
 
 

ABSTRACT 

Karakis, Victoria. Recreating Human Placental Development In Vitro. (Under the direction of Dr. 
Balaji Rao and Dr. Adriana San Miguel).  
 
 Trophoblasts are the primary cell type of the human placenta. During human development, 

villous cytotrophoblasts (CTBs) differentiate to either of the two terminally differentiated 

trophoblast cell types. The first, is the syncytiotrophoblast (STB) which is formed through cell 

fusion of the CTBs. This multinucleate cell provides a barrier between the fetal and maternal cells, 

regulates hormone secretion, and enables exchange of nutrients and waste. The second 

terminally differentiated cell type is the extravillous cytotrophoblast (EVT). CTBs break through 

the STB mantle to anchor to the maternal decidua. Here, CTBs first form column EVTs which are 

epithelial, before undergoing a transition to the mesenchymal cell phenotype. These cells play a 

role in remodeling spiral arteries for pregnancy and regulate the maternal immune response. Too 

much or too little invasion of EVTs can lead to severe pregnancy-associated pathologies such as 

miscarriage, fetal growth restriction, pre-eclampsia, abnormally invasive placenta, among others. 

Thus, trophoblast differentiation and invasion are highly regulated in vivo. Understanding of these 

processes is critical for understanding and subsequently treating several pregnancy-associated 

pathologies. 

 Unfortunately, however, mechanisms involved in trophoblast differentiation and invasion 

remain very poorly understood. This is in large part due to inaccurate models used to study 

trophoblast biology. Animal models do not accurately represent human development, cell lines 

generated do not match the transcriptome of trophoblasts entirely, and there are restrictions and 

research with fetal human tissue. Recently, human trophoblast stem cells (hTSCs) have evolved 

as a more accurate model for CTBs in vivo and can differentiate to the terminal cell types, EVT 

and STB. However, these methods require non-physiological cues trigger differentiation (e.g. 

TGFb inhibition and forskolin), which cannot be used to understand mechanisms that trigger 

differentiation in vivo. Additionally, these hTSCs can only be obtained from first trimester placenta 



 
 

samples or blastocysts but could not be generated from term placenta. This limits investigation 

into mechanisms of disease since pregnancy complications often present much later than the first 

trimester. Lastly, because this model is in 2D, EVT invasion cannot be investigated. For these 

reasons, we have both 2D and 3D developed models for trophoblast differentiation that use 

environmental cues to stimulate differentiation to the terminal cell types and have generated 

hTSCs from term placenta.  

 First, we show that hTSCs can differentiate to EVT and STB using a chemically defined in 

vitro model where laminin-1 is the sole factor that switches the terminal fate from STB to EVT. 

Our model uniquely enables studies on the role of TGFb signaling in trophoblast differentiation. 

We then establish a 3D model for trophoblast invasion that is more reflective of in vivo biology. 

Because laminin-1 is an extracellular matrix protein, we developed a model that uses a defined 

gel with laminin to trigger differentiation to EVTs and also investigated the effect of TGFb signaling 

in 3D. We further established this model with co-culture of trophoblasts and maternal cells and 

determined that stromal cells increased EVT invasion. Finally, we use our differentiation models 

to determine optimal hTSCs culture conditions than enable the derivation from term placenta. 
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CHAPTER 1: Introduction 

 

1.1       Early stages of placental development 

1.1.1  Blastocyst formation and implantation 

Immediately following fertilization, cell division occurs until a ball of 8 to 16 cells develop, 

enclosed in the zona pellucida which helps contain them. These cells are totipotent and at first 

make limited contact with the neighboring cells. At this stage, however, which typically occurs 

between days 3 to 4 after fertilization, the first placental specification event known as compaction 

occurs1. Mediated by phosphoinositide-specific phospholipase C signaling, tight junctions form 

and cells either flatten on the periphery of the zona pellucida or clump together, in contact with 

the peripheral cells2. This causes apical polarization and blastocoel formation with an influx of 

water into the body of the structure, and initiates the first lineage decision, the segregation 

between the inner cell mass (ICM), the inner compact cluster of cells and precursor to the human 

embryo, and the outer layer of cells known as the trophectoderm (TE) (Figure 1.1)3. Together, 

they make up what is called the blastocyst which is about 0.2-0.3 mm in size and contains 128 to 

256 cells. Cells of the TE are now committed to the trophoblast lineage. The blastocyst enters the 

uterus, hatches from the zona pellucida, and is ready to implant into the uterus1.  
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Figure 1.1. Diagram of day 5 pre-implantation blastocyst (Modified from Malpani et al.)4 

 

Implantation occurs during 6 to 7 days post fertilization where the blastocyst implants into 

the maternal endometrium (Figure 1.2A). First, the blastocyst orients itself so that contact with 

the uterine wall is with the TE region adjacent to the ICM termed the implantation pole. This 

orientation process is called apposition1. Next, the blastocyst attaches to the uterine epithelium, 

forming cell-cell contacts between the trophectoderm and the uterine epithelial cells. This 

stimulates differentiation to the multinuclear, invasive, primitive syncytiotrophoblast while keeping 

intact the unfused TE shell surrounding the ICM that has not contacted maternal tissue (Figure 

1.2B). Primitive syncytiotrophoblast invade into the endometrium, displacing maternal cells by 

disrupting tight junctions of the uterine epithelium. Continuously, cells of the TE proliferate then 

fuse to expand the developing primitive syncytiotrophoblast which is thick on the implantation 

pole, protruding out into the endometrium. The primitive syncytiotrophoblast consists of one 

multinucleate cell without intercellular space nor neighboring syncytia and can only develop into 

mature syncytiotrophoblast1. Primitive syncytiotrophoblast differs from mature 

syncytiotrophoblast mainly due to its invasive capacity. By day 8 to 9 post fertilization, vacuoles 
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develop in the syncytium at the implantation pole. These vacuoles expand to form a network of 

lacunae1. 

 

   

   

Figure 1.2. Diagram of placental formation (Modified from Frank et al.)5. (A) Blastocyst 
implantations (days 6-7 post fertilization); (B) Prelacunar period (days 7-8 post fertilization) (C) 
Lacunar period (days 8-9 post fertilization); (D) Primary villi formation (days 12-15 post 
fertilization); (E) Secondary villi formation (days 15-21 post fertilization); (F) Tertiary villi formation 
(days 18-term post fertilization). CP, primary chorionic plate; CT, cytotrophoblast; D, decidua; E, 
endometrial epithelium; EB, embryoblast; EG, endometrial gland; EM, extraembryonic 
mesoderm; IVS, intervillous space; SA, spiral artery; ST, syncytiotrophoblast; T, trabeculae; TS, 
trophoblastic shell; X, extravillous trophoblast. 

 

The blastocyst continues to implant further into the endometrium in this manner. Around 

days 9 to 11, the blastocyst becomes surrounded by the endometrium and the uterine epithelium 

is reconstructed over the blastocyst on the distal end (Figure 1.2C). Primitive syncytiotrophoblast 

have now formed a complete mantle over the blastocyst and are the only cells in contact with 
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maternal endometrial cells. Lacunae have also developed throughout the mantle, extending to 

the distal end of the blastocyst. This process is known as encapsulation, where the blastocyst 

and endometrium play collaborative roles in encapsulating the blastocyst into the endometrium1. 

 

1.1.2 Formation of placental villi 

On days 12 to 14, from the TE layer, projections of proliferating cells begin to break 

through the primitive syncytiotrophoblast in rows to form the primary villi6 (Figure 1.2D). Villous 

cytotrophoblasts retain expression of CDX2 only in the first trimester, then later lose expression. 

They also gain expression of the key villous cytotrophoblast marker TP637. Villous 

cytotrophoblasts proliferate and further protrude through the syncytium to form a villous tree-like 

structure and continuously fuse together with the existing primitive syncytiotrophoblast to form a 

multinucleate syncytiotrophoblast layer (Figure 1.2E). These developed villi can either remain 

free floating within the intervillous space introduced by the lacunae and are described as floating 

villi, or these villi protrude further, distal to the implantation site, and become anchored to the 

maternal decidua, enabling anchoring of the placenta to the uterus. These villi are therefore 

termed anchored villi (Figure 1.2F). It takes about two days for a villi to become anchored. The 

syncytiotrophoblast layer of the floating villi is the major maternal-fetal interface, providing both 

nutrient and gas transport in the floating villi, as well as hormone secretion1. Interestingly, 

syncytiotrophoblast express and secrete human chorionic gonadotrophin, the protein detected in 

urine in a positive lateral flow pregnancy test8,9. 

For the floating villi to anchor around day 14, however, villous cytotrophoblasts proliferate 

and again break through the syncytiotrophoblast layer and expand laterally to form the 

trophoblastic shell which is the outermost site of the placenta and lacks maternal cells1. Cells of 

this shell are termed column cytotrophoblasts and they differentiate towards the extravillous 

trophoblast lineage. Villous cytotrophoblasts first form proximal column cytotrophoblasts that 

proliferate rapidly at first near the anchored villi before expanding laterally to connect all anchored 
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villi, forming the base layer of the shell (Figure 1.3)6. As the cells proliferate further, the shell 

grows in layers, up to 4 or 5 cells thick, and are pushed forward by proliferation of the proximal 

column cytotrophoblasts adjacent to the villous tip1. Proximal column cytotrophoblasts express 

key markers like VE-Cadherin, MYC, and Notch110,11. These primitive cells also express some 

similar villous cytotrophoblast markers like E-Cadherin and the laminin integrin receptor, Ŭ6ɓ4, 

but do not express other villous cytotrophoblast markers like p63, EGFR, nor TEAD410ï13. The 

presence of tight junctions ensures a tight maternal-fetal barrier1. 

Eventually, by day 15 to 16, the shell contacts the maternal decidua1. These cells, distal 

to the anchored villi, are termed distal column cytotrophoblasts6. Distal column cytotrophoblasts 

are larger than proximal column cells and they are only loosely connected to neighboring cells 

and non-proliferative. Often, wide intercellular spaces separate the cells from one another. Distal 

column cytotrophoblasts secrete extracellular matrix, often fibronectin, vitronectin, laminin, and 

collagen IV1. Additionally, distal column cytotrophoblasts lose expression of Ŭ6ɓ4 and gain 

expression of the fibronectin receptor, Ŭ5ɓ1 and the VCAM-1 receptor, ŬVɓ31,11,12. This process 

is termed integrin switching. It is suggested that Ŭ1 expression is regulated by HIF1Ŭ through 

TGFɓ3 and that low Ŭ1 expression is correlated with low migration1. Distal column 

cytotrophoblasts express key extravillous trophoblast markers HLA-G, TCF-4, Notch2, and 

ErbB214. 
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Figure 1.3. Extravillous trophoblast differentiation (Modified from Aghababaei et al.)15 cEVT, 
column extravillous cytotrophoblast; EC, endothelial cell; eEVT, endovascular extravillous 
cytotrophoblast; EG, endometrial gland; iEVT, interstitial extravillous cytotrophoblast; mSA, 
maternal spiral artery; Mū, macrophages; synCT, syncytiotrophoblast; TGC, trophoblast giant 
cell; uNK, uterine Natural Killer cell; vCT, villous cytotrophoblast. 

 

Distal column cytotrophoblasts on the outer edge of the shell cease mitosis and enter a 

quiescent state. They enter endoreduplicative cycles and polyploidization and dissociate from the 

proliferate columns to become migratory or invasive (Figure 1.3)6. Migratory extravillous 

trophoblasts are termed endovascular trophoblast while invasive extravillous trophoblasts are 

termed interstitial trophoblast. The latter invade into the decidua and the inner third of the 

myometrium. Additionally, a portion of the interstitial extravillous trophoblasts termed perivascular 

interstitial extravillous trophoblasts migrate towards the maternal uterine spiral arteries and disrupt 

arterial muscular lining. Once interstitial extravillous trophoblasts reach the inner third of the 

myometrium, they undergo a terminal differentiation to multinucleated giant cells through cell 
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fusion, similar to syncytiotrophoblast formation. However, unlike the syncytiotrophoblast, there 

exists multiple giant cell syncytia with each cell containing 2 to 10 nuclei1.  

When distal column cytotrophoblasts of the outer layer of the trophoblast shell comes in 

contacts with the maternal uterine spiral arteries, endovascular extravillous trophoblasts migrate 

down the lumen. Endovascular extravillous trophoblasts then replace the endothelium and disrupt 

the arterial muscular lining. Importantly, endovascular extravillous trophoblasts only migrate down 

arteries first disrupted by perivascular interstitial extravillous trophoblasts. The volume of this 

migration of endovascular extravillous trophoblasts down the lumen leads to the formation of 

trophoblast plugs. These plugs block the vessel, which prevents maternal blood flow into the 

intervillous space. Only toward the end of the first trimester do these plugs dissipate when 

endovascular extravillous trophoblasts migrate proximally along the vessels, allowing maternal 

blood flow to the placenta16. Extravillous trophoblast invasion is also associated with spiral artery 

remodeling or physiological conversion. The presence of extravillous trophoblast in and near the 

spiral arteries causes maternal endothelial and smooth muscle to undergo apoptosis or be 

displaced from the vessel wall. This causes major dilation of the spiral arteries, convert them into 

high-capacity vessels that reduces velocity and pressure to avoid damage to the placental villi 

and to enable a high volume of blood flow to the placenta after the plugs dissipate that allows for 

adequate blood supply to the placenta for maternal-fetal exchange. 

Endovascular extravillous trophoblasts are round-shaped whereas interstitial extravillous 

trophoblasts are spindle-shaped where the latter play a major role in maternofetal immune 

tolerance by communicating with maternal decidual stromal, macrophages, and uterine NK cells1. 

Like distal column cytotrophoblasts, extravillous trophoblasts express HLA-G, TCF-4, Notch2, 

and ErbB214. They also gain expression of integrin Ŭ1ɓ1 and MMP12 expression12,14. Only a few 

expression differences between endovascular and interstitial extravillous trophoblasts have been 

elucidated, one of which is the endovascular extravillous trophoblast expression of chemokine 
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receptor CCR116. However, more work needs to be done in this area to further understand 

phenotypic differences between the two extravillous trophoblast subtypes. 

Starting on day 17, extraembryonic mesoderm begin to migrate down the primary 

trophoblast villi that have now branched and expanded, leading to secondary villi formation. 

Shortly thereafter, around day 22, extraembryonic mesoderm differentiate to form 

hemangioblastic progenitor cells that give rise to hematopoietic stem cells. These cells form the 

first fetal capillaries which marks the formation of the tertiary villi. These vascularized villi are 

considered tertiary villi until term1. Additionally, column cells of the trophoblast shell become 

shorter and more compact in the second trimester and proliferation of villous cytotrophoblasts 

decline over the course of the pregnancy beginning at the end of the first trimester until there is 

almost a complete halt at term.  

 

1.2  Characterizing trophoblasts 

1.2.1  Trophectoderm and villous cytotrophoblasts 

Some of the key transcription factors that regulate blastocyst formation are CDX2 and 

OCT4. At the 8-cell stage before compaction, OCT4 is first detected17. After blastocyst formation 

however, on day 5, both CDX2 and OCT4 can be seen in the TE but on the 6th day, OCT4 

expression is restricted to the ICM whereas CDX2 is restricted to the TE17. Importantly, CDX2 

expression is dependent on the initial presence of OCT4 since CRISPR-driven knockout of OCT4 

in developing human embryos significantly reduced CDX2 expression in the TE18. Yet, cells of the 

ICM gained CDX2 expression in OCT4-KO embryos, indicating OCT4 may repress CDX2 

expression18. OCT4-KO human embryos also resulted in loss of GATA2 expression, another 

marker of the trophectoderm, similar to CDX218. This is the only genome editing study that has 

been conducted with human embryos, so the remainder of our understanding comes from in vitro 

or animal models. Because of this, key regulators that aid in the formation of the human blastocyst 

remain unknown.   
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Recently, a side population of villous cytotrophoblasts have been identified that compose 

of about 3.5% of the cytotrophoblast population on average throughout gestation. These cells are 

TEAD4+, ELF5+ and CDX2+ but lack the ɓ4 subunit of the main population of villous trophoblasts. 

It is believed that this subpopulation of cells is the main stem cell compartment with the ability to 

differentiate down both syncytiotrophoblast and extravillous trophoblast pathways19. Fibroblast 

growth factor 4(FGF4) can induce ELF5 expression through FGF receptor 2 (FGFR2) in mouse 

trophoblasts and ELF5+ cells are mostly FGFR2+ as well20. FGF4 expression likely originates 

from maternal endometrial glands1. Importantly, CDX2 and ELF5 levels deplete significantly after 

the mid-first trimester and are mostly present only in the side-population stem cell compartment1,7. 

Indeed the ELF5 promoter is mostly hypomethylated in villous cytotrophoblasts, allowing for 

expression and a positive feedback loop with CDX2 and EOMES20. Other factors that help 

characterize the villous cytotrophoblasts are TP63 as mentioned, GATA3, TCF1, YAP, and AP-

2ɔ7. TEAD4 binds to YAP, inducing cell cycle genes cyclin A (CCNA) and cyclin-dependent kinase 

6 (CDK6). Additionally, villous cytotrophoblasts express epidermal growth factor receptor (EGFR). 

