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SUMMARY

Intrauterine infection/inflammation (IUI) is a frequent complication of pregnancy leading to preterm labor
and fetal inflammation. How inflammation is modulated at the maternal-fetal interface is unresolved. We
compared transcriptomics of amnion (a fetal tissue in contact with amniotic fluid) in a preterm Rhesus ma-
caque model of IUI induced by lipopolysaccharide with human cohorts of chorioamnionitis. Bulk RNA
sequencing (RNA-seq) amnion transcriptomic profiles were remarkably similar in both Rhesus and human
subjects and revealed that induction of key labor-mediating genes such as IL1 and IL6 was dependent on
nuclear factor kB (NF-kB) signaling and reversed by the anti-tumor necrosis factor (TNF) antibody Adali-
mumab. Inhibition of collagen biosynthesis by IUIwas partially restored byAdalimumab. Interestingly, sin-
gle-cell transcriptomics, flow cytometry, and immunohistology demonstrated that a subset of amnion
mesenchymal cells (AMCs) increase CD14 and other myeloid cell markers during IUI both in the human
and Rhesusmacaque. Our data suggest that CD14+ AMCs represent activated AMCs at thematernal-fetal
interface.

INTRODUCTION

The amnion is a thin but tough, avascular membrane that straddles thematernal-fetal interface. The amnion tissue is of fetal origin comprising

a layer of cuboidal epithelial cells with underlying mesenchymal cells firmly adherent to a thick basal membrane composed of extracellular

matrix and collagen with interspersed fibroblast-like mesenchymal cells. The amnion is in contact with the amniotic fluid which harbors a high

load of inflammatory products during intrauterine infection.1–3 Similar to other mucosal barrier niches, amnion epithelial cells express a set of

Toll-like receptors (TLRs) suggesting that amnion can recognize a wide variety of pathogen-derived molecular patterns,4 but unlike other

mucosal barriers it is external to the fetus but internal to the mother. The total surface area of the amniotic membrane in vivo at term is

about 0.2 m2 (roughly the same area as the fetal skin).5 When stimulated or exposed to inflammatory signals (e.g., endotoxin), amnion can

also secrete pro-inflammatory mediators including prostaglandins and cytokines/chemokines.4,6 In our previous studies focused on cho-

rio-decidua immune response, we reported that the amnion secretes neutrophilic chemoattractants in a tumor necrosis factor (TNF)- and

interleukin-1 (IL-1) signaling-dependent manner during experimental chorioamnionitis (inflammation in the amnion, chorion, decidua, and

the amniotic fluid).7–9 However, the mechanisms and precise cell types orchestrating inflammation at the maternal-fetal interface are not

known.
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Understanding the pathogenesis of chorioamnionitis is important because �40% of preterm labor (PTL) cases are caused by chorioam-

nionitis.10,11 Biologically, unlike other mucosal barriers, chorioamnionitis presents the host a challenge in balancing immunotolerance of

the antigenically mismatched fetus and host defense at the maternal-fetal interface. Inflammatory products during chorioamnionitis can

rupture the normally tough amnioticmembrane12 and cause preterm labor.10 Since collagen scaffolding is a primary source of tensile strength

of the amnion,12,13 understanding the mechanisms of collagen biosynthesis during chorioamnionitis is also important.

We recently reported that injection of lipopolysaccharide (LPS) in the amniotic space in pregnant Rhesus macaque at about 80% term

gestation closely mimics human pathology.7 In this model, LPS induces a massive neutrophilic infiltration and upregulation of pro-inflamma-

tory cytokines in the chorio-decidua and amniotic fluid.7 These changes are similar to human chorioamnionitis.7 Both animal experiments and

clinical studies implicate TNF signaling as an important mediator of intrauterine inflammatory response and preterm labor.8,14–17 We there-

fore used the clinically prescribed anti-TNF antibody Adalimumab (Humira) to inhibit TNF signaling in the present study.

To gain mechanistic insights and simultaneously maintain clinical relevance, we used carefully collected and archived isolated amnion tis-

sue from preterm Rhesus macaques and human subjects with and without chorioamnionitis. We used the amnion tissue in contact with the

extra-placental chorion and decidua called the reflected amnion,18 since we previously demonstrated this tissue to be highly responsive to

intrauterine infection/inflammation (IUI) signals.8,19 To permit a comprehensive and unbiased assessment of the response of amnion, we used

a transcriptomic profiling and analytical approach. To comprehensively understand the transcriptomic changes, we used both bulk and sin-

gle-cell RNA sequencing (scRNA-seq) approach. These studies provide a new understanding of the response of amnion tissue during

chorioamnionitis.

