S.B. Wheatcroft, Insulin-like growth 

factor binding proteins and angiogenesis: from cancer to cardiovascular disease, Cytokine 

Growth Factor Rev. 46 (2019) 28–35. https://doi.org/10.1016/j.cytogfr.2019.03.005. 

[143] N. Shijubo, T. Uede, S. Kon, M. Maeda, T. Segawa, A. Imada, M. Hirasawa, S. Abe, 

Vascular endothelial growth factor and osteopontin in stage I lung adenocarcinoma, Am. J. 

Respir. Crit. Care Med. 160 (1999) 1269–1273. 

https://doi.org/10.1164/ajrccm.160.4.9807094. 

[144] R.J. Bodnar, C.C. Yates, A. Wells, IP-10 Blocks Vascular Endothelial Growth Factor–

Induced Endothelial Cell Motility and Tube Formation via Inhibition of Calpain, Circ. 

Res. 98 (2006) 10.1161/01.RES.0000209968.66606.10. 

https://doi.org/10.1161/01.RES.0000209968.66606.10. 

[145] H. Zhai, X. Qi, Z. Li, W. Zhang, C. Li, L. Ji, K. Xu, H. Zhong, TIMP‑3 suppresses the 

proliferation and migration of SMCs from the aortic neck of atherosclerotic AAA in 

rabbits, via decreased MMP‑2 and MMP‑9 activity, and reduced TNF‑α expression, Mol. 

Med. Rep. 18 (2018) 2061–2067. https://doi.org/10.3892/mmr.2018.9224. 

 

 



 

 
113 

Appendices 

Appendix A: Cytotrophoblast Methods 

A1. Colour Fusion Assay  

Timeline:  

 

 

Figure A1. Timeline for colour fusion assay. 

 

Reconstitution of Dyes: 

 CellTracker Green CMFDA Dye (ThermoFisher; C7025) 

1. Bring to room temp  

2. Briefly centrifuge/vortex vial to get all particles to the bottom of the vial  

3. Add 215.1 uL of DMSO to make a 10mM stock solution.  

4. Aliquot into 10uL aliquots.  

5. Stock is 1000x concentration  

 CellTracker Orange CMTMR Dye (ThermoFisher; C2927) 

1. Bring to room temp  

2. Briefly centrifuge/vortex to get all the particles to the bottom of the vial  

3. Add 361uL DMSO to make a 10mM stock solution 

4. Aliquot into 10uL aliquots  

5. Stock is 1000x concentration 
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Protocol:  

0. Grow CTBs to confluency in collagen IV coated T75(s) 

1. Trypsinize cells from flasks and count  

2. Reconstitute cell pellet at 1 x 106 cells/1mL in Adv DMEM/F12  

3. In y-irradicated FBS coated 15mL conicals, add the following volumes 

 3.a CMFDA dyed cells (for one well):  

0.5mL resuspended cells + 1.85mL Basal Media + 3uL CMFDA dye  

 3.b CMTMR dyed cells (for one well):  

  0.5 mL resuspended cells + 1.85mL Basal Media + 3uL CMTMR dye    

*Note: If you have more than one well, multiply each value by the number of wells.  

 Ex: if you have 6 wells total: 

0.5mL resuspended cells (*6) + 1.85mL Basal Media (*6) + 3uL CMTMR dye 

3mL resuspended cells + 11.1mL Basal Media + 18uL CMTMR dye 

3mL resuspended cells + 11.1 mL Basal Media + 18uL CMFDA Dye 

4. Stain cells at 37C with rocking for 30 mins 

5. Pellet cells at 40xg for 5 mins 

6. Resuspend in 15mL of DPBS and spin for a total of three washes  

7. Resuspend cells in 1mL/well of basal media  

8. Add 1mL of cell suspension to each well of a collagen IV coated 6 well plate per colour (1mL 

CMTMR dyed cells + 1mL CMFDA dyed cells per well)   
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Figure A2. 6-well Plate Map. 

9. Add one plate to a 2% O2 incubator and the other to a 10% O2 incubator  

10. Feed plates 24hrs after seeding with fresh warmed basal media 

 

Fixing, Imaging and Flow  

1. After 72hrs post-seeding in 6-well plates, remove from incubator and aspirate spent media 

2. Gently wash cells 3x with RT DPBS 

 2.a With 1mL DPBS, put down the side of the place to not disrupt the cells  

3. For cells that will be imaged, fix cells in 4% formaldehyde for 15-20 minutes with gentle 

rocking 

 3.b Remove spent formaldehyde and dispose in the respective waste receptacle 

 3.c Wash cells gently 3x with RT DPBS  

 3.d Stain nuclei with 1ug/mL Hoescht’s stain in DPBS for 10 mins at RT 

 3.e Remove spent stain  

 3.f Wash cells gently 3x with RT DPBS  

 3.g Add 2mLs of DPBS to each well for imaging. If no wells are being used for flow, seal 

plate and image. If you are doing flow, go to step 4.  