EGFR expression shifts to syncytiotrophoblast towards the end of the first trimester. Indeed 

heparin-binding EGF (HB-EGF) which can bind to EGFR is expressed by both villous 

cytotrophoblast and syncytiotrophoblast. Hepatocyte growth factor (HGF) receptor is expressed 

in villous cytotrophoblasts as well as IGF1R and IGF2R. 

 

1.2.2  Syncytiotrophoblast 

The syncytiotrophoblast expresses factors including GCM1, syncytin 1 and 2, hCG, 

OVOLI, and ENDOU. Cell fusion is initiated through OVOLI which activates expression of GCM1, 

which in turn activates syncytin 1 and 2 to drive cell fusion and leads to an exit from the cell cycle, 

disintegration of cell membranes, and incorporation of the cytoplasm, nucleus, and organelles 

into the syncytium. p63 reduced GCM1 transcriptional activity and TEAD4 additionally inhibits 

expression of GCM1, OVOLI, hCG, and ENDOU21,22. Raised cAMP levels also drive expression 
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of syncytin 1 and 2 through upregulation of GCM1 mediated by protein kinase A signaling 1. 

Importantly, syncytiotrophoblast express cAMP response element binding protein (pCREB-1)7. 

Additionally, syncytiotrophoblast express placental lactogen1.  

 

1.2.3  Extravillous trophoblast 

When villous cytotrophoblasts differentiate down the extravillous lineage, they lose 

expression of EGFR and gain expression of HLA-G. This occurs under low oxygen tension and 

is believed to occur in a gradually increasing oxygen gradient as endovascular extravillous 

trophoblasts migrate towards the maternal oxygen-rich spiral arteries. Because of this, hypoxia-

inducible factor (HIF) has been associated with extravillous trophoblast differentiation. In fact, 

culture in low oxygen directs CTB towards EVT differentiation and that HIF complexes were 

required for this differentiation23. Hypoxia induces expression of ASCL2 and Notch1 in proximal 

column cytotrophoblasts10,23. Notch1 has been found to inhibit expression of TEAD4 and p6310. 

Distal cell columns express many of the same markers as the proximal cells.  

 

1.3  Trophoblast role in disease 

1.3.1  Pre-eclampsia 

Abnormal placental development is associated with a variety of placental complications. 

This list includes miscarriage, fetal growth restriction, preterm and still birth, as well as various 

ranges of eclampsia24. Pre-eclampsia is one of the most common pregnancy complications that 

occurs in about 5-7% of all pregnancies and is the leading cause of maternal mortality, resulting 

in about 16-17% maternal deaths in the United States24,25. Pre-eclampsia presents itself typically 

in the third trimester, whereas early-onset pre-eclampsia presents a bit earlier, in the second 

trimester. Symptoms of pre-eclampsia include maternal high blood pressure and protein found in 

urea. This complication is associated with insufficient remodeling of the maternal spiral arteries, 

and the reason for that is thought to be a result of insufficient EVT differentiation and invasion24. 
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As mentioned, endovascular EVTs invade the maternal spiral arteries and unwind and widen them 

to allow for sufficient blood flow. Additionally, interstitial EVTs invade the maternal endometrium 

and play a role in regulating the maternal immune response to the pregnancy. However, in pre-

eclampsia, insufficient endovascular EVT invasion causes insufficient remodeling of the spiral 

arteries. They remain wound and constricted and therefore blood capacity to the placenta is much 

more limited (Figure 1.4). Additionally, insufficient interstitial EVT invasion also causes insufficient 

maternal immune response to the pregnancy and may result in a distinct maternal inflammatory 

response and present maternal pre-eclampsia symptoms24.  

 

Figure 1.4. Schematic of the effect of EVT differentiation and invasion on spiral artery remodeling 
in healthy (left) and pre-eclamptic (right) pregnancies (Modified from Kaufman et al.)26. 
 

1.3.2 Abnormally invasive placenta 

On the other hand, complications can arise as a result of too much EVT differentiation and 

invasion. Some of these are placental percreta, increta, and accreta, as well as abnormally 

invasive placenta (AIP) where the placenta invades too far into the uterus. Too much invasion 

can lead to insufficient detachment of the placenta from the uterus at birth, resulting in tearing of 

the uterus and potential hemorrhaging during delivery. Because too much or too little trophoblast 

invasion can result in catastrophic pregnancy outcomes, trophoblast differentiation and invasion 
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are highly regulated in vivo. Understanding mechanisms that drive trophoblast differentiation and 

invasion are therefore imperative to understanding why these pregnancy complications occur.  

 

1.4  Models used for placental investigation 

1.4.1  Animal models 

 Due to ethical and legal restrictions on using fetal human tissue for research purposes, 

most in vivo investigation has been with animal models, particularly the mouse. Most of what 

weôve learned from the mouse are from very early stages of human development, like the pre-

and post-implantation blastocyst formation. Additionally, mouse trophoblast stem cells were 

derived from blastocysts and provided a key model for investigating molecular mechanisms 

involved in trophoblast specification, function, and differentiation. These stem cells expressed 

markers CDX2, TEAD4, TFAP2C, and GATA3, which are all also important in the specification of 

trophoblast in human placental development27ï30. However, some key differences between mouse 

and human also exist. For example, in the mouse, CDX2 and Oct4 are mutually exclusive, with 

Oct4 specifying the inner cell mass and CDX2 specifying the trophectoderm31. During compaction 

in mice, YAP translocates to the nucleus and together with TEAD4 leads to upregulation of CDX2 

in cells on the outer parts of the morula and that forms the trophectoderm lineage specification. 

Importantly, however, in the human, Oct4 continues to be expressed in the trophectoderm lineage 

before initiation of CDX2 and therefore CDX2 expression isnôt triggering specification17,32. 

Additionally, CDX2 initially coincides with Oct4 expression in the trophectoderm but are no co-

expressed in the mouse17,31,32. 

 Other major differences between the mouse and the human limit further use of this model. 

Other major differences are the idea of polarity. The mouse blastocysts implants with the ICM 

cluster on the opposite end of the implantation site whereas the human blastocyst implants on 

the same end32. Gestational length is far different, where the blueprint and fully formed placenta 
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develop around 50% and 73%, respectively of the total pregnancy length in the mouse but at 8% 

and 13%, respectively, of the total pregnancy length in the human31.  

 

1.4.2  Cell line models 

 Most in vitro studies on human trophoblasts have been with choriocarcinoma-derived 

trophoblast cell lines. This is because until recently isolated cytotrophoblasts from primary first 

trimester placenta samples underwent rapid differentiation and could not be maintained in in vitro 

cell culture. These cell lines such as JEG-3, BeWo, and HTR-8/SVneo can be easily maintained 

in culture and are somewhat representative of CTB, STB, and EVT, respectively33ï35. However, 

these lines show significant transcriptomic differences and cannot be used to investigate 

differentiation because they lack multipotency.  

 

1.4.3  Human models from human pluripotent stem cells (hPSCs) 

Human embryonic stem cells (hESCs) were first established in 1998 from the inncer cell 

mass of human blastocysts36. These stem cells are pluripotent and have the potential to be used 

as a novel therapeutic strategy in regenerative medicine as a result. Human induced pluripotent 

stem cells (hiPSCs) are also attractive models because these cells can be patient-specific. These 

cells can be induced by the presence of Oct4 in adult cells and can be used for disease modelling, 

drug development, and also tissue regeneration37. 

\Whether bona fide trophoblast can be obtained from hPSCs, however, is subject to 

intense debate38. Various protocols have been used to generate trophoblast stem cells from 

hPSCs. In our lab, however, we have shown that hTSCs can be derived from hPSCs39. These 

hTSCs are equivalent to those derived from first trimester placental samples and blastocysts as 

characterized by their transcriptome profile, biomarker expression, and functional differentiation 

assays39. With this model, hiPSCs derived from placental tissue obtained at birth can be used to 
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generate hTSCs, which can lead to the establishment of normal and pathological hTSC cell lines, 

can establish lines from diverse backgrounds, and can lead to the establishment of genetically 

engineered cell lines (e.g. knock-out, knock-in, fluorescently tagged, overexpression), which 

primary cells cannot offer.  

 

1.4.4  Human trophoblast stem cell model 

Human trophoblast stem cells (hTSCs) derived from first trimester primary placental 

samples or blastocysts have emerged as an accurate in vitro surrogate for the CTB in vivo40. 

hTSCs can be maintained in cell culture in a trophoblast stem cell medium (TSCM) and can 

differentiate into STB or EVTs. hTSCs in TSCM are transcriptomically very similar to primary 

human CTBs and meet all criteria for human cytotrophoblasts41. Importantly, however, these cells 

express the vCTB marker, p63 but did not express the earlier marker for the trophectoderm, 

CDX2. As mentioned, CDX2 is in important marker in the stem cell niche of the villous 

cytotrophoblasts.  

Additionally, non-physiological and undefined components in the differentiation media 

preclude insight into molecular mechanisms involved in the specification of STB and EVT in vivo. 

For instance, most current in vitro differentiation protocols require the use of TGFɓ inhibition to 

initiate EVT differentiation40,42ï44. However, TGFɓ plays an important role in EVT differentiation in 

vivo, and dysregulation of TGFɓ signaling can result in significant placental pathologies45ï51. 

Because TGFɓ is inhibited in these in vitro models, studies investigating how TGFɓ signaling 

affects EVT differentiation cannot be conducted. Similarly, STB differentiation in vitro 

predominantly relies on the use of forskolin to induce cell fusion. Forskolin raises cyclic AMP 

concentrations causing upregulation of GCM1, which controls expression of fusion genes, 

syncytin-1 and -2 1. However, forskolin is a chemical agonist and therefore does not cause 

upregulation of GCM1 in vivo. The use of forskolin in STB differentiation methods impedes studies 

on extracellular cues regulating STB differentiation. 
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As mentioned, CTB differentiation towards the EVT lineage is sequential with each EVT 

subtype expressing variant and distinct key regulatory transcription factors. Initially, CTBs form 

proliferative proximal cell columns that express column markers NOTCH1 and NOTCH2, as well 

as CTB markers EGFR and ITGA640,52ï63. Once these cells reach the distal end of the epithelial 

column, they remain proliferative yet begin to express low levels of the mature EVT marker, HLA-

G and lose CTB marker expression53,59,61,64. Finally, when these distal EVTs undergo EMT, they 

gain expression of ITGA1 and ITGA5, express higher levels of HLA-G, and lose column marker 

expression56,65. Capturing this sequential differentiation profile in in vitro models is imperative for 

understanding molecular mechanisms that regulate differentiation of CTBs to the EVT lineage. 

This in turn can help identify specific steps during differentiation that are dysregulated in 

pathological cases. 

Importantly, hTSCs described by Okae et al. can only be generated from early placental 

samples (6-9 week) or from blastocyst-stage embryos and cannot be formed from term 

placentae40. This presents significant limitations. First, restrictions on research with placental 

samples from early gestation and blastocysts limits the ability to generate genetically diverse 

hTSC lines66,67. Additionally, hTSCs cannot be generated from well-characterized cases of normal 

and pathological pregnancies. Diagnosis of most pregnancy pathologies cannot be made until 

after the first and often the second trimester68,69. Therefore, hTSCs have not been generated from 

confirmed normal or pathological pregnancies. Only recently, one study has been able to 

successfully derive trophoblast stem cells from term trophoblasts using hypoxia22. However, 

CDX2 expression was not characterized.  

 

1.5  Overview 

 Understanding mechanisms involved in placental, specifically trophoblast, development is 

necessary to understand placental disease. hTSCs derived from first trimester placentas or 

blastocysts provide an excellent starting point for investigating trophoblast differentiation in vitro, 
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yet it still has significant limitations that prevent further investigation into mechanisms and 

therefore placental disease. The first major limitation is that non-physiological differentiation cues 

and complex media components limits mechanistic understanding of differentiation in vivo. We 

aim to address this limitation by creating two differentiation models, one 2D model and one 3D 

model, that better mimic in vivo biology and the maternal environment. The second limitation is 

that there is limited genetic diversity of lines and the outcome of the pregnancy is unknown from 

these models. We aim to address this limitation by deriving hTSCs from term placenta. 

 In Chapter 2, we describe the development of a 2D differentiation model where laminin-1 

switches the terminal trophoblast cell fate from STB to EVT. We prove that we are able to 

differentiate to STB without the use of forskolin to artificially cause cell fusion, and that we are 

able to differentiate to EVT without the use of TGFb inhibition. We compare our model to the 2-

step differentiation method which requires a passaging step to achieve single, mesenchymal cells 

and we investigate TGFb signaling in our model. 

 In Chapter 3, we describe the development of a 3D EVT differentiation model where 

hTSCs plated on the top of a defined gel causes cells to spontaneously differentiate to EVT and 

invade into the gel. We then use this model to co-culture maternal stromal cells with fetal 

trophoblast cells to better replicate in vivo biology and investigate the effect of stromal cells on 

trophoblast differentiation and invasion. We also investigate the role of TGFb signaling on EVT 

differentiation and invasion to compare to the 2D model.  

 In Chapter 4, we derived hTSCs from term cytotrophoblasts. These cells can be 

maintained and can differentiate to EVT and STB like hTSCs derived from first trimester samples. 

Unlike these cells, however, hTSCs derived from term maintain expression of the stem cell niche 

marker, CDX2. 

 Together, this work has and will enable further exploration into mechanisms involved in 

trophoblast differentiation and help to better understand placental disease. 
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CHAPTER 2: Laminin switches terminal differentiation fate of human trophoblast stem 
cells under chemically defined culture conditions 

 

2.1 Abstract 

Human trophoblast stem cells (hTSCs) have emerged as a powerful tool to model early placental 

development in vitro. Analogous to the epithelial cytotrophoblast in the placenta, hTSCs can 

differentiate into cells of the extravillous trophoblast (EVT) lineage or the multinucleate 

syncytiotrophoblast (STB). Here we present a chemically defined culture system for STB and EVT 

differentiation of hTSCs. Notably, in contrast to current approaches, we neither utilize forskolin for 

STB formation, nor transforming growth factor-beta (TGFb) inhibitors or a passage step for EVT 

differentiation. Strikingly, presence of a single additional extracellular cue ï laminin-1 ï switched 

the terminal differentiation of hTSCs from STB to the EVT lineage under these conditions. In the 

absence of laminin-1, STB formation occurred, with cell fusion comparable to that obtained with 

differentiation mediated by forskolin; however, in the presence of laminin-1, hTSCs differentiated 

to the EVT lineage. Protein expression of nuclear HIF1a and HIF2a was upregulated during EVT 

differentiation. A heterogeneous mixture of Notch1+ EVTs in colonies and HLA-G+ single cell EVTs 

were obtained without a passage step, reminiscent of heterogeneity in vivo. Further analysis 

showed that inhibition of TGFb signaling affected both STB and EVT differentiation. TGFb 

inhibition during EVT differentiation resulted in decreased HLA-G expression and increased 

Notch1 expression. On the other hand, TGFb inhibition prevented STB formation of hTSCs. The 

chemically defined culture system for hTSC differentiation established herein facilitates 

quantitative analysis of heterogeneity that arises during hTSC differentiation and will enable 

mechanistic studies in vitro. 
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2.2 Introduction  

The placenta is a complex fetal organ with a vast network of villi that ensures efficient 

exchange of nutrients and waste across the maternal-fetal interface. Epithelial cytotrophoblasts 

(CTB) of the early human placenta give rise to all trophoblast cell types in the placenta2ï5. CTBs 

undergo cell fusion to form the multinucleate syncytiotrophoblast (STB) that overlays the CTB 

layer of placental villi2,4. The STB is subsequently bathed in maternal blood at ~ 10 weeks of 

gestation, when blood flow to the placenta is established6ï8. CTBs of placental villi anchored to 

the maternal decidua push through the syncytial layer and differentiate to extravillous trophoblasts 

(EVTs), first forming proliferative column trophoblasts adjacent to the villus tip2,4. At the distal end, 

column trophoblasts undergo an epithelial-to-mesenchymal transition (EMT) to become mature 

mesenchymal EVTs that invade the maternal decidua and parts of the myometrium9ï12. These 

invasive trophoblasts aid in remodeling maternal spiral arteries and play a critical role in 

establishing sufficient perfusion of the placenta with maternal blood13ï16. 

Many pregnancy complications including preeclampsia, fetal growth restriction, 

miscarriage, and stillbirth, are often a result of impaired arterial remodeling and evidence points 

to improper EVT differentiation and invasion as a major contributor to these pathologies4,17ς21. For 

instance, quantitative analyses of images from preeclamptic placenta biopsies demonstrate 

shallow trophoblast invasion compared with healthy placenta22. Previous studies have also 

suggested that increased apoptosis and an inability of CTBs to differentiate towards the EVT 

lineage may underlie shallow trophoblast invasion in preeclampsia23,24. Yet, despite the 

importance of EVT differentiation in placental health and pathology, molecular mechanisms 

underlying EVT differentiation and maturation to mesenchymal invasive EVTs remain poorly 

understood.  