RESULTS

Rhesus and human amnion transcriptomes change similarly upon IUI exposure

We previously reported that intra-amniotic injection of 1 mg LPS in the Rhesus macaque results in a predominantly neutrophilic infiltration in

the chorio-decidua tissues of the placenta and upregulates pro-inflammatory cytokines in the amniotic fluid.7,8 Furthermore, the inflammatory

response was higher at 16 h compared to a 48 h or 5 days exposure7,20 and therefore the time point chosen represented the height of inflam-

matory response. These previous publications give a detailed report identifying different immune cells during chorioamnionitis. We now

explore response of the amnion tissue. We first compared transcriptomic profiles of the amnion in controls (Ctrls) vs. LPS-exposed Rhesus

macaques. Unbiased principal-component analysis (PCA) of global amnion gene-expression profiles demonstrated distinct clustering based

on prenatal inflammation exposures (Figure 1A). Compared to Ctrls, LPS-exposed amnion had 330 differentially expressed genes (DEGs) (257

upregulated and 73 downregulated; DEG>2-fold change; false discovery rate (FDR) adjusted p value<0.05) (Figure 1B). Heatmaps of DEGs

showed distinct expression profiles and consistency in different samples within the same Rhesus subgroup (Figure 1C). Similar results were

observed in human samples: PCA of global amnion gene-expression profiles demonstrated distinct clustering based on human chorioam-

nionitis cases (Figure 1D). 3,195 genes were differentially expressed in chorioamnionitis-positive samples compared to the negative ones

(1,619 upregulated and 1,576 downregulated; DEG>2-fold change; FDR adjusted p value<0.05) (Figure 1E); heatmaps of DEGs showed

distinct expression profiles and consistency in different samples within the same human subgroup (Figure 1F).

Interestingly, Rhesus amnion shared approximately 40% (i.e., 104/257 genes, p < 0.05) of human amnion IUI-induced genes (Figure 1G;

Table S4). Functional annotation analyses revealed significant enrichment and similarity (FDR adjusted p value<0.05) of Gene Ontology

(GO) terms involved in inflammation-related processes including the cytokine-mediated signaling pathway, inflammatory response, regula-

tion of I-kappaB (IkB) kinase/nuclear factor kB (NF-kB) signaling, cellular response to IL-1, neutrophil mediated immunity, and response to LPS

in both Rhesus (Figure 1H; Table S5) and human chorioamnionitis cases (Figure 1I; Table S6). Importantly, the functional annotation analysis of

the common 104 genes induced by inflammation in both Rhesus and human (Figure 1J) were similar to the induced pathways in the Rhesus

and human alone (compare Terms in 1J vs. 1H, 1I). Representative genes associatedwith these upregulatedGO terms common to Rhesus and

human were S100A9, CCL5, ADORA2A, ICAM1, CXCL3, BCL2A1, IL1B, TNF, and CSF3 (Figures S3A and S3B). These findings were further

validated by quantitative PCR (qPCR) analysis of selected genes both in Rhesus (Figure S3C and STAR methods) and human (Figure S3D

and STAR methods). Of note, shared pathways include 50% of the top 30 GO terms (Figure 1K and shaded rows in Tables S5 and S6),

50% of the top 30 Wiki pathways (Figure 1K and shaded rows in Tables S7 and S8), and 70% of the top 30 Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathways (Figure 1K and shaded rows in Tables S9 and S10).

We also investigated which genes and pathways were downregulated in both Rhesus and human upon inflammation. Rhesus amnion

shared �10% (i.e., 11/73 genes, p = 0.7) of human amnion IUI-downregulated genes (Figure S4A). Functional annotation analysis revealed

significant enrichment (FDR adjusted p value<0.05) of GO terms involved in a wide range of biological processes including cell development

in both rhesus (Figure S4B) and human (Figure S4C). Functional annotation analysis of the 11 common genes downregulated by inflammation

in both Rhesus and human revealed GO terms involved in cell junction assembly (Figure S4D).

