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Abstract  11 
 12 
Background:  13 
Villous cytotrophoblast (vCTB) is a precursor cell population that supports the development 14 
of syncytiotrophoblast (vSTB), the high surface area barrier epithelium of the placental 15 
villus, and the primary interface between maternal and fetal tissue.  In light of increasing 16 
evidence that the placenta can adapt to changing maternal environments or, under stress, 17 
can trigger maternal disease, we consider what properties of these cells empower them to 18 
exert a controlling influence on pregnancy progression and outcome. 19 
 20 
Objective and rationale:  21 
How are cytotrophoblast proliferation and differentiation regulated in the human placental 22 
villus to allow for the increasing demands of the fetus, and environmental challenges and 23 
stresses that may arise during pregnancy? 24 
 25 
Search methods:  26 
PubMed was interrogated using relevant keywords and word roots combining trophoblast, 27 
villus/villous, syncytio/syncytium, placenta, stem, transcription factor (and the individual 28 
genes), signalling, apoptosis, autophagy (and the respective genes) from 1960 to the 29 
present.  Since removal of trophoblast from its tissue environment is known to change 30 
fundamentally cell growth and differentiation kinetics, research that relied exclusively on 31 
cell culture has not been the main focus of this review, though it is mentioned where 32 
appropriate. Work on non-human placenta is not systematically covered, though mention is 33 
made where relevant hypotheses have emerged.  34 
 35 
Outcomes:  36 
Synthesis of data from the literature has led to a new hypothesis for vCTB dynamics.  We 37 
propose that a reversible transition can occur from a reserve population in G0 to a 38 
mitotically active state.  Cells from the in-cycle population can differentiate irreversibly to 39 
intermediate cells that leave the cycle and turn on genes that confer the capacity to fuse 40 
with the overlying vSTB, as well as other functions associated with syncytial barrier and 41 
transport function.  We speculate that alterations in the rate of entry to the cell cycle, or 42 
return of cells in the mitotic fraction to G0, can occur in response to environmental 43 
challenge. We also review evidence on the life cycle of trophoblast from the time that fusion 44 
occurs, and point to gaps in knowledge of how large quantities of fetal DNA arrive in 45 
maternal circulation. We critique historical methodology and make a case for research to re-46 
address questions about trophoblast lifecycle and dynamics in normal pregnancy and the 47 