Mechanistic studies on early human placental development have been impeded primarily 

due to lack of suitable model systems. There are substantial restrictions on research with fetal 
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tissue and human embryos and significant differences between placental development in 

common experimental animals and humans25ς30. Additionally, there are significant differences in 

the transcriptome profiles of immortalized cell lines and primary trophoblasts31. Further, 

immortalized cell lines do not model the heterogeneity of cell types observed during trophoblast 

differentiation in vivo32. In this context, human trophoblast stem cells (hTSCs) derived from early 

gestation primary placental samples and blastocysts have emerged as powerful in vitro models 

of early human placental development33. hTSCs, which model the CTB in vivo, can be maintained 

in cell culture and differentiate into STB or EVTs. In recent work, others and we have also shown 

that hTSCs can be derived from human pluripotent stem cells, including induced pluripotent stem 

cells34ï42 and villous cytotrophoblasts from term placentas43 , raising the exciting prospect of 

investigating pathological trophoblast development using somatic tissues (e.g. placenta) obtained 

at birth43,44. Nevertheless, current protocols for hTSC differentiation to EVT and STB limit 

mechanistic studies. 

Most current protocols for in vitro differentiation of hTSCs include transforming growth 

factor-beta (TGFɓ) inhibitors during EVT differentiation33,45ï48. However, this is problematic 

because TGFɓ plays an important role in EVT differentiation, and dysregulation of TGFɓ signaling 

can result in placental pathologies12,18,21,49ς55. Inhibition of TGFɓ during EVT differentiation 

precludes investigation into the role of TGFɓ signaling during normal or pathological trophoblast 

differentiation. Similarly, STB differentiation in vitro predominantly relies on the use of forskolin to 

induce cell fusion. Forskolin raises cyclic AMP concentrations causing upregulation of GCM1, 

which controls expression of fusion genes, syncytin-1 and -256. The use of forskolin impedes 

studies on extracellular cues regulating STB differentiation. Finally, it is important to note that 

heterogeneity of cell types is a central feature of EVT differentiation in vivo. Initially, epithelial 

CTBs form proliferative proximal cell columns that express column markers MYC, VE-cadherin, 

Notch1, as well as CTB markers EGFR and ITGA64,9,12,33,51,56ς64. Differentiating EVTs at the distal 
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end of the epithelial column remain proliferative; however, they begin to express ITGA5 and low 

levels of the mature EVT marker HLA-G, and lose CTB marker expression12,57,62,65. Subsequently, 

when these distal EVTs undergo EMT, they gain expression of ITGA1, express higher levels of 

HLA-G, and lose expression of markers that characterize the column trophoblasts4,66,67. Current 

protocols for EVT differentiation that include a passage step 33,48 do not capture EVT 

heterogeneity and the sequential nature of CTB differentiation as mature mesenchymal EVTs are 

formed. 

Here we present chemically defined culture conditions for differentiation of placenta- and 

hiPSC-derived hTSCs to EVTs and STB. Notably, our conditions do not involve a passage step, 

and exclude forskolin and TGFɓ inhibition during STB and EVT differentiation, respectively. Under 

these culture conditions, we identified extracellular cues provided by laminin as the critical input 

that switches differentiation hTSCs from STB to the EVT lineage. We also investigated the effect 

of inhibiting TGFɓ signaling on EVT and STB differentiation. 

 

2.3 Results 

2.3.1  Chemically defined conditions for STB differentiation in the absence of forskolin 

Placenta-derived CT29 and CT30 hTSCs and hiPSC-derived SC102A-1 hTSCs were cultured in 

trophoblast stem cell medium (TSCM) as described previously33,39. Differentiation was induced by 

passaging hTSCs into a defined trophoblast differentiation medium (DTDM) supplemented with 

epidermal growth factor (EGF) and the ROCK inhibitor, Y-27632, at passage for two days, and 

culturing them for an additional 4 days in DTDM (Fig. 2.1A). Upon passage, we initially observed 

an increase in cell number, but by day 6, cells in a flat monolayer without visible cell boundaries 

were observed; lacunae were also detected. Immunofluorescence revealed expression of STB 

markers, hCG, SDC-1, as well as the pan-trophoblast marker, KRT7 on day 6 (Figs. 2.1B). 

Differentiated cells also expressed epidermal growth factor receptor (EGFR; Figs. 2.1B). EVT 
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markers, HLA-G, Notch1, and ErbB2 as well as the CTB marker, p63, were not expressed, 

suggesting that EVT differentiation did not occur under these conditions and that complete 

differentiation to STB occurred (Figs. 2.1B). High-throughput qPCR analysis revealed that STB 

genes CYP19A1, HSD3B1, ERVFRD1, ERVW1, and CSH1 were all upregulated by day 4 of STB 

differentiation in CT30 hTSCs and continued to be overexpressed on day 6 of differentiation 

compared to undifferentiated hTSCs at day 0 (Fig. 2.1C). Additionally, we saw evidence of 

increasing STB marker expression over the 6-day differentiation period. For example, ERVW1 

were upregulated on day 4 compared to day 2 of differentiation in in CT30 hTSCs (Fig. 2.1C). On 

the other hand, CTB genes were downregulated over the 6-day differentiation period. Specifically, 

in CT30 hTSCs, TP63, ELF5, and HAND1 were downregulated by day 2 of STB differentiation 

and ITGA6 and TEAD4 were downregulated by day 4 of STB differentiation compared to day 0 

(Fig. 2.1C). TP63, HAND1, ITGA6, and TEAD4 all had a significant reduction in expression on 

day 4 compared to day 2 of differentiation and on day 6 compared to day 4 of differentiation (Fig. 

2.1C). Lastly, a membrane stain revealed multinucleate cells with a fusion index higher than that 

obtained during STB differentiation using a protocol where forskolin is used. (Figs. 2.1D, E)33. 

These results show that efficient STB differentiation of hTSCs occurs under our chemically 

defined conditions, in the absence of forskolin.  
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Figure 2.1. Chemically defined conditions for STB differentiation in the absence of 
forskolin. (A) Schematic of protocol for hTSC differentiation to STB. (B) Confocal images of STB 
from CT30 hTSCs, staining for hCG, KRT7, EGFR, SDC-1, HLA-G, ErbB2, Notch1, p63.  Nuclei 
were stained with DAPI. Inset is the respective isotype control. (C) Gene expression of CYP19A1, 
HSD3B1, ERVFRD1, ERVW1, CSH1, TP63, ELF5, HAND1, ITGA6, and TEAD4 of STB from 
CT30 hTSCs. Three biological replicates were used. (Error bars, S.E., *p<0.05 for comparison 
with undifferentiated hTSCs (dashed line), #p<0.05 for comparison with cells at day 2, %p<0.05 
for comparison with cells at day 4). (D) Fluorescent image of STB from CT30 hTSCs. Nuclei were 
stained with DAPI. Membrane was stained with Di-8-ANEPPS cell membrane stain. Scale bar is 
50 µm. (E) Fusion efficiency of STB from CT30 hTSCs derived by the methods from this paper 
and using forskolin as previously described33 compared to CT30 hTSCs cultured in TSCM 
(negative control). Fusion index is calculated as (N-S)/T where N is the number of nuclei in the 
syncytia, S is the number of syncytia, and T is the total number of nuclei counted. (*p<0.05, 
**p<0.005, Error bars, S.D., n=3). Scale bars are 100µm for all images unless specified otherwise. 
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2.3.2 Presence of laminin switches hTSC differentiation from STB to EVT fate 

The protocol described by Okae et al. for EVT differentiation utilizes Matrigel, and absence of 

Matrigel results in formation of both EVT-like and STB-like cells33. Since laminin-1 is a major 

component of Matrigel, we hypothesized that laminin-1 may mediate EVT differentiation of 

hTSCs68. Accordingly, we differentiated hTSCs using the previously described STB differentiation 

protocol (Fig. 2.1A), with the addition of laminin-1 for 2 days following passage, and further culture 

for an additional 4 days in DTDM (Fig. 2.2A). Addition of laminin resulted in a thin monolayer of 

matrix that solidified on the plate, covering the cells underneath. Upon initiation of differentiation, 

we observed that cells initially proliferated to form epithelial colonies. However, by day 6 of 

differentiation, single mesenchymal cells could be observed (Figs. 2.2B); this is reminiscent of an 

epithelial to mesenchymal transition in vivo, where mature mesenchymal EVTs forming from the 

distal end of trophoblast columns in vivo67. Differentiated cells expressed the EVT markers HLA-

G, Notch1, EGFR, VE-cadherin, CD9, ErbB2, and the pan-trophoblast marker KRT7; however, 

the CTB marker p63 was not expressed (Figs. 2.2B, D). In vivo, EVTs in the proximal column 

express Notch1 and lower levels of HLA-G whereas the later-stage mesenchymal EVT express 

HLA-G to a much greater extent and lose expression of Notch14,12,57,59,62,69. Quantitative analysis 

revealed that cells in the bottom quartile of HLA-G expression (HLA-G+ i.e. 25% of total cells that 

showed the lowest HLA-G expression intensity) indeed expressed Notch1 with a greater intensity 

than cells that were of the top HLA-G expression quartile (HLA-G++++ i.e. 25% of total cells that 

showed the highest HLA-G expression intensity) in day 6 EVTs derived from CT29 and CT30 

hTSCs; however, the increase in Notch1 intensity for HLA-G+ cells was not statistically significant 

in SC102A-1 hTSCs (Figs. 2.2C). Analogous to EVTs in vivo, cells in the epithelial colonies 

appeared to express higher levels of Notch1 and lower levels of HLA-G than the mesenchymal 

cells, which exhibited higher levels of HLA-G expression and lower Notch1 expression (Figs. 

2.2B). Quantitative image analysis confirmed this observation; single cells expressed higher 

levels of HLA-G and lower levels of Notch1 in comparison to cells in colonies (Figs. 2.2E, F). 
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Taken together, EVTs formed on day 6 using a one-step protocol are a heterogeneous mixture of 

EVTs, reminiscent of heterogeneity in vivo between proximal and distal cell columns, and single-

cell EVTs. Importantly, because the only difference between the STB and EVT differentiation 

protocol is the addition of laminin-1 during day 0 to day 2, we can conclude that laminin-1 switches 

the terminal trophoblast differentiation fate from STB to EVT during differentiation in vitro.  
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Figure 2.2. Presence of laminin switches hTSC differentiation from STB to EVT fate. (A) 
Schematic of protocol for hTSC differentiation to EVT. (B) Confocal images of EVTs from CT30 
hTSCs, staining for HLA-G and Notch1.  Nuclei were stained with DAPI. Inset is the respective 
isotype control. Outcrop is the magnified image. (C) Quantitative analysis of Notch1 expression 
intensity of EVTs from CT30 hTSCs from the bottom (HLA-G+) and top (HLA-G++++) 25% of HLA-
G expression intensity cells (n=534, each). Analysis was performed in MATLAB and at least 2 
biological replicates were used. The white circle represents the mean and the black bar 
represents the median. (***p<0.0005). (D) Confocal images of EVTs from CT30 hTSCs, staining 
for VE-cadherin, CD9, ErbB2, KRT7, EGFR, and p63.  Nuclei were stained with DAPI. Inset is the 
respective isotype control. (E) Quantitative analysis of EVTs from CT30 hTSCs from day 6 HLA-
G expression data in panel A grouped into two categories: cells with no neighboring cells within 
a radius of 50 µm (n=248) labeled as d6 single cells or cells with at least 1 or more neighboring 
cells within a 50 µm radius (n=1061) labeled as d6 colonies. Analysis was performed in MATLAB 
and at least 2 biological replicates were used. (***p<0.0005). (F) Quantitative analysis of EVTs 
from CT30 hTSCs from day 6 Notch1 expression data in panel B grouped into two categories: 
cells with no neighboring cells within a radius of 50 µm (n=300) labeled as d6 single cells or cells 
with at least 1 or more neighboring cells within a 50 µm radius (n=1428) labeled as d6 colonies. 
Analysis was performed in MATLAB and at least 2 biological replicates were used. (***p<0.0005). 
Scale bars are 100µm for all images. 
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2.3.3  Assessment of temporal changes during EVT differentiation 

A differentiation protocol without a passage step enabled us to investigate changes in EVT marker 

expression over a 6-day period. We observed that HLA-G expression increased significantly from 

day 0 to day 2, and further from day 4 to day 6 (Figs. 2.3A, C). Similarly, cells expressed 

significantly higher levels of Notch1 on day 2 compared with day 0 hTSCs. However, Notch1 

expression intensity did not increase significantly thereafter, with variability between cell lines.  

(Figs. 2.3B, C). Consistent with our image analysis, flow cytometry showed that HLA-G 

expression increased from day 2 to day 6 whereas Notch1 expression increased from day 2 to 

day 4 but then decreased on day 6 (Figs. 2.3D). Together, this is consistent with previous studies 

that have reported Notch1 expression in early stage EVTs that constitute the proximal column 

trophoblast and higher HLA-G expression in late stage mesenchymal EVTs4,12,57,59,62,69. Additional 

qPCR analysis showed increased expression of other EVT markers throughout EVT 

differentiation. Specifically, in CT30 hTSCs, ITGA5, MMP2, and CDH5 expression increased by 

day 4 of differentiation and CD9 expression increased by day 6 of differentiation compared with 

undifferentiated hTSCs at day 0 (Fig. 2.3E). MYC expression is associated with EVT cell 

columns4,59 and was initially upregulated on day 2 in CT30 hTSCs but then decreased back to 

levels comparable to day 0 hTSCs by day 6 (Fig 2.3E). Collectively, these data show an increase 

in mature EVT-associated gene expression over the 6-day differentiation period. Concomitantly, 

as in the case of STB differentiation, expression of CTB markers decreased during the 6-day 

differentiation. In CT30 hTSCs TP63, ELF5, HAND1, ITGA6, and TEAD4 expression decreased 

by day 2 of differentiation (Fig. 2.3E). Taken together, our results are consistent with a 2-stage 

EVT differentiation process where hTSCs initially commit to the EVT lineage and gain expression 

of column EVT markers (day 0 to 4), and subsequently formation of single-cell, mesenchymal 

EVTs that express high levels of HLA-G (day 4 to 6) is observed.  
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Figure 2.3. Temporal changes in EVT marker expression during hTSC differentiation. (A) 
Quantitative analysis of HLA-G expression intensity in EVTs from CT30 hTSCs obtained by 
exposure to laminin on day 0 (n=1805), day 2 (n=2179), day 4 (n=897), and day 6 (n=1309). 
Analysis was performed in MATLAB and at least 2 biological replicates were used. (ns, not 
significant, ***p<0.0005). (B) Quantitative analysis of Notch1 expression intensity in EVTs from 
CT30 hTSCs obtained by exposure to laminin on day 0 (n=1805), day 2 (n=2179), day 4 (n=897), 
and day 6 (n=1728). Analysis was performed in MATLAB and at least 2 biological replicates were 
used. (***p<0.0005). (C) Confocal images of EVTs from CT30 hTSCs obtained on day 0, day 2, 
day 4, and day 6, staining for HLA-G and Notch1.  Nuclei were stained with DAPI. Inset is the 
respective isotype control. (D) Flow cytometry histogram of HLA-G and Notch1 expression of 
EVTs from CT30 hTSCs on day 2, day 4, and day 6 compared to an isotype control and their 
relative mean fluorescence intensity (MFI). (E) Gene expression of ITGA5, MMP2, CD9, MYC, 
CDH5, TP63, ELF5, HAND1, ITGA6, and TEAD4 of EVTs from CT30 hTSCs. Three biological 
replicates were used. (Error bars, S.E., *p<0.05 for comparison with undifferentiated hTSCs 
(dashed line), #p<0.05 for comparison with cells at day 2, %p<0.05 for comparison with cells at 
day 4). Scale bars are 100µm for all images. 

 



37 

 

 



38 

 

2.3.4  Expression of HIF1Ŭ and HIF2Ŭ is upregulated during EVT differentiation. 

Because EVTs invade in low oxygen tension, before establishment of utero-placental perfusion, 

the role of hypoxia-inducible factors (HIF)-1Ŭ and -2Ŭ in EVT differentiation has been extensively 

investigated70ï73. Notably, HIF1Ŭ increases over the course of differentiation from CTB to proximal 

column EVTs in first-trimester human placenta at both the transcription and protein level 70. 

However, over the course of pregnancy, HIF1Ŭ expression decreases; highest expression is 

observed at 5-week gestational age and is almost absent by the 12 th week of pregnancy, 

corresponding to the initiation of utero-placental perfusion and increase in oxygen tension 71. 

Additionally, this temporal expression tracked with TGFɓ3 and inhibition of HIF1Ŭ led to inhibited 

expression of TGFɓ3 as well as decreased ITGA5 and increased ITGA1 expression, suggesting 

maturation of EVTs may be mediated by TGFɓ3 through HIF-171. Interestingly, however, in 

preeclamptic placenta, HIF1Ŭ remains upregulated well into mid-gestation 72. Similarly, EPAS1 

(HIF2Ŭ), was also found to be upregulated in EVTs from primary tissue compared to CTBs and in 

EVTs derived from hTSCs described by Okae et al. compared to hTSCs at both the transcription 

and protein levels73. Importantly, HIF2Ŭ expression was more abundant in distal column EVTs73. 

