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Abstract

Labor is a complex physiological process requiring a well-orchestrated dialogue between the 

mother and fetus. However, the cellular contributions and communications that facilitate maternal-

fetal crosstalk in labor have not been fully elucidated. Herein, single-cell RNA sequencing 

(scRNA-seq) was applied to decipher maternal-fetal signaling in the human placenta during term 

labor. First, a single-cell atlas of the human placenta was established, demonstrating that maternal 

and fetal cell types underwent changes in transcriptomic activity during labor. Cell types most 

affected by labor were fetal stromal and maternal decidual cells in the chorioamniotic membranes 

(CAM) and maternal and fetal myeloid cells in the placenta. Cell-cell interaction analyses showed 

that CAM and placental cell types participated in labor-driven maternal and fetal signaling, 

including the Collagen, C-X-C motif ligand (CXCL), tumor necrosis factor (TNF), Galectin, 

and interleukin (IL)-6 pathways. Integration of scRNA-seq data with publicly available bulk 

transcriptomic data showed that placenta-derived scRNA-seq signatures could be monitored in the 

maternal circulation throughout gestation and in labor. Moreover, comparative analysis revealed 

that placenta-derived signatures in term labor were mirrored by those in spontaneous preterm 

labor and birth. Further, we demonstrated that early in gestation, labor-specific placenta-derived 

signatures could be detected in the circulation of women destined to undergo spontaneous preterm 

birth, either with intact or prematurely ruptured membranes. Collectively, our findings provide 

insight into the maternal-fetal crosstalk of human parturition and suggest that placenta-derived 

single-cell signatures can aid in the development of non-invasive biomarkers for the prediction of 

preterm birth.

One Sentence Summary:

Single-cell RNA sequencing of the human placenta reveals the maternal and fetal cell types and 

communication networks implicated in parturition

INTRODUCTION

Labor is a multi-stage process that involves the coordinated activation of physiological, 

biochemical, endocrinological, and immunological pathways in the mother and fetus, 

resulting in successful delivery of the offspring (1, 2). Labor involves extra-uterine and 

intra-uterine components, of which the latter comprises the increased uterine contractility, 

the final stage of cervical remodeling (dilation and effacement), and decidual/membrane 

activation that are considered hallmarks of the common pathway of parturition (3–5). 

Spontaneous labor at term represents a state of physiological inflammation (6–11) that 

includes increased leukocyte infiltration and expression of inflammatory mediators in the 

uterine tissues (12–27), cervix (6, 13–16, 28–31), and chorioamniotic membranes (7, 14, 
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15, 32–35) as well as in the maternal circulation (16, 36–45). Although previous murine 

studies proposed that the inflammatory pathways implicated in labor are independently 

controlled by the mother or the fetus (46–49), recent work has mechanistically proven 

that such a complex process is driven by both maternal and fetal signaling (50, 51). This 

concept is supported by human studies showing that, in some cases, the fetus can initiate the 

onset of preterm parturition (52–54). However, the tightly orchestrated mechanisms whereby 

maternal-fetal crosstalk can regulate labor are poorly understood, and thus there is a need for 

deep exploration of the contributions of maternal and fetal cells and their communication. 

The local sites of contact between maternal and fetal cells are collectively termed the 

maternal-fetal interface and include the decidual tissues (decidua basalis and decidua 

parietalis) and the intervillous space of the placenta (55–63). These sites of maternal-fetal 

interaction are highly heterogeneous and include multiple tissular and immune cell types; 

therefore, the use of discovery approaches such as single-cell omics is required to decipher 

the specific cell type signaling pathways implicated in the complex process of labor.

Single-cell RNA sequencing (scRNA-seq) has provided a wealth of information regarding 

the involved cell types, key cellular interactions, and immune signaling pathways taking 

place throughout gestation (64). Indeed, we have undertaken investigations using single-

cell approaches to unravel the signaling networks altered in the human placenta (65) and 

myometrium (66) during preterm and/or term labor. However, a comprehensive single-cell 

atlas of the maternal-fetal interface in human parturition remains to be established, given the 

proposed role of the decidua as the anatomical site of cellular and molecular processes that 

dictate the initiation of labor (11, 67–70). Although scRNA-seq continues to provide new 

insights into pregnancy and its complications, the translation of such findings to a clinical 

setting remains a challenge. One means of overcoming this limitation has been to integrate 

single-cell gene signatures derived from the placental tissues with the maternal systemic 

cellular transcriptome to monitor pregnancy (42, 66) and potentially predict disease. Indeed, 

this approach has yielded successful models for the non-invasive identification of women 

with preeclampsia (71, 72) and was proposed to have value for prediction of spontaneous 

preterm labor (65). However, the potential translational utility of single-cell signatures 

derived from the placenta, including maternal and fetal cells, for detecting the labor-specific 

molecular signals in the maternal circulation of women with different subsets of spontaneous 

preterm birth has not been fully explored.

Herein, we utilized scRNA-seq to generate a comprehensive single-cell landscape of 

the human placenta during parturition by examining the placenta [including placental 

villous tree attached to the basal plate (the decidua basalis)] and extraplacental tissues 

(chorioamniotic membranes including the decidua parietalis) from women who underwent 

term delivery with or without spontaneous labor. We described the cellular composition 

of each compartment and identified those maternal and fetal cell types most impacted 

by the labor process. The analysis of cell type transcriptomic profiles highlighted labor-

associated enrichment of specific pathways. Cell-cell interaction analyses were used to 

infer communication networks among cell types in each tissue, including key signaling 

pathways implicated in labor. We then leveraged existing bulk transcriptomic datasets of the 

maternal peripheral blood to demonstrate that placenta-derived scRNA-seq signatures could 

be non-invasively monitored throughout gestation, and that a fraction of these signatures is 
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enriched during labor. Furthermore, we found that scRNA-seq signatures modulated by term 

labor in the chorioamniotic membranes were mirrored in those tissues from women who 

underwent preterm labor and birth; yet the inflammatory and microbiological status of the 

amniotic cavity drove specific transcriptomic activity in maternal and fetal cell types. Lastly, 

we demonstrated enrichment of labor-specific placenta-derived scRNA-seq signatures in the 

maternal circulation during the second and third trimesters that can distinguish women who 

ultimately undergo spontaneous preterm labor with intact membranes or preterm prelabor 

rupture of membranes, which could potentially allow for the non-invasive prediction of 

spontaneous preterm birth.