Page 1 of 73 Human Reproduction Update



For Peer Review

common diseases of pre-eclampsia and fetal growth restriction, where altered trophoblast 48 
kinetics have been long postulated.   49 
 50 
Wider implications:  51 
The hypothesis requires experimental testing, moving research away from currently 52 
accepted methodology towards a new standard that includes representative cell and tissue 53 
sampling, assessment of cell cycle and differentiation parameters, and robust classification 54 
of cell subpopulations in villous trophoblast, with due attention to gestational age, maternal 55 
and fetal phenotype, disease and outcome.  56 
 57 
Key words (5-10) 58 
Trophoblast, placenta, cell dynamics, stem cell, cell signalling, apoptosis, autophagy, 59 
differentiation, syncytium 60 
 61 
 62 
Main text 63 
 64 
Villous development and organisation   65 
Beginning at implantation, trophoblast lineages emerge from the trophectoderm of the 66 
blastocyst and expand rapidly to populate the developing embryo-maternal interface (Aplin 67 
and Jones 2008; Aplin and Ruane 2017; Hemberger, Hanna, and Dean 2020; Knofler et al. 68 
2019; Ruane et al. 2017). Within 3 weeks of conception, the first placental villi are present, 69 
with a continuous outer covering of trophoblast and underlying extraembryonic 70 
mesenchyme containing primitive vascular elements (Aplin, Lewis, and Jones 2017). Rapidly, 71 
as tertiary villi develop, a stable organisation emerges comprising an inner layer of 72 
mononucleated cytotrophoblast (vCTB) and overlying multinuclear syncytium (vSTB). This 73 
basic unit of organisation grows, expands and elaborates into an extensively branched tissue 74 
with high surface area, fulfilling a multiplicity of functions essential to embryonic and fetal 75 
progression, as well as important influences on maternal immune and vascular function. In 76 
addition, villous trophoblast has an important, but poorly understood, role in sensing and 77 
responding to signals from the maternal environment and, when required, initiating 78 
adaptive change (Aplin, Lewis, and Jones 2017; Dilworth and Sibley 2013). 79 
 80 
A surprisingly wide range of birthweight/placental weight ratios is seen at term, indicating 81 
that placental efficiency varies (Hayward et al. 2016); there is also a remarkably wide 82 
variation in patterns of placental branching (Kingdom et al. 2000; Kosanke et al. 1993; 83 
Haeussner et al. 2014) and in the vascular network that is formed within villi (Junaid et al. 84 
2017; Junaid et al. 2014; Krebs et al. 1996; Shah et al. 2018). Experimental evidence, 85 
particularly in the mouse, as well as observational studies in human, suggest that the 86 
placenta can adapt phenotypically to adverse conditions. However, its capacity to adapt is 87 
limited, such that ultimately a reduced rate of fetal growth may result if the extent of stress 88 
exceeds adaptive capacity (Constancia et al. 2005; Desforges and Sibley 2010; Gaccioli and 89 
Lager 2016; Belkacemi et al. 2010). Adverse development may affect the mother: 90 
incomplete conversion of uterine spiral arteries in early pregnancy can trigger the release of 91 
mediators by vSTB that cause systemic illnesses of the mother in late pregnancy, most 92 
notably the angiomodulatory factors that lead to pre-eclampsia (Aplin et al. 2020). These 93 
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considerations underline the importance of understanding the relationship between vCTB 94 
and vSTB, and how it develops with gestation.   95 
 96 
Villous cytotrophoblast: the progenitor layer for overlying syncytium  97 
Much remains to be discovered about the early origin of trophoblast lineages in human.  98 
One hypothesis (Knofler et al. 2019) postulates a transition at implantation from 99 
trophectoderm to an early stem lineage that generates a progenitor population which in 100 
turn can give rise to vCTB and vSTB, or alternatively extravillous trophoblast (evTB) that 101 
appears initially in the trophoblastic shell and anchoring columns and then invades the 102 
decidua and myometrium during the first and second trimesters. We do not detail herein 103 
evidence relating to the emergence of trophoblast lineages in the very early pre-villous 104 
stages of placental development, or evTB, which has been extensively reviewed elsewhere 105 
(Knofler et al. 2019; Harris, Jones, and Aplin 2009; Burton et al. 2020; Pollheimer et al. 2018) 106 
Our focus is villous placenta throughout gestation, where cell dynamics are important to 107 
pregnancy outcome (Mayhew 2014). A crucial variable is the rate at which vCTB divide, 108 
providing daughter cells that can fuse and allow renewal and expansion of the overlying 109 
syncytiotrophoblast. 110 
 111 
Cytotrophoblast cell structure 112 
Transmission electron microscopy in the mid first trimester reveals vCTB as an almost 113 
complete layer under the syncytium with a regular, cuboidal appearance.  Mitotic figures 114 
can be observed in the plane of the epithelium with chromosome segregation parallel to the 115 
basal surface (Fig. 1,2) (Kar, Ghosh, and Sengupta 2007), and both daughter cells retaining 116 
adherence to the basement membrane.   117 
 118 
Thereafter, the undifferentiated daughter cells initially have a large ovoid nucleus, although 119 
sometimes irregular and indented, with evenly dispersed, speckled chromatin, often with 120 
one or more prominent nucleoli (Fig. 3) (Jones and Fox 1991; Jones and Jauniaux 1995), 121 
suggesting active ribosomal RNA synthesis and nascent ribosome assembly (Pederson 2011). 122 
The nucleoli feature a dense fibrillary centre forming a reticular structure with areas of 123 
differing electron density within.  There are occasional nuclear pores and the outer nuclear 124 
membrane is studded with ribosomes (Jones and Fox 1980). The chromatin becomes more 125 
aggregated, especially round the periphery of the nucleus, as the cell matures. The 126 
cytoplasm is relatively electron lucent with few organelles; a few cisternae of rough 127 
endoplasmic reticulum may be present, and the mitochondria are elongated with clearly 128 
defined cristae. Some glycogen deposits may be seen (Terzakis 1963; Jones, Choudhury, and 129 
Aplin 2015) as well as occasional secretory bodies and variably sized Golgi bodies.  130 
 131 
The vCTB population was first proved to be a precursor to vSTB using autoradiography 132 
(Richart 1961); tritiated thymidine uptake could be demonstrated in cytotrophoblast, villous 133 
mesenchyme and vascular endothelium but not in the vSTB. In a later study, tritiated 134 
thymidine was injected into pregnant female Rhesus monkeys in which placental villous 135 
structure resembles that of human (Midgley et al. 1963) and the uptake localised 1 and 22 136 
hours later by thin section autoradiography. At 1h, label was entirely confined to vCTB, 137 
demonstrating no DNA synthesis occurring in vSTB, while after 24h some of the labelled 138 
nuclei had become incorporated in the syncytium. 139 
 140 
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EpCAM is an epithelial cell-cell adhesion molecule expressed by vCTB in the first trimester, 141 
and lost during exit from the cell cycle (Wong, Lin, and Cox 2019). Further evidence to 142 
substantiate the relationship between vCTB and vSTB has been obtained using an organoid 143 
culture system in which mononuclear EpCAM+ cells form clumps that within a few days, 144 
develop central areas containing fused cells, and go on in 2-3 weeks to self-organise into 145 
bilayers that resemble the lacunar (pre-villous) stage of placental development with the 146 
outer, mononuclear cells in contact with 3D matrigel and the inner layer forming a 147 
syncytium with a secretory profile that resembles the tissue in vivo (Turco et al. 2018; 148 
Haider et al. 2018). These features arise in clonal cultures, cementing the evidence that the 149 
early/mid first trimester vCTB is the progenitor cell of the vSTB. 150 
 151 
Cytotrophoblast transcriptomes 152 
Progress has been made in the analysis of single cell trophoblast transcriptomes (Xiao et al. 153 
2020). E-cadherin, encoded by CDH1, distributes to the lateral borders of cells in the vCTB 154 
layer, as well as the apical vCTB to basal vSTB interface (Brown et al. 2005; Longtine et al. 155 
2012).  Single cell RNAseq analysis of CDH1+ first trimester vCTB has defined three 156 
subpopulations (Liu et al. 2018). One expresses a large repertoire of cell cycle genes and 157 
corresponds to the in-cycle fraction. The transcription factor (TF) and proto-oncogene c-158 
MYC, which peaks at 4-5 weeks gestation in vCTB (Pfeifer-Ohlsson et al. 1984), is important 159 
in driving proliferation and suppressing differentiation (Kumar et al. 2013; Farrokhnia et al. 160 
2014). A second, more differentiated and smaller subset of vCTB has left the cycle and 161 
upregulated genes that are involved in cell fusion such as the retroviral surface 162 
glycoproteins syncytin 1 and 2 (encoded by HERV-W and HERV-FRD respectively), and their 163 
receptors ASCT-1/ASCT-2 (neutral amino acid transporters) and MFSD2A (sodium-164 
dependent lysophosphatidylcholine symporter 1), together with the protease ADAM12.  165 
These are the intermediate cells (Fig.2,4). The third population does not express syncytin-2 166 
and is more difficult to specify based on the transcriptomic signature but, we speculate, may 167 
correspond to a G0 ‘reserve’ cell population (Fig. 5).   168 
 169 
A smaller Hoechst dye-excluding ‘side population’ of vCTB (mean 3.5% throughout 170 
gestation) has been identified and their bulk transcriptome characterised.  These cells were 171 
isolated using methodology that has been widely used for the identification of quiescent 172 
(G0) progenitor or stem cells in other tissues (James et al. 2015; Gamage et al. 2020). When 173 
isolated from first trimester tissue they are TEAD4+/ELF5+/CDX2+ (see next section) and 174 
express genes in the canonical Wnt signalling pathway, but unlike the majority of vCTB they 175 
lack the integrin ß4 subunit which contributes, as the a6ß4 heterodimer, to adhesion to the 176 
villous basement membrane (Aplin 1993). After isolation, these cells can differentiate into 177 
either vCTB or evCTB, though the latter pathway is less prominent in later gestation.  Their 178 
incidence is greatly reduced in near-term placentas from fetally growth-restricted 179 
pregnancies, suggesting a link to placental growth (Gamage et al. 2020).  180 
 181 
Factors affecting cytotrophoblast proliferation 182 
Earlier literature suggested that first trimester trophoblast requires physiological hypoxia to 183 
proliferate, and that the shift to higher ambient oxygen that occurs in the intervillous space 184 
at about 11 weeks (Foidart et al. 1992) might presage a decline in proliferation. To our 185 
knowledge, no step change has been reported in mitotic rates at this time, though a 186 
metabolic shift occurs from glycolysis to oxidative phosphorylation, accompanied by 187 
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mustering of antioxidant defences (Burton et al. 2020; Holland et al. 2017).  Indeed, recent 188 
data on human trophoblast stem (hTS) cells isolated from either the blastocyst or the first 189 
trimester villus show vigorous proliferation that is not dependent on a low ambient oxygen 190 
environment (Turco et al. 2018; Okae et al. 2018; Haider et al. 2018).  Hypoxia-inducible 191 
factors (HIFs) are dimeric basic helix-loop-helix transcriptional activators that act to regulate 192 
metabolism.  The α-subunit of HIF is oxygen-sensitive, while the β-subunit, also known as 193 
ARNT, is constitutively expressed. The presence of HIF in human placenta has been adduced 194 
as part of an evidence base for stimulation of proliferation by physiological hypoxia and, in 195 
mouse, HIF-1 undoubtedly plays a key role in placental development (Adelman et al. 2000; 196 
Albers et al. 2019). However it is not clear that oxygen levels would be low enough to 197 
stimulate HIF1α expression, even in the first trimester (Burton et al. 2020; Aplin 2010). It is 198 
important to note that in addition to ambient oxygen, many cofactors, substrates and 199 
metabolites including glucose, iron, nitric oxide (NO), metabolic intermediates of the 200 
tricarboxylic acid (TCA) cycle such as 2-oxoglutarate, succinate and fumarate, 201 
proinflammatory mediators, ascorbate as well as reactive oxygen species (ROS) can 202 
influence HIF1α expression (Gaspar and Velloso 2018; Macklin et al. 2017).   203 
 204 
At term, occasional mitotic figures are seen, but in general vCTB are more elongated and 205 
proportionally more intermediate cells are present. A range of nuclear morphologies can be 206 
found with evenly dispersed chromatin in occasional newly-divided cells, but more usually 207 
the aggregated masses characteristic of intermediate cells (Fig. 4); nuclear pores and one or 208 
two nucleoli can usually be seen. Primary vCTB from term tissue placed in monolayer 209 
culture rapidly and spontaneously exit the cell cycle and fuse, suggesting that the 210 
acquisition of an intermediate phenotype is irreversible (Fig. 5) and that remaining 211 
progenitor cells, if any, have not survived in culture.  Metabolic activity is surprisingly higher 212 
in CTB than STB both in vitro and in explant culture (Kolahi, Valent, and Thornburg 2017), 213 
but the endocrine and metabolic activity of STB diminishes rapidly in both conditions 214 
(Holland et al. 2017; Siman et al. 2001) perhaps reflecting a stress or repair response. 215 
Evidently, controls on cell cycle and metabolism, and the balance between G0, in-cycle and 216 
intermediate cells are lost outside the villous environment. While current progress in 217 
isolating and studying human trophoblast stem cells is giving new insight into what may 218 
control proliferation and differentiation, at present the relationship between the early cells 219 
and the mature vCTB lineage is not well defined. 220 
 221 
Transcription factors (TF) 222 
Altogether, it is likely that at least several dozen TFs are required for full trophoblast 223 
specification (Soncin et al. 2018) but both their involvement and hierarchy require work to 224 
define, combining ChIPseq with ATACseq analysis. TFs that specify, stabilise or propagate an 225 
early pregnancy vCTB phenotype in human include TEAD4, CDX2, TP63, ELF5, GATA3, TCF1, 226 
YAP, AP2g (TFAP2C), together with the basic helix-loop-helix TF inhibitor ID2 (Janatpour et 227 
al. 2000; Townley-Tilson et al. 2014), and MYC to support proliferation (Table 1) (Farrokhnia 228 
et al. 2014; Pfeifer-Ohlsson et al. 1984). MYC also promotes expression of microRNAs that 229 
suppress GCM1 and CYP19A and thus inhibit differentiation (Kumar et al. 2013).  230 
 231 
After the mid first trimester CDX2 and ELF5 fall to very low levels, and trophoblast stem cells 232 
can no longer be isolated using protocols developed for blastocysts and earlier gestation 233 
tissues (Turco et al. 2018; Haider et al. 2018; Okae et al. 2018), though side-population cells 234 
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are still present (Gamage et al. 2020). TEAD4 binds the Hippo-dependent nuclear 235 
transcriptional activator YAP leading to upregulation of cell cycle genes such as cyclin A 236 
(CCNA) and cyclin-dependent kinase 6 (CDK6) (Meinhardt et al. 2020; Saha et al. 2020). TCF1 237 
expression is associated with canonical Wnt/ß-catenin signalling in vCTB self-renewal, 238 
possibly functioning to stabilise this cell state (Knofler et al. 2019; Knofler et al. 2000). The 239 
data suggest that vCTB after the mid first trimester may have more limited potential, 240 
becoming further restricted in mid second trimester as the supply of cells into the evTB 241 
lineage diminishes.  242 
 243 
Progress is also being made in defining the TF networks that control differentiation in vCTB 244 
as they advance into the intermediate phenotype, begin to express fusion genes and 245 
prepare to join the syncytial workforce (Fig.5) (Szilagyi et al. 2020). The first step in 246 
progression towards the differentiated state is to leave the cell cycle, and there is a specific 247 
repertoire of TFs required for this process. OVOL1 (Renaud et al., 2015) plays a role in 248 
suppressing the cell cycle in vCTB, and also activates the expression of GCM1 and these two 249 
TFs, together with ETS1 (Kessler et al. 2015), drive transcription from a family of genes 250 
important in fusion (syncytins 1,2) and syncytial function. The homeobox gene DLX3 acts as 251 
a regulator of the TF repertoire (Chui et al. 2010; Chui et al. 2013). Some of these are in 252 
common with the evTB pathway but other evTB TFs inhibit the vSTB pathway. Thus ASCL2 253 
(Varberg et al. 2021), which promotes differentiation of progenitor vCTB to evTB at the tips 254 
of anchoring villi, also acts to suppress the pathway to intermediate cells and vSTB. 255 
Furthermore, genes associated with progenitor vCTB, including TEAD4 and YAZ, act to 256 
inhibit expression of components associated with differentiation to intermediate and 257 
syncytial states such as OVOL1, GCM1, CGß, ENDOU (polyU-specific endoribonuclease) and 258 
GDF15 (Meinhardt et al. 2020). Atypical protein kinase C iota (PKCλ/ι) signalling seems to 259 
stabilise the rate of cell transit into the intermediate/syncytial pathway by maintaining 260 
expression of GCM1, GATA2, and PPARγ (Bhattacharya et al. 2020). The nuclear receptor 261 
family TF PPARγ forms a dimeric complex with RXR and acts to integrate metabolic sensing 262 
with differentiation downstream of MAPK14 (p38alpha), enhancing expression of key vSTB 263 
genes including syncytin 1, leptin, CGß  and INSL4  (Liu et al. 2020; Ruebner et al. 2012). 264 
 265 
Epigenetic factors 266 
Epigenetic processes contribute to the transition to intermediate cells, which may be a key 267 
observation in understanding placental response to environmental challenge. The histone 268 
deacetylases HDAC1 and HDAC2 act on multiple core histone residues, prevention of which 269 
inhibits fusion. Alterations in histone H3 acetylation occur in regions containing the TF genes 270 
TEAD4, TP63, and OVOL1 as well as CGβ, the LIM-homeobox TF LHX4, and the Rho GTPase 271 
activator SYDE1 (Jaju Bhattad et al. 2020). Sirtuin 1 is another HDAC that compacts 272 
chromatin in response to nutrient deprivation, suppressing the expression of PPARγ (Pham 273 
et al. 2018). In this context, it is interesting to note reports that suggest the retention of 274 
epigenetic memory in trophoblast from pregnancy disease. Human trophoblast stem cells 275 
(hTSC), derived by reprogramming fibroblasts from umbilical cord from pre-eclamptic or 276 
control placentas, show differences in invasive behaviour when induced to form evTB-type 277 
derivatives (Sheridan et al. 2019). hTS cells derived directly from placenta in recurrent 278 
pregnancy loss show skewing of the Hippo-TEAD4 pathway that influences self-renewal of 279 
early trophoblast lineages (Saha et al. 2020). 280 
 281 
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Paracrine signals from villous stromal cells can also influence fusion efficiency, probably by 282 
means of an effect on the transition to intermediate status. This is most clearly seen in the 283 
elevated fraction of vCTB seen in trisomy 21 placenta. Here, signalling by activin A released 284 
by villous mesenchymal cells is impaired, possibly by over-production of the binding protein 285 
follistatin. Activin A stimulates the TGFβ signalling pathway in cytotrophoblast leading to 286 
differentiation and fusion (Gerbaud et al. 2011).   287 
 288 
Cell kinetics of villous cytotrophoblast 289 
The results of light microscopic characterisation of cell turnover in placental villous tissue in 290 
numerous labs have been exhaustively analysed (Mayhew 2014) and here only a brief 291 
summary is presented. Thin section morphometry is a reliable method for estimating 292 
mitotic rate, given appropriate sampling and nuclear staining. Newly divided vCTB may be 293 
seen adjacent to one another in the plane of the villous basement membrane, confirming 294 
that mitosis occurs with lateral cleavage, in keeping with the orientation of the metaphase 295 
plate (Fig. 1) (Aplin and Jones 2008).   Many authors have used immunostaining for the 296 
nuclear protein Ki67, which effects segregation between cytoplasmic and nuclear 297 
components as the nuclear envelope reforms after mitosis (Cuylen-Haering et al. 2020), and 298 
PCNA (DNApol III delta), both of which locate to in-cycle cells. It is important to note that 299 
although Ki67 staining is often referred to as a measure of cell proliferation, this is 300 
misleading, as the cycle duration may vary. Alternatively, short term tissue explants have 301 
been exposed to nucleotide analogues (BrdU, IdU or EdU), which incorporate into nascent 302 
DNA where they can be immunolocalised, thus marking cells that have passed through S 303 
phase during the period of exposure.  304 
 305 
Studies of human tissue throughout gestation have unambiguously demonstrated Ki67-306 
positive cells in the vCTB layer but not in the syncytium (Arnholdt, Meisel, et al. 1991; Kar, 307 
Ghosh, and Sengupta 2007; Farrokhnia et al. 2014; Forbes, Skinner, et al. 2012; Forbes, 308 
Farrokhnia, et al. 2012; Forbes et al. 2009; Forbes et al. 2008). The Ki67 protein has a short 309 
half-life (2-3h). These observations show that cells which have fused with the overlying 310 
syncytium must have left the cell cycle in advance. PCNA has a longer half-life (23h).   At 6-8 311 
weeks, about 14% of trophoblast nuclei are Ki67+, all vCTB, while PCNA marks 26.5% in 312 
vCTB, together with a further 6% in vSTB (Kar, Ghosh, and Sengupta 2007). The PCNA-313 
positive cells in the vSTB must therefore have fused within the 23h period preceding tissue 314 
fixation. When 6,7 and 8-week tissues are compared, a slight reduction in the proportion of 315 
in-cycle cells is seen with time, compatible with the hypothesis that, earlier in the first half 316 
of the first trimester, there may be more vigorous proliferation (Kar, Ghosh, and Sengupta 317 
2007). Roughly consistent with results obtained using immunohistochemistry on fixed 318 
tissue, when first trimester tissue was freshly explanted in medium containing BrdU for one 319 
hour ex vivo, nuclear incorporation of the marker could be seen in a sub-population of 320 
about 15% of vCTB; when the incubation time was extended to 3h, this increased to 32%, 321 
consistent with a cell cycle in progress at the time of sampling (Forbes et al. 2008; Arnholdt, 322 
Meisel, et al. 1991). These figures are broadly consistent with the presence and relative 323 
abundance of the three distinct vCTB phenotypes suggested by scRNAseq (Liu et al. 2018).  324 
They are also consistent with the presence of G0 side-population cells amongst the vCTB 325 
(Gamage et al. 2020; James et al. 2015). 326 
 327 
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Thereafter, the number of vCTB increases about 10-fold between early second trimester 328 
(~6x108) and term (~6x109), while the ratio of vCTB to vSTB nuclei stays constant at about 329 
1:9 (Simpson, Mayhew, and Barnes 1992). The pool of S phase vCTB increases about 9-fold 330 
while the fraction of in-cycle cells increases by 15-fold, suggesting that the vCTB cell cycle 331 
becomes a little less rapid as gestation advances if S phase duration is constant (Arnholdt, 332 
Meisel, et al. 1991). Though their cell bodies become progressively more widely spaced, the 333 
vCTB retain intercellular contact by virtue of long filopodia that extend across the basement 334 
membrane (Jones et al. 2008).    335 
 336 
Endogenous and exogenous control of the cell cycle in villous cytotrophoblast  337 
There is evidence that regulatory RNA and protein phosphorylation networks both 338 
contribute to controlling the fraction of vCTB that is in-cycle.  When microRNA processing 339 
was inhibited by siRNA-mediated knockdown of the enzyme Dicer (present in 340 
cytotrophoblast but not in the syncytium (Forbes, Farrokhnia, et al. 2012)) in explanted first 341 
trimester villous tissue, the fraction of Ki67-positive vCTB increased from ~20% to ~50%. 342 
Thus the global effect of microRNAs is to restrain proliferation (Farrokhnia et al. 2014; 343 
Forbes, Farrokhnia, et al. 2012). It is possible that increased expression of the pro-mitogenic 344 
mediators ERK, MYC and the tyrosine phosphatase SHP-2 after Dicer knockdown could allow 345 
enhanced sensitivity to external or intrinsically-produced ligands.  Aromatase P450 346 
(hCYP19A1), GCM1, FZD5 and Erα, all genes characteristic of vSTB differentiation, are 347 
suppressed by microRNA miR-515-2, consistent with data indicating that microRNAs have an 348 
effect in maintaining a cell cycle-active vCTB population (Zhang et al. 2016). When the 349 
cytoplasmic tyrosine phosphatase SHP-1, which acts to restrain receptor tyrosine signalling 350 
to the ERK pathway, was depleted from first trimester villous tissue, there was an increase 351 
in EGF receptor phosphorylation in vCTB and in cyclin D1, leading to a similar-scale increase 352 
of the in-cycle cell fraction (Forbes, Skinner, et al. 2012). These studies, conducted in 353 
explant culture in serum-free medium and the absence of exogenous growth factors, 354 
strongly suggest endogenous restraint of proliferation in villous trophoblast. When this is 355 
lifted, receptor tyrosine kinase (RTK) pathways are activated leading to ERK stimulation and 356 
either the cell cycle becomes shorter or, more probably, there is release of cells from the 357 
putative reserve G0 population into the proliferative pool. It may even be that the reverse 358 
can occur, so that the epithelium retains an ability to respond to conditions in utero by 359 
adjusting the size of the progenitor cell pool (Fig. 5). It is significant that the SHP-1 null 360 
mouse shows fetal overgrowth (Shultz et al. 1993), though it is not clear if this is a 361 
placentally-controlled phenotype.  362 
   363 
Though there is an extensive literature on the occurrence of RTK’s (Forbes and Westwood 364 
2010), toll-like receptors (Olmos-Ortiz et al. 2019), surface lectins (Balogh et al. 2019; 365 
Brinkman-Van der Linden et al. 2007), alkaline phosphatase (Solomon et al. 2014; Jones and 366 
Fox 1976) and others at the vSTB apical microvillous membrane, in some cases with data on 367 
the response to ligand stimulation, remarkably few investigators have examined the 368 
signalling pathways that mediate transmission of a stimulus to the underlying 369 
cytotrophoblast layer (or beyond)(Fig. 2). There are numerous outstanding questions: are 370 
growth stimulatory factors themselves internalised and transported across the 371 
syncytioplasm to receptors on the underlying cell layer?  Or is there a signalling cascade 372 
mediated by second messengers?  We exclude from the present discussion studies that 373 
have relied on cell lines, as intrinsic cell cycle control is altered. For the most part we also 374 
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omit studies of primary villous trophoblast in monolayer culture as, self-evidently, vectorial 375 
signalling across the bilayer is crucial to dissecting the problem.  Also, cytotrophoblasts 376 
isolated from villous tissue rapidly exit the cell cycle and fuse to form syncytial masses 377 
(Szilagyi et al. 2020).    378 
 379 
Intermediate cells 380 
These findings led to a hypothesis that vCTB differentiation produces an intermediate cell 381 
preparing for fusion (Fig.2,4,5). Such cells are indeed observed with more irregularly shaped 382 
nuclei, sometimes with deep clefts and the chromatin more aggregated, forming small 383 
clumps, often attached to the nuclear membrane (Martin and Spicer 1973; Terzakis 1963; 384 
Jones and Fox 1991; Midgley et al. 1963; Pierce and Midgley 1963; Pierce, Midgley, and 385 
Beals 1964; Mayhew et al. 1999). The cytoplasm contains more organelles; mitochondria 386 
become smaller and often acquire vesicular cristae; unlike those of the in cycle vCTB, these 387 
mitochondria will develop P450scc activity (Martinez, Kiriakidou, and Strauss 1997).  If cell 388 
cycle exit is not accomplished before fusion, these changes to the mitochondria are not 389 
executed (Lu et al. 2017). Extensive cisternae of rough endoplasmic reticulum and free 390 
ribosomes develop although secretory droplets still tend to be sparse.  391 
 392 
At later stages of differentiation, the cytoplasmic features of the intermediate cell are 393 
indistinguishable from the syncytium (Fig. 4).  Intermediate vCTB in the process of fusion 394 
have been captured by transmission electron microscopy, with plasma membrane 395 
breakdown at the interface of apical cytotrophoblast and basal syncytioplasm, as seen by 396 
loss of linear membrane-associated alkaline phosphatase reaction product (Jones and Fox 397 
1991), though membrane remnants of the parent cytotrophoblast may remain, including 398 
desmosomes and membranous vesicles (Carter 1964; Burgos and Rodriguez 1966; Cavicchia 399 
1971; Reale et al. 1980).  Fusing cells are generally observed to retain their anchorage to the 400 
villous basement membrane at the basal surface, indicating that detachment is not a 401 
prerequisite of fusion.   402 
 403 
There is evidence that intermediate cells arise as a result of a transition from G1 in the 404 
mitotic cycle to a transient G0 (Ki67-) phase in which GCM1 is turned on and associates with 405 
the cell cycle inhibitor p21 to induce expression of syncytin 2 (Lu et al. 2017) (Fig. 2,5).  This 406 
is an important distinction with the extravillous lineage, in which daughter cells of precursor 407 
vCTBs undergo mitotic cycles to form columns, and eventually become polyploid (Velicky et 408 
al. 2018).  GCM1 controls the expression not only of factors required for fusion but also 409 
genes important in function of mature vSTB such as aromatase (CYP19A1) and CGB (Kumar 410 
et al. 2013) and persists to term in vSTB.  OVOL1 suppresses cell cycle-related genes such as 411 
MYC and TP63 (Renaud et al. 2015). TFs characteristic of the trophoblast lineage itself 412 
(GATA2) as well as some that arise at the specification of the intermediate phenotype 413 
(TFAP2A, GCM1) persist to term in active syncytial nuclei.  DLX3 controls GATA2 and PPARγ 414 
(Chui et al. 2013). Thus nuclei in vSTB itself are GCM1+/GATA2+/GATA3+/ TFAP2A+/DLX3+/ 415 
PPARγ+/RXRa+ in some combination (Table 1).  It is important to note that significant 416 
amounts of mRNA may be delivered into the vSTB at fusion, so a part of its proteome can be 417 
maintained without de novo transcription.   418 
 419 
Growth factors 420 
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Growth factors that have been reported as stimulating vCTB proliferation in first trimester 421 
villous tissue include EGF (Arnholdt, Diebold, et al. 1991), IGF (Forbes et al. 2008), PDGF 422 
(Goustin et al. 1985) and TGF-β (Forbes et al. 2010). Early work (Maruo et al. 1995; 423 
Arnholdt, Meisel, et al. 1991) used short term explants of placental tissue to establish the 424 
existence of a proliferative response in vCTB (but not the syncytium) to EGF or IGF when the 425 
respective factor was introduced to the culture medium, simulating production in the 426 
maternal environment in vivo. Both EGF and its receptor (EGFR or ERBB1) in vCTB are 427 
present at 4-5 weeks and both endogenous and exogenous EGF can increase the Ki67+ vCTB 428 
fraction. It is noteworthy that EGF is a common factor in all culture media used to expand 429 
human trophoblast stem cells (hTS) (Turco et al. 2018; Okae et al. 2018; Haider et al. 2018). 430 