We therefore aimed to investigate how HIF1Ŭ and HIF2Ŭ expression changed over the course of 

EVT differentiation in this model. We found that HIF1Ŭ and HIF2Ŭ both increased significantly 

from day 0 to day 2 of differentiation (Figs. 2.4C), consistent with the literature. We used image 

analysis to quantify expression of nuclear expression of HIF1Ŭ and HIF2Ŭ. CT29 hTSCs 

passaged into TSCM with the addition of 10 µM deferoxamine for two days was used as a positive 

control (Figs. 2.4A, B). Interestingly, HIF2Ŭ expression peaked during differentiation and showed 

a significant decrease from day 4 to day 6 in both CT29 and CT30 hTSCs; nevertheless, HIF2Ŭ 

still remained higher than the expression levels in hTSCs at day 6 (Figs. 2.4A, B). In contrast, 

HIF1Ŭ and HIF2Ŭ expression was undetected in day 6 STB (Figs. 2.4D). Overall, our results are 

consistent distinct temporal expression profiles of HIF1Ŭ and HIF2Ŭ during EVT differentiation.  
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Figure 2.4. EVTs exhibit temporal expression of HIF1Ŭ and HIF2Ŭ. (A) Quantitative analysis 
of HIF1Ŭ expression intensity in EVTs from CT30 hTSCs obtained by exposure to laminin on day 
0 (n=1298), day 2 (n=1591), day 4 (n=1514), and day 6 (n=2462). Positive control is hTSCs 
passaged into TSCM with the addition of 10 µM deferoxamine for two days. Analysis was 
performed in MATLAB and at least 2 biological replicates were used. (ns, not significant, 
***p<0.0005). (B) Quantitative analysis of HIF2Ŭ expression intensity in EVTs from CT30 hTSCs 
obtained by exposure to laminin on day 0 (n=1298), day 2 (n=1591), day 4 (n=1514), and day 6 
(n=1640). Positive control is hTSCs passaged into TSCM with the addition of 10 µM deferoxamine 
for two days. Analysis was performed in MATLAB and at least 2 biological replicates were used. 
(***p<0.0005). (C) Confocal images of EVTs from CT30 hTSCs obtained on day 0, day 2, day 4, 
and day 6, staining for HIF1Ŭ and HIF2Ŭ.  Nuclei were stained with DAPI. Inset is the respective 
isotype control. (D) Confocal images of STB from CT30 hTSCs obtained on day 6, staining for 
HIF1Ŭ and HIF2Ŭ.  Nuclei were stained with DAPI.  Scale bars are 100µm for all images.  
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2.3.5  A defined system enables investigation of TGFɓ signaling in EVT differentiation. 

In contrast to previous studies33, our defined conditions for EVT differentiation do not use TGFɓ 

inhibition. Therefore, we investigated the effect of including the TGFɓ inhibitor, A83-01 during 

EVT differentiation (Fig 2.5A). In the presence of A83-01, we found that single, mesenchymal 

EVTs were rarely observed. Further, differentiated cells expressed lower levels of HLA-G and 

higher levels of Notch1 compared with the control condition (no A83-01) (Figs. 2.5A, B, E). 

Notably, we also observed an increase in cell number on day 6 in the presence of A83-01, relative 

to the control (Fig. 2.5G). These data suggest that while A83-01 did not prevent EVT 

differentiation,  but formation of HLA-G+ mesenchymal EVTs was affected. We further compared 

EVT differentiation under our conditions to that obtained using methods described by Okae et al. 

33. Briefly, we differentiated hTSCs using the protocol outlined by Okae et al. in the presence and 

absence of A83-01 until the 6th day of differentiation; to better compare differentiation obtained 

using the two methods, cells were not passaged at day 633.  EVTs formed using methods 

described by Okae et al. and in the absence of A83-01 expressed higher levels of HLA-G and 

Notch1 than cells cultured with A83-01 (Figs. 2.5C-F). However, with or without A83-01, single 

mesenchymal EVTs were not observed at day 6 using the protocol described by Okae et al., 

without the use of the passage step. Further, EVTs obtained using the defined conditions 

described in this study had higher HLA-G expression compared to EVTs at day 6 obtained using 

the protocol described by Okae et al.  (Figs. 2.5E).  Collectively, our results show that presence 

of TGFɓ inhibition affects EVT differentiation, and the one-step differentiation model described 

here can be used to investigate the role of TGFɓ signaling during EVT differentiation. 
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Figure 2.5. A defined system enables investigation of TGFɓ signaling in EVT 
differentiation. (A) Schematic of protocol for hTSC differentiation to EVTs obtained the 1-Step 
method described in this work in the presence of a TGFɓ inhibitor, A83-01. (B) Confocal image of 
EVTs from CT30 hTSCs obtained by the method described in this work (labeled 1-Step) in the 
presence of a TGFɓ inhibitor, A83-01, staining for HLA-G and Notch1.  Nuclei were stained with 
DAPI. (C) Confocal image of day 6 EVTs from CT30 hTSCs obtained by the method described 
by Okae et al. 33 (labeled 2-Step) in the absence of a TGFɓ inhibitor, A83-01, staining for HLA-G 
and Notch1.  Nuclei were stained with DAPI. (D) Confocal image of day 6 EVTs from CT30 hTSCs 
obtained by the method described by Okae et al. 33 (2-Step) which includes the TGFɓ inhibitor, 
A83-01, staining for HLA-G and Notch1.  Nuclei were stained with DAPI. (E) Quantitative analysis 
of HLA-G expression intensity in EVTs from CT30 hTSCs obtained by the method described in 
this work (1-Step) in the absence (n=1309), or presence of a TGFɓ inhibitor, A83-01 (n=4219), 
day 6 EVTs obtained by the method described by Okae et al. 33  (2-Step) in the presence (n=4950) 
and absence (n=3311) of A83-01.  Analysis was performed in MATLAB and at least 2 biological 
replicates were used. The white circle represents the mean and the black bar represents the 
median. (***p<0.0005). Data for 1-Step EVT in the absence of A83-01 is same as used in Figure 
3. (F) Quantitative analysis of Notch1 expression intensity in EVTs from CT30 hTSCs obtained 
by the method described in this work (1-Step) in the absence (n=1309), or presence of a TGFɓ 
inhibitor, A83-01 (n=4219), or day 6 EVTs obtained by the method described by Okae et al. 33 
(2-Step) in the presence (n=4950) and absence (n=3311) of A83-01.  Analysis was performed in 
MATLAB and at least 2 biological replicates were used. The white circle represents the mean and 
the black bar represents the median. (ns, not significant, ***p<0.0005). Data for 1-Step EVT in the 
absence of A83-01 is same as used in Figure 3. (G) Quantitative analysis of cell number for EVTs 
from CT29 and CT30 hTSCs obtained by the method described in this work (1-Step) in the 
presence and absence of A83-01 (n=2 x 2 cell lines = 4). Analysis was performed in MATLAB 
and at least 2 biological replicates were used. The black bar represents the mean. (***p<0.0005). 
Scale bars are 100µm for all images. 
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2.3.6  A defined system enables investigation of TGFɓ signaling in STB differentiation. 

We had previously found that inhibition of TGFɓ signaling in hESC-derived trophoblasts resulted 

in the formation of EVT whereas STB was formed in the absence of TGFɓ inhibition41. We 

investigated the effect of the TGFb inhibitor A83-01 on STB differentiation of hTSCs (Fig. 2.6A). 

Strikingly, we observed that expression of the STB marker SDC-1 expression was lost in the 

presence of A83-01; on the other hand, expression of the EVT marker HLA-G expression could 

be observed. (Figs. 2.6B). Indeed, a membrane stain revealed little to no multinucleate syncytia 

with a fusion index comparable to the negative control (undifferentiated hTSCs) and significantly 

lower than STB obtained using the protocol described in this work (Figs. 2.6D, I). Thus, inhibition 

of TGFb signaling by A83-01 prevented STB differentiation of hTSCs in the absence of forskolin. 

While we observed HLA-G expression in the presence of A83-01 during STB differentiation, we 

did not observe single, mesenchymal EVTs that were seen during EVT differentiation initiated by 

laminin exposure (Figs. 2.2B). Quantitative analysis also confirmed that the level of HLA-G 

expression obtained upon TGFb inhibition during STB differentiation is significantly lower than 

that obtained during EVT differentiation (Figs. 2.6C). We further investigated the effect of 

TGFb inhibition on STB differentiation triggered by exposure to forskolin, as previously 

described33.  Upon differentiation in the presence of forskolin, we observed multinucleate cells 

that expressed the STB markers, hCG, SDC-1 EGFR, and KRT7 (Figs. 2.6E, F). However, in the 

presence of A83-01, differentiated cells were no longer multinucleate syncytia, with a fusion index 

comparable to the hTSC control (Figs. 2.6H, I). Cells also lost SDC-1 expression and gained 

HLA-G expression (Figs. 2.6G). Interestingly, in the presence of forskolin, some HLA-G+ single 

mesenchymal EVTs were observed. Taken together, our results show that TGFb inhibition 

prevents STB differentiation of hTSCs.  Collectively, our results on the effect of TGFb inhibition 

during STB and EVT differentiation show that chemically defined culture conditions can help 

investigate the role of specific biochemical pathways in trophoblast differentiation. 
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Figure 2.6: A defined system enables investigation of TGFɓ signaling in STB 
differentiation. (A) Schematic of protocol for hTSC differentiation to STB in the presence of a 
TGFɓ inhibitor, A83-01. (B) Confocal image of STB from CT30 hTSCs in the presence of A83-01, 
staining for HLA-G and SDC-1.  Nuclei were stained with DAPI. (C) Quantitative analysis of HLA-
G expression intensity in EVTs from CT30 hTSCs obtained by exposure to laminin (1-Step; 
n=1309), or STB from CT30 hTSCs obtained in the presence of a TGFɓ inhibitor, A83-01 
(n=6922). Analysis was performed in MATLAB and at least 2 biological replicates were used. The 
white circle represents the mean, and the black bar represents the median. (***p<0.0005). Data 
for 1-Step EVT is same as used in Figure 3. (D) Fluorescent image of STB from CT30 hTSCs 
obtained in the presence of A83-01. Nuclei were stained with DAPI. Membrane was stained with 
Di-8-ANEPPS cell membrane stain. Scale bar is 50 µm. (E) Confocal images of STB from CT30 
hTSCs obtained by differentiation in the presence of forskolin, as described by Okae et al. 33, 
staining for hCG, SDC-1, EGFR, and KRT7.  Nuclei were stained with DAPI. (F) Fluorescent 
image of STB from CT30 hTSCs obtained by differentiation in the presence of forskolin, as 
described by Okae et al. 33. Nuclei were stained with DAPI. Membrane was stained with Di-8-
ANEPPS cell membrane stain. Scale bar is 50 µm. (G) Confocal images of STB from CT30 hTSCs 
obtained by differentiation in the presence of forskolin, as described by Okae et al. 33 in the 
presence of the TGFɓ inhibitor, A83-01, staining for HLA-G and SDC-1.  Nuclei were stained with 
DAPI. (H) Fluorescent image of STB from CT30 hTSCs obtained by differentiation in the presence 
of forskolin, as described by Okae et al. 33 in the presence of the TGFɓ inhibitor, A83-01. Nuclei 
were stained with DAPI. Membrane was stained with Di-8-ANEPPS cell membrane stain. Scale 
bar is 50 µm. (I) Fusion efficiency of STB from CT30 hTSCs derived by the methods from this 
work and from Okae et al. 33 in the absence and presence of the TGFɓ inhibitor, A83-01 compared 
to CT30 hTSCs cultured in TSCM. Data for TSCM, STB, and STB (forskolin) is same as used in 
Figure 1. (ns, not significant, *p<0.05, Error bars, S.D., n=3). Scale bars are 100µm for all images 
unless specified otherwise. 
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2.4  Discussion 

Human trophoblast stem cells derived from the trophectoderm layer of blastocyst-stage 

embryos, first trimester placentas, or human pluripotent stem cells can model the CTB cells during 

early placental development in vivo. However, the use of forskolin during STB differentiation of 

hTSCs or the presence of a TGFb inhibitor and a passage step during EVT differentiation impede 

mechanistic studies on hTSC differentiation in vitro. Here we present chemically defined 

conditions for hTSC differentiation to STB and EVT in vitro. We show that hTSCs differentiate to 

STB over a 6 day period, in the absence of forskolin, in a chemically defined medium that is 

supplemented with EGF and a ROCK inhibitor. Strikingly, short term (2 days) exposure to a single 

additional factor during early differentiation, laminin-1, switches the terminal differentiation fate of 

hTSCs to the EVT lineage (Fig. 2.7). Notably, differentiation to EVT under these conditions does 

not involve TGFb inhibition or an intermediate passage step.  

 

Figure 2.7: Laminin-1 switches the terminal trophoblast differentiation fate from STB to 
EVT. Schematic of protocol for hTSC differentiation to STB and EVT. 
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2.4.1 Cues from extracellular matrix 

Exposure to laminin acts as a critical extracellular cue to direct hTSC differentiation to the EVT 

lineage in vitro. Importantly, a high concentration of laminin is used in our protocol, resulting in 

the formation of thin layer of substrate overlaying the cells in culture. Our results are consistent 

with previous studies by Okae et al., where soluble Matrigel was added to cell culture during 

differentiation in a two-step protocol33.  Further, our results are also consistent with previous 

studies on EVT differentiation of trophoblast derived from human embryonic stem cells (hESCs)41. 

hESC-derived trophoblast underwent differentiation to STB, but not EVT, in the absence of TGFb 

inhibition in 2D culture; however, EVT differentiation was obtained in a 3D culture with Matrigel 

with the same culture medium. Taken together with these previous studies, our results implicate 

a possible role for cues from the extracellular matrix during EVT differentiation. Previous studies 

that report loss of invasion in primary first trimester CTBs upon treatment with antibodies against 

laminin further underscore the role of signals from laminin in EVT differentiation74. Finally, our 

results are also consistent with studies in mouse trophoblast stem cells where specific 

extracellular matrix cues can direct differentiation to trophoblast giant cells through a HIF-

dependent mechanism, independent of oxygen tension75. Notably, despite all our studies being 

conducted at atmospheric (20%) oxygen, our results show that protein expression and nuclear 

localization of HIF1a and HIF2a are upregulated during EVT differentiation mediated by laminin-

exposure. 

 

2.4.2  A single-step protocol captures heterogeneity of cell types and illustrates the multi-

step process of hTSC differentiation to EVTs. 

A notable feature of our EVT differentiation protocol is the absence of a passage step that has 

been previously used to form mesenchymal HLA-G+ EVTs33,48. The absence of a passage step 

enables the use of quantitative image analysis to capture of the heterogeneity of cell types that 
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arise as hTSCs differentiate to mature mesenchymal EVTs. Our results show that HIF1a and 

HIF2a exhibit distinct temporal expression profiles during laminin-mediated EVT differentiation, 

with expression of nuclear HIF2a peaking prior to formation of mesenchymal HLA-G+ EVTs. 

Similarly, expression of Notch1 is upregulated early during EVT differentiation, but downregulated 

in HLA-G+ mesenchymal EVTs. These results are consistent with observations in vivo, where 

Notch1 expression is higher in proximal column trophoblasts, and decreases in the distal column 

where EMT occurs4,12,57,59,62,69. Overall, our results suggest that hTSC differentiation in vitro can 

be considered as a two-step process with an initial increase in Notch1 expression in epithelial-

like cells, followed by downregulation of Notch1 and increased HLA-G expression in mature 

mesenchymal cells (Fig. 2.7).  

 

2.4.3 Role of TGFb signaling 

Protocols for EVT differentiation of hTSCs have included a TGFb inhibitor 33,45ï48. Presence of 

TGFb inhibition hinders mechanistic studies on the role TGFb signaling or extracellular cues that 

may affect TGFb signaling, in EVT differentiation. Indeed, our results show that inhibition of 

TGFb signaling affects both EVT and STB differentiation of hTSCs. TGFb inhibition during EVT 

differentiation in the absence of a passage step resulted in decreased HLA-G expression and 

single-cell HLA-G+ EVTs were rarely observed, suggesting that TGFb inhibition hinders complete 

differentiation of hTSCs. These results are consistent with the study by Haider et al., where they 

show that TGFb signaling is necessary for complete EVT differentiation in a trophoblast organoid 

model 55. Our results are also consistent with previous studies wherein E-cadherin+ HTR-8/SVneo 

cells treated with A83-01 retained a dominant epithelial-like morphology compared to untreated 

E-Cadherin+ cells, which underwent EMT 76. On the other hand, we observed a loss of STB 

formation in the presence of TGFb inhibition, both in the presence or absence of forskolin, 

suggesting that TGFb signaling is necessary for STB formation. These results are consistent with 
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our previous study wherein we reported that activin/nodal/TGFb signaling switches the terminal 

differentiation fate of human embryonic stem cell-derived trophoblasts41. Specifically in that study, 

inhibition of TGFb signaling resulted in formation of EVTs; lack of TGFb inhibition was necessary 

for STB formation.  