RESULTS

Establishment of a single-cell atlas of the human placenta during labor

To explore the cellular interactions between the mother and fetus during parturition, we 

first established a comprehensive single-cell atlas of the human placenta by using placental 

and extraplacental tissues from women who underwent spontaneous labor (n = 24) or 

who were delivered in the absence of spontaneous labor (n = 18) at term (tables S1 

and S2). The placentas were harvested immediately after delivery and included samples 

of the chorioamniotic membranes (CAM, comprising the amnion, chorion, and decidua 

parietalis) as well as a biopsy that included basal plate (decidua basalis) and placental villi 

(BPPV) (Fig. 1A). Collected CAM and BPPV were used to prepare single-cell suspensions 

followed by single-cell RNA-sequencing (scRNA-seq) and for maternal and fetal genotyping 

to assign cell type origin during single-cell analyses, as previously described (73) (Fig. 1A). 

Unsupervised clustering analysis and cell type annotation resulted in the identification of 

33 distinct clusters corresponding to immune and non-immune cell types across the CAM 

and BPPV (Fig. 1, B and C). Non-immune cells included stromal cells (7 clusters), decidual 

cells (3 clusters), syncytiotrophoblast (STB), cytotrophoblast (CTB, 4 clusters), extravillous 

trophoblast (EVT, 2 clusters), npiCTB (non-proliferative interstitial cytotrophoblast), a CTB 

subset within the EVT trajectory (CTB/EVT), Endothelial cells, and Endometrial cells (Fig. 

1, B and C). Identified immune cell types were Monocytes, macrophages (4 clusters), innate 

lymphoid cells (ILCs), lymphatic endothelial decidual (LED) cells, NK cells, T cells (3 

clusters), and B cells (Fig. 1, B and C). From this point, capitalized cell names are used 

to refer to the individual cell clusters that we identified using scRNA-seq. A tally of cell 

counts for each cluster indicated differences in cell type composition between tissues, with 

endothelial cells (clusters 14 and 23), stromal cells (clusters 0, 2, 8, 15, and 22), and 

decidual cell types (clusters 10, 12 and 17) being more abundant in the CAM compared 

with the BPPV (data file S1). Lymphoid cell composition did not markedly differ between 

compartments (Fig. 1, B and C and data file S1). By contrast, myeloid cells were more 

predominant in the BPPV (Fig. 1, B and C and data file S1). Stromal-4 and Stromal-6 

(cluster 20 and 27) were primarily present in the BPPV (Fig. 1, B and C and data file S1). 

As expected, a variety of trophoblast types was more evident in the BPPV except for EVT-1 

(cluster 1), which was more abundant in CAM (Fig. 1, B and C and data file S1).

After identifying the changes in the cell composition of the CAM and BPPV, we then used 

genotyping information to determine the maternal and/or fetal origin of all identified cells 
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(Fig. 1, D and E). As expected, trophoblast cells in the CAM and BPPV were of fetal origin 

(Fig. 1, D and E). The majority of stromal cells in the CAM were also fetal (Fig. 1D). 

Decidual cells were of maternal origin, as expected, whereas endothelial, lymphoid, and 

myeloid cell types showed mixed maternal and fetal origin across the CAM and BPPV (Fig. 

1, D and E). There were no major shifts in cell type abundance with labor, with the only 

change occurring in the Stromal-5 subset from the BPPV (data file S1 and S2). Together, 

these data provide a comprehensive single-cell landscape of the human placenta in labor, 

showing that, in abundance, the most influenced cell types in the CAM are fetal stromal 

cells, whereas those in the BPPV are the CTB and fetal macrophages.

Maternal and fetal cell types display labor-driven transcriptomic activity

Next, we explored the cell type-specific transcriptomic changes driven by labor in the CAM 

and BPPV (Fig. 2A). In the CAM, fetal Stromal-1, Stromal-2, and Stromal-3 showed the 

greatest labor-driven changes in differential gene expression (Fig. 2A). Maternal Decidua-1 

cells also showed a considerable number of differentially expressed genes (DEGs); yet 

this change was moderate compared to those shown by fetal stromal cells (Fig. 2A). 

Among BPPV cell types, the largest numbers of DEGs were predominantly in the maternal 

Monocyte cell type followed by fetal Macrophage-2, likely corresponding to infiltrating 

inflammatory monocytes and Hofbauer cells, respectively (Fig. 2A). Quantile-quantile (Q-

Q) plots show the most affected cell types of fetal and maternal origin in the CAM and 

BPPV (Fig. 2B), which were largely consistent with the cell types displaying the greatest 

differential gene expression. Notably, fetal stromal cell types were found to be affected by 

labor in the CAM, as were maternal decidual cells (Fig. 2B). Similarly, maternal Monocyte 

and fetal Macrophage-2 were represented as most affected by labor in the BPPV (Fig. 2B). 

Correlation analysis of the effects of labor on gene expression between cell types indicated 

similarities among maternal myeloid cells, decidual cells, and fetal stromal cells, among 

others (Fig. 2C).

We then evaluated the Gene Ontology (GO) biological processes enriched across all cell 

types in the CAM and BPPV (fig. S1, A and B). In the CAM, enriched processes during 

labor included those related to cell motility and migration, angiogenesis, and responsiveness 

(fig. S1A). By contrast, in the BPPV, the biological processes enhanced during labor were 

related to neutrophil and myeloid cell functions such as degranulation (fig. S1B), suggesting 

tissue-specific processes during parturition.

We also explored the over-representation analysis in GO biological processes within 

cell types that displayed the highest numbers of DEGs with labor (Fig. 2A) to infer 

functionality, a previously utilized approach (66). The fetal Stromal-1 showed enrichment 

of apoptotic signaling, fetal Stromal-2 was enriched for ATP metabolism, and Stromal-3 for 

inflammatory response including cytokine production (Fig. 2D), suggesting distinct putative 

functions of these fetal stromal subsets to the process of labor. Furthermore, maternal 

Decidual-1 showed enrichment of processes related to cell motility and migration (Fig. 2D), 

suggesting that decidual cells participate in the leukocyte infiltration that accompanies labor 

(10, 15, 34, 74–76).
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These data provide further insight into the labor-specific transcriptomic activity by maternal 

and fetal cell types, particularly those undergoing substantial changes in gene expression 

such as structural cells in the CAM and immune cells in the BPPV. Moreover, we 

demonstrated cell type-specific enrichment of pathways pertaining to cell migration and 

proliferation, leukocyte recruitment, and cytokine/chemokine signaling during the process 

of parturition. The most highly represented cell types, such as trophoblast cells, did not 

undergo drastic changes in gene expression with labor, pointing to more transcriptionally 

active subsets, rather than more abundant subsets, as major contributors to labor-associated 

signaling.

Labor comprises inflammatory pathways orchestrated by maternal-fetal cell-cell crosstalk

Having established the maternal and fetal cell types that are most affected by labor, we 

then sought to infer the resulting changes in maternal-fetal crosstalk in the CAM (Fig. 