It was suggested that, after 6 weeks, the effect of EGF in villous trophoblast shifts to 431 
activate hormone production from vSTB, implying a differentiative response, and efforts to 432 
isolate and propagate hTS cells after mid-first trimester have been unsuccessful (Turco et al. 433 
2018; Haider et al. 2018). Use of biotin-EGF to trace internalisation of the ligand showed 434 
transport within a few minutes of binding to the basal syncytioplasm, apparently with 435 
continuing spatial association with its receptor. In late gestation tissue, a direct effect on 436 
syncytial secretory function was detected (Arnholdt, Diebold, et al. 1991).  Though these 437 
early studies were conducted at a time when the full complexity of the EGF signalling 438 
system (4 receptor subunits that homo- or heterodimerise to produce lower or higher-439 
affinity binding, and 7 ligands with a variety of affinities) was not appreciated, it is clear in 440 
many other systems that the EGF pathway can modulate both cell proliferation and 441 
differentiation. Suitably thorough studies that take into account spatial fields in the villous 442 
placenta (anchoring sites, floating villi, intermediate and stem villi), together with 443 
gestational age variation, have not been conducted, but it seems likely that the EGF 444 
signalling pathway has a role to play early in the evTB lineage; EGF is produced by decidual 445 
cells, endometrial glands (Wright et al. 2006; Hempstock et al. 2004) and in the villus 446 
(Maruo et al. 1992). The increase seen in phospho-EGFR on knockdown of SHP-1 447 
(mentioned above) suggests the presence of an endogenous ligand in the placenta; a 448 
possible candidate is amphiregulin, which is highly expressed in the first half of pregnancy 449 
(Lysiak, Johnson, and Lala 1995). SHP-1 seems to act as a bidirectional regulator of multiple 450 
RTKs so that, for example, its depletion also leads to decreased phosphorylation of the 451 
BDNF receptor TRKB in vCTB in the absence of exogenous ligand. There is evidence that 452 
TRKB may stimulate the proliferation of vCTB (Kawamura et al. 2009). These data indicate 453 
the presence of a complex RTK-based network controlling the homeostasis of the cell 454 
populations in the villus, and their response to external challenge.  455 
 456 
A significant literature identifies IGF-I and -II as important in the stimulation of placental 457 
growth, via a combination of endogenous production and maternally-sourced factors 458 
(Forbes and Westwood 2010). First trimester tissue stimulated by exogenous IGF-I in short 459 
term explant culture shows an increase in both the Ki67+ vCTB fraction and in the 460 
incorporation of BrdU (Forbes et al. 2008). The receptor IGFR1 is phosphorylated at the 461 
apical syncytial microvillous membrane, but downstream signalling depends on clathrin-462 
dependent receptor internalisation into early endosomes.  A few minutes later, 463 
phosphorylation can be detected in IGF1R in the underlying cytotrophoblast layer. This 464 
suggests that the IGF ligand enters a trans-syncytial pathway that might lead to it binding to 465 
receptors on the underlying vCTB layer. Indeed, quantum dot-conjugated IGF can be tracked 466 
into the basal syncytioplasm, but the details of receptor distribution at the interface 467 
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between the basal syncytial plasma membrane and the vCTB remain to be clarified 468 
(Karolczak-Bayatti et al. 2019). The vCTB expresses SHP-2, a cytoplasmic protein tyrosine 469 
phosphatase that acts downstream of IGF1R. SHP-2 is required in mice for trophoblast stem 470 
cell survival and proliferation (Yang et al. 2006), and is required to activate both the MAPK 471 
and PI3 kinase pathways, and generate the mitogenic effect of IGF in the villus (Forbes et al. 472 
2009). There is evidence that a microRNA species, mir145, is involved in the regulation of 473 
these events (Farrokhnia et al. 2014). After SHP-2 knockdown in first trimester explants, 474 
phosphorylation of the receptor can still occur in response to exogenous IGF, but the 475 
proliferative response is abolished (Forbes et al. 2009). The level of pAKT1 is unaffected but 476 
it shifts from the vCTB cytoplasm to the nucleus, suggesting that SHP-2 may anchor AKT1 in 477 
the cytoplasm. Also nuclear phospho-HSP27, a heat shock protein associated with 478 
differentiation, is elevated (Forbes et al. 2009). 479 
 480 
IGF coupled to quantum dots, as mentioned above, or biotin, binds to the syncytial 481 
microvillous membrane, activates its receptor, becomes internalised and is moved within a 482 
few minutes into the deeper syncytioplasm. It is not yet clear how from there a signal is 483 
transmitted to activate IGFR1 in vCTB. In addition to the mitogenic stimulus to vCTB, binding 484 
of IGF at the apical vSTB membrane activates a signalling cascade within the syncytium 485 
itself. This leads to phosphorylation and redistribution of S6K1 (P70S6K). In turn, this may 486 
indicate effects on multiple nutrient sensory pathways, mitochondrial biogenesis and 487 
protein biosynthesis mediated through mTORC (Gupta and Jansson 2019). IGF binding 488 
proteins including IGFBP3 can both modulate the effects of IGFs and themselves show 489 
independent regulatory action (Forbes et al. 2010). 490 
 491 
Over 30 years ago, it was reported that vCTB in first trimester express PDGF receptors, that 492 
endogenous ligand is produced by explanted villous tissue and that c-MYC might be 493 
activated downstream of receptor binding to activate the mitotic cycle (Goustin et al. 1985). 494 
However, to our knowledge, this work has not been followed up. Exogenous TGFβ1 495 
stimulates proliferation in vCTB (both increased Ki67 counts and increased cell fraction 496 
incorporating BrdU) through binding to receptors (TGRβ2 and possibly TGRβ5) in vSTB 497 
leading to phosphorylation of SMAD2 and ERK1/2 in vCTB (Forbes et al. 2010).  Conversely, 498 
working through endoglin at the cell surface, TGFβ inhibits cells from entering the evTB 499 
pathway (Caniggia et al. 1997). The retroviral envelope protein syncytin 1  mediates fusion 500 
of vCTB with overlying vSTB (Frendo et al. 2003; Roberts et al. 2021), but thereafter 501 
continues to be expressed at the syncytial apical microvillous membrane (Holder, Tower, 502 
Abrahams, et al. 2012) where it is thought to exert immunosuppressive functions 503 
(Mangeney et al. 2007). It has also been suggested to exert an influence on cell signalling 504 
and dynamics in trophoblast, including cell-cycle regulation, but how this might play out in 505 
the intact villus is unclear (Roland et al. 2016). 506 
 507 
In summary, signalling to alter proliferative status can occur indirectly by altering the 508 
microRNA repertoire, from receptors activated by ligands present in the placenta itself, or 509 
by ligands reaching the intervillous space from uterine secretions or the maternal 510 
circulation.    511 
 512 
Villous syncytiotrophoblast structure and activity 513 
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In the first trimester, the vSTB has a scalloped profile created by the presence of apical 514 
projections (Fig. 1) and the cytoplasm is filled with small, ovoid mitochondria, cisternae of 515 
rough and smooth endoplasmic reticulum, granules and secretory droplets of various types 516 
as well as multivesicular bodies and endocytic channels (Jones and Fox 1991). Golgi bodies 517 
are hard to discern.  Nuclei are generally evenly spaced and somewhat irregular in shape 518 
with chromatin aggregated beneath the nuclear membrane except just under the nuclear 519 
pores where pale areas are evident. Nucleoli are frequently present, though smaller than 520 
those in vCTB (Martin and Spicer 1973). After fusion of the intermediate cell with the 521 
syncytium, nuclear morphology does not greatly alter (Fig. 4). Towards term, nuclear 522 
morphology in the syncytium ranges from heterochromatic to highly condensed and 523 
pyknotic (Fig. 6), many not differing significantly from early pregnancy except for a reported 524 
decrease in nucleolar size (Martin and Spicer 1973).   525 
 526 
Many syncytial nuclei are transcriptionally active, containing RNA polymerase I and II, as 527 
well as markers of transcription including cAMP response element binding protein (pCREB-528 
1) (Knofler et al. 2000) and phospho-upstream binding protein (pUBF) (Fogarty et al. 2011); 529 
nuclei lacking these markers make up about 20-40%, with the ratio of transcriptionally 530 
active to inactive nuclei maintained at around 4:1 throughout gestation. In vitro approaches 531 
coupled with single cell RNAseq have yielded a catalogue of syncytiotrophoblast mRNA 532 
species and associated functions (Yabe et al. 2016). The vSTB exhibits a pattern of gene 533 
expression that has been suggested to be consistent with a senescent state (Chuprin et al. 534 
2013; Cox and Redman 2017). In senescence, cells (or nuclei in this context) survive under 535 
irreversible growth arrest via the p53/p21 and p16/pRb tumour-suppressor networks, 536 
where p21 (CDKN1) and p16 (CDKN2) are cyclin-dependent kinase inhibitors. The cells are 537 
resistant to apoptosis (see below) and secrete a characteristic repertoire of cytokines, 538 
chemokines, growth factors, and proteases that mediate crosstalk with the host 539 
environment, including NFkB and JAK-STAT target genes. There is a suggestion that a 540 
senescence programme present in vSTB may be compromised in placental pathology (Gal et 541 
al. 2019). In the presence of DNA damage, senescence may allow the appearance of a pro-542 
inflammatory placental phenotype (Singh, McKinney, and Gerton 2020). 543 
 544 
Syncytiotrophoblast sub-specialisation 545 
There are at least two anatomically and functionally distinct areas present in the mature 546 
villus (Fig.7).  One is the vasculosyncytial membrane, where underlying capillaries have 547 
dilated and appose the trophoblast basement membrane, with thinning of the overlying 548 
syncytioplasm to 2-4µm.  Here, nuclei are absent and gas and nutrient transfer is at its most 549 
efficient.  With advancing gestation, the mean packing density of nuclei decreases due to 550 
thinning of the syncytium and expansion of the villous tree (Mayhew and Simpson 1994).  551 
Another discrete area of the syncytium, which appears from about 34 weeks, is where 552 
syncytial nuclear aggregates (SNAs; also known as syncytial knots) form (Fig. 6). They may 553 
sometimes fuse to form intervillous bridges, thus forming an internal support system within 554 
the placenta (Jones and Fox 1977; Calvert et al. 2013). Here nuclei are closely packed and 555 
often encircled by intermediate filaments and occasionally annulate lamellae (Jones and Fox 556 
1977); these are stacked sheets of membranes embedded with pore complexes which are 557 
morphologically similar to nuclear pore complexes on the nuclear envelope. Nucleoli are 558 
either absent or reduced to loosely scattered particles, organelles are few and the overlying 559 
cell surface lacks microvilli and pinocytotic activity (Jones and Fox 1977), suggesting limited 560 
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metabolic process or fluid transfer in these areas. With loss of surface pores, the nuclei 561 
become smoother, rounder, pyknotic and very electron dense (Figs 6, 8). Many lack 562 
immunoreactive RNA polymerase II and pUBF and display evidence of oxidative damage 563 
(Fogarty, Ferguson-Smith, and Burton 2013). It is plausible that as nuclei age, they are 564 
packed into SNAs or knots (Huppertz, Kadyrov, and Kingdom 2006). While nuclei in knots are 565 
sometimes TUNEL-positive (indicative of DNA strand cleavage) (Coleman et al. 2013; Huang 566 
et al. 2014; Chan, Lao, and Cheung 1999), they do not show the changes characteristic of 567 
classical apoptosis such as blebbing of the nuclear membrane and fragmentation (see 568 
below). Furthermore, mRNA encoding a specific splice form of sFLT1 (1-14), a potent 569 
inhibitor of VEGF action at the receptor, can be found in SNAs, suggesting that some 570 
transcriptional activity is retained (Sela et al. 2008), and some nuclei in SNAs show elevated 571 
5-hydroxymethyl cytosine, an epigenetic mark associated with transcriptional activation or 572 
plasticity, as well as a lower level of repressive histone marks including H3K9me3 and 573 
H3K27me3 than is found in vCTB (Wilson et al. 2019).  574 
 575 
Intriguingly, ‘single cell’ RNAseq, which in this case appears to be reporting the 576 
transcriptomes of small syncytial fragments that arise during tissue processing, suggests the 577 
possibility of two specialised areas of function represented as ‘sub-branches’ of the cluster 578 
assigned to vSTB. One is biased towards expression of endocrine genes such as 579 
GH2 and CGB, the other towards components involved in cell fusion such as ERVW-580 
1 (syncytin-1), ERVFRD-1(syncytin-2), and ERVV-1 as well as the placental galectin LGALS13, 581 
and INSL4, a gene target of ERVs (Tsang et al. 2017).  It is not clear that syncyium has been 582 
representatively sampled in this protocol but if so, it raises questions about how spatial 583 
fields (or single nuclei) with distinct morphology, gene expression and function are 584 
established and maintained in a multinucleate layer.  Heterogeneity in the trophoblast 585 
transcriptome may arise as a result of spatial segregation of clonal subpopulations with 586 
characteristic mutational signatures in early gestation, creating a genetic mosaic (Coorens et 587 
al. 2021). The increased incidence of SNAs in the common pregnancy pathologies of PE and 588 
FGR may imply altered placental function, perhaps impinging on the efficiency of the 589 
transporting function of the vSTB. While there is abundant incidental evidence that protein 590 
components of the syncytial microvillous membrane are not uniformly distributed, it will be 591 
interesting to investigate whether specific areas are associated with outward-facing 592 
functions such as maternal immunomodulation (Balogh et al. 2019). 593 
 594 
Autophagy within trophoblast  595 
Immunocytochemical studies have located several gene products within the placental villus 596 
from 7 weeks to term, the functions of which are primarily related to autophagy: beclin-1, 597 
LC3 (encoded by MAP1LC3B), DRAM, LAMP-2, ATG-1, Atg5, Atg16L1 and Atg9 (Hung et al. 598 
2013; Chifenti et al. 2013; Curtis et al. 2013; Signorelli et al. 2011). LC3 and beclin-1 are 599 
located mainly in vCTB in early gestation, while at term they are found in vSTB. It is 600 
therefore likely that autophagy plays a role in the homeostasis of the placenta (Gong and 601 
Kim 2014; Oh and Roh 2017; Nakashima et al. 2019). Structures known to be removed by 602 
autophagy include endoplasmic reticulum, peroxisomes, lipid droplets, secretory granules, 603 
ribosomes and aggregate-prone proteins as well as parts of the nucleus (Reggiori et al. 604 
2012).  605 
 606 
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Nutrient deprivation is a potent inducer of autophagy. The mTOR pathway is at the heart of 607 
nutrient sensing (Bildirici et al. 2012) and comprises two distinct protein complexes (mTORC 608 
1 and 2) with some common components. It is a serine/threonine kinase-mediated response 609 
to the tissue environment that can regulate cell cycle, survival, nutrient acquisition and 610 
metabolism including protein and lipid synthesis. It is present in both vCTB and vSTB but 611 
much of the relevant literature uses phosphoprotein analysis of tissue homogenates to 612 
assess mTOR activation, not allowing an evaluation of whether the response to a particular 613 
stimulus is in one or the other cell type (Dong et al. 2020).   614 
 615 
To minimise the potentially disruptive effect of functionally competent proteins overloading 616 
the maternal circulation, stabilisation/inactivation reactions occur such as cross-linking and 617 
partial proteolysis (Robinson et al. 2007) leading to subsequent internalisation and 618 
processing of placental debris by phagocytes. Surface components of the vSTB plasma 619 
membrane such as syncytin-1 can aid in this process (Holder, Tower, Forbes, et al. 2012).  In 620 
pre-eclampsia, processing by the placenta may be incomplete, and indeed there is evidence 621 
for impaired transglutaminase-mediated cross-linking of cytoskeletal proteins (Robinson et 622 
al. 2007).  Particulate material from pre-eclamptic placentas is also more potent in 623 
activating inflammatory responses in circulating monocytes, contributing to the maternal 624 
systemic effects of this type of placentation (Holder, Tower, Forbes, et al. 2012; Holder, 625 
Tower, Jones, et al. 2012).   It also has adverse effects on endothelial cell function, 626 
consistent with a disseminated maternal vascular pathology (Shomer et al. 2013).  627 
 628 
Apoptosis 629 
There is extensive and complex crosstalk between autophagy and apoptosis (Zhou, Yang, 630 
and Xing 2011; Oral et al. 2016; Eisenberg-Lerner et al. 2009), with molecular regulators of 631 
both pathways being inter-connected and, in several cases, shared. Early work suggested 632 
that apoptosis plays a role in the normal turnover of cells in the placenta, the syncytium 633 
existing in a latent stage of apoptosis (Huppertz, Kadyrov, and Kingdom 2006) and caspases 634 
3 and 6 being active at specific sites. Apoptosis can also be a response to cell stress, though 635 
often autophagy promotes cell survival by antagonising it (Bildirici et al. 2012).  Reliable 636 
ultrastructural attributes of apoptosis – nuclear condensation and detachment from the 637 
basement membrane, together with organelle swelling -- have been observed in vCTB, 638 
especially in first trimester placentae (Burton et al. 2003), and appear to be associated with 639 
secondary necrosis.  The apoptosis marker clCyt18 (also known as M30) is generated by the 640 
action of activated caspase 8 on cytokeratin 18. While earlier immunostaining had been 641 
interpreted as a focal event in vSTB (Austgulen et al. 2002; Smith, Baker, and Symonds 642 
1997), it was later shown to be confined to a small subpopulation of villous cytotrophoblasts 643 
as well as cross-sections of residual vCTB processes seen in thin section within term vSTB 644 
(Longtine et al. 2012; Jones et al. 2008). Other markers of caspase-mediated apoptosis 645 
(clCASP8, and clPARP) were also found only in small cells delineated by E-cadherin staining, 646 
suggesting they are also localising in apoptotic vCTB (Longtine et al. 2012); in vSTB they 647 
were seen only in restricted areas containing fibrinoid repair matrix   In vitro, 648 
cytotrophoblast is more susceptible to apoptosis than syncytiotrophoblast (Crocker et al. 649 
2001; Austgulen et al. 2002).   650 
 651 
Given that syncytiotrophoblast forms a continuous outer covering for the villus tree, 652 
classical apoptosis, if present at all, would have to be spatially restricted. Observations 653 
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made in primary cultures of fusing vCTB show that, when apoptosis is induced 654 
experimentally, it spreads very rapidly throughout multinuclear cells. It seems likely, 655 
therefore, that resistance to apoptosis in syncytiotrophoblast operates to preserve the 656 
integrity of the maternofetal barrier, though the machinery is present and may be called 657 
into action in limited circumstances or pathology.  658 
 659 
Shedding 660 
A full appreciation of trophoblast turnover requires end-of-life data. Shedding of unwanted 661 
cellular material is an important route of disposal that can operate as a communication 662 
pathway between the placenta and the maternal system (Redman and Sargent 2007).  Here 663 
we consider shedding in the context of the loss of trophoblast nuclei rather than 664 
microparticles (~100nm) or exosomes (<100nm), as part of cell turnover.   Syncytial masses 665 
comprising  ghosts and mononuclear trophoblasts are found in maternal lungs (Benirschke 666 
and Willes 2010; Schmorl 1893) and at that stage show TUNEL staining indicative of DNA 667 
cleavage. The narrow-necked villous sprouts common at the syncytial microvillous 668 
membrane in early pregnancy, but also found in smaller numbers at term, typically contain 669 
as many as 50 heterochromatic nuclei (Aplin, Lewis, and Jones 2017; Burton and Jones 670 
2009). They are generally attached to the main placenta by a narrow stalk and thus can 671 
easily break away, and once maternal blood circulates through the intervillous space, they 672 
may enter maternal circulation in significant numbers.   673 
 674 
In pre-eclampsia, there is damage to the syncytiotrophoblast with loss of normal 675 
architecture and integrity (Jones and Fox 1980) that has been ascribed to shear forces of 676 
maternal arterial blood entering the intervillous space under turbulent flow as a result of 677 
incomplete remodelling of maternal uterine spiral arteries (Hutchinson et al. 2009). This is 678 
associated with an elevated release of supramolecular and particulate material (Redman et 679 
al. 2012) and large swathes of cytoplasm, sometimes containing nuclei, may break away to 680 
be deported into the maternal circulation. Placental material isolated from uterine veins of 681 
women with pre-eclampsia shows a range of morphologies, with the majority appearing to 682 
be syncytial sprouts (Sargent et al. 1994). The amount in the peripheral circulation is, 683 
however, not altered in pre-eclampsia, nor do the numbers of deported trophoblast cells 684 
relate to the severity of the disease (Johansen et al. 1999).  Intact circulating trophoblast 685 
cells are rare (Johansen et al. 1999); the predominant cell type has been shown to be HLA-686 
G-positive mononuclear endovascular trophoblast (Oudejans et al. 2003).    687 
 688 
Free fetal DNA, detected in maternal circulation at about 3-6% of the total present (Lo et al., 689 
1998) and now used widely for pre-natal diagnosis, has long been assumed to arise largely 690 
from the trophoblast (Alberry et al. 2007; Flori et al. 2004). Levels are increased in pre-691 
eclampsia (Zhong et al. 2001). When primary term vCTB in culture is allowed to fuse over 692 
48-96h, large amounts of DNA appear in the culture medium (Robinson et al. 2007). In 693 
pregnancies prolonged beyond 41 weeks, nuclear membranes in SNAs sometimes break 694 
down and the chromatin forms intertwining coils, resulting in double-stranded structures 695 
about 30-80nm in diameter with diffuse electron dense contents, sometimes around a 696 
central electron-lucent area (Fig. 8) but the relevance to earlier stages of pregnancy is 697 
uncertain  (Cindrova-Davies et al. 2018).  698 
 699 
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There are areas of the villous surface from which the syncytium has been denuded, thus 700 
exposing underlying cytotrophoblast and basement membrane and initiating the deposition 701 
of a fibrin-derived repair matrix with distinct permeability properties (Fig. 9) (Brownbill et al. 702 
2000; Nelson et al. 1990).  Explant experiments suggest that new syncytiotrophoblast can 703 
eventually grow from regenerating cytotrophoblast cells and cover up the denuded areas 704 
(Siman et al. 2001), possibly aided by a population of adherent maternal macrophages 705 
(Thomas et al. 2021), and it has been pointed out that this process must be taken into 706 
account in the context of trophoblast kinetics, as repair processes may take the place of 707 
growth (Mayhew and Barker 2001).  Such areas may arise after abruption of inter-villous 708 
bridges or other modes of mechanical damage (Mayhew and Barker 2001). There is little 709 
evidence to support apoptosis in syncytial nuclear aggregates (SNAs), nor the notion that 710 
they are regularly shed (Burton and Jones 2009); they generally lack the pedunculated tear-711 
drop shape associated with break away and deportation into maternal circulation, and while 712 
they only appear from about 34 weeks, the proportion of cytotrophoblast to syncytial nuclei 713 
remains constant throughout pregnancy (Simpson, Mayhew, and Barnes 1992). The 714 
presence of pyknotic, heterochromatic, transcriptionally inactive nuclei in vSTB, and 715 
particularly in SNAs, that are also TUNEL-positive (Coleman et al. 2013; Huang et al. 2014; 716 
Chan, Lao, and Cheung 1999) may point to another, as yet unknown, mechanism of DNA 717 
breakdown.    718 
 719 
Chronic hypoxia occurs if insufficient blood reaches the IVS to meet the growing metabolic 720 
demands of the fetoplacental unit, especially in the last trimester. Indeed, infarcted areas of 721 
chronic villous congestion with compressed intervillous spaces, and absence of erythrocytes 722 
are familiar in placental histopathology and are taken as evidence of maternal vascular 723 
malperfusion (MVM), which may be more or less extensive; if the latter, there may be no 724 
severe consequence for the fetus, as placental reserve capacity for importation of oxygen 725 
and nutrients may be adequate.  A similar comment applies to localised regression of blood 726 
vessels in areas of the placental villous tree downstream of fetoplacental thromboses.  727 
What is striking in the placental context is the absence of major inflammatory change in 728 
these areas, and no sign of extensive cell death (Fox and Sebire 2007); indeed current 729 
pathological classification distinguishes vascular lesions on either side of the circulatory 730 
system from immune or idiopathic inflammatory conditions (Redline 2015).  This reflects the 731 
reduced numbers and responsiveness of inflammatory cells such as neutrophils and 732 
macrophages in the systemic fetal immune system, and the properties of placental 733 
macrophages (Hofbauer cells), which are pro-angiogenic, phagocytic and potentially 734 
microbicidal, but resist inflammatory stimuli (Schliefsteiner, Ibesich, and Wadsack 2020; 735 
Thomas et al. 2021; Ingman et al. 2010). Thus placental villous tissue has the capacity to 736 
become quiescent, taking the role of a harmless onlooker as gestation proceeds. This 737 
contrasts profoundly with the inflammatory events that follow infarction in adult tissues.  738 
 739 
More serious consequences may ensue if there are cycles of hypoxia and reperfusion in 740 
which reactive oxygen species damage mitochondria and other organelles; removal of 741 
organelles by autophagy or shedding may then contribute to cell survival (Burton et al. 742 
2020). Unregulated shedding of membranous material, as well as alterations in the placental 743 
secretome, may in turn activate a systemic response in maternal vascular endothelium, and 744 
it is this cycle that eventually produces pre-eclampsia (Aplin et al. 2020).  745 
 746 
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Conclusions   747 
The suggested model of growth control might provide a framework for better 748 
understanding of gestational changes in cell dynamics as well as disease progression and 749 
effects, but it needs further testing. Some of the following measures can be recommended: 750 
incorporation of modified nucleotides such as EdU into short term explant cultures of 751 
freshly-delivered placenta, comparing the incidence of S phase in CTB in normal and 752 
pathological pregnancies; use of robust markers to quantify intermediate cells, mitotic cells 753 
and (ideally) cells in G0; analysis of zonal gene expression (especially in vSTB) using RNA 754 
polymerase-based readouts or more advanced in situ transcriptomics; a more incisive and 755 
critical approach to DNA breakdown; and robust sampling protocols, so that a 756 
representative picture of the placenta can be constructed. 757 
 758 
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Figure legends 776 
 777 
Figure 1.  Semithin section of first trimester placenta stained with Toluidine Blue showing 778 
the outer syncytiotrophoblast and underlying cytotrophoblast cells.  A cell in mitosis can be 779 
seen bottom right (*) with the plane of division parallel to the basement membrane (arrow).  780 
Note the small blood vessels in the stroma.  781 
 782 
Figure 2. Drawing showing cytotrophoblast with intermediate cells (blue) in a first trimester 783 
villus cross-section.  Maternal nutrients and growth factors (histotroph, of largely uterine 784 
origin) reach the apical syncytial surface.  The syncytium and intermediate cells are post-785 
mitotic so growth stimuli have to be conveyed across the syncytium to undifferentiated 786 
cytotrophoblasts.  Adapted from (Karolczak et al) 787 
 788 
Figure 3. Electron micrograph of a 10 week placenta showing three newly divided 789 
cytotrophoblast cells (CT) with evenly dispersed chromatin and prominent nuclear 790 
envelopes.  A nucleolus can be seen in the cells lower left and upper right (arrows).  791 
Overlying the cytotrophoblasts is syncytiotrophoblast with 6 nuclear profiles visible, 792 
characteristic vesicular syncytioplasm and complex microvillous apical surface.    793 
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 794 
Figure 4.  An intermediate cell (IC) with ultrastructural cytoplasmic features similar to those 795 
of the overlying syncytiotrophoblast; the apical IC plasma membrane is shown by 796 
arrowheads.  Desmosomal junctions can be seen (arrows) linking it to the syncytium.   797 
 798 
Figure 5. Flow chart showing the relationships between trophoblast subsets in the villus 799 
along with some of the mediators of transition.  It is hypothesized that cells transit from the 800 
G0 reserve population to the proliferative pool and that growth factors such as IGF can affect 801 
the kinetics of this process.  The putative ability to ability to shift in either direction between 802 
the reserve and mitotic populations provides a general mechanism for trophoblast to adapt 803 
in response to maternal signals.  Transition to the intermediate vCTB or evTB and further 804 
differentiation is irreversible.   805 
 806 
Figure 6. Electron micrograph of a syncytial nuclear aggregate from a case of prolonged 807 
pregnancy showing  nuclear morphologies ranging from relatively normal (*) to extremely 808 
condensed and pyknotic (**). 809 
 810 
Figure 7.  Semithin section of a term villus stained with Toluidine Blue showing anuclear 811 
vascular syncytial membranes (VSM) and intervening areas with nuclei.   812 
 813 
Figure 8.  Electron micrograph from a case of post-maturity (41 weeks gestation) with nuclei 814 
showing extreme pyknosis (*) and coils of chromatin (arrows) reflecting nuclear breakdown. 815 
 816 
Figure 9.  Section of a term placenta. The deeply red-stained material is fibrinoid repair 817 
matrix thought to deposit in areas where the trophoblast is damaged. Note that the 818 
adjacent trophoblast layer is interrupted (arrowheads).  819 
 820 
 821 
 822 
Table 1.  Transcription factor (TF) repertoire of human villous trophoblast. Note this is not 823 
an exhaustive survey; many more TFs have been discovered in hTS and trophoblast 824 
transcriptomes, and several dozen are probably required for full specification of the 825 
phenotype. Heterogeneity of TF expression in vCTB, and TF levels at specific gestational ages 826 
are not yet well characterised in most cases.  Recent reviews give more detail, including 827 
delineation of the role of this TF repertoire in mouse (Knofler et al. 2019; Hemberger, 828 
Hanna, and Dean 2020). Extravillous trophoblast is not included in this survey.    829 
 830 
 831 
 832 
 833 
 834 
 835 
 836 
 837 
 838 
 839 
 840 
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TF  Expression in  Function  References  
AP2a/TFAP2A
  