In conclusion, we have described a chemically defined culture system for hTSC differentiation in 

vitro that overcome limitations of current approaches. Our results provide baseline conditions for 

future mechanistic studies on hTSC differentiation.  

 

2.5 Methods 

2.5.1 Key resources 

Key resources for this study are listed in Table 2.1. 

Table 2.1 Key resources 

REAGENT or 
RESOURSE 

SOURCE IDENTIFIER 

hPSC cell lines 

CT30 hTSCs Okae et al.33 RRID:CVCL_A7B
A 

CT29 hTSCs Okae et al.33 RRID:CVCL_A7B
B 

SC102A-1 
hTSCs 

Converted from SC102A-1 hiPSCs from Systems 
Biosciences39  

RRID:CVCL_IT66 

Antibodies 

Anti-KRT7 Cell Signaling Technologies Cat#4465, 
RRID:AB_111783
82 

Anti-hCG Abcam Cat#ab9582, 
RRID:AB_296507 

Anti-p63 Cell Signaling Technologies Cat#13109, 
RRID:AB_263709
1 

Anti-TEAD4 Abcam Cat#ab58310, 
RRID:AB_945789 

Anti-VE-
cadherin 

Cell Signaling Technologies Cat#2500, 
RRID:AB_108391
18 

 
 
 

https://web.expasy.org/cellosaurus/CVCL_A7BA
https://web.expasy.org/cellosaurus/CVCL_A7BA
https://web.expasy.org/cellosaurus/CVCL_A7BB
https://web.expasy.org/cellosaurus/CVCL_A7BB
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Table 2.1 (continued) 

 

Anti-Notch1 Cell Signaling Technologies Cat#4380,  
RRID:AB_106916
84 

Anti-CD9 Thermo Fisher Scientific Cat# AHS0902, 
RRID:AB_148889
6 

Anti-ErbB2 Cell Signaling Technologies Cat#2165, 
RRID:AB_106924
90 

Anti-EGFR Cell Signaling Technologies Cat#4267, 
RRID:AB_224631
1 

Anti-HLA-G Abcam Cat#ab52455, 
RRID:AB_880552 

Anti-SDC1 Abcam Cat#sc-50369, 
RRID:AB_210153
6 

PE-Conjugated 
anti-HLA-G 

Thermo Fisher Cat#12-9957-42, 
RRID:AB_111493
13 

PE-Conjugated 
Mouse IgG2a 

Thermo Fisher Cat#IC003P, 
RRID:AB_357245 

Rabbit 
Monoclonal IgG 

Abcam Cat#ab172730, 
RRID:AB_268793
1 

Rabbit XP IgG Cell Signaling Technologies Cat#3900, 
RRID:AB_155003
8 

Mouse IgG1 Abcam Cat#ab18447, 
RRID:AB_272253
6 

Mouse IgG2a Abcam Cat#554126, 
RRID:AB_479661 

Alexa Fluor Plus 
488-conjugated  
anti-rabbit IgG 

Thermo Fisher Scientific Cat#A32731,  
RRID:AB_263328
0 

DAPI R&D Systems Cat#5748 

Chemicals, Peptides, and Recombinant Proteins 

TrypLE Express Thermo Fisher Scientific Cat#12604013 

Vitronectin Thermo Fisher Scientific Cat#A14700 

Laminin 521 Stem Cell Technologies Cat#77003 

SB431542 Tocris Cat#1614 

CYM5541 Tocris Cat#4897 

   

 
 

http://antibodyregistry.org/AB_10691684
http://antibodyregistry.org/AB_10691684
http://antibodyregistry.org/AB_10692490
http://antibodyregistry.org/AB_10692490
http://antibodyregistry.org/AB_2246311
http://antibodyregistry.org/AB_2246311
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Table 2.1 (continued) 

   

Y-27632 
dihydrochloride 

Tocris Cat#1254 

CHIR99021 Tocris Cat#4423 

EGF Stem Cell Technologies Cat#78006.2 

35 mm 
polystyrene, TC 
treated Petri 
dish 

Sarstedt Cat#83.3900 

Cell View glass 
plates 

Greiner Bio-one Cat#627965 

24 well No. 1.5 
Coverslip 13 
mm Glass 
Diameter  

MatTek Cat#P24G-1.5-13-
F 

4% 
Paraformaldehy
de in PBS 

Thermo Fisher Scientific Cat#R37814 

Triton X-100 Sigma Cat#T8787 

PBS w/o Ca/Mg Sigma Cat#D5773 

PBS w/ Ca/Mg Sigma Cat#D8662 

Human IgG Immunoreagents Cat#Hu-003-C 

BSA Fisher Scientific Cat#BP9703 

10% BSA fatty 
acid free in PBS 

Sigma Cat#A1595 

VPA Sigma Cat#P6273 

A83-01 Tocris Cat#2939 

2-
mercaptoethano
l 

Sigma Cat#M3148 

FBS Thermo Fisher Scientific Cat#16141-061 

DMEM/F12 Thermo Fisher Scientific Cat#11320033 

ITS-X PeproTech Cat#00-101 

L-ascorbic acid Sigma Cat#A8960 

Pen/Strep Thermo Fisher Scientific Cat#15140122 

Laminin-1 R&D Systems Cat#3446-005-01 

Di-8-ANEPPS Thermo Fisher Scientific Cat#D3167 

Pluronic Acid 
F127 

Thermo Fisher Scientific Cat#P3000MP 

RNeasy Mini Kit Qiagen Cat#74134 

Purelink RNA 
Mini Kit 

Thermo Fisher Scientific Cat# 12183018A 
 

FluoroBriteTM 

DMEM 
Thermo Fisher Scientific Cat# A1896701 
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2.5.2 hTSC cell culture 

hTSCs were cultured as previously described by Okae et al. with minor modifications33. Cells were 

cultured in 2 mL of TSCM medium [Dulbeccoôs Modified Eagle Medium/Nutrient Mixture F-12 

(DMEM/F-12) supplemented with 0.1 mM 2-mercaptoethanol, 0.2% FBS, 0.5% Penicillin-

Streptomycin (Pen/Strep), 0.3% BSA, 1% Insulin-Transferrin-Selenium-Ethanolamine (ITS-X), 

1.5 µg/mL L-ascorbic acid, 50 ng/mL EGF, 2 ɛM CHIR99021, 0.5 ɛM A83-01, 1 ɛM SB431542, 

0.8 mM VPA, and 5 ɛM Y-27632] at 37°C and 5% CO2, on 35 mm polystyrene plates, pre-coated 

with 3 µg/ml of vitronectin and 1 µg/ml of Laminin 521. Culture medium was replaced every two 

days. When cells reached confluence, they were dissociated with TrypLE Express for 10-15 

minutes at 37°C and passaged at a 1:10 split ratio. Cells were routinely passaged approximately 

every 4-6 days. All hTSCs used in this study were passaged at least 5 times prior to use in 

experiments. 

 

2.5.3 EVT and STB differentiation 

Prior to differentiation, hTSCs at confluence were dissociated into single cells using TrypLE 

Express and 1.5x105 cells were seeded onto a new 35 mm polystyrene or glass plate pre-coated 

plate with 3 µg/ml of vitronectin and 1 µg/ml of Laminin 521. For STB differentiation, cells were 

cultured in defined trophoblast differentiation medium (DTDM) [DMEM/F-12 supplemented with 

Table 2.1 (continued) 

   

Software and Algorithms 

BioMark HD 
Real-Time PCR 
Analysis 
Software 

https://www.fluidigm.com/software N/A 

FlowJo v10.7.2 https://www.flowjo.com/solutions/flowjo/downloads N/A 

Fiji https://imagej.net/software/fiji/downloads N/A 

Zeiss Zen 
Software 

https://www.zeiss.com/microscopy/us/products/micros
cope-software/zen-lite.html 

N/A 

MATLAB https://www.mathworks.com/downloads N/A 

https://www.zeiss.com/microscopy/us/products/microscope-software/zen-lite.html
https://www.zeiss.com/microscopy/us/products/microscope-software/zen-lite.html
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1% ITS-X, 75 µg/mL L-ascorbic acid]. For EVT differentiation, DTDM was supplemented with 150 

µg/mL laminin-1 after cells were plated in DTDM. 5 µM Y-27632 and 50 ng/mL EGF was added 

at passage. Cell culture medium was replaced every 2 days and cultures were analyzed at day 6 

unless otherwise specified. 7.5 µM A83-01 was used where specified. 2-Step EVT and STB using 

forskolin were differentiated as previously described, with some minor modifications 33. Briefly, 

1.5x105 cells were passaged and seeded onto a 35 mm polystyrene or glass plate pre-coated 

plate with 3 µg/ml of vitronectin and 1 µg/ml of Laminin 521. For EVT differentiation, cells were 

cultured in EVTM (DMEM/F12 supplemented with 0.1 mM 2-mercaptoethanol, 0.5% Penicillin-

Streptomycin, 0.3% BSA, 1% ITS-X supplement, 100 ng/ml NRG1, 7.5 ɛM A83-01, 2.5 ɛM 

Y27632, and 4% KSR). Matrigel was added to a final media concentration of 2% after suspending 

the cells in EVT medium. On day 3, the medium was replaced with the EVT medium without 

NRG1 and Matrigel was added to a final concentration of 0.5%. EVTs were fixed on day 6. For 

STB differentiation, cells were cultured in STBM (DMEM/F12 supplemented with 0.1 mM 2-

mercaptoethanol, 0.5% Penicillin-Streptomycin, 0.3% BSA, 1% ITS-X supplement, 2.5 ɛM 

Y27632, 2 ɛM forskolin, and 4% KSR). Media was replaced on day 3 and cells were fixed on day 

6.  

 

2.5.4 Immunostaining 

For immunofluorescence analysis, 3x104 cells were grown on 24-well glass bottom plates coated 

with 3 µg/ml of vitronectin and 1 µg/ml of Laminin 521. Where indicated, 2x or 4x this number of 

cells were plated. Cells were fixed with 4% paraformaldehyde fixative solution for 5 minutes, 

permeabilized with 0.5% Triton X-100 in PBS for 10 minutes, then blocked in blocking buffer [0.5% 

BSA, and 200 ɛM human IgG in PBS] for at least one hour. Cells were then incubated overnight 

at 4°C in primary antibody diluted in blocking buffer. Primary antibodies used were anti-HLA-G 

(1:250), anti-VE-cadherin (1:250), and anti-Notch1 (1:200), anti-CD9 (1:50), anti-ErbB2 (1:250), 

anti-EGFR (1:50), anti-hCG (1:50), anti-SDC-1 (1:250), anti-KRT7 (1:50), anti-p63 (1:250). 
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Secondary antibodies were added an hour before imaging. Corresponding isotype controls (rabbit 

monoclonal IgG, rabbit XP IgG, mouse IgG1, mouse IgG2a, and mouse IgG2b) were used at 

primary antibody concentrations. Alexa Fluor 488- or Alexa Fluor 647-conjugated secondary 

antibodies were used. Nuclei were stained with DAPI and images were taken with a laser 

scanning confocal microscope (LSM880, Carl Zeiss, Germany).  

 

2.5.5 Confocal image analysis 

Image analysis was conducted using an image processing algorithm created in MATLAB R2021a. 

All image processing was performed post hoc. DAPI (blue channel) was isolated from the RBG 

image, binarized, and processed to accurately represent the number of cells in each image. Two 

images with known cell number were used to develop the processing steps and these were then 

extrapolated to all other images. The primary antibody stain of interests (red and green) was 

isolated and processed in the same manner. The average intensity of the red and green stains 

nearest each cell was assigned as the average expression intensity for that cell. If the nearest red 

or green stain was farther than the nearest blue stain, then the cell was assigned the average 

isotype control expression value. This was performed for 1-3 isotype control images and 14 

experimental images (7 images for each of the two replicates). For analysis labeled nuclear, only 

pixels that overlapped DAPI pixels were used for average expression intensity. Data was 

normalized by the average isotype control expression intensity. The code used for image analysis 

can be found here: https://github.com/vkarakis/2D_IF_analysis.git.  

 

2.5.6 Statistical analysis 

For immunofluorescence analysis, statistical analysis was conducted using the non-parametric 

Mann-Whitney U test because the data is not normally distributed. The analysis was performed 

in Microsoft Excel using the test for large sample sizes 77. Results of this test are given as a p-

value to compare differences in medians. For all other statistical analyses, a two-tailed Studentôs 

https://github.com/vkarakis/2D_IF_analysis.git
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t-test with either unequal or equal variance was used, depending on results from a two-sample  

F-test for equality of variances. Statistical significance was inferred at p<0.05.  

 

2.5.7 Membrane staining 

hTSCs and STB were cultured as previously described here or by Okae et al.33. Cells were 

washed and subsequently incubated with 1-2 µM Di-8-ANEPPS and DAPI on ice for at least 1 

hour. Cells were washed once and imaged in FluoroBriteTM DMEM using a Keyence BZ-X810 

system.   

 

2.5.8 Flow cytometry 

Cells were dissociated with TrypLE and fixed with 2% paraformaldehyde for 10 minutes in 

suspension. They were then blocked in Saponin blocking buffer [1% BSA 1 mg/mL Saponin] for 

15 minutes at room temperature. PE-conjugated anti-HLA-G antibody (1:20) or anti-Notch1 

antibody (1:800) diluted in Saponin blocking buffer was then added and the cells incubated for 1 

hour on ice. Alexa-Fluor Plus 488-conjugated rabbit IgG was added as a secondary to Notch1 

antibody staining and incubated for an additional hour on ice. PE-conjugated mouse IgG2a or 

Rabbit XP IgG was used as the isotype control. Flow cytometry was carried out using a 

MACSQuant VYB, and the data were analyzed using FlowJo software. 

 

2.5.9 RNA extraction, cDNA synthesis and qRT-PCR 

RNA was isolated using Invitrogen PureLink RNA Mini Kit (Fisher Scientific) or the RNeasy Mini 

Kit (Qiagen) using the manufacturersô protocol. RNA was quantified using a Nanodrop 1000 

spectrophotometer (Thermo Scientific, Waltham, MA). 1 mL of RNA was transformed into 

complementary DNA using Fluidigm Reverse Transcription Master Mix (Fluidigm) according to 

the manufacturerôs protocol and underwent 16 preamplification cycles using the Fluidigm Preamp 

Master Mix according to the manufacturerôs protocol. RNA was then analyzed by the UNC 
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Advanced Analytics Core facility using the Fluidigm Biomark HD 96.96 IFC array (Fluidigm) and 

validated TaqMan probes according to the manufacturerôs protocol. Using BioMark HD software 

(Fluidigm), Ct values were then normalized against the geometric mean of glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) and beta-actin (ACTB), and relative log2fold changes were 

calculated, normalizing to day 0 hTSCs based on the ȹȹCT method (Livak and Schmittgen, 

2001). 
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CHAPTER 3: A 3D model system to evaluate trophoblast differentiation and invasion 
 

3.1 Abstract 

Human trophoblast stem cells (hTSCs) have emerged as the exemplar in vitro model to 

investigate trophoblast biology. These cells are representative of villous cytotrophoblasts 

(CTBs) and can differentiate down either trophoblast terminal lineages, the syncytiotrophoblast 

(STB), or the extravillous trophoblast (EVT). Importantly, however, extravillous trophoblast 

differentiation is a 2-dimensional with cells cultured on pre-coated 6-well plates. In vivo, 

however, interstitial extravillous trophoblasts invade the maternal decidualized endometrium and 

play a role in moderating the maternal immune response. These invasive EVTs both move 

through and degrade the maternal extracellular matrix, meaning a 3-dimensional model to 

investigate EVT differentiation and invasion is more appropriate. Here, we present a 3D model 

that can quantify both differences in trophoblast invasion and differences in trophoblast 

differentiation marker expression. After developing the model, we validated the ability to discern 

invasion and differentiation differences by investigating the effects of EGF. We found EGF 

stimulated trophoblast invasion using our model, as excepted. We then investigated TGFb 

signaling and found inhibition of TGFb resulted in increased invasion as well. We then used the 

3D model to investigate the effects of co-culture with embedded T HESCs to represent maternal 

stromal cells and found that this also stimulated invasion of trophoblasts. While we attempted to 

investigate the effects of decidualization, decidualized T HESCs reverted to non-decidualized 

cells when embedded in the gel and we therefore were unable to discern effects. 

 

3.2  Introduction  

Trophoblasts are the principal cell types of the placenta. Villous cytotrophoblasts (CTBs) 

of the human placenta are considered the trophoblast stem cell compartment and have the 

ability to replicate or differentiate towards either of the two terminal cell fates. The first is the 
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syncytiotrophoblast (STB) where differentiation is caused by cell-cell fusion of the CTB1. STB 

play an important role in placenta nutrient and waste exchange as well as hormone regulation1,2. 