3) and BPPV (Fig. 4) using CellChat (77). We first visualized incoming and outgoing 

interactions for CAM cell types, where the direction and length of each arrow indicate labor-

driven predominance of incoming or outgoing interactions and their strength, respectively, 

as shown in the corresponding legend (Fig. 3A). Fetal stromal cell types showed the 

strongest increases (represented by the length of the arrow) in both incoming and outgoing 

interactions, implicating these cells as key participants in labor-associated signaling in 

the CAM (Fig. 3A). By contrast, maternal T cells, NK cells, and decidual cells showed 

diminished incoming interactions (Fig. 3A). This interaction strength analysis provided 

information as to which cells are undergoing changes in outgoing and/or incoming signaling 

with labor but did not inform us as to the cellular targets or origins of such signaling. 

Therefore, we next considered each cell type as a signaling sender or receiver and evaluated 

the interaction strength between cell type pairs, as displayed using the heatmap in Fig. 

3B and the network plot in Fig. 3C. The fetal stromal cell types exhibited strong labor-

associated interactions with each other as well as non-immune and immune cells as 

senders or receivers (Fig. 3, B and C). Moreover, multiple stromal cell types displayed 

self-signaling, suggesting positive feedback loops implicated in labor (Fig. 3C). Consistent 

with the arrow plot, incoming signaling to maternal CD4 T cells was diminished with 

labor (Fig. 3B). Given the substantial changes in labor-specific cell-cell signaling in the 

CAM, we then selected specific signaling pathways affected by labor to infer the top 

contributing cell types (Fig. 3, D to F and fig. S2, A and B). The collagen signaling pathway 

showed substantial involvement of fetal stromal and maternal decidual cell types (Fig. 

3D), potentially indicating their participation in structural changes in the CAM associated 

with labor. The C-X-C motif ligand (CXCL) signaling pathway was largely driven by 

maternal Decidual-3, Macrophage-2, and Macrophage-1 cell types, with many interactions 

being directed toward the fetal EVT-1 subset as well as other fetal and maternal cell types 

(Fig. 3E), indicating maternal-fetal crosstalk between maternal decidual cells and fetal 

trophoblasts. Maternal Monocyte and Macrophage-1 cell types drove TNF signaling that 

likely contributed to labor-associated inflammation (Fig. 3F). The IL-1 signaling pathway 

was primarily driven by maternal Monocyte and Macrophage-1 cell types, which displayed 

outgoing signaling to fetal stromal cell types and decidual/CTB/EVT, respectively (fig. 

S2A). Both maternal (Monocyte) and fetal (Stromal-1, Stromal-2) cell types contributed to 
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the IL-6 signaling pathway in the CAM, with maternal macrophages being the top recipients 

of these interactions (fig. S2B).

In the BPPV, the strongest labor-associated changes in cell-cell interactions were again 

observed in fetal stromal cell types, with Stromal-1/Stromal-3 showing predominantly 

increased incoming interaction strength and Stromal-2/Stromal-4 showing predominantly 

increased outgoing interaction strength (Fig. 4A). By contrast, the fetal CD4 T cell, 

Macrophage-2, and CTB-3 subsets showed decreased incoming interaction strength with 

labor (Fig. 4A); these results were reflected in the heat map by the fetal Stromal-2 subset 

showing increased outgoing interaction strength with immune cells as receivers (Fig. 4B 

and were in line with the prominent differential gene expression in fetal Macrophages and 

maternal Monocytes in the BPPV (Fig. 2A) and the enriched biological processes observed 

in the BPPV (fig. S1B), which were primarily associated with inflammatory responses.

Consistent with the arrow plot, the network plot indicated that fetal stromal cell types 

displayed stronger incoming or outgoing interactions (Fig. 4C). Top cell-cell signaling 

pathways affected by labor included Galectin, Tumor Necrosis Factor (TNF), Interleukin 

(IL)-6, C-C motif ligand (CCL), CD45, Type II Interferon (IFN-II), and Complement, as 

represented by network plots (Fig. 4, D to F and fig. S2, C to F). A key participant 

in the Galectin pathway was maternal Macrophage-1, which showed interaction with 

maternal and fetal monocytes as well as maternal T cells (Fig. 4D). By contrast, the 

top contributors to TNF and IL-6 signaling in the BPPV were fetal Macrophage-2 and 

Stromal-3, respectively (Fig. 4, E and F), further indicating a strong fetal contribution to 

cell-cell interactions associated with labor. The CCL and CD45 pathways showed similar 

involvement of maternal and fetal myeloid cell types as well as the EVT-1 subset (fig. 

S2, C and D). The IFN-II pathway was dominated by maternal CD8 T cell-derived 

signaling directed at maternal Monocyte and fetal EVT-1 (fig. S2E). Last, the Complement 

pathway involved maternal Macrophage-1 and NK cell together with fetal Stromal-3, with 

signaling directed at fetal and maternal myeloid cells (fig. S2F). Taken together, these 

cellular interaction analyses indicated that labor is characterized by maternal-fetal signaling 

involving inflammatory pathways that are orchestrated by cell-cell crosstalk between 

immune and non-immune cell types.

Single-cell maternal and fetal signatures derived from the placental tissues can be 
monitored in the maternal circulation throughout gestation and during labor

We next evaluated whether cell type-specific transcriptomic activity could be tracked in 

the maternal circulation throughout gestation. We first utilized a previously generated bulk 

transcriptomic dataset from the peripheral blood (leukocytes) of pregnant women (n = 

49) collected throughout gestation (78) and evaluated the trajectories of cell type-specific 

transcripts (Fig. 5A). Multiple cell type signatures underwent modulation with gestational 

age; namely, Macrophage-1, Macrophage-2, Macrophage-3, Macrophage-4, CD4 T cell, 

CD8 T cell, B cell, Stromal-2, Stromal-3, Stromal-4, Stromal-5, Stromal-7, Decidual-1, 

Endothelial, LED, npiCTB, EVT-2, and STB (Fig. 5B). The observed patterns of change 

were inconsistent across individual clusters of specific cell types; for example, whereas 

Macrophage-1 steadily increased with gestational age, Macrophage-2 and Macrophage-3 
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decreased and Macrophage-4 followed a parabolic trajectory (Fig. 5B), hinting at the 

differing roles of each cell type cluster. To further refine this analysis in the context of labor, 

we considered the top 20 upregulated labor-associated DEGs from each placental cell type 

and tracked these labor-specific signatures in the maternal peripheral blood using the same 

bulk transcriptomic dataset (fig. S3). We found that labor-specific signatures corresponding 

to Macrophage-1, Stromal-3, CD4 T cell, Decidual-1, Monocyte, Decidual-2, and Stromal-7 

were modulated with gestational age, with the sharpest increase of labor-associated genes 

occurring in CD4 T cell (fig. S3).