TE, (vCTB), vSTB  Placental hormone gene 
expression  

(Knofler et al. 
2000; Kessler et 
al. 2015; 
Kuckenberg, 
Kubaczka, and 
Schorle 2012; 
Richardson et al. 
2001)  

AP2γ/TFAP2c  TE, vCTB, (vSTB)  Lineage maintenance 
downstream of 
TEAD4/ELF5/TP63  

(Kuckenberg, 
Kubaczka, and 
Schorle 2012; 
Richardson et al. 
2001)  

ARNT  vCTB  Dimerises with HIF1α    
CDX2  TE/TS/some vCTB in 

1st trimester  
Early trophoblast lineage 
marker, leads to 
TEAD4/ELF5/TP63 expression, 
sustained only in a trophoblast 
subset post-implantation.  

(Hemberger et 
al. 2010; 
Hemberger et al. 
2012; Paul et al. 
2017; Soncin et 
al. 2018)   

DLX3  vCTB, vSTB   Regulates gene expression 
in syncytiotrophoblast  

(Chui et al. 2011; 
Roberson et al. 
2001)  

ELF5  TE/TS/some vCTB in 
1st trimester   

Stabilisation of early 
trophoblast lineage, including 
CDX2 and TEAD4 expression  

(Hemberger et 
al. 2010; 
Hemberger et al. 
2012) 29361559
  

ETS1  vCTB  Regulates fusion and syncytial 
genes. Upstream of AP2a.  

(Kessler et al. 
2015)  

GATA2  TE/S/vCTB (subset, 
1st trimester)/vSTB (nuclear 
subset)  

Cooperates with lysine-
specific demethylase 1 
(LSD1) to support 
differentiation to intermediate 
cells  

(Paul et al. 2017; 
Milano-Foster et 
al. 2019)  

GATA3  TE/TS/vCTB/vSTB (term 
placenta)  

Downstream of 
TEAD4/ELF5/TP63. Negative 
regulator of GCM1.  

(Paul et al. 2017; 
Chiu and Chen 
2016; Gerri et al. 
2020)  

GCM1  vCTB, vSTB (intermediate-
type), vSTB  

Regulates fusion-related gene 
expression in intermediate 
cells and genes required 
in function of 
mature syncytiotrophoblast   

(Baczyk et al. 
2004; Kumar et 
al. 2013; Lin, Lin, 
and Chen 2005; 
Liang et al. 2010; 
Lu et al. 2017)  

Page 19 of 73 Human Reproduction Update



For Peer Review

HIF1α  Pathway available 
in vCTB and vSTB but its leve
l of utilisation is unclear. 
Localisation affected by 
tissue processing 
protocols.  Also a homologu
e HIF1b.  

Upregulated at low pO2 but 
also widely regulated by 
metabolites.  Over- and under-
expression both cause 
pathology in mouse 
pregnancy.   

(Caniggia et al. 
2000; Burton et 
al. 2021)  

ID2  vCTB  Repressor of bHLH-induced 
gene expression, inhibits 
differentiation  

(Townley-Tilson 
et al. 2014; 
Janatpour et al. 
2000)   

MYC  vCTB  Cell cycle promoter and 
inhibitor of GCM1-mediated 
differentiation  

(Farrokhnia et 
al. 2014; Kumar 
et al. 2013)  

OVOL1  vCTB (intermediate-type)  Suppresses progenitor cell 
genes including MYC, 
TP63.  Stimulates expression 
of fusion genes.   

(Renaud et al. 
2015)  

PPARγ  vCTB, vSTB  Metabolic regulator including 
fatty acid uptake. Regulates 
syncytial differentiation 
markers including CGB,    

Bhattacharya et 
al. 
2020  (Ruebner 
et al. 2012; Liu 
et al. 2020; 
Fournier et al. 
2011)  

RXRα  vCTB, vSTB  Obligate partner of PPARγ  (Ruebner et al. 
2012; Fournier 
et al. 2011)  

TEAD4  TE/TS/vCTB throughout 
gestation  

Required for trophoblast self-
renewal  

(Saha et al. 
2020; Soncin et 
al. 2018)  
  

TCF1  vCTB  Self-renewal. Operates 
via Wnt/b-catenin signalling.  

(Knofler et al. 
2019; Haider et 
al. 2018)  

TP63  vCTB in early gestation  Member of the P63 TF family  (Lee et al. 2007)  
 

VGLL1  vCTB throughout gestation  Complexes with TEAD4  (Soncin et al. 
2018)  

YAP1  TE/TS/vCTB  In complex with TEAD4 
promotes maintenance of 
proliferative and progenitor 
cell characteristics, 
while inhibiting differentiation
  

(Meinhardt et al. 
2020)  

  841 
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Figure 1.  Semithin section of first trimester placenta 
stained with Toluidine Blue showing the outer 
syncytiotrophoblast and underlying cytotrophoblast cells.  A 
cell in mitosis can be seen bottom right (*) with the plane of 
division parallel to the basement membrane (arrow).  Note 
the small blood vessels in the stroma. 

20µm
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Figure 2. Drawing showing cytotrophoblast with 
intermediate cells (blue) in a first trimester villus cross-
section.  Maternal nutrients and growth factors 
(histotroph, of largely uterine origin) reach the apical 
syncytial surface.  The syncytium and intermediate cells 
are post-mitotic so growth stimuli have to be conveyed 
across the syncytium to undifferentiated 
cytotrophoblasts.  Adapted from (Karolczak et al)

Page 34 of 73Human Reproduction Update



For Peer ReviewFigure 3. Electron micrograph of a 10 week placenta 
showing three newly divided cytotrophoblast cells (CT) with 
evenly dispersed chromatin and prominent nuclear 
envelopes.  A nucleolus can be seen in the cells lower left 
and upper right (arrows).  Overlying the cytotrophoblasts is 
syncytiotrophoblast with 6 nuclear profiles visible, 
characteristic vesicular syncytioplasm and complex 
microvillous apical surface.   
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Figure 4.  An intermediate cell (IC) with ultrastructural 
cytoplasmic features similar to those of the overlying 
syncytiotrophoblast; the apical IC plasma membrane is 
shown by arrowheads.  Desmosomal junctions can be seen 
(arrows) linking it to the syncytium.  