The second are extravillous trophoblasts (EVTs) which invade the maternal uterine wall in a 

planned and controlled manner during the first trimester of human pregnancy. EVTs play a role 

in remodeling the maternal spiral arteries into highly dilated vessels that can adequately supply 

the fetus with nutrition and oxygen3,4. Defects in implantation and placentation, caused 

oftentimes by insufficient or excessive EVT differentiation and invasion, often result in numerous 

pregnancy complications5ï10. Pre-eclampsia, stillbirth, fetal growth restriction, and recurrent 

miscarriage are severe pregnancy illnesses sometimes caused by insufficient trophoblast 

invasion, which results in insufficient arterial remodeling and a lack of blood flow supply to the 

developing fetus11ï15. Abnormally invasive placenta (AIP) or placental accreta, which can lead to 

maternal hemorrhaging at birth, on the other hand, can result from excessive invasion16ï19. 

Because EVT invasion is extremely important for a healthy pregnancy, trophoblast invasion and 

placentation are controlled by a complex network of cell signaling pathways, including cytokines, 

oxygen levels, and cell-cell interactions between maternal and fetal cells2,20ï26. 

The first step of a successful pregnancy is determined by the implantation of blastocyst 

on the epithelial layer of the maternal endometrium27,28. In humans, blastocyst implantation is an 

invasive process where the blastocyst is entirely enveloped by the endometrium28. After the 

polar blastocyst attaches to the endometrial epithelial layer, the blastocyst invades the 

endometrial stroma crossing the endometrial epithelial layer and penetrating far into the 

uterus28. This early invasion step is mediated by the primary syncytium, an outer layer 

surrounding the inner layer of the mononuclear CTBs, originating from the trophectoderm of the 

growing blastocyst. As CTBs proliferate in the decidua, these cells form primary placental villi 

containing mononuclear CTB center covered with multinucleated STBs. Later these villi 

transform into secondary villi with a mesenchymal core followed by the formation of umbilical 
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vessels in the mesenchymal core of secondary villi and thus chorionic villi is vascularized. This 

tree-like branching structure of the placenta is completely cover with STBs at term28.  

The anchoring sites of the villi at the maternal decidua gives rise to the differentiated 

trophoblast subtype, the extravillous trophoblast (EVTs). When a placental villi anchors to the 

decidua, CTBs first differentiate to proximal cell column trophoblasts (pCCTs), an epithelial cell 

type that proliferates rapidly at the site. As more CTBs form pCCTs, cells on the distal end of 

the proliferating mass known as distal cell column trophoblasts (dCCTs) undergo an epithelial to 

mesenchymal transition to form invasive EVTs. These EVTs detach from the cell column to form 

mature mesenchymal EVTs2. These EVTs can be either interstitial or endovascular EVTs. The 

endovascular EVTs are migratory and remodel the spiral arteries and precisely regulate blood 

flow to the developing placenta. The interstitial EVTs invade into the maternal endometrium and 

interact with various maternal cells in the decidua including decidualized stromal cells and 

maternal immune cells20. 

There is a growing body of work that suggests that various maternal cell types can affect 

EVT invasion22ï24,29ï32. However, in vitro culture models have shown that EVT differentiation can 

occur independently, without the presence of the decidual environment33ï37. During the mid-

secretory phase of the menstrual cycle, elevated progesterone levels lead to the differentiation 

of endometrial stromal cells (ESCs) into decidual stromal cells (DSCs) in a process known as 

decidualization38. Due to adjustments in both local and systemic hormones, the cellular 

composition of the deciua varies throughout the course of pregnancy and the menstrual 

cycle38,39. While DSCs are the main cell type in the decidua but it also is associated with an 

influx of uterine Natural Killer cells (uNKs), as well as other immune cells and endometrial cell 

types20,38,39. This decidual environment is more suitable for implantation and improper 

decidualization can lead to a variety of placental disorders including implantation failure and 

recurrent miscarriage38. In the absence of a blastocyst, the decidua is shed off during the 
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normal menstrual cycle. As EVTs invade in the endometrium, these cells interact with stromal 

cells along with other maternal cells, glands and the extracellular matrix (ECM)24,29,30,40ï42. 

Importantly, DSCs regulate the extent of trophoblast invasion. For example, the major secretory 

product of DSCs, prolactin, has been shown to stimulate trophoblast growth and invasion. 

Additionally, however, DSCs have also been shown to limit the extent of the aggressive invasion 

of trophoblasts through production of tissue inhibitors of metalloproteinases (TIMPs) that 

antagonist the proteolytic activity of the metalloproteinases (MMPs) excreted by trophoblasts to 

degrade the maternal ECM38.  

Unfortunately, modeling cell-cell interactions between maternal stromal cells and fetal 

trophoblast cells is difficult. Owing to ethical restrictions on research with human embryo and 

fetal tissues and mechanistic differences in human and animal models, molecular mechanisms 

underlying early human trophoblast development and how the maternal environment plays a 

role in that developmental process remains poorly understood. Human trophoblast stem cells 

(hTSCs) derived from first trimester placental samples or blastocysts have become a useful tool 

in modeling the early CTBs in vivo34. These hTSCs can differentiate to both EVT or STB in the 

presence or absence of extracellular matrix, respectively33.  

Extravillous trophoblast (EVTs), terminally differentiated trophoblast cells of the placenta, 

are invasive mesenchymal cells which function to establish critical tissue connection in the 

developing placental-uterine interface38. Current 2D cultures lack the actual representation of in 

vivo conditions and invasive characteristics of EVTs. Instead, a 3D model incorporates more 

representative ECM conditions to study both migration and invasion of EVTs. Matrigel, widely 

used in a 3D culture media and derived from mouse tumor cells, has some inherent drawbacks 

such as undefined matrix composition, variability, and use of several growth factors43. So, these 

drawbacks necessitate the need to explore a new synthetic media for 3D hTSC culture such as 

GelMA. GelMA is a semi-synthetic hydrogel, which enables the utilization of the biological 
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signals inherent in the gelatin molecule, while allowing control of mechanical properties44,45. The 

hydrogel is obtained by the derivatization of gelatin with methacrylic anhydride, the parent 

molecule gelatin retains many of its attractive features as a biomaterial and retains its biological 

promoting properties, based on integrin-binding sequences and metalloprotease digestion 

sites6. The GelMA hydrogel can thus provide an aqueous environment for cells and support their 

adhesion, growth, and proliferation.  

Since interstitial EVTs invade the maternal extracellular matrix, a 3D model to 

investigate EVT differentiation and invasion is more appropriate, as cells will have to express 

invasive markers to degrade the ECM in order to move within the 3D environment. Early 3D cell 

culture systems overcome many limitations of 2D in-vitro culture models. These cultures include 

organoids and spheroid models of trophoblast. However, these models are often constrained by 

their size and diffusion limitations. One model by Turco et al. showed that STB formation was 

observed at the center of the organoid instead of the outside following in-vivo structure46. 

Additionally, because we know the ECM protein, laminin-111, initiated trophoblast differentiation 

towards EVT33. We have therefore developed a model that uses laminin-111 in a 3D defined gel 

to initiate EVT differentiation and invasion into the gel. Additionally, the model enabled co-

culture with the maternal endometrial cell line, T HESCs, to determine the effect stromal cells 

had on EVT invasion, as well as the effect of decidualization of maternal endometrial cells. 

Finally, we further teased apart mechanisms that could explain differences in EVT differentiation 

and invasion.  

 

3.3 Results 

3.3.1 Establishing the 3D model to quantify trophoblast expression and invasion 

hTSCs derived from first trimester placenta samples were cultured in trophoblast stem cell 

medium (TSCM) as previously described33,34,47. Before plating, a 3D gel was solidified in ibidi m-

well plates equipped with 15 wells. The desired number of cells in differentiation medium were 

https://www.zotero.org/google-docs/?iT44y7


69 

 

plated onto the surface of the gel and allowed to invade for four days (Figure 3.1A). On the 

fourth day, cells were fixed before being immunostained for differentiation markers, along with 

DAPI. After staining, the gels within the wells of the m-well plates were imaged in z-stacks. Cells 

were analyzed post hoc for the extend of invasion, as we as differentiation expression analysis 

in three steps. First, a maximum image was created from the DAPI z-stacks where each pixel in 

this image came from the stack that had the maximum intensity of all of the stacks (Figure 

3.1B). We then created a mask with this maximum image, from which we could determine the 

average stack where the pixels in each object originated and found where in the z-stack each 

cell was located (Figure 3.1B). In order to image the full well, five images were collected and 

stitched together as seen in the second step (Figure 3.1C). To remove cells that attached to the 

outer portion of the well and not the gel, we used the geometric center of the cells and 

eliminated all cells outside the radius of the well, 2 mm (Figure 3.1C). In the third step, we 

matched each average red and green expression intensities, in this case Notch1 and HLA-G, 

respectively, to the DAPI stain to determine the expression intensity of each cell (Figure 3.1D).  

All in all, this analysis method output a matrix with each cells z-position within the gel, and their 

expression for EVT markers, HLA-G and Notch1.  
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Figure 3.1. Establishing the 3D model to quantify trophoblast expression. (A) Schematic of 
protocol for hTSC differentiation to EVT in 3D model. (B) Example of Step 1 of quantification 
steps. Z-stacks of the gel are acquired, a maximum pixel image is created and masked. (C) 
Example of Step 2 of quantification steps. 5 images are stitched together and cells outside of 
well radius are eliminated from the mask. (D) Example of Step 3 of quantification steps. Average 
pixel intensity of HLA-G and Notch1, in this case, are quantified, masked, and matched to each 
of their overlapping DAPI.  
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3.3.2 Laminin-111 is not required for EVT differentiation in 3D 

We previously found that laminin-111 triggered differentiation towards EVTs33. We therefore 

investigated whether laminin induced formation of EVTs in this 3D model. We cultured 

trophoblast in 4 days with and without the addition of laminin-111 to the 3D gel, with a the 

addition of epidermal growth factor (EGF) and the ROCK inhibitor, Y-27632 at passage, as 

previously described to induce EVT formation33. We found that the gel alone, without the 

addition of laminin-111, triggered formation of Notch1+ EVTs, though HLA-G expression was 

not detected (Figure 3.2A). Furthermore, the addition of laminin-111 did not alter expression of 

Notch1 nor did HLA-G expression increase above the relative isotype control background level 

(Figure 3.2A). Finally, when performing z-depth analysis as described previously, we found that 

laminin-111 did not increase invasion. In fact, only a few cells invaded deep into the gel, with 

most stopping before 300mm from the bottom of the well. Taken together, this is strikingly 

different from our previous results in 2D, where we had found that laminin-111 switched the 

terminal fate from STB to EVT33. More specifically, Notch1 expression was not seen without the 

addition of laminin-111 (Figure 2.2B). Importantly, however, we also previously found that 

exposure to laminin-111 initiated HIF signaling to trigger EVT differentiation in 2D culture. 

Notably, the diffusivity of oxygen in a 3D matrix is lower than in liquid medium in 2D culture, 

likely resulting in local oxygen depletion, increased HIF signaling and therefore EVT 

differentiation in 3D. 
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Figure 3.2. Laminin-111 is not required for EVT differentiation in 3D. (A) Quantitative 
analysis of HLA-G and Notch1 expression of trophoblasts with (n=662) and without (n=355) the 
addition of laminin-111 added to the gel compared to the isotype control (n=186, HLA-G, n=526, 
Notch1). EGF and Y-27632 were added at passage. 4 biological replicates were used.  
***p<0.0005, ns, not significant. (B) Quantitative analysis of invasion of trophoblasts with 
(n=662) and without (n=355) the addition of laminin-111 added to the gel. EGF and Y-27632 
were added at passage. 4 biological replicates were used. (C) Total cell number of invasion of 
trophoblasts with and without the addition of laminin-111 added to the gel (n=4). EGF and Y-
27632 were added at passage. 4 biological replicates were used.  ns, not significant.  

 

3.3.3  Neuregulin promotes EVT invasion and differentiation in 3D model. 

While the gel alone resulted in formation of Notch1+ EVTs, HLA-G expression was undetected. 

We therefore investigated ways in which we could push cells from the early Notch1+ EVT to the 

invasive HLA-G+ mature EVT. Previously and in 2D, EGF was used for the first 2 days of 

differentiation33. However, neuregulin (NRG1) has been previously used in EVT differentiation 
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models instead of EGF34. In vivo, EVTs switch from expression the EGF receptor (EGFR) to 

expression of the neuregulin receptor, ErbB2 when undergoing differentiation from proximal cell 

column EVTs towards invasive EVTs48. Additionally, we found that maternal stromal cells 

secrete NRG1 after undergoing decidualization (Figure. 3.3A). We therefore investigated 

whether replacing EGF with NRG1 would improve trophoblast differentiation and invasion and 

how these results would compare to no additional protein (DTDM). We found that NRG1 

resulted in increased Notch1 and HLA-G expression intensity compared to EGF or when 

nothing else was supplemented in the medium (Figure 3.3B). Importantly, HLA-G expression 

was detected above background with the addition of NRG1, signifying differentiation towards 

mature EVTs (Figure 3.3B). The same effect was not seen with the addition of EGF (Figure 

3.3B). A slight increase in invasion was observed with the addition of EGF, however, the 

addition of NRG1 resulted in significant invasion compared to no supplementation or when the 

EGF was supplemented (Figure 3.3C). Many cells invaded deep into the gel and some even 

invaded to the bottom of the well (Figure 3.3C). Upon analyzing how HLA-G expression 

intensity varies with z-position, we also found that cells that invade deeper into the gel did in fact 

have a higher HLA-G expression intensity (Figure 3.3D, E). 
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Figure 3.3. Neuregulin promotes EVT invasion and differentiation in 3D model. (A) Fold 
change of neuregulin (NRG1) in decidualized and non-decidualized T HESCs. Three replicates 
were used, *p<0.05. (B) Quantitative analysis of HLA-G and Notch1 expression of trophoblasts 
without additional supplementation (DTDM) (n=494), with the addition of EGF for two days 
(n=662), or the addition of neuregulin (NRG1) for four days (n=844) compared to the isotype 
control n=186, HLA-G, n=526, Notch1). Y-27632 was added at passage in addition to EGF. 
hTSCs were seeded on a 3D gel with laminin-111. 4 biological replicates were used for the 
isotype control, DTDM, and EGF and 2 biological replicates were used for NRG1. Data for EGF 
is the same as in Figure 3.2. ***p<0.0005, ns, not significant. (C) Quantitative analysis of 
invasion of trophoblasts without additional supplementation (DTDM) (n=494), with the addition 
of EGF for two days (n=662), or the addition of neuregulin (NRG1) for four days (n=844). Y-
27632 was added at passage in addition to EGF. hTSCs were seeded on a 3D gel with laminin-
111. 4 biological replicates were used for the isotype control, DTDM, and EGF and 2 biological 
replicates were used for NRG1. Data for EGF is the same as in Figure 3.2. ***p<0.0005. (D) 
HLA-G expression intensity versus height within the gel when NRG1 was added to the media for 
four days. Bar represents the median expression intensity of the isotype control. (E) Quantitative 

analysis of HLA-G expression of trophoblasts that exhibited higher invasion (Height < 300 mm) 

(n=119) compared to those that invaded less (Height > 300 mm) (n=725) and the isotype control 
(n=186). 4 biological replicates were used.  ***p<0.0005. 
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3.3.4 TGFb inhibition stimulates invasion in 3D model. 