Given that cell type signatures could be tracked in the maternal peripheral blood, we then 

assessed differences between samples collected at term from women who underwent term 

labor (n = 21) or who delivered at term without labor (n = 28) in the same set of patients for 

whom the longitudinal analysis was performed (79) (Fig. 6A). To compare these datasets, 

CAM scRNA-seq-derived DEGs were used to create a pseudobulk dataset that could be 

directly contrasted with the bulk transcriptomic dataset while still considering the maternal 

or fetal origin of each cell type (Fig. 6A). Correlation of cell type-specific transcripts 

between the CAM and the maternal peripheral blood indicated positive correlations for fetal 

Stromal-2 as well as maternal Macrophage-1, Macrophage-2, Decidual-1, and Monocyte 

(Fig. 6B). By contrast, several cell type signatures showed negative correlation between 

the CAM and maternal peripheral blood: fetal EVT-2, maternal CD8 T cell, and maternal 

Endothelial (Fig. 6B). When using cell type signatures derived from the BPPV, we noted 

additional correlations between this tissue and the maternal peripheral blood (Fig. 6C). 

Indeed, fetal EVT-1, CTB-1, Macrophage-2, CD4 T cell, CTB-3, STB, and npiCTB 

all showed positive correlation between compartments, as did maternal Macrophage-1, 

Macrophage-2, Monocyte, and Decidual-2 (Fig. 6C). The signatures of fetal Stromal-1 

as well as fetal and maternal NK cell were negatively correlated between the BPPV and 

maternal peripheral blood (Fig. 6C).

This comparative analysis supports the concept that placental cells are shed into the maternal 

circulation (80–82) and/or that labor-associated signaling drives transcriptomic changes in 

peripheral leukocytes that are at least partially shared with those in the placental tissues. 

Our data further suggest that maternal and fetal signaling can be non-invasively tracked 

for monitoring normal gestation and parturition and may potentially serve to generate 

biomarkers for obstetrical disease.

Term labor-associated maternal-fetal single-cell signatures in the CAM partially overlap 
with those from women with spontaneous preterm labor

Our results indicated that the CAM seem to undergo more drastic cell type-specific changes 

in transcriptomic activity with labor (Fig. 2A), which is consistent with the involvement 

of these tissues in the common pathway of labor (1, 3–5, 83). Although considered a 

pathological process distinct from term labor, spontaneous preterm labor also includes 

activation of the common pathway of parturition (3, 4, 83). Therefore, we next evaluated 

whether the term labor-associated gene expression changes in the CAM were also observed 

in the tissues of women who underwent spontaneous preterm labor and birth (term labor 

vs. PTL). For this purpose, we utilized a previous bulk transcriptomic dataset of the CAM 
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(84) from women who delivered preterm and underwent spontaneous preterm labor with 

differing inflammatory and microbiological status of the amniotic cavity as diagnosed 

by amniocentesis: without intra-amniotic inflammation [low concentrations of IL-6 (<2.6 

ng/mL) without detectable microbes via cultivation and molecular microbiological methods] 

(PTL, n = 12); with sterile intra-amniotic inflammation [elevated concentrations of IL-6 

(≥2.6 ng/mL) without detectable microbes] (PTL+SIAI, n = 17); or with intra-amniotic 

infection (elevated concentrations of IL-6 with detectable microbes) (PTL+IAI, n = 11) 

(85–92) (Fig. 7A). To obtain the cell type-specific PTL-associated changes, the bulk 

transcriptomic profiles of the CAM from each group were compared to the control group 

[women who experienced an episode of spontaneous preterm labor but delivered at term 

(n = 15)] (Fig. 7A). Term labor-associated signatures were positively correlated with PTL 

signatures from fetal Stromal-1, Stromal-3, Stromal-5, Stromal-7, EVT-1, and CTB/EVT in 

the CAM (Fig. 7B). Modest positive correlations of signatures corresponding to maternal 

decidual cell types and macrophages were also observed between term labor and PTL (Fig. 

7B). Only specific signatures were positively correlated between term labor and PTL+SIAI; 

namely, EVT-1, CTB/EVT, and stromal cell types, whereas the rest showed only mild or 

minimal positive correlations (Fig. 7B). Moreover, the term labor vs. PTL+IAI comparison 

showed substantial correlation of specific signatures, particularly fetal EVT-1 and CTB/

EVT, as well as mild correlation of myeloid signatures such as maternal macrophages and 

fetal stromal cells (Fig. 7B). Thus, our results indicated that maternal-fetal signaling in 

the CAM during the physiologic process of term labor overlaps with that observed during 

spontaneous preterm labor; yet the inflammatory and microbiological status of the amniotic 

cavity drives specific transcriptomic activity in maternal-fetal cell types.

Labor-associated single-cell CAM-derived signatures can serve as non-invasive 
biomarkers to identify women who are destined to undergo spontaneous preterm birth

We last sought to determine whether labor-specific CAM-derived scRNA-seq signatures 

could be tracked during the second and third trimester in the peripheral blood of women 

who ultimately underwent preterm labor, which could potentially allow for the generation 

of predictive biomarkers for impending preterm birth. First, we used a previous bulk 

transcriptomic dataset generated from a cross-sectional study including samples from the 

peripheral blood of: i) women who experienced an episode of spontaneous preterm labor and 

delivered preterm (cases); and ii) gestational age-matched controls who delivered at term 

(93) (fig. S4A). Principal component (PC) analysis of the bulk transcriptome demonstrated 

modest separation of cases (red dots) from controls (blue dots), which seemed to be driven 

by PC2 for at least a subset of the cases (fig. S4B). We then overlaid the labor-specific 

CAM-derived scRNA-seq signatures with the maternal blood transcriptome and evaluated 

the contribution and correlation of each cell type to PC1 and PC2. All cell types contributed 

to PC1; Monocytes, LEDs, and stromal cell types showed positive alignment with PC2, 

whereas NK cell, CD8 T cell, and Macrophage-3 showed a negative alignment with PC2 

(fig. S4C). By establishing a receiver operating characteristic (ROC) curve for individual 

single-cell signatures, we found that some of these (such as maternal Decidual-2) showed 

value [area-under-the-curve (AUC) = 0.757] for identifying women with preterm labor who 

ultimately underwent preterm birth (fig. S4D). Thus, labor-specific CAM-derived scRNA-
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seq signatures were detectable in the maternal circulation, some of which were positively 

modulated in women with spontaneous preterm labor and birth.