2µm
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Figure 5. Flow chart showing the relationships between 
trophoblast subsets in the villus along with some of the 
mediators of transition.  It is hypothesized that cells transit 
from the G0 reserve population to the proliferative pool and 
that growth factors such as IGF can affect the kinetics of this 
process.  The putative ability to ability to shift in either 
direction between the reserve and mitotic populations 
provides a general mechanism for trophoblast to adapt in 
response to maternal signals.  Transition to the intermediate 
vCTB or evTB and further differentiation is irreversible.  
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5µm

Figure 6. Electron micrograph of a syncytial nuclear 
aggregate from a case of prolonged pregnancy 
showing  nuclear morphologies ranging from 
relatively normal (*) to extremely condensed and 
pyknotic (**).

*
*
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Figure 7.  Semithin section of a term villus stained with Toluidine 
Blue showing anuclear vascular syncytial membranes (VSM) and 
intervening areas with nuclei.  
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Figure 8.  Electron micrograph from a case of post-
maturity (41 weeks gestation) with nuclei showing 
extreme pyknosis (*) and coils of chromatin 
(arrows) reflecting nuclear breakdown.

5µm

*

**
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Figure 9.  Section of a term placenta. The deeply red-stained 
material is fibrinoid repair matrix thought to deposit in areas 
where the trophoblast is damaged. Note that the adjacent 
trophoblast layer is interrupted (arrowheads). 
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11 Abstract 
12
13 Background: 
14 Villous cytotrophoblast (vCTB) is a precursor cell population that supports the development 
15 of syncytiotrophoblast (vSTB), the high surface area barrier epithelium of the placental 
16 villus, and the primary interface between maternal and fetal tissue.  In light of increasing 
17 evidence that the placenta can adapt to changing maternal environments or, under stress, 
18 can trigger maternal disease, we consider what properties of these cells empower them to 
19 exert a controlling influence on pregnancy progression and outcome.
20
21 Objective and rationale: 
22 How are cytotrophoblast proliferation and differentiation regulated in the human placental 
23 villus to allow for the increasing demands of the fetus, and environmental challenges and 
24 stresses that may arise during pregnancy?
25
26 Search methods: 
27 PubMed was interrogated using relevant keywords and word roots combining trophoblast, 
28 villus/villous, syncytio/syncytium, placenta, stem, transcription factor (and the individual 
29 genes), signalling, apoptosis, autophagy (and the respective genes) from 1960 to the 
30 present.  Since removal of trophoblast from its tissue environment is known to change 
31 fundamentally cell growth and differentiation kinetics, research that relied exclusively on 
32 cell culture has not been the main focus of this review, though it is mentioned where 
33 appropriate. Work on non-human placenta is not systematically covered, though mention is 
34 made where relevant hypotheses have emerged. 
35
36 Outcomes: 
37 Synthesis of data from the literature has led to a new hypothesis for vCTB dynamics.  We 
38 propose that a reversible transition can occur from a reserve population in G0 to a 
39 mitotically active state.  Cells from the in-cycle population can differentiate irreversibly to 
40 intermediate cells that leave the cycle and turn on genes that confer the capacity to fuse 
41 with the overlying vSTB, as well as other functions associated with syncytial barrier and 
42 transport function.  We speculate that alterations in the rate of entry to the cell cycle, or 
43 return of cells in the mitotic fraction to G0, can occur in response to environmental 
44 challenge. We also review evidence on the life cycle of trophoblast from the time that fusion 
45 occurs, and point to gaps in knowledge of how large quantities of fetal DNA arrive in 
46 maternal circulation. We critique historical methodology and make a case for research to re-
47 address questions about trophoblast lifecycle and dynamics in normal pregnancy and the 
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48 common diseases of pre-eclampsia and fetal growth restriction, where altered trophoblast 
49 kinetics have been long postulated.  
50
51 Wider implications: 
52 The hypothesis requires experimental testing, moving research away from currently 
53 accepted methodology towards a new standard that includes representative cell and tissue 
54 sampling, assessment of cell cycle and differentiation parameters, and robust classification 
55 of cell subpopulations in villous trophoblast, with due attention to gestational age, maternal 
56 and fetal phenotype, disease and outcome. 
57
58 Key words (5-10)
59 Trophoblast, placenta, cell dynamics, stem cell, cell signalling, apoptosis, autophagy, 
60 differentiation, syncytium
61
62
63 Main text
64
65 Villous development and organisation  
66 Beginning at implantation, trophoblast lineages emerge from the trophectoderm of the 
67 blastocyst and expand rapidly to populate the developing embryo-maternal interface (Aplin 
68 and Jones 2008; Aplin and Ruane 2017; Hemberger, Hanna, and Dean 2020; Knofler et al. 
69 2019; Ruane et al. 2017). Within 3 weeks of conception, the first placental villi are present, 
70 with a continuous outer covering of trophoblast and underlying extraembryonic 
71 mesenchyme containing primitive vascular elements (Aplin, Lewis, and Jones 2017). Rapidly, 
72 as tertiary villi develop, a stable organisation emerges comprising an inner layer of 
73 mononucleated cytotrophoblast (vCTB) and overlying multinuclear syncytium (vSTB). This 
74 basic unit of organisation grows, expands and elaborates into an extensively branched tissue 
75 with high surface area, fulfilling a multiplicity of functions essential to embryonic and fetal 
76 progression, the transport of nutrients and oxygen into embryonic and fetal tissues, export 
77 of waste products, the imposition of a barrier to pathogens, chemicals and xenobiotics, the 
78 provision of endocrine support for the corpus luteum, maternal metabolism and 
79 preparation for lactation, as well as important influences on maternal immune and vascular 
80 function. In addition, villous trophoblast has an important, but poorly understood, role in 
81 sensing and responding to signals from the maternal environment and, when required, 
82 initiating adaptive change (Aplin, Lewis, and Jones 2017; Dilworth and Sibley 2013).
83
84 A surprisingly wide range of birthweight/placental weight ratios is seen at term, indicating 
85 that placental efficiency varies (Hayward et al. 2016); there is also a remarkably wide 
86 variation in patterns of placental branching (Kingdom et al. 2000; Kosanke et al. 1993; 
87 Haeussner et al. 2014) and in the vascular network that is formed within villi (Junaid et al. 
88 2017; Junaid et al. 2014; Krebs et al. 1996; Shah et al. 2018). Experimental evidence, 
89 particularly in the mouse, as well as observational studies in human, suggest that the 
90 placenta can adapt phenotypically to adverse conditions. However, its capacity to adapt is 
91 limited, such that ultimately a reduced rate of fetal growth may result if the extent of stress 
92 exceeds adaptive capacity (Constancia et al. 2005; Desforges and Sibley 2010; Gaccioli and 
93 Lager 2016; Belkacemi et al. 2010). Adverse development may affect the mother: maternal 
94 vascular malperfusion, the effects of which become more acute as fetal demands increase, 
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95 arises mainly as a result of incomplete conversion of uterine spiral arteries by trophoblast in 
96 conjunction with maternal inflammatory cells in early pregnancy can trigger the release of 
97 mediators by vSTB that cause systemic illnesses of the mother in late pregnancy, most 
98 notably the angiomodulatory factors that lead to pre-eclampsia (Aplin et al. 2020). These 
99 considerations underline the importance of understanding the relationship between vCTB 