We had previously found that TGFb inhibition was important for the commitment to the EVT 

lineage but prevented the formation of single, mesenchymal EVTs in a 2D model33. We 

therefore aimed to investigate how TGFb inhibition would compare in our 3D model. We added 

A83-01, the TGFb inhibitor, during differentiation with EGF and laminin-111, similar to the 2D 

protocol33. Unexpectedly, we found that A83-01 resulted in an increase in trophoblast invasion 

in 3D as well as an increase in HLA-G expression (Figure 3.4A, B). Importantly, this HLA-G 

expression was significantly higher compared to the isotype control, signifying differentiation to 

the mature EVT. Additionally, expression of Notch1 was also significantly higher than the 

isotype control but the addition of A83-01 did not seem to effect Notch1 expression intensity 

(Figure 3.4A). We had also previously found that the addition of A83 resulted in more 

proliferation of EVTs (Figure 2.5G), however, no significant difference in cell number was 

detected (Figure 3.4C)33. When EGF was replaced by neuregulin in the system, again A83-01 

promoted trophoblast invasion and HLA-G and Notch1 expression were both significantly higher 

than the isotype controls (Figure 3.4D, E). Upon investigating how HLA-G expression changes 

with invasion, we observed a similar trend. Trophoblasts that invaded further into the gel 

showed higher HLA-G expression intensity (Figure 3.4F, G).  
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Figure 3.4. TGFb inhibition stimulates invasion in 3D model. (A) Quantitative analysis of 
HLA-G and Notch1 expression of trophoblasts with (n=852) and without (n=644) the addition of 

the TGFb inhibitor, A83-01, compared to the isotype control (n=186, HLA-G, n=526, Notch1). 
Data for EGF is the same as in Figure 3.2 and 3.3. hTSCs were seeded on a 3D gel with 
laminin-111 and EGF and Y-27632 were added at passage in both cases and either DMSO 
(Vehicle) or A83-01 was added at passage and on day 2 of differentiation. 4 biological replicates 
were used. **p<0.005. (B) Quantitative analysis of invasion of trophoblasts with (n=852) and 

without (n=644) the addition of the TGFb inhibitor, A83-01. Data for EGF is the same as in 
Figure 3.2 and 3.3. hTSCs were seeded on a 3D gel with laminin-111 and EGF and Y-27632 
were added at passage in both cases and either DMSO (Vehicle) or A83-01 was added at 
passage and on day 2 of differentiation. 4 biological replicates were used.  *p<0.05. (C) Total 

cell number of invasion of trophoblasts with and without the addition of the TGFb inhibitor, A83-
01 (n=4). hTSCs were seeded on a 3D gel with laminin-111 and EGF and Y-27632 were added 
at passage in both cases and either DMSO (Vehicle) or A83-01 was added at passage and on 
day 2 of differentiation. 4 biological replicates were used.  ns, not significant. (D) Quantitative 
analysis of HLA-G and Notch1 expression of trophoblasts with (n=747) and without (n=844) the 

addition of the TGFb inhibitor, A83-01, compared to the isotype control (n=186, HLA-G, n=526, 
Notch1). Data for NRG1 is the same as in Figure 3.3. hTSCs were seeded on a 3D gel with 
laminin-111 and neuregulin was added at passage and on day 2 of differentiation in both cases 
and either DMSO (Vehicle) or A83-01 was added at passage and on day 2 of differentiation. 2 
biological replicates were used. **p<0.005. (E) Quantitative analysis of invasion of trophoblasts 

with (n=747) and without (n=844) the addition of the TGFb inhibitor, A83-01. Data for NRG1 is 
the same as in Figure 3.3. hTSCs were seeded on a 3D gel with laminin-111 and neuregulin 
(NRG1) was added at passage and on day 2 of differentiation in both cases and either DMSO 
(Vehicle) or A83-01 was added at passage and on day 2 of differentiation. 2 biological replicates 
were used.  ***p<0.0005 (F) HLA-G expression intensity versus height within the gel. Bar 
represents the median expression intensity of the isotype control. (G) Quantitative analysis of 

HLA-G expression of trophoblasts that exhibited higher invasion (Height < 300 mm) (n=120) 

compared to those that invaded less (Height > 300 mm) (n=627) and the isotype control (n=186). 
4 biological replicates were used.  ***p<0.0005 
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3.3.5 3D model enables co-culture with maternal stromal cells. 

Because EVTs invade into the maternal decidua, we wanted to determine if this 3D model could 

be used for co-culture of EVTs with maternal endometrial cells. We therefore single-cell 

dissociated maternal endometrial cells, resuspended them in the gel composition, plated the 

cells and gel in the m-wells before crosslinking the gel to solidify it (Figure 3.5A). We confirmed 

that cells were spread throughout the gel by imaging the gel without the addition of trophoblasts 

with DAPI. We also stained for the stromal cell marker, vimentin. We found that stromal cells 

were well dispersed throughout the gel and most cells stained positive for vimentin, regardless 

of the location within the gel (Figure 3.5B, C).  We then plated hTSCs on top as described 

previously and allowed invasion to occur for four days (Figure 3.5A). Because we found laminin 

did not play an active role in EVT differentiation in 3D, we did not add laminin-111 to the gel but 

we did add EGF and Y-27632 to the culture medium at passage. We sorted trophoblast from 

stromal cells post-hoc by separating cells that were positive and negative for vimentin (Figure 

3.5D). Cells that were negative for vimentin were then analyzed using the method described in 

Figure 1. We found that CTs cultured with stromal cells embedded in the gel did not express 

varying levels of HLA-G with height (Figure 3.5E). 
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Figure 3.5. 3D model enables co-culture with maternal stromal cells. (A) Schematic of 
protocol for hTSC differentiation to EVT in 3D model with embedded T HESCs. (B) 
Epifluorescence images of T HESCs embedded within the 3D gel. Nuclei stained with DAPI. (C) 
Quantitative analysis of Vimentin expression versus height within the 3D gel of T HESCs 
(n=223). Black bar represents the average expression of the isotype control for vimentin. (D) 
Quantitative analysis of Vimentin expression versus height within the 3D gel of T HESCs 
combined with trophoblasts (n=427). Black bar represents the average expression of the isotype 
control for vimentin. Re-scaled version shows how vimentin-negative cells were sorted for 
trophoblast quantification. (E) Quantitative analysis of HLA-G expression intensity versus height 
within the gel of trophoblasts with the addition of T HESCs (n=79). hTSCs were seeded on a 3D 
gel without laminin-111 and EGF and Y-27632 were added at passage. 4 biological replicates 
were used. 
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3.3.6 Decidualization does not hold when cells are embedded within the 3D gel. 

We aimed to investigate whether changes in decidualization would affect trophoblast 

differentiation and invasion. We performed decidualization in 2D, embedded the stromal cells 

within the 3D gel, and allowed for trophoblast to invade within the gel and compared this with 

our non-decidualized stromal cell results. Unexpectedly, however, we found that decidualization 

did not alter trophoblast invasion not HLA-G marker expression (Figure 3.6A, B). However, 

when we determined whether stromal cells maintained decidualization within the 3D gel, we 

found that the increase in prolactin was no longer observed after 4 days in the gel, while the 

trophoblasts invaded (Figure 3.6C). This could explain why decidualization did not alter 

trophoblast invasion.  
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Figure 3.6. Decidualization does not hold when cells are embedded within the 3D gel. (A) 
Quantitative analysis of invasion of trophoblasts with decidualized (n=179) and non-
decidualized (n=79) T HESCs. hTSCs were seeded on a 3D gel without laminin-111 and EGF 
and Y-27632 were added at passage in both cases. 4 biological replicates were used.  ns, not 
significant. Data for non-decidualized cells is the same as Figure 3.5. (B) Quantitative analysis 
of HLA-G expression of trophoblasts with decidualized (n=179) and non-decidualized (n=79) T 
HESCs. hTSCs were seeded on a 3D gel without laminin-111 and EGF and Y-27632 were 
added at passage in both cases. 4 biological replicates were used.  ns, not significant. Data for 
non-decidualized cells is the same as Figure 3.5. (C) Fold change of prolactin (PRL) in 
decidualized and non-decidualized T HESCs embedded in the 3D gel for four days. ns, not 
significant. 
 

3.4 Discussion 

 Human placental development is poorly understood as a result of improper models used 

to investigate trophoblast differentiation. Human trophoblast stem cells (hTSCs), however, 

provide a useful tool in modeling the in vivo CTB. However, non-physiological differentiation 



85 

 

triggers artificially differentiate hTSCs toward the STB or EVT lineages. Importantly, extravillous 

trophoblast of the human placenta invade into the maternal decidua. Therefore, 3D models to 

investigate extravillous trophoblast differentiation and invasion are more appropriate. 

Additionally, EVTs interact with maternal immune and endometrial cells within the decidua and 

the proteins excreted by the decidual stromal cells and other maternal cells regulate trophoblast 

invasion. 3D models can also be used to simulate this environment through the use of co-

culture with trophoblasts. Here we present a 3D extravillous trophoblast differentiation model 

that can be used to investigate signaling pathways involved in trophoblast differentiation and 

invasion, and the effect of co-culture with maternal cells.  

 Because we had previously found that laminin-111 stimulated EVT differentiation in a 2D 

model, we aimed to investigate if laminin-111 would stimulate invasion in 3D as well33. To our 

surprised, laminin-111 was not necessary for commitment to the EVT lineage in 3D. Notch1+ 

EVTs were seen, whereas Notch1 expression was not observed without supplementation with 

laminin-111 in 2D33. Additionally, laminin-111 did not increase trophoblast invasion. Importantly, 

low oxygen concentrations have also been reported to initiate EVT differentiation49,50. We 

therefore hypothesize that local oxygen concentrations in 3D culture mediate HIF signaling and 

initiate EVT differentiation, despite studies being conducted at atmospheric oxygen. Indeed, 

dissolved oxygen concentration is affected by factors such as cell density in culture, cellular 

metabolic state, and even geometry of cell culture dishes, and the diffusivity of oxygen is lower 

in a 3D matrix than in liquid medium51,52. Therefore, it is likely cells are in a lower oxygen 

concentration environment in 3D, resulting in increased HIF signaling and stimulating EVT 

differentiation in 3D.  

EGF has been previously used in other 3D models and known to stimulate trophoblast 

invasion53ï55. We also saw that EGF results in deeper trophoblast invasion into the gel. 

However, EGF alone was not sufficient in differentiating EVTs towards a mature HLA-G+ EVT 

phenotype. EVTs switch from EGFR+ to ErbB2+ as they mature and ErbB2 is the receptor for 
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neuregulin (NRG1)48. We also noticed that neuregulin is secreted by decidualized maternal 

endometrial cells and therefore anticipated replacing EGF with NRG1 would stimulate 

differentiation towards HLA-G+ EVTs. Indeed, we did notice formation of HLA-G+ EVTs and 

increased invasion as a result. Importantly, HLA-G expression was significantly higher for cells 

that invaded further than those that did not. In fact, HLA-G knockdown has been previously 

shown to inhibit matrix metalloproteinase 2 and matrix metalloproteinase 9 protein expression in 

a commonly used trophoblast cell line, indicating a possible direct role of HLA-G expression on 

trophoblast invasion56.  

Because we also investigated TGFb signaling in our 2D model, we then aimed to 

uncover the role of TGFb signaling in EVT differentiation and invasion in 3D. In 2D, TGFb 

inhibition did not prevent laminin-111 from triggering EVT differentiation, but it did prevent the 

formation of single, mesenchymal EVTs. On the other hand, TGFb inhibition also stimulated 

EVT differentiation in the absence of laminin-111. We therefore hypothesized that TGFb 

inhibition would allow for EVT differentiation but inhibit trophoblast invasion. Again, surprisingly, 

TGFb inhibition stimulated EVT invasion. This suggests that significant differences exist 

between cell behavior and signaling in 2D and 3D. Because the maternal uterine environment is 

inherently 3D, 3D models should be used to investigate mechanisms involved in trophoblast 

differentiation. That being said, 3D models are more cumbersome and difficult to adapt. 

Investigating why differences occur between these 2D and 3D models, however, may elucidate 

triggers for EVT differentiation and can help to better address how to mimic 3D trophoblast 

differentiation in 2D.  

 This model was also adapted for co-culture with maternal stromal cells. Co-culture with 

maternal cells did stimulate invasion in the 3D model. Other 3D models that incorporate co-

culture with maternal endometrial cells also reported more invasion into an extracellular 

matrix57ï59. Additionally, decidualization of endometrial cells also seem to stimulate trophoblast 
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invasion in vivo38. Prolactin, for example, is one of the major excreted proteins from 

decidualized stromal cells and is known to stimulate trophoblast invasion38. Importantly, 

however, other expression differences between decidualized and non-decidualized endometrial 

stromal cells exist. Here we report decreased TGFb signaling and increased neuregulin 

expression in decidualized cells. Because we knew inhibition of TGFb signaling increased 

invasion, we hypothesized this, along with the increase in prolactin expression, would stimulate 

trophoblast invasion in our 3D model. However, we found that decidualize cells embedded 

within the 3D gel did not continue to express high levels of prolactin and therefore we did not 

see a change in trophoblast invasion or differentiation. Further studies to investigate whether 

decidualization can be performed while cells are embedded within the gel is necessary. If cells 

cannot be decidualized within the 3D gel, a modified model where DSCs are decidualized in 2D, 

with the addition of matrix on top of the cells and trophoblasts plated on top of the gel may be 

applicable, though is less similar to the maternal decidua in vivo. 

 All in all, the generation of this 3D model to investigate extravillous trophoblast 

differentiation has shown to be useful in not only elucidating differences between 2D and 3D 

models, but also enables co-culture with maternal cells. This model can be used for evaluation 

of drug candidates in a screen, to elucidate cytokines that might regulate trophoblast invasion, 

and can be used to investigate co-culture with a wide variety of maternal cells, including 

decidual macrophages and uterine Natural Killer cells which are known to also play a significant 

role in the regulation of trophoblast invasion.  

 

3.5 Methods 

3.5.1 Key resources 

Key resources for this study are listed in Table 3.1. 

 



88 

 

Table 3.1. Key resources 
 

REAGENT or 
RESOURSE 

SOURCE IDENTIFIER 

Cell lines 

CT30 hTSCs Okae et al.34 RRID:CVCL_A7BA 

CT29 hTSCs Okae et al.34 RRID:CVCL_A7BB 

T HESCs ATCC RRID:CVCL_C464 

Antibodies 

Anti-Notch1 Cell Signaling Technologies Cat#4380,  
RRID:AB_1069168
4 

Anti-HLA-G Abcam Cat#ab52455, 
RRID:AB_880552 

Anti-Vimentin Abcam Cat #5741 
RRID:AB_1069545
9  

Rabbit XP IgG Cell Signaling Technologies Cat#3900, 
RRID:AB_1550038 

Mouse IgG1 Abcam Cat#ab18447, 
RRID:AB_2722536 

Alexa Fluor Plus 488-
conjugated  
anti-mouse IgG 

Thermo Fisher Scientific Cat# A32723 
RRID:AB_2633275 

Alexa Fluor Plus 594-
conjugated  
anti-rabbit IgG 

Thermo Fisher Scientific Cat# A32740 
RRID:AB_2762824 

DAPI R&D Systems Cat#5748 

Chemicals, Peptides, and Recombinant Proteins 

TrypLE Express Thermo Fisher Scientific Cat#12604013 

Vitronectin Thermo Fisher Scientific Cat#A14700 

Laminin 521 Stem Cell Technologies Cat#77003 

SB431542 Tocris Cat#1614 

CYM5541 Tocris Cat#4897 

Y-27632 dihydrochloride Tocris Cat#1254 

CHIR99021 Tocris Cat#4423 

EGF Stem Cell Technologies Cat#78006.2 

35 mm polystyrene, TC 
treated Petri dish 

Sarstedt Cat#83.3900 

µ-Slide Angiogenesis 
 

ibidi Cat#81506 

4% Paraformaldehyde in 
PBS 

Thermo Fisher Scientific Cat#R37814 

Triton X-100 Sigma Cat#T8787 

PBS w/o Ca/Mg Sigma Cat#D5773 

   

https://web.expasy.org/cellosaurus/CVCL_A7BA
https://web.expasy.org/cellosaurus/CVCL_A7BB
http://antibodyregistry.org/AB_10691684
http://antibodyregistry.org/AB_10691684
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3.5.2 hTSC cell culture 

hTSCs were cultured as previously described by Okae et al. with minor modifications33,34,47. Cells 

were cultured in 2 mL of TSCM medium [Dulbeccoôs Modified Eagle Medium/Nutrient Mixture F-

12 (DMEM/F-12) supplemented with 0.1 mM 2-mercaptoethanol, 0.2% FBS, 0.5% Penicillin-

Table 3.1 (continued) 

   

PBS w/ Ca/Mg Sigma Cat#D8662 

Human IgG Immunoreagents Cat#Hu-003-C 

BSA Fisher Scientific Cat#BP9703 

10% BSA fatty acid free in 
PBS 

Sigma Cat#A1595 

VPA Sigma Cat#P6273 

A83-01 Tocris Cat#2939 

2-mercaptoethanol Sigma Cat#M3148 

FBS Thermo Fisher Scientific Cat#16141-061 

DMEM/F12 Thermo Fisher Scientific Cat#11320033 

ITS-X PeproTech Cat#00-101 

L-ascorbic acid Sigma Cat#A8960 

Pen/Strep Thermo Fisher Scientific Cat#15140122 

Laminin-1 R&D Systems Cat#3446-005-01 

Di-8-ANEPPS Thermo Fisher Scientific Cat#D3167 

Pluronic Acid F127 Thermo Fisher Scientific Cat#P3000MP 

FluoroBriteTM DMEM Thermo Fisher Scientific Cat# A1896701 

Methacrylated gelatin 
(GelMA) 

Cellink SKU: 
VL3500000502 

Lithium phenyl-2,4,6-
trimethylbenzoylphosphinat
e (LAP) 

Cellink SKU: 
VLLP00010001 

Gibco DMEM-F12  Thermo Fisher Scientific  Cat#11320033 

ɓ-Estradiol (E2) Sigma Cat#E8875 

Medroxyprogesterone 
(MPA) 

Sigma Cat#M6013 

Dibutyryl cyclic-AMP sodium 
salt (DbcAMP) 

Sigma Cat#D0627 
 

Charcoal stripped FBS Corning Cat# 35-072-CV 

Gibco Opti-MEMÊ I 
Reduced Serum Medium 

Thermo Fisher Scientific Cat#31985070 

Software and Algorithms 

Fiji https://imagej.net/software/fiji/download
s 

N/A 

MATLAB https://www.mathworks.com/downloads N/A 
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Streptomycin (Pen/Strep), 0.3% BSA, 1% Insulin-Transferrin-Selenium-Ethanolamine (ITS-X), 

1.5 µg/mL L-ascorbic acid, 50 ng/mL EGF, 2 ɛM CHIR99021, 0.5 ɛM A83-01, 1 ɛM SB431542, 

0.8 mM VPA, and 5 ɛM Y-27632] at 37°C and 5% CO2, on 35 mm polystyrene plates, pre-coated 

with 3 µg/ml of vitronectin and 1 µg/ml of Laminin 521. Culture medium was replaced every two 

days. When cells reached confluence, they were dissociated with TrypLE Express for 10-15 

minutes at 37°C and passaged at a 1:10 split ratio. Cells were routinely passaged approximately 

every 4-6 days. All hTSCs used in this study were passaged at least 5 times prior to use in 

experiments. 