Next, we sought to utilize our labor-specific CAM-derived scRNA-seq signatures in 

maternal blood samples collected during the second and third trimester (before the clinical 

presentation of an episode of preterm labor) to predict two distinct subsets of spontaneous 

preterm birth [spontaneous preterm labor with intact membranes (sPTL) and preterm 

prelabor rupture of membranes (PPROM)]. We utilized previously generated datasets from 

a prospective bulk transcriptomic study including two external validation cohorts of the 

maternal peripheral blood collected from 17 to 33 weeks of gestation from women who 

ultimately underwent sPTL or PPROM (94) (Fig. 8A). sPTL- and PPROM-associated 

transcriptomic activity was obtained by comparing the gene expression profiles between 

blood samples collected from women who ultimately underwent preterm birth and those 

from gestational-age matched controls who delivered at term. Such sPTL- and PPROM-

associated transcriptomic activity was then correlated to the labor-specific CAM-derived 

scRNA-seq signatures generated in the study herein (Fig. 8A). Several labor-specific CAM-

derived scRNA-seq signatures were strongly detected in the circulation of women who 

ultimately underwent sPTL or PPROM (Fig. 8B). Multiple labor-specific CAM-derived 

scRNA-seq signatures of maternal and fetal origin — most prominently maternal Decidual-1 

and fetal Stromal cell types — showed strong positive correlations (>0.10 correlation 

coefficient) with PPROM-associated transcriptomic activity, with the correlation strength 

varying according to the sampling time point (Fig. 8B). Moderate positive correlations 

(>0.05) were also observed for maternal macrophage cell types and other fetal non-immune 

cell types (Fig. 8B). The intensity of the correlations between term labor- and sPTL-

associated transcriptomic activities was less than that observed for PPROM; yet the main 

contributors were also maternal Decidual-1 and fetal Stromal cell types (Fig. 8B). Labor-

specific CAM-derived scRNA-seq signatures from maternal Macrophage-2 and fetal EVT-1 

were negatively correlated with PPROM- and sPTL-associated transcriptomic activity (Fig. 

8B).

We then generated ROC curves for each validation cohort and according to gestational age 

at sampling to determine how well these signatures could predict sPTL or PPROM (data 

file S3). For the prediction of impending sPTL, the maternal Decidual-1 signature showed 

greater value when using samples from Cohort 1 compared to Cohort 2, independent of 

whether these patients were sampled at 17 – 23 [Cohort 1: AUC 0.648 (0.503–0.794) vs. 

Cohort 2: AUC 0.536 (0.389–0.683)] or 27 – 33 [Cohort 1: AUC 0.602 (0.454–0.750) vs. 

Cohort 2: AUC 0.497 (0.321–0.674)] weeks of gestation (Fig. 8C). By contrast, for PPROM 

the maternal Decidual-1 signature showed a slightly improved predictive value in Cohort 2 

at 17 – 23 [Cohort 2: AUC 0.612 (0.493–0.731) vs. Cohort 1: AUC 0.564 (0.429–0.699)] 

and 27 – 33 [Cohort 2: AUC 0.654 (0.533–0.775) vs. Cohort 1: AUC 0.610 (0.476–0.745)] 

weeks of gestation (Fig. 8C). Such differences in performance between cohorts may be 

due to the differing populations included (Cohort 1 was derived from Detroit, Michigan, 

USA and Cohort 2 was derived from Calgary, Alberta, Canada). The predictive value of the 

maternal Decidual-1 signature for PPROM was slightly increased at later gestational ages 

[Cohort 1, 27 – 33 weeks: AUC 0.610 (0.476–0.745) vs. Cohort 1, 17 – 23 weeks: AUC 

0.564 (0.429–0.699); Cohort 2, 27 – 33 weeks: AUC 0.654 (0.533–0.775) vs. Cohort 2, 17 
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– 23 weeks: AUC 0.612 (0.493–0.731)], indicating that a diminished time between sampling 

and outcome improved prediction. The fetal Stromal-1 signature displayed a more distinct 

pattern for the prediction of sPTL than for PPROM; yet its predictive performance was 

improved at 17 – 23 weeks compared to 27 – 33 weeks for sPTL [Cohort 1, 17 – 23 weeks: 

AUC 0.623 (0.483–0.764) vs. Cohort 1, 27 – 33 weeks: AUC 0.559 (0.416–0.703); Cohort 

2, 17 – 23 weeks: AUC 0.559 (0.408–0.710) vs. Cohort 2, 27 – 33 weeks: AUC 0.518 

(0.324–0.711)] (Fig. 8D). For PPROM, the predictive performance of the fetal Stromal-1 

signature was improved for the Cohort 2 at both sampling times [Cohort 2, 17 – 23 weeks: 

AUC 0.665 (0.561–0.769) vs. Cohort 1, 17 – 23 weeks: AUC 0.579 (0.445–0.712); Cohort 

2, 27 – 33 weeks: AUC 0.633 (0.518–0.748) vs. Cohort 1, 27 – 33 weeks: AUC 0.618 

(0.489–0.747)] (Fig. 8D and data file S3). This proof-of-concept analysis suggests that the 

tracking of relevant single-cell signatures in the maternal circulation may provide a means of 

predicting impending sPTL or PPROM.

DISCUSSION

Here, we applied scRNA-seq to show that the basal plate, placental villous tree, and 

chorioamniotic membranes includes immune and non-immune cell types of maternal and 

fetal origin yet displays distinct cellular composition. Previous single-cell surveys of the 

placental tissues provided an overview of their cellular composition in early (95, 96), mid 

(97), and late gestation (65) and allowed for the identification of previously undescribed cell 

types (65). Our data further emphasize the differences in cell type composition and relative 

abundance between the placental (placental villous tree and basal plate) and extraplacental 

(chorioamniotic membranes) tissues driven by their differing functions. Indeed, comparative 

analysis of the villous (placental) chorion and smooth (extraplacental) chorion in mid-

gestation indicated the dissimilar abundance of specific cell types, such as stromal cells, 

as well as spatially dependent functional differences between similar cell clusters (97). 

Single-cell exploration during different periods of pregnancy has made it clear that the 

cellular composition of these compartments is not static but rather undergoes dynamic 

changes throughout gestation.