100 and vSTB, and how it develops with gestation.  
101
102 Villous cytotrophoblast: the progenitor layer for overlying syncytium 
103 Much remains to be discovered about the early origin of trophoblast lineages in human.  
104 One hypothesis (Knofler et al. 2019) postulates a transition at implantation from 
105 trophectoderm to an early stem lineage that generates a progenitor population which in 
106 turn can give rise to vCTB and vSTB, or alternatively extravillous trophoblast (evTB) that 
107 appears initially in the trophoblastic shell and anchoring columns and then invades the 
108 decidua and myometrium during the first and second trimesters. We do not detail herein 
109 evidence relating to the emergence of trophoblast lineages in the very early pre-villous 
110 stages of placental development, or evTB, which has been extensively reviewed elsewhere 
111 (Knofler et al. 2019; Harris, Jones, and Aplin 2009; Burton et al. 2020; Pollheimer et al. 2018) 
112 Our focus is villous placenta throughout gestation, where cell dynamics are important to 
113 pregnancy outcome (Mayhew 2014). A crucial variable is the rate at which vCTB divide, 
114 providing daughter cells that can fuse and allow renewal and expansion of the overlying 
115 syncytiotrophoblast.
116
117 Cytotrophoblast cell structure
118 Transmission electron microscopy in the mid first trimester reveals vCTB as an almost 
119 complete layer under the syncytium with a regular, cuboidal appearance.  Mitotic figures 
120 can be observed in the plane of the epithelium with chromosome segregation parallel to the 
121 basal surface (Fig. 1,2) (Kar, Ghosh, and Sengupta 2007), and both daughter cells retaining 
122 adherence to the basement membrane.  
123
124 Thereafter, the undifferentiated daughter cells initially have a large ovoid nucleus, although 
125 sometimes irregular and indented, with evenly dispersed, speckled chromatin, often with 
126 one or more prominent nucleoli (Fig. 3) (Jones and Fox 1991; Jones and Jauniaux 1995), 
127 suggesting active ribosomal RNA synthesis and nascent ribosome assembly (Pederson 2011). 
128 The nucleoli feature a dense fibrillary centre forming a reticular structure with areas of 
129 differing electron density within.  There are occasional nuclear pores and the outer nuclear 
130 membrane is studded with ribosomes (Jones and Fox 1980). The chromatin becomes more 
131 aggregated, especially round the periphery of the nucleus, as the cell matures. The 
132 cytoplasm is relatively electron lucent with few organelles; a few cisternae of rough 
133 endoplasmic reticulum may be present, and the mitochondria are elongated with clearly 
134 defined cristae. Some glycogen deposits may be seen (Terzakis 1963; Jones, Choudhury, and 
135 Aplin 2015) as well as occasional secretory bodies and variably sized Golgi bodies. 
136
137 The vCTB population was first proved to be a precursor to vSTB using autoradiography 
138 (Richart 1961); tritiated thymidine uptake could be demonstrated in cytotrophoblast, villous 
139 mesenchyme and vascular endothelium but not in the vSTB. In a later study, tritiated 
140 thymidine was injected into pregnant female Rhesus monkeys in which placental villous 
141 structure resembles that of human (Midgley et al. 1963) and the uptake localised 1 and 22 
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142 hours later by thin section autoradiography. At 1h, label was entirely confined to vCTB, 
143 demonstrating no DNA synthesis occurring in vSTB, while after 24h some of the labelled 
144 nuclei had become incorporated in the syncytium.
145
146 EpCAM is an epithelial cell-cell adhesion molecule expressed by vCTB in the first trimester, 
147 and lost during exit from the cell cycle (Wong, Lin, and Cox 2019). Further evidence to 
148 substantiate the relationship between vCTB and vSTB has been obtained using an organoid 
149 culture system in which mononuclear EpCAM+ cells form clumps that within a few days, 
150 develop central areas containing fused cells, and go on in 2-3 weeks to self-organise into 
151 bilayers that resemble the lacunar (pre-villous) stage of placental development with the 
152 outer, mononuclear cells in contact with 3D matrigel and the inner layer forming a 
153 syncytium with a secretory profile that resembles the tissue in vivo (Turco et al. 2018; 
154 Haider et al. 2018). These features arise in clonal cultures, cementing the evidence that the 
155 early/mid first trimester vCTB is the progenitor cell of the vSTB.
156
157 Cytotrophoblast transcriptomes
158 Progress has been made in the analysis of single cell trophoblast transcriptomes (Xiao et al. 
159 2020). E-cadherin, encoded by CDH1, distributes to the lateral borders of cells in the vCTB 
160 layer, as well as the apical vCTB to basal vSTB interface (Brown et al. 2005; Longtine et al. 
161 2012).  Single cell RNAseq analysis of CDH1+ first trimester vCTB has defined three 
162 subpopulations (Liu et al. 2018). One expresses a large repertoire of cell cycle genes and 
163 corresponds to the in-cycle fraction. The transcription factor (TF) and proto-oncogene c-
164 MYC, which peaks at 4-5 weeks gestation in vCTB (Pfeifer-Ohlsson et al. 1984), is important 
165 in driving proliferation and suppressing differentiation (Kumar et al. 2013; Farrokhnia et al. 
166 2014). A second, more differentiated and smaller subset of vCTB has left the cycle and 
167 upregulated genes that are involved in cell fusion such as the retroviral surface 
168 glycoproteins syncytin 1 and 2 (encoded by HERV-W and HERV-FRD respectively), and their 
169 receptors ASCT-1/ASCT-2 (neutral amino acid transporters) and MFSD2A (sodium-
170 dependent lysophosphatidylcholine symporter 1), together with the protease ADAM12.  
171 These are the intermediate cells (Fig.2,4). The third population does not express syncytin-2 
172 and is more difficult to specify based on the transcriptomic signature but, we speculate, may 
173 correspond to a G0 ‘reserve’ cell population (Fig. 5).  
174
175 A smaller Hoechst dye-excluding ‘side population’ of vCTB (mean 3.5% throughout 
176 gestation) has been identified and their bulk transcriptome characterised.  These cells were 
177 isolated using methodology that has been widely used for the identification of quiescent 
178 (G0) progenitor or stem cells in other tissues (James et al. 2015; Gamage et al. 2020). When 
179 isolated from first trimester tissue they are TEAD4+/ELF5+/CDX2+ (see next section) and 
180 express genes in the canonical Wnt signalling pathway, but unlike the majority of vCTB they 
181 lack the integrin ß4 subunit which contributes, as the 6ß4 heterodimer, to adhesion to the 
182 villous basement membrane (Aplin 1993). After isolation, these cells can differentiate into 
183 either vCTB or evCTB, though the latter pathway is less prominent in later gestation.  Their 
184 incidence is greatly reduced in near-term placentas from fetally growth-restricted 
185 pregnancies, suggesting a link to placental growth (Gamage et al. 2020). 
186
187 Factors affecting cytotrophoblast proliferation
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188 Earlier literature suggested that first trimester trophoblast requires physiological hypoxia to 
189 proliferate, and that the shift to higher ambient oxygen that occurs in the intervillous space 
190 at about 11 weeks (Foidart et al. 1992) might presage a decline in proliferation. To our 
191 knowledge, no step change has been reported in mitotic rates at this time, though a 
192 metabolic shift occurs from glycolysis to oxidative phosphorylation, accompanied by 
193 mustering of antioxidant defences (Burton et al. 2020; Holland et al. 2017).  Indeed, recent 
194 data on human trophoblast stem (hTS) cells isolated from either the blastocyst or the first 
195 trimester villus show vigorous proliferation that is not dependent on a low ambient oxygen 
196 environment (Turco et al. 2018; Okae et al. 2018; Haider et al. 2018).  Hypoxia-inducible 
197 factors (HIFs) are dimeric basic helix-loop-helix transcriptional activators that act to regulate 
198 metabolism.  The α-subunit of HIF is oxygen-sensitive, while the β-subunit, also known as 
199 ARNT, is constitutively expressed. The presence of HIF in human placenta has been adduced 
200 as part of an evidence base for stimulation of proliferation by physiological hypoxia and, in 
201 mouse, HIF-1 undoubtedly plays a key role in placental development (Adelman et al. 2000; 
202 Albers et al. 2019). However it is not clear that oxygen levels would be low enough to 
203 stimulate HIF1α expression, even in the first trimester (Burton et al. 2020; Aplin 2010). It is 
204 important to note that in addition to ambient oxygen, many cofactors, substrates and 
205 metabolites including glucose, iron, nitric oxide (NO), metabolic intermediates of the 
206 tricarboxylic acid (TCA) cycle such as 2-oxoglutarate, succinate and fumarate, 
207 proinflammatory mediators, ascorbate as well as reactive oxygen species (ROS) can 
208 influence HIF1α expression (Gaspar and Velloso 2018; Macklin et al. 2017).  
209
210 At term, occasional mitotic figures are seen, but in general vCTB are more elongated and 
211 proportionally more intermediate cells are present. A range of nuclear morphologies can be 
212 found with evenly dispersed chromatin in occasional newly-divided cells, but more usually 
213 the aggregated masses characteristic of intermediate cells (Fig. 4); nuclear pores and one or 
214 two nucleoli can usually be seen. Primary vCTB from term tissue placed in monolayer 
215 culture rapidly and spontaneously exit the cell cycle and fuse, suggesting that the 
216 acquisition of an intermediate phenotype is irreversible (Fig. 5) and that remaining 
217 progenitor cells, if any, have not survived in culture.  Metabolic activity is surprisingly higher 
218 in CTB than STB both in vitro and in explant culture (Kolahi, Valent, and Thornburg 2017), 
219 but the endocrine and metabolic activity of STB diminishes rapidly in both conditions 
220 (Holland et al. 2017; Siman et al. 2001) perhaps reflecting a stress or repair response. 
221 Evidently, controls on cell cycle and metabolism, and the balance between G0, in-cycle and 
222 intermediate cells are lost outside the villous environment. While current progress in 
223 isolating and studying human trophoblast stem cells is giving new insight into what may 
224 control proliferation and differentiation, at present the relationship between the early cells 
225 and the mature vCTB lineage is not well defined.
226
227 Transcription factors (TF)
228 Altogether, it is likely that at least several dozen TFs are required for full trophoblast 
229 specification (Soncin et al. 2018) but both their involvement and hierarchy require work to 
230 define, combining ChIPseq with ATACseq analysis. TFs that specify, stabilise or propagate an 
231 early pregnancy vCTB phenotype in human include TEAD4, CDX2, TP63, ELF5, GATA3, TCF1, 
232 YAP, AP2 (TFAP2C), together with the basic helix-loop-helix TF inhibitor ID2 (Janatpour et 
233 al. 2000; Townley-Tilson et al. 2014), and MYC to support proliferation (Table 1) (Farrokhnia 
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234 et al. 2014; Pfeifer-Ohlsson et al. 1984). MYC also promotes expression of microRNAs that 
235 suppress GCM1 and CYP19A and thus inhibit differentiation (Kumar et al. 2013). 
236
237 After the mid first trimester CDX2 and ELF5 fall to very low levels, and trophoblast stem cells 
238 can no longer be isolated using protocols developed for blastocysts and earlier gestation 
239 tissues (Turco et al. 2018; Haider et al. 2018; Okae et al. 2018), though side-population cells 
240 are still present (Gamage et al. 2020). TEAD4 binds the Hippo-dependent nuclear 
241 transcriptional activator YAP leading to upregulation of cell cycle genes such as cyclin A 
242 (CCNA) and cyclin-dependent kinase 6 (CDK6) (Meinhardt et al. 2020; Saha et al. 2020). TCF1 
243 expression is associated with canonical Wnt/ß-catenin signalling in vCTB self-renewal, 
244 possibly functioning to stabilise this cell state (Knofler et al. 2019; Knofler et al. 2000). The 
245 data suggest that vCTB after the mid first trimester may have more limited potential, 
246 becoming further restricted in mid second trimester as the supply of cells into the evTB 
247 lineage diminishes. 
248
249 Progress is also being made in defining the TF networks that control differentiation in vCTB 
250 as they advance into the intermediate phenotype, begin to express fusion genes and 
251 prepare to join the syncytial workforce (Fig.5) (Szilagyi et al. 2020). The first step in 
252 progression towards the differentiated state is to leave the cell cycle, and there is a specific 
253 repertoire of TFs required for this process. OVOL1 (Renaud et al., 2015) plays a role in 
254 suppressing the cell cycle in vCTB, and also activates the expression of GCM1 and these two 
255 TFs, together with ETS1 (Kessler et al. 2015), drive transcription from a family of genes 
256 important in fusion (syncytins 1,2) and syncytial function. The homeobox gene DLX3 acts as 
257 a regulator of the TF repertoire (Chui et al. 2010; Chui et al. 2013). Some of these are in 
258 common with the evTB pathway but other evTB TFs inhibit the vSTB pathway. Thus ASCL2 
259 (Varberg et al. 2021), which promotes differentiation of progenitor vCTB to evTB at the tips 
260 of anchoring villi, also acts to suppress the pathway to intermediate cells and vSTB. 
261 Furthermore, genes associated with progenitor vCTB, including TEAD4 and YAZ, act to 
262 inhibit expression of components associated with differentiation to intermediate and 
263 syncytial states such as OVOL1, GCM1, CGß, ENDOU (polyU-specific endoribonuclease) and 
264 GDF15 (Meinhardt et al. 2020). Atypical protein kinase C iota (PKCλ/ι) signalling seems to 
265 stabilise the rate of cell transit into the intermediate/syncytial pathway by maintaining 
266 expression of GCM1, GATA2, and PPARγ (Bhattacharya et al. 2020). The nuclear receptor 
267 family TF PPARγ forms a dimeric complex with RXR and acts to integrate metabolic sensing 
268 with differentiation downstream of MAPK14 (p38alpha), enhancing expression of key vSTB 
269 genes including syncytin 1, leptin, CGß  and INSL4  (Liu et al. 2020; Ruebner et al. 2012).
270
271 Epigenetic factors
272 Epigenetic processes contribute to the transition to intermediate cells, which may be a key 
273 observation in understanding placental response to environmental challenge. The histone 
274 deacetylases HDAC1 and HDAC2 act on multiple core histone residues, prevention of which 
275 inhibits fusion. Alterations in histone H3 acetylation occur in regions containing the TF genes 
276 TEAD4, TP63, and OVOL1 as well as CGβ, the LIM-homeobox TF LHX4, and the Rho GTPase 
277 activator SYDE1 (Jaju Bhattad et al. 2020). Sirtuin 1 is another HDAC that compacts 
278 chromatin in response to nutrient deprivation, suppressing the expression of PPARγ (Pham 
279 et al. 2018). In this context, it is interesting to note reports that suggest the retention of 
280 epigenetic memory in trophoblast from pregnancy disease. Human trophoblast stem cells 
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281 (hTSC), derived by reprogramming fibroblasts from umbilical cord from pre-eclamptic or 
282 control placentas, show differences in invasive behaviour when induced to form evTB-type 
283 derivatives (Sheridan et al. 2019). hTS cells derived directly from placenta in recurrent 
284 pregnancy loss show skewing of the Hippo-TEAD4 pathway that influences self-renewal of 
285 early trophoblast lineages (Saha et al. 2020).
286
287 Paracrine signals from villous stromal cells can also influence fusion efficiency, probably by 
288 means of an effect on the transition to intermediate status. This is most clearly seen in the 
289 elevated fraction of vCTB seen in trisomy 21 placenta. Here, signalling by activin A released 
290 by villous mesenchymal cells is impaired, possibly by over-production of the binding protein 
291 follistatin. Activin A stimulates the TGFβ signalling pathway in cytotrophoblast leading to 
292 differentiation and fusion (Gerbaud et al. 2011).  
293
294 Cell kinetics of villous cytotrophoblast
295 The results of light microscopic characterisation of cell turnover in placental villous tissue in 
296 numerous labs have been exhaustively analysed (Mayhew 2014) and here only a brief 
297 summary is presented. Thin section morphometry is a reliable method for estimating 
298 mitotic rate, given appropriate sampling and nuclear staining. Newly divided vCTB may be 
299 seen adjacent to one another in the plane of the villous basement membrane, confirming 
300 that mitosis occurs with lateral cleavage, in keeping with the orientation of the metaphase 
301 plate (Fig. 1) (Aplin and Jones 2008).   Many authors have used immunostaining for the 
302 nuclear protein Ki67, which effects segregation between cytoplasmic and nuclear 
303 components as the nuclear envelope reforms after mitosis (Cuylen-Haering et al. 2020), and 
304 PCNA (DNApol III delta), both of which locate to in-cycle cells. It is important to note that 
305 although Ki67 staining is often referred to as a measure of cell proliferation, this is 
306 misleading, as the cycle duration may vary. Alternatively, short term tissue explants have 
307 been exposed to nucleotide analogues (BrdU, IdU or EdU), which incorporate into nascent 
308 DNA where they can be immunolocalised, thus marking cells that have passed through S 
309 phase during the period of exposure. 
310
311 Studies of human tissue throughout gestation have unambiguously demonstrated Ki67-
312 positive cells in the vCTB layer but not in the syncytium (Arnholdt, Meisel, et al. 1991; Kar, 
313 Ghosh, and Sengupta 2007; Farrokhnia et al. 2014; Forbes, Skinner, et al. 2012; Forbes, 
314 Farrokhnia, et al. 2012; Forbes et al. 2009; Forbes et al. 2008). The Ki67 protein has a short 
315 half-life (2-3h). These observations show that cells which have fused with the overlying 
316 syncytium must have left the cell cycle in advance. PCNA has a longer half-life (23h).   At 6-8 
317 weeks, about 14% of trophoblast nuclei are Ki67+, all vCTB, while PCNA marks 26.5% in 
318 vCTB, together with a further 6% in vSTB (Kar, Ghosh, and Sengupta 2007). The PCNA-
319 positive cells in the vSTB must therefore have fused within the 23h period preceding tissue 
320 fixation. When 6,7 and 8-week tissues are compared, a slight reduction in the proportion of 
321 in-cycle cells is seen with time, compatible with the hypothesis that, earlier in the first half 
322 of the first trimester, there may be more vigorous proliferation (Kar, Ghosh, and Sengupta 
323 2007). Roughly consistent with results obtained using immunohistochemistry on fixed 
324 tissue, when first trimester tissue was freshly explanted in medium containing BrdU for one 
325 hour ex vivo, nuclear incorporation of the marker could be seen in a sub-population of 
326 about 15% of vCTB; when the incubation time was extended to 3h, this increased to 32%, 
327 consistent with a cell cycle in progress at the time of sampling (Forbes et al. 2008; Arnholdt, 
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328 Meisel, et al. 1991). These figures are broadly consistent with the presence and relative 
329 abundance of the three distinct vCTB phenotypes suggested by scRNAseq (Liu et al. 2018).  
330 They are also consistent with the presence of G0 side-population cells amongst the vCTB 
331 (Gamage et al. 2020; James et al. 2015).
332
333 Thereafter, the number of vCTB increases about 10-fold between early second trimester 
334 (~6x108) and term (~6x109), while the ratio of vCTB to vSTB nuclei stays constant at about 
335 1:9 (Simpson, Mayhew, and Barnes 1992). The pool of S phase vCTB increases about 9-fold 
336 while the fraction of in-cycle cells increases by 15-fold, suggesting that the vCTB cell cycle 
337 becomes a little less rapid as gestation advances if S phase duration is constant (Arnholdt, 
338 Meisel, et al. 1991). Though their cell bodies become progressively more widely spaced, the 
339 vCTB retain intercellular contact by virtue of long filopodia that extend across the basement 
340 membrane (Jones et al. 2008).   
341
342 Endogenous and exogenous control of the cell cycle in villous cytotrophoblast 
343 There is evidence that regulatory RNA and protein phosphorylation networks both 
344 contribute to controlling the fraction of vCTB that is in-cycle.  When microRNA processing 
345 was inhibited by siRNA-mediated knockdown of the enzyme Dicer (present in 
346 cytotrophoblast but not in the syncytium (Forbes, Farrokhnia, et al. 2012)) in explanted first 
347 trimester villous tissue, the fraction of Ki67-positive vCTB increased from ~20% to ~50%. 
348 Thus the global effect of microRNAs is to restrain proliferation (Farrokhnia et al. 2014; 
349 Forbes, Farrokhnia, et al. 2012). It is possible that increased expression of the pro-mitogenic 
350 mediators ERK, MYC and the tyrosine phosphatase SHP-2 after Dicer knockdown could allow 
351 enhanced sensitivity to external or intrinsically-produced ligands.  Aromatase P450 
352 (hCYP19A1), GCM1, FZD5 and Erα, all genes characteristic of vSTB differentiation, are 
353 suppressed by microRNA miR-515-2, consistent with data indicating that microRNAs have an 
354 effect in maintaining a cell cycle-active vCTB population (Zhang et al. 2016). When the 
355 cytoplasmic tyrosine phosphatase SHP-1, which acts to restrain receptor tyrosine signalling 
356 to the ERK pathway, was depleted from first trimester villous tissue, there was an increase 
357 in EGF receptor phosphorylation in vCTB and in cyclin D1, leading to a similar-scale increase 
358 of the in-cycle cell fraction (Forbes, Skinner, et al. 2012). These studies, conducted in 
359 explant culture in serum-free medium and the absence of exogenous growth factors, 
360 strongly suggest endogenous restraint of proliferation in villous trophoblast. When this is 
361 lifted, receptor tyrosine kinase (RTK) pathways are activated leading to ERK stimulation and 
362 either the cell cycle becomes shorter or, more probably, there is release of cells from the 
363 putative reserve G0 population into the proliferative pool. It may even be that the reverse 
364 can occur, so that the epithelium retains an ability to respond to conditions in utero by 
365 adjusting the size of the progenitor cell pool (Fig. 5). It is significant that the SHP-1 null 
366 mouse shows fetal overgrowth (Shultz et al. 1993), though it is not clear if this is a 
367 placentally-controlled phenotype. 
368   
369 Though there is an extensive literature on the occurrence of RTK’s (Forbes and Westwood 
370 2010), toll-like receptors (Olmos-Ortiz et al. 2019), surface lectins (Balogh et al. 2019; 
371 Brinkman-Van der Linden et al. 2007), alkaline phosphatase (Solomon et al. 2014; Jones and 
372 Fox 1976) and others at the vSTB apical microvillous membrane, in some cases with data on 
373 the response to ligand stimulation, remarkably few investigators have examined the 
374 signalling pathways that mediate transmission of a stimulus to the underlying 
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375 cytotrophoblast layer (or beyond)(Fig. 2). There are numerous outstanding questions: are 
376 growth stimulatory factors themselves internalised and transported across the 
377 syncytioplasm to receptors on the underlying cell layer?  Or is there a signalling cascade 
378 mediated by second messengers?  We exclude from the present discussion studies that 
379 have relied on cell lines, as intrinsic cell cycle control is altered. For the most part we also 
380 omit studies of primary villous trophoblast in monolayer culture as, self-evidently, vectorial 
381 signalling across the bilayer is crucial to dissecting the problem.  Also, cytotrophoblasts 
382 isolated from villous tissue rapidly exit the cell cycle and fuse to form syncytial masses 
383 (Szilagyi et al. 2020).   
384
385 Intermediate cells
386 These findings led to a hypothesis that vCTB differentiation produces an intermediate cell 
387 preparing for fusion (Fig.2,4,5). Such cells are indeed observed with more irregularly shaped 
388 nuclei, sometimes with deep clefts and the chromatin more aggregated, forming small 
389 clumps, often attached to the nuclear membrane (Martin and Spicer 1973; Terzakis 1963; 
390 Jones and Fox 1991; Midgley et al. 1963; Pierce and Midgley 1963; Pierce, Midgley, and 
391 Beals 1964; Mayhew et al. 1999). The cytoplasm contains more organelles; mitochondria 
392 become smaller and often acquire vesicular cristae; unlike those of the in cycle vCTB, these 
393 mitochondria will develop P450scc activity (Martinez, Kiriakidou, and Strauss 1997).  If cell 
394 cycle exit is not accomplished before fusion, these changes to the mitochondria are not 
395 executed (Lu et al. 2017). Extensive cisternae of rough endoplasmic reticulum and free 
396 ribosomes develop although secretory droplets still tend to be sparse. 
397
398 At later stages of differentiation, the cytoplasmic features of the intermediate cell are 
399 indistinguishable from the syncytium (Fig. 4).  Intermediate vCTB in the process of fusion 
400 have been captured by transmission electron microscopy, with plasma membrane 
401 breakdown at the interface of apical cytotrophoblast and basal syncytioplasm, as seen by 
402 loss of linear membrane-associated alkaline phosphatase reaction product (Jones and Fox 
403 1991), though membrane remnants of the parent cytotrophoblast may remain, including 
404 desmosomes and membranous vesicles (Carter 1964; Burgos and Rodriguez 1966; Cavicchia 
405 1971; Reale et al. 1980).  Fusing cells are generally observed to retain their anchorage to the 
406 villous basement membrane at the basal surface, indicating that detachment is not a 
407 prerequisite of fusion.  
408
409 There is evidence that intermediate cells arise as a result of a transition from G1 in the 
410 mitotic cycle to a transient G0 (Ki67-) phase in which GCM1 is turned on and associates with 
411 the cell cycle inhibitor p21 to induce expression of syncytin 2 (Lu et al. 2017) (Fig. 2,5).  This 
412 is an important distinction with the extravillous lineage, in which daughter cells of precursor 
413 vCTBs undergo mitotic cycles to form columns, and eventually become polyploid (Velicky et 
414 al. 2018).  GCM1 controls the expression not only of factors required for fusion but also 
415 genes important in function of mature vSTB such as aromatase (CYP19A1) and CGB (Kumar 
416 et al. 2013) and persists to term in vSTB.  OVOL1 suppresses cell cycle-related genes such as 
417 MYC and TP63 (Renaud et al. 2015). TFs characteristic of the trophoblast lineage itself 
418 (GATA2) as well as some that arise at the specification of the intermediate phenotype 
419 (TFAP2A, GCM1) persist to term in active syncytial nuclei.  DLX3 controls GATA2 and PPARγ 
420 (Chui et al. 2013). Thus nuclei in vSTB itself are GCM1+/GATA2+/GATA3+/ TFAP2A+/DLX3+/ 
421 PPARγ+/RXRa+ in some combination (Table 1).  It is important to note that significant 
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422 amounts of mRNA may be delivered into the vSTB at fusion, so a part of its proteome can be 
423 maintained without de novo transcription.  
424
425 Growth factors
426 Growth factors that have been reported as stimulating vCTB proliferation in first trimester 
427 villous tissue include EGF (Arnholdt, Diebold, et al. 1991), IGF (Forbes et al. 2008), PDGF 
428 (Goustin et al. 1985) and TGF-β (Forbes et al. 2010). Early work (Maruo et al. 1995; 
429 Arnholdt, Meisel, et al. 1991) used short term explants of placental tissue to establish the 
430 existence of a proliferative response in vCTB (but not the syncytium) to EGF or IGF when the 
431 respective factor was introduced to the culture medium, simulating production in the 
432 maternal environment in vivo. Both EGF and its receptor (EGFR or ERBB1) in vCTB are 
433 present at 4-5 weeks and both endogenous and exogenous EGF can increase the Ki67+ vCTB 
434 fraction. It is noteworthy that EGF is a common factor in all culture media used to expand 
435 human trophoblast stem cells (hTS) (Turco et al. 2018; Okae et al. 2018; Haider et al. 2018). 
436 It was suggested that, after 6 weeks, the effect of EGF in villous trophoblast shifts to 
437 activate hormone production from vSTB, implying a differentiative response, and efforts to 
438 isolate and propagate hTS cells after mid-first trimester have been unsuccessful (Turco et al. 
439 2018; Haider et al. 2018). Use of biotin-EGF to trace internalisation of the ligand showed 
440 transport within a few minutes of binding to the basal syncytioplasm, apparently with 
441 continuing spatial association with its receptor. In late gestation tissue, a direct effect on 
442 syncytial secretory function was detected (Arnholdt, Diebold, et al. 1991).  Though these 
443 early studies were conducted at a time when the full complexity of the EGF signalling 
444 system (4 receptor subunits that homo- or heterodimerise to produce lower or higher-
445 affinity binding, and 7 ligands with a variety of affinities) was not appreciated, it is clear in 
446 many other systems that the EGF pathway can modulate both cell proliferation and 
447 differentiation. Suitably thorough studies that take into account spatial fields in the villous 
448 placenta (anchoring sites, floating villi, intermediate and stem villi), together with 
449 gestational age variation, have not been conducted, but it seems likely that the EGF 
450 signalling pathway has a role to play early in the evTB lineage; EGF is produced by decidual 
451 cells, endometrial glands (Wright et al. 2006; Hempstock et al. 2004) and in the villus 
452 (Maruo et al. 1992). The increase seen in phospho-EGFR on knockdown of SHP-1 
453 (mentioned above) suggests the presence of an endogenous ligand in the placenta; a 