 

3.5.3 GelMA and LAP crosslinking 

10% GelMA was made as a stock solution following manufacturerôs protocol. 4.5mL PBS was 

added in 500mg GelMA powder. The mixture was dissolved at 70oC with a magnetic stir bar on a 

hot plate for 1.5 hr. LAP was used as a photoinitiator for GelMA crosslinking. 2% (20mg/mL) LAP 

stock solution was made with PBS and the mixture was heated in a water bath at 60oC until the 

powder dissolves following manufacturerôs protocol. Following that, the mixture was sterile 

filtered. GelMA and LAP had a final gel concentration of 5% and 0.1%, respectively. 100 mg/ml 

of laminin-111 was the final concentration in the gel where specified. In a water bath, GelMA and 

PBS were first heated to 37°C, then laminin-111, PBS, and LAP were combined. GelMA was 

added and mixed thoroughly with a micropipette. After all ingredients were combined, the mixture 

was then heated for 5 minutes to make the viscous gel easier to plate in the ibidi -˃wells. Each 

well had 10 l˃ of GelMA mix, which was then cross-linked under longer wavelength UV light (365 

nm UV) for 45-50 seconds. After crosslinking, the gel was kept in the hood for at least 20 minutes 

before plating the cells.  
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3.5.4 Maternal stromal cell culture and decidualization  

Human endometrial stromal cells were cultured in Gibco DMEM-F12 with 10% FBS and 1X 

Pen/Strep. The cells were passaged with TrypLE prior to beginning decidualization, seeded at 

80% confluency, and allowed to adhere to the plate overnight. Decidualization began the following 

day as previously described60. Gibco OptiMEM with 2% charcoal stripped FBS and 1X Pen/Strep 

were used as a basal medium. For decidualization, 10-5 M ɓ-Estradiol, 10-3 M 

Medroxyprogesterone, 10-1 M Dibutyryl cyclic-AMP sodium salt (EPC media) was added. For non-

decidualized cells, ethanol (>96%) was added as a vehicle instead. Media was changed every 

other day for 6 days. Cells were then passaged and 400 cells were mixed with the GelMA matrix 

mix before plating on the wells and crosslinking. 

 

3.5.5 EVT differentiation 

Prior to differentiation, hTSCs at confluence were dissociated into single cells using TrypLE 

Express and 4000 number of cells were seeded onto the crosslinked GelMA in the 15-well m-slide 

ibidi plates. Cells were cultured in defined trophoblast differentiation medium (DTDM) [DMEM/F-

12 supplemented with 1% ITS-X, 75 µg/mL L-ascorbic acid]. 5 µM Y-27632 and 50 ng/mL EGF 

and 100mg/mL laminin-111 was added at passage when specified. Cell culture medium was 

replaced every 2 days and cultures were analyzed at day 4 unless otherwise specified. 7.5 µM 

A83-01 was used where specified. In co-culture model, 1:10 T HESCs to trophoblast cell ratio 

was maintained initially. At day 6 of decidualization, the T HESCs were mixed with the gel 

(protocol mentioned above) and plated on ibidi -˃well plates. 

 

3.5.6 Immunostaining 

For immunofluorescence analysis, cells were fixed with 4% paraformaldehyde fixative solution for 

overnight, permeabilized with 0.5% Triton X-100 in PBS for 45 minutes, then blocked in blocking 
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buffer [0.5% BSA, and 200 ɛM human IgG in PBS] for at least one hour. Cells were then incubated 

for 3 days at 4°C in primary antibody diluted in blocking buffer. Primary antibodies used were anti-

HLA-G (1:250), anti-Notch1 (1:200), and anti-Vimentin (1:100). Secondary antibodies were added 

for 3 days before imaging. Corresponding isotype controls (rabbit XP IgG for Notch1 and Vimentin 

and mouse IgG1 for HLA-G) were used at primary antibody concentrations. Alexa Fluor 488- or 

Alexa Fluor 594-conjugated secondary antibodies were used. Nuclei were stained with DAPI and 

images were taken with an epifluorescent microscope (Leica DMi8). Imaging was conducted 

sequentially where a 800 m˃ z-stacks with intervals of 10 m˃ were taken at each location for 5 

locations within the well (left, middle, right, top, bottom). DAPI was first imaged followed by the 

two stains. 

 

3.5.7 Confocal image analysis 

Image analysis was conducted using an image processing algorithm created in MATLAB R2021a. 

All image processing was performed post hoc. First, DAPI images from each stack were used to 

create a maximum pixel image. This maximum image was used to create a binary mask and 

processed to accurately represent the number of cells in each image. The average z-location of 

each cell was determined by finding the average maximum pixel location for all pixels in each cell. 

The 5 images were stitched together to create a full-well image. Cells outside the bounds of the 

well (determined by geometric mean of x and y locations of cells) were eliminated. Finally, the 

DAPI mask was used to process the red and green images as well, which determined the average 

pixel intensity of each cell. The code used for image analysis can be found here: 

https://github.com/vkarakis/3D_image_analysis.git.  

 

3.5.8 Statistical analysis 

For immunofluorescence analysis, statistical analysis was conducted using the non-parametric 

Mann-Whitney U test because the data is not normally distributed. The analysis was performed 

https://github.com/vkarakis/3D_image_analysis.git
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in Microsoft Excel using the test for large sample sizes61. Results of this test are given as a p-

value to compare differences in medians. For all other statistical analyses, a two-tailed Studentôs 

t-test with either unequal or equal variance was used, depending on results from a two-sample  

F-test for equality of variances. Statistical significance was inferred at p<0.05.  
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CHAPTER 4: Derivation of hTSCs from term cytotrophoblasts 
 

4.1 Abstract 

Considering restrictions on research with human embryos and fetal tissues, human 

trophoblast stem cells (hTSCs) derived from six- to eight-week placentas or blastocysts have 

gained prominence as a powerful model for in vitro studies on early placental development. Like 

the epithelial cytotrophoblast (CTB) in the first trimester of gestation, hTSCs can differentiate to 

form extravillous trophoblasts (EVTs) and the multinucleate syncytiotrophoblast (STB). However, 

these hTSCs could not be derived from term cytotrophoblasts. Here, we present how the addition 

of UK-5099 and AlbuMAX to the trophoblast stem cell medium (TSCM) leads to the formation of 

hTSCs derived from term CTB. These hTSCs express similar CTB markers and can further 

differentiate to either the EVT or the STB lineage. Unlike hTSCs derived from first trimester CTBs, 

hTSCs derived from term express CDX2, a marker indicative of the trophoblast stem cell niche in 

vivo.  

 

4.2 Introduction 

By days 3 to 4 after fertilization, the first cell lineage decision occurs, the segregation 

between the inner cell mass (ICM), an inner compact cluster of cells and precursor to the human 

embryo, and an outer layer of cells known as the trophectoderm (TE) and the precursor to the 

human placenta. Together, they make up what is called the human blastocyst which implants into 

the maternal uterus1. Immediately following implantation, TE cells differentiate to form the 

syncytiotrophoblast (STB), a multinucleate cell that forms a mantle over the blastocyst and is the 

only cell in contact with the maternal cells1. By the second week, projections of proliferating cells 

break through the mantle in rows to form primary villi2. The cells develop into whatôs known as the 

villous cytotrophoblast (CTs), which continue to fuse with the existing STB layer and proliferate 

and further protrude through the syncytium to form the expansive network of placental villi. These 
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villi can either remain free floating within the intervillous space or protrude further and become 

anchored to the maternal decidua, securing the placenta to the uterus1.  

For floating villi to anchor, CTs proliferate and again break through the syncytiotrophoblast 

layer and expand laterally to form the trophoblastic shell which is composed of cells that 

differentiate towards the extravillous trophoblast lineage (EVTs)2. CTs first form proximal column 

cytotrophoblasts (CCTs) that proliferate rapidly near the anchored villi. Distal CCTs on the outer 

edge of the shell cease mitosis and dissociate from the proliferate columns to become migratory 

or invasive2,3. Invasive EVTs invade into the decidua and the inner third of the myometrium 

whereas migratory EVTs migrate down the lumen to remodel the maternal uterine spiral arteries1.  

Some of the key transcription factors that regulate blastocyst formation are CDX2 and 

OCT4. At the 8-cell stage before compaction, OCT4 is first detected4. After blastocyst formation 

however, on day 5, both CDX2 and OCT4 can be seen in the TE but on the 6th day, OCT4 

expression is restricted to the ICM whereas CDX2 is restricted to the TE4. Importantly, CDX2 

expression is dependent on the initial presence of OCT4 since CRISPR-driven knockout of OCT4 

in developing human embryos significantly reduced CDX2 expression in the TE5. Yet, cells of the 

ICM gained CDX2 expression in OCT4-KO embryos, indicating OCT4 may repress CDX2 

expression5. This is starkly different from the CTs in the later stage villous placenta. On days 12-

14 when the primary villi begin to form, they gain expression of a key CT marker, p636. They also 

retain expression of CDX2 at first before expression depletes significantly beginning mid-first 

trimester. Other factors that help characterize CTs are GATA3, TCF1, YAP, and AP-2g6. 

Recently, a side population of CTs have been identified that compose of about 3.5% of 

the cytotrophoblast population on average throughout gestation. These cells are TEAD4+, ELF5+ 

and CDX2+ but lack the ɓ4 subunit of the main population of villous trophoblasts. It is believed 

that this subpopulation of cells is the main stem cell compartment with the ability to differentiation 

down both syncytiotrophoblast and extravillous trophoblast pathways7. Fibroblast growth factor 4 
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(FGF4) can induce ELF5 expression through FGF receptor 2 (FGFR2) in mouse trophoblasts and 

ELF5+ cells are mostly FGFR2+ as well8. FGF4 expression likely originates from maternal 

endometrial glands1. Importantly, CDX2 and ELF5 levels deplete significantly after the mid-first 

trimester and are mostly present only in the side-population stem cell compartment1,6. Indeed the 

ELF5 promoter is mostly hypomethylated in villous cytotrophoblasts, allowing for expression and 

a positive feedback loop with CDX2 and EOMES8. Importantly, TEAD4 inhibits expression of key 

STB markers GCM1, OVOLI, hCG, and ENDOU9. GCM1 in turn activates syncytin 1 and 2 to 

drive cell fusion in STB1. 

For CTs to differentiate down the EVT lineage, cells first gain expression of Notch1 which 

inhibits expression of key CT markers TEAD4 and p6310. It is believed that HIF drives CCT 

differentiation since culture in low oxygen directs CTB towards EVT differentiation and that HIF 

complexes were required for this differentiation11 . Additionally, hypoxia induces expression of 

ASCL2 and Notch1 in proximal column cytotrophoblasts10,11. Proximal CCTs also express VE-

Cadherin and MYC10,12. Distal EVTs gain expression of HLA-G, TCF-4, Notch2, and ErbB23. 

Mature EVTs that have broken off from the CCTs retain expression of HLA-G and lose expression 

of Notch12.  

Most of our knowledge of mechanisms and transcription factors that regulate placental 

formation stems from in vivo studies with the mouse model1. However, there are extreme 

differences that exist between the mouse and the human pregnancy4,5,13. Mainly because these 

substantial differentiation events all commence before the third week of pregnancy, the very early 

stages of placental development remain poorly understood. Therefore, more recently, the field 

has begun focusing on using human in vitro models to simulate early placental development. 

Using hiPSCs or fibroblasts, researchers have been able to develop in vitro ñblastoidsò that are 

similar to the day 5 human post-implantation blastocyst14,15. Additionally, primary human 
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trophoblast stem cells (hTSCs) derived from first trimester placentas or blastocysts can be 

cultured in vitro and differentiate to EVT and STB16,17. 

These models, however, we are unable to understand pregnancy disorders, which 

typically occurs later in the pregnancy18,19. Therefore, there has been a significant push to develop 

models to form hTSCs from term trophoblast cells. Term placenta is much more abundant than 

first trimester placentas and we can confirm healthy versus disease placentas and develop more 

relevant placental disease models. Recently, hTSCs have been derived from term 

cytotrophoblasts under hypoxic conditions but was not achieved in normoxia20. Here, we present 

the derivation of hTSCs from term cells at normoxia by supplementation with a pyruvate uptake 

inhibitor, UK5099 and AlbuMAX. Additionally, after a few passages these cells can be transferred 

to the same media as hTSCs derived from first trimester samples and have a similar RNA profile 

and can differentiate in the same manner as the first trimester hTSCs.  

 

4.3 Results 

4.3.1 Derivation of hTSCs from term CTBs using TSCM supplemented with AlbuMAX 

and UK5099 

Isolated term cytotrophoblast cells were thawed and cultured in trophoblast stem cell media 

(TSCM) as previously described, supplemented with UK5099 (UK) and AlbuMAX (A). These cells 

grew slowly for the first few passages before beginning to adopt the hTSC morphology. These 

term hTSCs expressed hTSC markers GATA3, AP-2y, YAP, KRT7and TEAD4, and were negative 

for OCT4 expression (Fig. 4.1A). Similarly, hTSCs from first trimester placental samples 

expressed these same markers (Fig. 4.2A, B). After 5 passages, AlbuMAX and UK5099 could be 

dropped from the medium and cultured in TSCM. These cells also expression the same markers, 

GATA3, AP-2g, YAP, KRT7, TEAD4, and were negative for OCT4 (Fig. 4.1B). 
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Figure 4.1: Similar marker expression between term cells with and without UK and 
AlbuMAX. (A) Confocal images of CTB21126R+ term hTSCs in TSCM with addition of UK5099 

and AlbuMAX, staining for GATA3, AP-2g, YAP, Oct4, KRT7, and TEAD4.  Nuclei were stained 
with DAPI. (B) Confocal images of CTB21126R+ term hTSCs in TSCM, staining for GATA3, AP-

2g, YAP, Oct4, KRT7, and TEAD4.  Nuclei were stained with DAPI. Scale bars are 100µm for all 
images unless specified otherwise. 
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Figure 4.2: CTs in TSCM express CTB markers. (A) Confocal images of CT29 hTSCs in 

TSCM, staining for GATA3, TEAD4, p63, CDX2, HIF1a, HIF2a, KRT7, Oct4, AP-2g, and YAP.  
Nuclei were stained with DAPI. (B) Confocal images of CT30 hTSCs in TSCM, staining for 

GATA3, TEAD4, p63, CDX2, HIF1a, HIF2a, KRT7, Oct4, AP-2g, and YAP.  Nuclei were stained 
with DAPI. Scale bars are 100µm for all images unless specified otherwise. 
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4.3.2 hTSCs from term CTB gain expression of CDX2. 

hTSCs from term cells also expressed another relevant CTB marker, p63 and did not express 

HIF1a or HIF2a (Fig. 4.3A-D). Importantly, these term cells expressed the CTB marker, CDX2 

as well. We performed quantitative analysis to compare relative expression of p63, HIF1a, and 

HIF2a to hTSCs derived from first trimester placenta samples (CT30). CT30 hTSCs and 

CTB21126R+ hTSCs cultured in either medium were all positive for p63 expression (Fig. 4.3C). 

Interestingly, however, hTSCs from term CTBs were also positive for CDX2, unlike hTSCs derived 

from first trimester CTBs (Fig. 4.3C). Interestingly, CDX2 expression decreased after hTSCs were 

switched to the TSCM maintenance condition, implying that AlbuMAX and UK5099 are important 

for CDX2 expression (Fig. 4.3C). HIF1a and HIF2a on the other hand, were negative in CT30 

hTSCs as well as the term hTSC cell lines, with little to no expression seen (Fig. 4.3D).  
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Figure 4.3. hTSCs express p63 and CDX2 and do not express HIF1a or HIF2a. (A) Confocal 
images of CTB21126R+ term hTSCs in TSCM with addition of UK5099 and AlbuMAX, staining 

for CDX2, p63, HIF1a, and HIF2a.  Nuclei were stained with DAPI. (B) Confocal images of 

CTB21126R+ term hTSCs in TSCM, staining for CDX2, p63, HIF1a, HIF2a. Nuclei were stained 
with DAPI. (C) Quantitative analysis of p63 and CDX2 expression intensity in CTB21126R+ 
hTSCs.  Positive control are SC102A-1 hTSCs on day 3 of trophoblast differentiation as 
previously described21. Analysis was performed in MATLAB and at least 2 biological replicates 
were used. The white circle represents the mean and the black bar represents the median. 

(***p<0.0005). (D) Quantitative analysis of HIF1a and HIF2a expression intensity in 
CTB21126R+ hTSCs.  Analysis was performed in MATLAB and at least 2 biological replicates 
were used. The white circle represents the mean and the black bar represents the median. 
Scale bars are 100µm for all images unless specified otherwise. 
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