Here, we showed that the chorioamniotic membranes displayed a greater number of cell 

types highly modulated with labor compared to the placental tissues, which is consistent 

with the participation of membrane activation as an essential component of the common 

pathway of parturition (1, 4, 5). The clusters most prominently influenced by labor in the 

chorioamniotic membranes were fetal stromal cells, maternal decidual cells, and maternal 

macrophages. The participation of decidual cells (65, 98–103) and maternal macrophages 

(65, 76, 104–107) in the process of labor has been investigated; however, a role for fetal 

stromal cells in parturition is not well established. Previous studies have explored the 

utility of mesenchymal stromal cells (MSC) derived from the chorioamniotic membranes for 

cellular therapy applications (108, 109). Stromal cells derived from the amnion and chorion 

layers display distinct transcriptomic profiles with enriched pathways suggestive of differing 

functionality (110), further highlighting the compartmentalization and heterogeneity of the 

chorioamniotic membranes. Mesenchymal stromal cells could contribute to the maintenance 

of maternal-fetal tolerance by multiple mechanisms (111) such as suppression of T-cell 

responses through cell-cell contact and the release of IL-10, VEGF, and PGE2 (112, 
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113). Moreover, a comparison of amnion MSC from term and preterm labor cases 

noted differential expression of genes enriched for inflammatory pathways in preterm 

labor, suggesting active participation in this pathologic process (114). A recent single-cell 

investigation of the chorioamniotic membranes in spontaneous term labor identified a large 

subset of amnion-derived fibroblasts (115), which likely included mesenchymal stromal 

cells (116, 117), and showed that amnion fibroblast cells collected proximal to the rupture 

zone from spontaneous term labor cases displayed strong upregulation of genes associated 

with inflammation compared to non-labor controls (115). Together, these data point to an 

underappreciated and highly active role for fetal stromal cells in the process of labor that 

warrants further investigation.

Here, we reported that the cell types most impacted by labor in the placental tissues are fetal 

macrophages and maternal monocytes. Placental tissues include a substantial fraction of 

fetus-derived macrophages or Hofbauer cells (118, 119). Current evidence suggests that such 

cells predominantly display an M2-like phenotype, similar to their maternal counterparts 

(107), which hints at their homeostatic role in normal gestation (120). The engagement of 

fetal macrophages in inflammatory signaling pathways during labor could indicate that these 

cells undergo a shift towards a pro-inflammatory phenotype as part of the normal process 

of parturition, as demonstrated for maternal macrophages present in the decidua (106, 

107). The maternal monocyte population detected in the placental tissues likely represents 

circulating cells present in the intervillous space (121, 122). Previous reports have noted the 

enhanced activation of maternal circulating monocytes in the context of labor (93, 123, 124), 

likely driven by signals derived from the placental tissues (125), as such innate immune cells 

display upregulated expression of activation markers and can phagocytose placenta-derived 

particles (126).

Placental tissues shed extracellular vesicles, particles, and other debris into the maternal 

circulation (80). Due to such shedding, the maternal circulation has proven to be a source of 

cell-free DNA and RNA with diagnostic potential (127–129), and markers in the maternal 

peripheral blood can be utilized to monitor pregnancy and labor (40, 42, 43, 45, 65, 72, 

79, 130, 131). Here, we leveraged this concept for the monitoring and potential prediction 

of pathologic labor (such as preterm labor). In the absence of intra-amniotic inflammation, 

the positive correlations between term labor and preterm labor involved a broad array 

of cell types. Preterm labor in the absence of intra-amniotic inflammation is typically 

considered idiopathic, and this study group may therefore include multiple underlying 

mechanisms. Indeed, our previous work has implicated macrophage activation (106) as a 

potential immune mechanism for idiopathic preterm labor and birth (132). By contrast, cases 

of preterm labor with intra-amniotic inflammation seemed to involve similar cell types, 

regardless of the sterile or microbial nature. Both stromal cells (133, 134) and macrophages 

(135) are known players in the host response against pathogens. The positive correlations 

by maternal macrophages may reflect the presence of acute histologic chorioamnionitis, 

a placental lesion driven by infiltration of innate immune cells into the chorioamniotic 

membranes in response to microbial invasion of the amniotic cavity (136). These results 

indicate that transcriptomic changes occurring in the CAM of women during physiologic 

labor overlap with those of women who underwent spontaneous preterm labor; however, 
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the inflammatory and microbiological status of the amniotic cavity also drives placental 

transcriptomic activity, as previously hinted at (84).

The two subsets of spontaneous preterm birth included herein, sPTL and PPROM, involve 

differing disease mechanisms (83, 137) and clinical management (138, 139) and thus 

their prediction and prevention warrants separate investigation. Indeed, we noted distinct 

patterns of dysregulation between sPTL and PPROM that were at least partially dependent 

on the window of sampling. Specifically, women who ultimately underwent PPROM 

displayed stronger positive correlations with labor-specific cell type signatures than those 

who underwent sPTL. Nonetheless, we found that both subsets shared stromal and decidual 

signatures, further confirming a common pathway of parturition that leads to premature 

birth. In the second trimester, women who ultimately underwent spontaneous preterm birth 

showed dysregulation of specific signatures, primarily maternal decidual cells, which is 

in line with the concept of a decidual clock (11). Moreover, our findings highlight two 

key facts: first, the underlying mechanisms of sPTL and PPROM involve alterations in 

differing cell type signatures, which can potentially enable their distinction using predictive 

models; second, it is important to consider the differences between sPTL and PPROM for 

future investigations, as the combination of these subsets may diminish the power to detect 

specific biomarkers. Importantly, these results suggest that the best single-cell signatures to 

be used for predictive modeling may differ between sPTL and PPROM, further supporting 

the multi-etiological nature of the preterm labor syndrome.

The current study has some limitations. Gene expression analysis alone may not completely 

capture labor processes; however, establishing a transcriptomic foundation for parturition 

and identifying the specific cell types involved hold substantial value for future studies. 

Furthermore, analytical modeling techniques can provide robust inferences regarding 

the signaling processes modulated with labor as well as the participating cell types. 

Regardless, we acknowledge that additional validation of such predictions is required to 

verify their accuracy. In addition, certain highly fragile cell types, such as neutrophils, are 

underrepresented when using conventional single-cell approaches in the human placenta 

(73), and therefore any potential contribution of these cell types to the labor-associated 

processes described herein cannot be ruled out. Last, our findings also suggest that placenta-

derived predictive models should be tailored to the target population, given our observation 

that environment/ethnicity may be a contributing factor. This caveat further underscores the 

significance of customizing biomarkers to suit different subsets of obstetrical diseases.