454 possible candidate is amphiregulin, which is highly expressed in the first half of pregnancy 
455 (Lysiak, Johnson, and Lala 1995). SHP-1 seems to act as a bidirectional regulator of multiple 
456 RTKs so that, for example, its depletion also leads to decreased phosphorylation of the 
457 BDNF receptor TRKB in vCTB in the absence of exogenous ligand. There is evidence that 
458 TRKB may stimulate the proliferation of vCTB (Kawamura et al. 2009). These data indicate 
459 the presence of a complex RTK-based network controlling the homeostasis of the cell 
460 populations in the villus, and their response to external challenge. 
461
462 A significant literature identifies IGF-I and -II as important in the stimulation of placental 
463 growth, via a combination of endogenous production and maternally-sourced factors 
464 (Forbes and Westwood 2010). First trimester tissue stimulated by exogenous IGF-I in short 
465 term explant culture shows an increase in both the Ki67+ vCTB fraction and in the 
466 incorporation of BrdU (Forbes et al. 2008). The receptor IGFR1 is phosphorylated at the 
467 apical syncytial microvillous membrane, but downstream signalling depends on clathrin-
468 dependent receptor internalisation into early endosomes.  A few minutes later, 
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469 phosphorylation can be detected in IGF1R in the underlying cytotrophoblast layer. This 
470 suggests that the IGF ligand enters a trans-syncytial pathway that might lead to it binding to 
471 receptors on the underlying vCTB layer. Indeed, quantum dot-conjugated IGF can be tracked 
472 into the basal syncytioplasm, but the details of receptor distribution at the interface 
473 between the basal syncytial plasma membrane and the vCTB remain to be clarified 
474 (Karolczak-Bayatti et al. 2019). The vCTB expresses SHP-2, a cytoplasmic protein tyrosine 
475 phosphatase that acts downstream of IGF1R. SHP-2 is required in mice for trophoblast stem 
476 cell survival and proliferation (Yang et al. 2006), and is required to activate both the MAPK 
477 and PI3 kinase pathways, and generate the mitogenic effect of IGF in the villus (Forbes et al. 
478 2009). There is evidence that a microRNA species, mir145, is involved in the regulation of 
479 these events (Farrokhnia et al. 2014). After SHP-2 knockdown in first trimester explants, 
480 phosphorylation of the receptor can still occur in response to exogenous IGF, but the 
481 proliferative response is abolished (Forbes et al. 2009). The level of pAKT1 is unaffected but 
482 it shifts from the vCTB cytoplasm to the nucleus, suggesting that SHP-2 may anchor AKT1 in 
483 the cytoplasm. Also nuclear phospho-HSP27, a heat shock protein associated with 
484 differentiation, is elevated (Forbes et al. 2009).
485
486 IGF coupled to quantum dots, as mentioned above, or biotin, binds to the syncytial 
487 microvillous membrane, activates its receptor, becomes internalised and is moved within a 
488 few minutes into the deeper syncytioplasm. It is not yet clear how from there a signal is 
489 transmitted to activate IGFR1 in vCTB. In addition to the mitogenic stimulus to vCTB, binding 
490 of IGF at the apical vSTB membrane activates a signalling cascade within the syncytium 
491 itself. This leads to phosphorylation and redistribution of S6K1 (P70S6K). In turn, this may 
492 indicate effects on multiple nutrient sensory pathways, mitochondrial biogenesis and 
493 protein biosynthesis mediated through mTORC (Gupta and Jansson 2019). IGF binding 
494 proteins including IGFBP3 can both modulate the effects of IGFs and themselves show 
495 independent regulatory action (Forbes et al. 2010).
496
497 Over 30 years ago, it was reported that vCTB in first trimester express PDGF receptors, that 
498 endogenous ligand is produced by explanted villous tissue and that c-MYC might be 
499 activated downstream of receptor binding to activate the mitotic cycle (Goustin et al. 1985). 
500 However, to our knowledge, this work has not been followed up. Exogenous TGFβ1 
501 stimulates proliferation in vCTB (both increased Ki67 counts and increased cell fraction 
502 incorporating BrdU) through binding to receptors (TGRβ2 and possibly TGRβ5) in vSTB 
503 leading to phosphorylation of SMAD2 and ERK1/2 in vCTB (Forbes et al. 2010).  Conversely, 
504 working through endoglin at the cell surface, TGFβ inhibits cells from entering the evTB 
505 pathway (Caniggia et al. 1997). The retroviral envelope protein syncytin 1  mediates fusion 
506 of vCTB with overlying vSTB (Frendo et al. 2003; Roberts et al. 2021), but thereafter 
507 continues to be expressed at the syncytial apical microvillous membrane (Holder, Tower, 
508 Abrahams, et al. 2012) where it is thought to exert immunosuppressive functions 
509 (Mangeney et al. 2007). It has also been suggested to exert an influence on cell signalling 
510 and dynamics in trophoblast, including cell-cycle regulation, but how this might play out in 
511 the intact villus is unclear (Roland et al. 2016).
512
513 In summary, signalling to alter proliferative status can occur indirectly by altering the 
514 microRNA repertoire, from receptors activated by ligands present in the placenta itself, or 
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515 by ligands reaching the intervillous space from uterine secretions or the maternal 
516 circulation.   
517
518 Villous syncytiotrophoblast structure and activity
519 In the first trimester, the vSTB has a scalloped profile created by the presence of apical 
520 projections (Fig. 1) and the cytoplasm is filled with small, ovoid mitochondria, cisternae of 
521 rough and smooth endoplasmic reticulum, granules and secretory droplets of various types 
522 as well as multivesicular bodies and endocytic channels (Jones and Fox 1991). Golgi bodies 
523 are hard to discern.  Nuclei are generally evenly spaced and somewhat irregular in shape 
524 with chromatin aggregated beneath the nuclear membrane except just under the nuclear 
525 pores where pale areas are evident. Nucleoli are frequently present, though smaller than 
526 those in vCTB (Martin and Spicer 1973). After fusion of the intermediate cell with the 
527 syncytium, nuclear morphology does not greatly alter (Fig. 4). Towards term, nuclear 
528 morphology in the syncytium ranges from heterochromatic to highly condensed and 
529 pyknotic (Fig. 6), many not differing significantly from early pregnancy except for a reported 
530 decrease in nucleolar size (Martin and Spicer 1973).  
531
532 Many syncytial nuclei are transcriptionally active, containing RNA polymerase I and II, as 
533 well as markers of transcription including cAMP response element binding protein (pCREB-
534 1) (Knofler et al. 2000) and phospho-upstream binding protein (pUBF) (Fogarty et al. 2011); 
535 nuclei lacking these markers make up about 20-40%, with the ratio of transcriptionally 
536 active to inactive nuclei maintained at around 4:1 throughout gestation. In vitro approaches 
537 coupled with single cell RNAseq have yielded a catalogue of syncytiotrophoblast mRNA 
538 species and associated functions (Yabe et al. 2016). The vSTB exhibits a pattern of gene 
539 expression that has been suggested to be consistent with a senescent state (Chuprin et al. 
540 2013; Cox and Redman 2017). In senescence, cells (or nuclei in this context) survive under 
541 irreversible growth arrest via the p53/p21 and p16/pRb tumour-suppressor networks, 
542 where p21 (CDKN1) and p16 (CDKN2) are cyclin-dependent kinase inhibitors. The cells are 
543 resistant to apoptosis (see below) and secrete a characteristic repertoire of cytokines, 
544 chemokines, growth factors, and proteases that mediate crosstalk with the host 
545 environment, including NFkB and JAK-STAT target genes. There is a suggestion that a 
546 senescence programme present in vSTB may be compromised in placental pathology (Gal et 
547 al. 2019). In the presence of DNA damage, senescence may allow the appearance of a pro-
548 inflammatory placental phenotype (Singh, McKinney, and Gerton 2020).
549
550 Syncytiotrophoblast sub-specialisation
551 There are at least two anatomically and functionally distinct areas present in the mature 
552 villus (Fig.7).  One is the vasculosyncytial membrane, where underlying capillaries have 
553 dilated and appose the trophoblast basement membrane, with thinning of the overlying 
554 syncytioplasm to 2-4m.  Here, nuclei are absent and gas and nutrient transfer is at its most 
555 efficient.  With advancing gestation, the mean packing density of nuclei decreases due to 
556 thinning of the syncytium and expansion of the villous tree (Mayhew and Simpson 1994).  
557 Another discrete area of the syncytium, which appears from about 34 weeks, is where 
558 syncytial nuclear aggregates (SNAs; also known as syncytial knots) form (Fig. 6). They may 
559 sometimes fuse to form intervillous bridges, thus forming an internal support system within 
560 the placenta (Jones and Fox 1977; Calvert et al. 2013). Here nuclei are closely packed and 
561 often encircled by intermediate filaments and occasionally annulate lamellae (Jones and Fox 
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562 1977); these are stacked sheets of membranes embedded with pore complexes which are 
563 morphologically similar to nuclear pore complexes on the nuclear envelope. Nucleoli are 
564 either absent or reduced to loosely scattered particles, organelles are few and the overlying 
565 cell surface lacks microvilli and pinocytotic activity (Jones and Fox 1977), suggesting limited 
566 metabolic process or fluid transfer in these areas. With loss of surface pores, the nuclei 
567 become smoother, rounder, pyknotic and very electron dense (Figs 6, 8). Many lack 
568 immunoreactive RNA polymerase II and pUBF and display evidence of oxidative damage 
569 (Fogarty, Ferguson-Smith, and Burton 2013). It is plausible that as nuclei age, they are 
570 packed into SNAs or knots (Huppertz, Kadyrov, and Kingdom 2006). While nuclei in knots are 
571 sometimes TUNEL-positive (indicative of DNA strand cleavage) (Coleman et al. 2013; Huang 
572 et al. 2014; Chan, Lao, and Cheung 1999), they do not show the changes characteristic of 
573 classical apoptosis such as blebbing of the nuclear membrane and fragmentation (see 
574 below). Furthermore, mRNA encoding a specific splice form of sFLT1 (1-14), a potent 
575 inhibitor of VEGF action at the receptor, can be found in SNAs, suggesting that some 
576 transcriptional activity is retained (Sela et al. 2008), and some nuclei in SNAs show elevated 
577 5-hydroxymethyl cytosine, an epigenetic mark associated with transcriptional activation or 
578 plasticity, as well as a lower level of repressive histone marks including H3K9me3 and 
579 H3K27me3 than is found in vCTB (Wilson et al. 2019). 
580
581 Intriguingly, ‘single cell’ RNAseq, which in this case appears to be reporting the 
582 transcriptomes of small syncytial fragments that arise during tissue processing, suggests the 
583 possibility of two specialised areas of function represented as ‘sub-branches’ of the cluster 
584 assigned to vSTB. One is biased towards expression of endocrine genes such as 
585 GH2 and CGB, the other towards components involved in cell fusion such as ERVW-
586 1 (syncytin-1), ERVFRD-1(syncytin-2), and ERVV-1 as well as the placental galectin LGALS13, 
587 and INSL4, a gene target of ERVs (Tsang et al. 2017).  It is not clear that syncyium has been 
588 representatively sampled in this protocol but if so, it raises questions about how spatial 
589 fields (or single nuclei) with distinct morphology, gene expression and function are 
590 established and maintained in a multinucleate layer.  Heterogeneity in the trophoblast 
591 transcriptome may arise as a result of spatial segregation of clonal subpopulations with 
592 characteristic mutational signatures in early gestation, creating a genetic mosaic (Coorens et 
593 al. 2021). The increased incidence of SNAs in the common pregnancy pathologies of PE and 
594 FGR may imply altered placental function, perhaps impinging on the efficiency of the 
595 transporting function of the vSTB. While there is abundant incidental evidence that protein 
596 components of the syncytial microvillous membrane are not uniformly distributed, it will be 
597 interesting to investigate whether specific areas are associated with outward-facing 
598 functions such as maternal immunomodulation (Balogh et al. 2019).
599
600 Autophagy within trophoblast 
601 Immunocytochemical studies have located several gene products within the placental villus 
602 from 7 weeks to term, the functions of which are primarily related to autophagy: beclin-1, 
603 LC3 (encoded by MAP1LC3B), DRAM, LAMP-2, ATG-1, Atg5, Atg16L1 and Atg9 (Hung et al. 
604 2013; Chifenti et al. 2013; Curtis et al. 2013; Signorelli et al. 2011). LC3 and beclin-1 are 
605 located mainly in vCTB in early gestation, while at term they are found in vSTB. It is 
606 therefore likely that autophagy plays a role in the homeostasis of the placenta (Gong and 
607 Kim 2014; Oh and Roh 2017; Nakashima et al. 2019). Structures known to be removed by 
608 autophagy include endoplasmic reticulum, peroxisomes, lipid droplets, secretory granules, 
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609 ribosomes and aggregate-prone proteins as well as parts of the nucleus (Reggiori et al. 
610 2012). 
611
612 Nutrient deprivation is a potent inducer of autophagy. The mTOR pathway is at the heart of 
613 nutrient sensing (Bildirici et al. 2012) and comprises two distinct protein complexes (mTORC 
614 1 and 2) with some common components. It is a serine/threonine kinase-mediated response 
615 to the tissue environment that can regulate cell cycle, survival, nutrient acquisition and 
616 metabolism including protein and lipid synthesis. It is present in both vCTB and vSTB but 
617 much of the relevant literature uses phosphoprotein analysis of tissue homogenates to 
618 assess mTOR activation, not allowing an evaluation of whether the response to a particular 
619 stimulus is in one or the other cell type (Dong et al. 2020).  
620
621 To minimise the potentially disruptive effect of functionally competent proteins overloading 
622 the maternal circulation, stabilisation/inactivation reactions occur such as cross-linking and 
623 partial proteolysis (Robinson et al. 2007) leading to subsequent internalisation and 
624 processing of placental debris by phagocytes. Surface components of the vSTB plasma 
625 membrane such as syncytin-1 can aid in this process (Holder, Tower, Forbes, et al. 2012).  In 
626 pre-eclampsia, processing by the placenta may be incomplete, and indeed there is evidence 
627 for impaired transglutaminase-mediated cross-linking of cytoskeletal proteins (Robinson et 
628 al. 2007).  Particulate material from pre-eclamptic placentas is also more potent in 
629 activating inflammatory responses in circulating monocytes, contributing to the maternal 
630 systemic effects of this type of placentation (Holder, Tower, Forbes, et al. 2012; Holder, 
631 Tower, Jones, et al. 2012).   It also has adverse effects on endothelial cell function, 
632 consistent with a disseminated maternal vascular pathology (Shomer et al. 2013). 
633
634 Apoptosis
635 There is extensive and complex crosstalk between autophagy and apoptosis (Zhou, Yang, 
636 and Xing 2011; Oral et al. 2016; Eisenberg-Lerner et al. 2009), with molecular regulators of 
637 both pathways being inter-connected and, in several cases, shared. Early work suggested 
638 that apoptosis plays a role in the normal turnover of cells in the placenta, the syncytium 
639 existing in a latent stage of apoptosis (Huppertz, Kadyrov, and Kingdom 2006) and caspases 
640 3 and 6 being active at specific sites. Apoptosis can also be a response to cell stress, though 
641 often autophagy promotes cell survival by antagonising it (Bildirici et al. 2012).  Reliable 
642 ultrastructural attributes of apoptosis – nuclear condensation and detachment from the 
643 basement membrane, together with organelle swelling -- have been observed in vCTB, 
644 especially in first trimester placentae (Burton et al. 2003), and appear to be associated with 
645 secondary necrosis.  The apoptosis marker clCyt18 (also known as M30) is generated by the 
646 action of activated caspase 8 on cytokeratin 18. While earlier immunostaining had been 
647 interpreted as a focal event in vSTB (Austgulen et al. 2002; Smith, Baker, and Symonds 
648 1997), it was later shown to be confined to a small subpopulation of villous cytotrophoblasts 
649 as well as cross-sections of residual vCTB processes seen in thin section within term vSTB 
650 (Longtine et al. 2012; Jones et al. 2008). Other markers of caspase-mediated apoptosis 
651 (clCASP8, and clPARP) were also found only in small cells delineated by E-cadherin staining, 
652 suggesting they are also localising in apoptotic vCTB (Longtine et al. 2012); in vSTB they 
653 were seen only in restricted areas containing fibrinoid repair matrix   In vitro, 
654 cytotrophoblast is more susceptible to apoptosis than syncytiotrophoblast (Crocker et al. 
655 2001; Austgulen et al. 2002).  
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656
657 Given that syncytiotrophoblast forms a continuous outer covering for the villus tree, 
658 classical apoptosis, if present at all, would have to be spatially restricted. Observations 
659 made in primary cultures of fusing vCTB show that, when apoptosis is induced 
660 experimentally, it spreads very rapidly throughout multinuclear cells. It seems likely, 
661 therefore, that resistance to apoptosis in syncytiotrophoblast operates to preserve the 
662 integrity of the maternofetal barrier, though the machinery is present and may be called 
663 into action in limited circumstances or pathology. In contrast, apoptosis is a protective 
664 mechanism available to vCTB. 
665
666
667 Shedding
668 A full appreciation of trophoblast turnover requires end-of-life data. Shedding of unwanted 
669 cellular material is an important route of disposal that can operate as a communication 
670 pathway between the placenta and the maternal system (Redman and Sargent 2007).  Here 
671 we consider shedding in the context of the loss of trophoblast nuclei rather than 
672 microparticles (~100nm) or exosomes (<100nm), as part of cell turnover.   Syncytial masses 
673 comprising  ghosts and mononuclear trophoblasts are found in maternal lungs (Benirschke 
674 and Willes 2010; Schmorl 1893) and at that stage show TUNEL staining indicative of DNA 
675 cleavage. The narrow-necked villous sprouts common at the syncytial microvillous 
676 membrane in early pregnancy, but also found in smaller numbers at term, typically contain 
677 as many as 50 heterochromatic nuclei (Aplin, Lewis, and Jones 2017; Burton and Jones 
678 2009). They are generally attached to the main placenta by a narrow stalk and thus can 
679 easily break away, and once maternal blood circulates through the intervillous space, they 
680 may enter maternal circulation in significant numbers.  
681
682 In pre-eclampsia, there is damage to the syncytiotrophoblast with loss of normal 
683 architecture and integrity (Jones and Fox 1980) that has been ascribed to shear forces of 
684 maternal arterial blood entering the intervillous space under turbulent flow as a result of 
685 incomplete remodelling of maternal uterine spiral arteries (Hutchinson et al. 2009). This is 
686 associated with an elevated release of supramolecular and particulate material (Redman et 
687 al. 2012) and large swathes of cytoplasm, sometimes containing nuclei, may break away to 
688 be deported into the maternal circulation. Placental material isolated from uterine veins of 
689 women with pre-eclampsia shows a range of morphologies, with the majority appearing to 
690 be syncytial sprouts (Sargent et al. 1994). The amount in the peripheral circulation is, 
691 however, not altered in pre-eclampsia, nor do the numbers of deported trophoblast cells 
692 relate to the severity of the disease (Johansen et al. 1999).  Intact circulating trophoblast 
693 cells are rare (Johansen et al. 1999); the predominant cell type has been shown to be HLA-
694 G-positive mononuclear endovascular trophoblast (Oudejans et al. 2003).   
695
696 Free fetal DNA, detected in maternal circulation at about 3-6% of the total present (Lo et al., 
697 1998) and now used widely for pre-natal diagnosis, has long been assumed to arise largely 
698 from the trophoblast (Alberry et al. 2007; Flori et al. 2004). Levels are increased in pre-
699 eclampsia (Zhong et al. 2001). When primary term vCTB in culture is allowed to fuse over 
700 48-96h, large amounts of DNA appear in the culture medium (Robinson et al. 2007). In 
701 pregnancies prolonged beyond 41 weeks, nuclear membranes in SNAs sometimes break 
702 down and the chromatin forms intertwining coils, resulting in double-stranded structures 
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703 about 30-80nm in diameter with diffuse electron dense contents, sometimes around a 
704 central electron-lucent area (Fig. 8) but the relevance to earlier stages of pregnancy is 
705 uncertain  (Cindrova-Davies et al. 2018). 
706
707 There are areas of the villous surface from which the syncytium has been denuded, thus 
708 exposing underlying cytotrophoblast and basement membrane and initiating the deposition 
709 of a fibrin-derived repair matrix with distinct permeability properties (Fig. 9) (Brownbill et al. 
710 2000; Nelson et al. 1990).  Explant experiments suggest that new syncytiotrophoblast can 
711 eventually grow from regenerating cytotrophoblast cells and cover up the denuded areas 
712 (Siman et al. 2001), possibly aided by a population of adherent maternal macrophages 
713 (Thomas et al. 2021), and it has been pointed out that this process must be taken into 
714 account in the context of trophoblast kinetics, as repair processes may take the place of 
715 growth (Mayhew and Barker 2001).  Such areas may arise after abruption of inter-villous 
716 bridges or other modes of mechanical damage (Mayhew and Barker 2001). There is little 
717 evidence to support apoptosis in syncytial nuclear aggregates (SNAs), nor the notion that 
718 they are regularly shed (Burton and Jones 2009); they generally lack the pedunculated tear-
719 drop shape associated with break away and deportation into maternal circulation, and while 
720 they only appear from about 34 weeks, the proportion of cytotrophoblast to syncytial nuclei 
721 remains constant throughout pregnancy (Simpson, Mayhew, and Barnes 1992). The 
722 presence of pyknotic, heterochromatic, transcriptionally inactive nuclei in vSTB, and 
723 particularly in SNAs, that are also TUNEL-positive (Coleman et al. 2013; Huang et al. 2014; 
724 Chan, Lao, and Cheung 1999) may point to another, as yet unknown, mechanism of DNA 
725 breakdown.   
726
727 Chronic hypoxia occurs if insufficient blood reaches the IVS to meet the growing metabolic 
728 demands of the fetoplacental unit, especially in the last trimester. Indeed, infarcted areas of 
729 chronic villous congestion with compressed intervillous spaces, and absence of erythrocytes 
730 are familiar in placental histopathology and are taken as evidence of maternal vascular 
731 malperfusion (MVM), which may be more or less extensive; if the latter, there may be no 
732 severe consequence for the fetus, as placental reserve capacity for importation of oxygen 
733 and nutrients may be adequate.  A similar comment applies to localised regression of blood 
734 vessels in areas of the placental villous tree downstream of fetoplacental thromboses.  
735 What is striking in the placental context is the absence of major inflammatory change in 
736 these areas, and no sign of extensive cell death (Fox and Sebire 2007); indeed current 
737 pathological classification distinguishes vascular lesions on either side of the circulatory 
738 system from immune or idiopathic inflammatory conditions (Redline 2015).  This reflects the 
739 reduced numbers and responsiveness of inflammatory cells such as neutrophils and 
740 macrophages in the systemic fetal immune system, and the properties of placental 
741 macrophages (Hofbauer cells), which are pro-angiogenic, phagocytic and potentially 
742 microbicidal, but resist inflammatory stimuli (Schliefsteiner, Ibesich, and Wadsack 2020; 
743 Thomas et al. 2021; Ingman et al. 2010). Thus placental villous tissue has the capacity to 
744 become quiescent, taking the role of a harmless onlooker as gestation proceeds. This 
745 contrasts profoundly with the inflammatory events that follow infarction in adult tissues. 
746
747 More serious consequences may ensue if there are cycles of hypoxia and reperfusion in 
748 which reactive oxygen species damage mitochondria and other organelles; removal of 
749 organelles by autophagy or shedding may then contribute to cell survival (Burton et al. 
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750 2020). Unregulated shedding of membranous material, as well as alterations in the placental 
751 secretome, may in turn activate a systemic response in maternal vascular endothelium, and 
752 it is this cycle that eventually produces pre-eclampsia (Aplin et al. 2020). 
753
754 Conclusions  
755 The suggested model of growth control might provide a framework for better 
756 understanding of gestational changes in cell dynamics as well as disease progression and 
757 effects, but it needs further testing. Some of the following measures can be recommended: 
758 incorporation of modified nucleotides such as EdU into short term explant cultures of 
759 freshly-delivered placenta, comparing the incidence of S phase in CTB in normal and 
760 pathological pregnancies; use of robust markers to quantify intermediate cells, mitotic cells 
761 and (ideally) cells in G0; analysis of zonal gene expression (especially in vSTB) using RNA 
762 polymerase-based readouts or more advanced in situ transcriptomics; a more incisive and 
763 critical approach to DNA breakdown; and robust sampling protocols, so that a 
764 representative picture of the placenta can be constructed.
765
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783 Figure legends
784
785 Figure 1.  Semithin section of first trimester placenta stained with Toluidine Blue showing 
786 the outer syncytiotrophoblast and underlying cytotrophoblast cells.  A cell in mitosis can be 
787 seen bottom right (*) with the plane of division parallel to the basement membrane (arrow).  
788 Note the small blood vessels in the stroma. 
789
790 Figure 2. Drawing showing cytotrophoblast with intermediate cells (blue) in a first trimester 
791 villus cross-section.  Maternal nutrients and growth factors (histotroph, of largely uterine 
792 origin) reach the apical syncytial surface.  The syncytium and intermediate cells are post-
793 mitotic so growth stimuli have to be conveyed across the syncytium to undifferentiated 
794 cytotrophoblasts.  Adapted from (Karolczak et al)
795
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796 Figure 3. Electron micrograph of a 10 week placenta showing three newly divided 
797 cytotrophoblast cells (CT) with evenly dispersed chromatin and prominent nuclear 
798 envelopes.  A nucleolus can be seen in the cells lower left and upper right (arrows).  
799 Overlying the cytotrophoblasts is syncytiotrophoblast with 6 nuclear profiles visible, 
800 characteristic vesicular syncytioplasm and complex microvillous apical surface.   
801
802 Figure 4.  An intermediate cell (IC) with ultrastructural cytoplasmic features similar to those 
803 of the overlying syncytiotrophoblast; the apical IC plasma membrane is shown by 
804 arrowheads.  Desmosomal junctions can be seen (arrows) linking it to the syncytium.  
805
806 Figure 5. Flow chart showing the relationships between trophoblast subsets in the villus 
807 along with some of the mediators of transition.  It is hypothesized that cells transit from the 
808 G0 reserve population to the proliferative pool and that growth factors such as IGF can affect 
809 the kinetics of this process.  The putative ability to ability to shift in either direction between 
810 the reserve and mitotic populations provides a general mechanism for trophoblast to adapt 
811 in response to maternal signals.  Transition to the intermediate vCTB or evTB and further 
812 differentiation is irreversible.  
813
814 Figure 6. Electron micrograph of a syncytial nuclear aggregate from a case of prolonged 
815 pregnancy showing  nuclear morphologies ranging from relatively normal (*) to extremely 
816 condensed and pyknotic (**).
817
818 Figure 7.  Semithin section of a term villus stained with Toluidine Blue showing anuclear 
819 vascular syncytial membranes (VSM) and intervening areas with nuclei.  
820
821 Figure 8.  Electron micrograph from a case of post-maturity (41 weeks gestation) with nuclei 
822 showing extreme pyknosis (*) and coils of chromatin (arrows) reflecting nuclear breakdown.
823
824 Figure 9.  Section of a term placenta. The deeply red-stained material is fibrinoid repair 
825 matrix thought to deposit in areas where the trophoblast is damaged. Note that the 
826 adjacent trophoblast layer is interrupted (arrowheads). 
827
828
829
830 Table 1.  Transcription factor (TF) repertoire of human villous trophoblast. Note this is not 
831 an exhaustive survey; many more TFs have been discovered in hTS and trophoblast 
832 transcriptomes, and several dozen are probably required for full specification of the 
833 phenotype. Heterogeneity of TF expression in vCTB, and TF levels at specific gestational ages 
834 are not yet well characterised in most cases.  Recent reviews give more detail, including 
835 delineation of the role of this TF repertoire in mouse (Knofler et al. 2019; Hemberger, 
836 Hanna, and Dean 2020). Extravillous trophoblast is not included in this survey.   
837
838
839
840
841
842
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843
844
845
846
847