LPS exposure and response to TNF inhibition identify unique functional clusters of genes in the amnion

We previously demonstrated that TNF blockade by the anti-TNF antibody Adalimumab blocked chorio-decidua neutrophil recruitment and

activation during Rhesus IUI and reduced LPS-driven IUI during chorioamnionitis.8 To investigate the effect of TNF blockade on the amnion

upon IUI, we compared the transcriptomic landscape between Rhesus LPS-exposed vs. Adalimumab+LPS (Adal+LPS) groups. Therewere 230

DEGs (125 upregulated and 105 downregulated; DEG>2-fold change; FDR adjusted p value<0.05) (Figure 2A). Of the 257 LPS-induced genes

compared to Ctrl animals shown in Figure 1B, 73 genes were inhibited by Adalimumab (designated as ‘‘TNF-dependent genes’’) (Figure 2B;
2 iScience 26, 108118, November 17, 2023
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Figure 1. Similar transcriptomic changes between Rhesus macaque and human subjects after exposure to chorioamnionitis (chorio)

Amnion tissue from the extra-placental fetal membranes was dissected free from the underlying chorion and decidua immediately after delivery in both Rhesus

and human.

(A) Principal-component analysis (PCA) of RNA-seq data obtained from Rhesus amnion samples of Ctrl (n = 3) and LPS (n = 6) animals showing distinct clustering

based on exposure to LPS.

(B) Volcano plots displaying differentially expressed genes (DEGs) in Rhesus LPS vs. Ctrl. Red dots and numbers indicate genes with an FDR adjusted p value

<0.05 (DEG>2-fold change).

(C) Heatmap of the top 60 genes differentially expressed between Rhesus amnion samples upon exposure to inflammation.

(D) Similar to Rhesus data, PCA of RNA-seq data obtained from human amnion samples of chorio neg (n = 8) and chorio pos (n = 7) women showing distinct

clustering based on exposure to chorio.

(E) Volcano plots displaying DEGs in human chorio pos vs. chorio neg. Red dots and numbers indicate genes with an FDR adjusted p value <0.05 (DEG>2-fold

change).

(F) Heatmap of the top 60 genes differentially expressed between human amnion samples in upon exposure to inflammation.

(G) Venn diagrams displaying DEGs > 2-fold change (FDR adjusted p value <0.05) in both Rhesus and human upon chorio. Approximately 40% (i.e., 104/257

genes, p < 0.05 Bonferroni) of the genes induced by LPS exposure in Rhesus are shared with the genes induced by chorioamnionitis in human.

(H) Top 10 GO terms of 257 induced genes in Rhesus upon LPS exposure.

(I) Top 10 GO terms of 1,619 induced genes in human upon chorioamnionitis.

(J) Top 12 common upregulated GO terms between Rhesus and human.

(K) Histograms show a substantial overlap between the top 30 GO terms, Wiki Pathways, and KEGG pathways between Rhesus and human.
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Table S11). Functional annotations of TNF-dependent genes identified alterations in the inflammatory response, cellular response to LPS, and

regulation of IL-6 production (Figure 2C). On the other hand, functional annotations of 125 upregulated genes by Adal+LPS vs. LPS predicted

alterations including cellular response to hormone stimulus and axonogenesis (Figure S5).

To further identify similarities and dissimilarities of gene expression patterns among the three different groups of animals (i.e., Ctrl, LPS,

and Adal+LPS), we performed differential expression analysis and clustering. We identified 8 clusters based on differential biological process

annotations between the exposure groups (Figures 2D and 2E). Gene expression patterns showed that compared to Ctrl animals, LPS expo-

sure alone had a marked induction of genes in clusters 1 and 2 (Figure 2D), which were associated with cytokine-mediated signaling pathway

and inflammatory response, respectively (Figure 2E). The treatment with Adalimumab showed an intermediate profile between Ctrl and LPS-

exposed animals for cluster 1 and a similar profile with Ctrl animals in cluster 2 (Figure 2D). Cluster 3 genes, which were involved in cell-cell

junction organization, and cluster 6 genes, which were involved in cell-substrate junction assembly, were higher in the Ctrl samples and

decreased in both the LPS and Adal+LPS groups (Figures 2D and 2E). On the other hand, cluster 4 genes, involved in negative regulation

of cell differentiation, were higher in the Adal+LPS compared to both Ctrl and LPS (Figures 2D and 2E). While LPS alone suppressed cluster

5 genes associated with cellular response to hormone stimulus, the combination of Adal+LPS significantly induced these genes in this cluster

(Figures 2D and 2E).