In conclusion, the findings generated herein provide new insights into maternal-fetal 

signaling and crosstalk during term parturition. Our findings highlight the utility of single-

cell technologies for shedding light on new cell types and signaling pathways that are 

implicated in the process of labor in the human placenta, and indicate the potential use 

of placenta-derived single-cell signatures for developing non-invasive biomarkers to predict 

obstetrical diseases such as preterm labor and birth, the leading cause of neonatal morbidity 

and mortality worldwide.
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MATERIALS AND METHODS

Study design

This prospective cross-sectional study included women who delivered at term (≥ 37 weeks 

of gestation) and were divided into those who underwent elective cesarean delivery (term 

not in labor, n = 18) and those with spontaneous term labor (term in labor, n = 24). Women 

with multiple gestations, or those who had a fetus with chromosomal and/or sonographic 

abnormalities were excluded. Maternal and neonatal data were obtained by retrospective 

clinical chart review. The demographic and clinical characteristics of the study groups 

are shown in tables S1 and S2. Placental tissues were collected from eligible women at 

term who were enrolled in our research protocols at the Detroit Medical Center, Wayne 

State University School of Medicine, and the Pregnancy Research Branch, an intramural 

program of the Eunice Kennedy Shriver National Institute of Child Health and Human 

Development, National Institutes of Health, U.S. Department of Health and Human Services 

(NICHD/NIH/DHHS), Detroit, MI, USA. The collection and use of human materials for 

research purposes were approved by the Institutional Review Boards of Wayne State 

University and the NICHD (WSU IRB 031318MP2F, NICHD 18-CH-N063, and WSU 

IRB 061217MP2F). Before sample collection, written informed consent was provided by all 

participating women.

More information regarding the wet and dry laboratory procedures including scRNA-seq 

data analysis can be found in the Supplementary Materials and Methods.

Statistical analysis

Statistical analyses were performed in GraphPad Prism (v9.0.2; GraphPad), SPSS v19.0 

(IBM) or the R package (see Supplementary Materials and Methods for details). Human 

demographic data were compared using two-tailed Fisher’s exact tests for proportions and 

Mann-Whitney U-tests for non-normally distributed continuous variables.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Data and materials availability:

All data for this study are included in the paper or the Supplementary Materials and 

Methods. The scRNA-seq data reported in this study have been submitted to the NIH 

dbGAP repository (phs001886.v5.p1). All software and R packages used herein are detailed 

in the Supplementary Materials and Methods. Scripts detailing the single-cell analyses are 

also available at (140) and at https://github.com/piquelab/Parturition_paper.
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Figure 1. Single-cell atlas of the maternal-fetal interface in parturition.
(A) Study design showing the collection of placental tissues from women who delivered at 

term with (TIL, n = 24) or without (TNL, n = 18) labor. Briefly, chorioamniotic membranes 

(CAM) and basal plate with placental villi (BPPV) were sampled to generate single-cell 

suspensions for single-cell RNA-sequencing (scRNA-seq). Genotyping of maternal and 

neonatal tissues was also performed to allow assignment of maternal (M) or fetal (F) origin 

to cells. (B and C) Uniform manifold approximation and projection (UMAP) plots show 

all cell types identified in the (B) CAM and (C) BPPV. (D and E) Bar plots represent the 
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total numbers of each maternal (light blue) or fetal (dark blue) cell type in the (D) CAM and 

(E) BPPV and the numbers of each cell type with labor (red bars) and without labor (blue 

bars). Corresponding UMAP plots show the cell clusters in the CAM and BPPV according 

to maternal (light blue) or fetal (dark blue) origin and how each changes with labor (red 

clusters) and without labor (blue clusters). Abbreviations used: CTB, cytotrophoblast; EVT, 

extravillous trophoblast; ILC, innate lymphoid cell; npiCTB, non-proliferative interstitial 

cytotrophoblast; LED, lymphoid endothelial decidual cell; NK cell, natural killer cell; STB, 

syncytiotrophoblast.

Garcia-Flores et al. Page 26

Sci Transl Med. Author manuscript; available in PMC 2024 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Parturition induces transcriptomic changes in maternal and fetal cells in the CAM and 
BPPV.
(A) Bar plots show the numbers of differentially expressed genes (DEGs) associated with 

labor for each cell type in the CAM and BPPV, where red and pink indicate upregulated or 

downregulated genes, respectively. (B) Quantile-quantile (Q-Q) plots showing the DEGs for 

selected enriched cell types of maternal or fetal origin from the CAM and BPPV. Deviation 

above 1:1 (solid black line) indicates enrichment. (C) Heatmap showing the log2(fold 

change) correlation among cell types of maternal (M) or fetal (F) origin from the CAM 

and BPPV, where red represents increasing correlation. (D) ClusterProfiler dot plots showing 

the Gene Ontology (GO) pathways that are enriched with labor in the fetal Stromal-1, 

Stromal-2, Stromal-3, and maternal Decidual-1 cell types of the CAM and/or BPPV based 

on over-representation analysis (ORA). The size and color of dots represent enrichment 

score and significance level, respectively. Abbreviations used: CTB, cytotrophoblast; EVT, 

extravillous trophoblast; ILC, innate lymphoid cell; npiCTB, non-proliferative interstitial 

cytotrophoblast; LED, lymphoid endothelial decidual cell; NK cell, natural killer cell; STB, 

syncytiotrophoblast.
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Figure 3. Maternal-fetal crosstalk in the CAM during parturition.
(A) Arrow plot showing changes in outgoing and incoming interaction strength between the 

labor (point of the arrow) and no labor (base of the arrow) conditions for specific maternal 

or fetal cell types in the CAM. F, fetal origin. M, maternal origin. (B) Heatmap showing the 

differential interaction strength among cell types (as senders or receivers) in the CAM with 

labor. Red and blue shading indicate increased or decreased signaling, respectively, in labor 

compared to no labor. (C) Circle plot showing the top 25% increased (red) or decreased 

(blue) signaling interactions in the CAM with labor compared to no labor among maternal 
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and fetal cells. (D to F) Circle plots representing the top 25% aggregated interactions 

between maternal and fetal cell types in the CAM for the (D) Collagen, (E) CXCL, and 

(F) TNF signaling pathways in labor. Cell cluster numbers in bold indicate top participants 

in labor or in each signaling pathway. Abbreviations used: CTB, cytotrophoblast; EVT, 

extravillous trophoblast; LED, lymphoid endothelial decidual cell; NK cell, natural killer 

cell.
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Figure 4. Maternal-fetal crosstalk in the BPPV during parturition.
(A) Arrow plot showing changes in outgoing and incoming interaction strength between the 

labor (point of the arrow) and no labor (base of the arrow) conditions for specific maternal 

or fetal cell types in the BPPV. F, fetal origin. M, maternal origin. (B) Heatmap showing the 

differential interaction strength among cell types (as senders or receivers) in the BPPV with 

labor. Red and blue shading indicate increased or decreased signaling, respectively, in labor 

compared to no labor. (C) Circle plot showing the top 25% increased (red) or decreased 