TF Expression in Function References 
AP2/TFAP2A TE, (vCTB), vSTB Placental hormone gene 

expression 
(Knofler et al. 
2000; Kessler et 
al. 2015; 
Kuckenberg, 
Kubaczka, and 
Schorle 2012; 
Richardson et al. 
2001) 

AP2γ/TFAP2c TE, vCTB, (vSTB) Lineage maintenance 
downstream of 
TEAD4/ELF5/TP63 

(Kuckenberg, 
Kubaczka, and 
Schorle 2012; 
Richardson et al. 
2001) 

ARNT vCTB Dimerises with HIF1α  
CDX2 TE/TS/some vCTB in 

1st trimester 
Early trophoblast lineage 
marker, leads to 
TEAD4/ELF5/TP63 expression, 
sustained only in a trophoblast 
subset post-implantation. 

(Hemberger et 
al. 2010; 
Hemberger et al. 
2012; Paul et al. 
2017; Soncin et 
al. 2018)  

DLX3 vCTB, vSTB  Regulates gene expression 
in syncytiotrophoblast 

(Chui et al. 2011; 
Roberson et al. 
2001) 

ELF5 TE/TS/some vCTB in 
1st trimester  

Stabilisation of early 
trophoblast lineage, including 
CDX2 and TEAD4 expression 

(Hemberger et 
al. 2010; 
Hemberger et al. 
2012) 29361559 

ETS1 vCTB Regulates fusion and syncytial 
genes. Upstream of AP2. 

(Kessler et al. 
2015) 

GATA2 TE/S/vCTB (subset, 
1st trimester)/vSTB (nuclear 
subset) 

Cooperates with lysine-specific 
demethylase 1 
(LSD1) to support 
differentiation to intermediate 
cells 

(Paul et al. 2017; 
Milano-Foster et 
al. 2019) 

GATA3 TE/TS/vCTB/vSTB (term 
placenta) 

Downstream of 
TEAD4/ELF5/TP63. Negative 
regulator of GCM1. 

(Paul et al. 2017; 
Chiu and Chen 
2016; Gerri et al. 
2020) 

GCM1 vCTB, vSTB (intermediate-
type), vSTB 

Regulates fusion-related gene 
expression in intermediate 

(Baczyk et al. 
2004; Kumar et 
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cells and genes required 
in function of 
mature syncytiotrophoblast  

al. 2013; Lin, Lin, 
and Chen 2005; 
Liang et al. 2010; 
Lu et al. 2017) 

HIF1α Pathway available 
in vCTB and vSTB but its level 
of utilisation is unclear. 
Localisation affected by 
tissue processing 
protocols.  Also a homologue 
HIF1. 

Upregulated at low pO2 but 
also widely regulated by 
metabolites.  Over- and under-
expression both cause 
pathology in mouse 
pregnancy.  

(Caniggia et al. 
2000; Burton et 
al. 2021) 

ID2 vCTB Repressor of bHLH-induced 
gene expression, inhibits 
differentiation 

(Townley-Tilson 
et al. 2014; 
Janatpour et al. 
2000)  

MYC vCTB Cell cycle promoter and 
inhibitor of GCM1-mediated 
differentiation 

(Farrokhnia et al. 
2014; Kumar et 
al. 2013) 

OVOL1 vCTB (intermediate-type) Suppresses progenitor cell 
genes including MYC, 
TP63.  Stimulates expression 
of fusion genes.  

(Renaud et al. 
2015) 

PPARγ vCTB, vSTB Metabolic regulator including 
fatty acid uptake. Regulates 
syncytial differentiation 
markers including CGB,   

Bhattacharya et 
al. 
2020  (Ruebner 
et al. 2012; Liu 
et al. 2020; 
Fournier et al. 
2011) 

RXRα vCTB, vSTB Obligate partner of PPARγ (Ruebner et al. 
2012; Fournier 
et al. 2011) 

TEAD4 TE/TS/vCTB throughout 
gestation 

Required for trophoblast self-
renewal 

(Saha et al. 
2020; Soncin et 
al. 2018) 
 

TCF1 vCTB Self-renewal. Operates 
via Wnt/-catenin signalling. 

(Knofler et al. 
2019; Haider et 
al. 2018) 

TP63 vCTB in early gestation Member of the P63 TF family (Lee et al. 2007) 

VGLL1 vCTB throughout gestation Complexes with TEAD4 (Soncin et al. 
2018) 

YAP1 TE/TS/vCTB In complex with TEAD4 
promotes maintenance of 
proliferative and progenitor 

(Meinhardt et al. 
2020) 
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cell characteristics, 
while inhibiting differentiation 
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