4. For flow cytometry, remove spent media  

 4.b Wash cells gently 3x 1mL RT DPBS  

 4.c Add 1mL TrypleE to each well and immediate aspirate spent TrypleE 



 

 
116 

4.d Add 1mL TrypleE and incubate at 37C for 10 mins  

 4.e Observe detachment under microscope  

 4.f  Aggressively wash the bottom of the well to detach all cells  

 4.g Put 2mL DPBS to a labeled 15mL conical  

 4.h Add the cell suspension to the conical with DPBS to neutralize  

4.i Put 1mL of TrypleE to each well again, observe under the microscope and decide if 

incubation is required to get the rest of the cells. If the cells have lifted, wash the bottom 

of the well and add to the rest of the cell suspension 

4.j Spin at 400xg for 5 mins  

4.k Remove supernatant  

4.l Resuspend cell pellet with 500uL running buffer 

4.m Run Flow 

A2. Immunofluorescence  

Immunofluorescent staining of cytotrophoblasts was performed to quantify the extent of 

syncytialization. After being culture for 4 days in normoxic, intermittent hypoxic and/or exposed 

to HBC conditioned media, spent media was removed from the ibidi well and the cells were 

washed with DPBS. Fixation of the cells was performed using 4% Paraformaldehyde at RT for 

10 minutes. The fixed cells were then washed with DPBS and permeabilized with 0.1% Triton X 

in DPBS. Samples were blocked with 5% BSA for 1 hour at RT to prevent non-specific binding 

and washed with DPBS. Probing with primary antibodies for cytokeratin, e-cadherin and 

syncytin 2, diluted in 1% BSA in DPBS occurred as indicated in Table A1, overnight at 4°C. The 

following day, samples were washed with DPBS and incubated in the dark for 1hr with the 

respective secondary antibodies (see Table A1) and washed again. The e-cadherin and syncytin 2 

sampels were mounted with ProLong Glass Antifade mountaint with NucBlue (ThermoFisher) to 

visualize the cell nuclei. To differentiate between cytotrophoblast and syncytiotrophoblasts, 

cytokeratin-stained cells were double stained for βhCG, following the same protocol with the 

respective antibody. The application of primary antibodies was omitted for the negative controls. 

Slides were imaged using an inverted fluorescence microscope (AxioObserver Z1, Toronto, 

Canada).  
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Table A1.  

Markers of CTB Differentiation with Antibody Concentrations  

Antibody  Company (cat 

#) 

Marker Primary Secondary 

(species) 

Anti-wide spectrum 

Cytokeratin Antibody  

Abcam 

(ab9377) 

Expressed in all 

trophoblasts 

1: 500 1: 1000 

(Alexa Fluor 

647 goat anti 

rabbit) 

Anti-E Cadherin 

antibody 

Abcam  

(ab40772) 

Intracellular 

junction marker 

1:100 1: 300 

(Alexa Fluor 

488 goat anti 

rabbit) 

Syncytin 2 Polyclonal 

Antibody 

ThermoFisher 

(# BS-

15466R) 

Trophoblast cell 

fusion 

*N/A *N/A 

Anti-hCG  Antibody Abcam  

(ab9582) 

Hormone 

secreted by STB 

*N/A *N/A 

Note: * N/A indicative of antibody concentrations are not yet optimized.  

A3. Immunoblots  

Fourty µg of total cell lysate were loaded on Mini-PROTEAN®   4-15 % TGX gel (Bio-Rad) and 

resolved at 120V for 1 hour. The proteins were transferred onto a polyvinylidene difluoride 

(PVDF) membrane (Bio-Rad) at 100v for 90 minutes. The membrane was then blocked with         

5%  powdered milk (MILK) in tris-buffered saline solution with  0.05% tween-20 (TBS-T) for 1 

hour at room temperature (RT). Membranes were incubated overnight at 4°C with anti-β-hCG 

antibody diluted in 5% MILK at the respective concentration summarized in Table 1. The 

following day, blots were washed with TBS-T and incubated with diluted (see Table 1) horse 

radish-peroxidase conjugated secondary antibodies (Goat-anti-rabbit; Bio-Rad; # 1706516) for 1 

hour at RT. The blots were developed using Clarity ECL Western Substrate (Bio-Rad) and 

imaged on the ChemiDocTM XRS+ Imaging System (Bio-Rad). After the blots were visualized, 
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the blots were washed with TBST and stripped with stripping buffer (2mM NaOH and 1:1000 

Betamercaptoethanol) to be probed with the next antibody. The blots were washed with TBS-T 

and blocked with 5% MILK in TBS-T for 1 hour at RT. The steps for probing the blot with 

primary antibody, the respective secondary antibody (See Table A2), visualizing along with 

stripping again were repeated thrice. Once the blot was probed for all the markers of CTB 

differentiation, the membranes were permanently stained with 1% Amido Black for total protein 

lane quantification. Band expression and total protein expression were analyzed by densitometry 

(ImageJ). Cell lysate protein expression for β-hCG, syncytin-2 (Sync-2), E-cadherin (E-cad) and 

cytokeratin were standardized to pooled cell lysate samples.  

 

Table A2.  

Markers of CTB Differentiation with Antibody Concentrations  

Antibody  Company (cat 

#) 

Marker Primary Secondary 

(species) 

Anti-wide spectrum 

Cytokeratin Antibody  

Abcam 

(ab9377) 

Expressed in all 

trophoblasts 

1: 1000 1: 7000 

(goat anti rabbit) 

Anti-E Cadherin 

antibody 

Abcam  

(ab40772) 

Intracellular 

junction marker 

1:1000 1: 7000 

(goat anti rabbit) 

Syncytin 2 Polyclonal 

Antibody 

ThermoFisher 

(# BS-

15466R) 

Trophoblast cell 

fusion 

1:500 1:5000 

(goat anti rabbit) 

Anti-hCG  Antibody Abcam  

(ab53067) 

Hormone 

secreted by STB 

1:500 1:5000 

(goat anti rabbit) 
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Appendix B: Cytokine Array Map 

 

Figure A3. Cytokine Array Map.  
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