(blue) signaling interactions in the BPPV with labor compared to no labor among maternal 
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and fetal cells. (D to F) Circle plots representing the top 25% aggregated interactions 

between maternal and fetal cell types in the BPPV for the (D) Galectin, (E) TNF, and 

(F) IL6 signaling pathways in labor. Cell cluster numbers in bold indicate top participants 

in labor or in each signaling pathway. Abbreviations used: CTB, cytotrophoblast; EVT, 

extravillous trophoblast; NK cell, natural killer cell.
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Figure 5. Placental single-cell signatures can be monitored in the maternal circulation during 
pregnancy.
(A) Experimental design for the comparative analysis between cell type-associated 

signatures from the CAM and BPPV obtained using scRNA-seq (current study) and bulk 

transcriptomic data from maternal peripheral blood collected throughout normal pregnancy 

from women who delivered at term (n = 49) (78). (B) Signature analysis plots based on 

the top 20 placental cell type markers showing changes in the average expression (blue 

line) in the maternal peripheral blood throughout gestation. Abbreviations used: CTB, 
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cytotrophoblast; EVT, extravillous trophoblast; ILC, innate lymphoid cell; npiCTB, non-

proliferative interstitial cytotrophoblast; LED, lymphoid endothelial decidual cell; NK cell, 

natural killer cell; STB, syncytiotrophoblast. Significant P values are shown in bold.
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Figure 6. Single-cell signatures derived from the placental tissues can be monitored in the 
maternal circulation during labor.
(A) Experimental design for the comparative analysis of labor-associated gene expression 

changes in maternal (M) and fetal (F) cell types between the placental tissues of women 

that delivered at term obtained with scRNA-seq (current study) and bulk transcriptomic 

data of the maternal peripheral blood from women with (n = 21) and without (n = 28) 

term labor (79). (B) Bar plots showing the correlation between the log2(Fold change) gene 

expression from CAM single-cell and maternal peripheral blood bulk transcriptomic data 
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(significant with q < 0.1) using the Spearman correlation test. Pink indicates maternal 

origin, and green indicates fetal origin. Scatter plots showing the log2(Fold change) gene 

expression associated with labor in bulk microarray (x-axis) and single-cell (y-axis) analyses 

in the Stromal-2, Macrophage-1 and Decidual-1 cell types from the CAM. Differentially 

expressed genes (DEGs) shown were obtained using only single-cell analysis (light blue), 

only bulk analyses (lavender), were shared by both single-cell and bulk analyses (dark 

blue) or were not differentially expressed between the two contrasts (gray). (C) Bar plots 

showing the correlation between the log2(Fold change) gene expression from BPPV single-

cell and maternal peripheral blood bulk transcriptomic data (significant with q < 0.1) using 

the Spearman correlation test. Pink indicates maternal origin, and green indicates fetal 

origin. Scatter plots showing the log2(Fold change) gene expression associated with labor 

in bulk microarray (x-axis) and single-cell (y-axis) analyses in the EVT-1, CTB-1 and 

Macrophage-1 cell types from the BPPV. DEGs shown were obtained using only single-cell 

analysis (light blue), only bulk analyses (lavender), were shared by both single-cell and bulk 

analyses (dark blue) or were not differentially expressed between the two contrasts (gray). 

Correlations between data sets were determined using two-sided Spearman’s correlation 

tests. P values are considered significant when P < 0.05. NS = not significant, * P ≤ 0.05, 

** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001. Abbreviations used: CTB, cytotrophoblast; 

EVT, extravillous trophoblast; npiCTB, non-proliferative interstitial cytotrophoblast; LED, 

lymphoid endothelial decidual cell; NK cell, natural killer cell; STB, syncytiotrophoblast.
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Figure 7. Term labor-associated single-cell signatures in the CAM partially overlap with those 
from women with spontaneous preterm labor and birth.
(A) Experimental design for the comparative analysis of term labor-associated gene 

expression changes in maternal (M) and fetal (F) cell types from the CAM (scRNA-seq, 

current study) and bulk transcriptomic changes in preterm labor (PTL) of the CAM from 

women with PTL that delivered at term (n = 15); PTL that delivered preterm without intra-

amniotic inflammation (PTL+No Inflammation) (n = 12); PTL with sterile intra-amniotic 

inflammation (PTL + SIAI) that delivered preterm (n = 17); and PTL with intra-amniotic 

infection (PTL + IAI) that delivered preterm (n = 11) (84). (B) Heatmap showing the 

correlations of gene expression between term labor (current study) and PTL, PTL + SIAI, 

or PTL + IAI, where red and blue indicate increased and decreased correlation, respectively. 

Gray indicates correlations that are not significantly different from 0. Abbreviations used: 

CTB, cytotrophoblast; EVT, extravillous trophoblast; LED, lymphoid endothelial decidual 

cell; NK cell, natural killer cell.
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Figure 8. Labor-associated single-cell signatures as non-invasive biomarkers of spontaneous 
preterm birth in two external validation cohorts.
(A) Experimental design for the comparative analysis of term labor-associated gene 

expression changes in maternal and fetal cell types from the CAM (scRNA-seq, current 

study) and bulk transcriptomic changes in the peripheral blood of women who ultimately 

underwent premature prelabor rupture of membranes (PPROM) (n = 63) or spontaneous 

preterm labor (sPTL) (n = 37), and controls that delivered at term (n = 159). Maternal 

peripheral blood was collected at two points before delivery: at 17 – 23 weeks of gestation 
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and at 23 – 33 weeks of gestation (94). (B) Heatmap showing the correlation of gene 

expression according to cell types of fetal (F) or maternal (M) origin between the term 

CAM and the preterm maternal peripheral blood sampled at 17 – 33 or 27 – 33 weeks of 

gestation. Red and blue indicate increased and decreased correlation, respectively. Gray 

indicates correlations that are not significantly different from 0. (C and D) Receiver 

operating characteristic (ROC) curves showing the value of the (C) maternal Decidual-1 

and (D) fetal Stromal-1 single-cell signatures for predicting sPTL or PPROM using the 

bulk transcriptomes of maternal peripheral blood in two external validation cohorts. Orange 

ROC lines indicate Cohort 1 and blue ROC lines indicate Cohort 2. Solid and dotted 

ROC lines represent maternal blood samples collected at 17 – 23 or 27 – 33 weeks 

of gestation, respectively. Area Under the Curve (AUC) values of the ROC are reported 

next to its 95% confidence interval in parentheses. A lower bound of the AUC statistics 

>0.5 represents a significant prediction. Abbreviations used: CTB, cytotrophoblast; EVT, 

extravillous trophoblast; LED, lymphoid endothelial decidual cell; NK cell, natural killer 

cell.
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