Rupture of membranes due to weakening collagen scaffolding is an important determinant of preterm labor in the setting of IUI.12 Inter-

estingly, genes associated with positive regulation of collagen biosynthesis (cluster 7) were suppressed by LPS compared with Ctrl, while the

treatment with Adalimumab showed a profilemore similar to Ctrl (Figures 2D and 2E). Next, we asked if the genes identified in Rhesus amnion

had a similar profile of expression in the human samples. Indeed, the expression patterns in the human chorio samples were concordant,

indicating the high degree of similarity between the Rhesus model and human pathology (Figure 2F).

TNF-signaling blockade decreases inflammatory response in amnion by inhibiting NF-kB pathway

Based on our data and the key roles played by NF-kB in the regulation of inflammation including during the perinatal period,21,22 we exam-

ined the NF-kB pathway more closely. Interestingly, our bulk RNA sequencing (RNA-seq) data show that TNF-dependent GO terms were

enriched in the regulation of NF-kB pathway (Figure 2C). Furthermore, we overlaid our entire dataset of Rhesus and human genes on the

NF-kB canonical pathway23 and found that the most upregulated genes wereNFKBIA, TNFAIP3, FAS, and TNF in both LPS-exposed amnion

and human chorioamnionitis-positive amnion samples (Figure 3A). Other genes associated with regulation of NF-kB signalingGO terms were

similarly upregulated in both LPS-exposed amnion (Figure 3B) and human chorioamnionitis-positive amnion samples (Figure 3C). Of note,

Adalimumab treatment significantly decreased the expression of those genes (Figures 3A and 3B). These data were further validated by

qPCR analysis of key selected genes in both Rhesus and human (Figure S6 and STAR methods).

Myeloid cell markers in a subset of amnion mesenchymal cells (AMCs)

We were intrigued by a large number of immune cell-associated genes in our bulk RNA-seq data. Therefore, we hypothesized that amnion

cells may sense the inflammatory insult in the amniotic fluid and in turn trigger the immune response. Tomore exhaustively assess our data, we

selected the genes belonging to the GO term related to antigen-presenting cells (APCs).24 A large number of genes associated with APCs

were significantly upregulated in both the Rhesus and human amnion exposed to inflammation (Figure S7). These genes could be expressed

by resident amnion cells or by the infiltrating immune cells. Hematoxylin and eosin (H&E) staining of sections of chorioamnion-decidua (CAD)

tissue revealed that no Rhesus sample Ctrls (0/3) or LPS-exposed (0/6) had any immune cell infiltration in the amnion (Figure S8). However, in

the human cases 0/8 no chorio cases and 5/7 chorio-positive cases had neutrophil infiltration in the amnion, a hallmark of severe chorioam-

nionitis25 (Figure S8).
4 iScience 26, 108118, November 17, 2023
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Figure 2. TNF signaling is an important mediator of LPS-induced inflammatory pathways in the Rhesus amnion

TNF signaling was inhibited by anti-TNF antibody Adalimumab (Adal).

(A) Volcano plots displaying DEGs in Adal+LPS vs. LPS Rhesus groups. Red dots and numbers indicate genes with an FDR adjusted p value <0.05 and DEG > 2-

fold change vs. LPS.

(B) Venn diagram showing Adalimumab decreased 73 out of 257 LPS-induced genes (40%) (downregulated ‘‘TNF-dependent’’ genes).

(C) Top 12GO terms of 73 TNF-dependent genes. Clusters of genes based on patterns of differential expression in the three Rhesus groups (Ctrl, LPS, Adal+LPS).

The functional annotation of each cluster was done using Enrichr.

(D) Heatmap of differentially expressed genes for each cluster is shown. Dendrogram of unsupervised hierarchical clustering for both the gene clusters and

exposure groups are shown.

(E) Functional annotation of the 8 clusters identified in (D) with the number of genes and GO terms is shown for the Rhesus.

(F) The gene clusters identified in the Rhesus were compared in the two human groups (chorio neg and chorio pos) using violin plots. Open circles within the violin

represent the mean expression value for each gene within the defined cluster. The black dot represents the mean of the violin, and the bar represents one

standard deviation. The numbers in parenthesis define the number of genes in each cluster. Note the extensive similarities of differential expression patterns

in each functional cluster in the human samples compared to Rhesus.
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To more definitively assess cell of origin, we performed scRNA-seq analyses. We chose Rhesus rather than human samples since the Rhe-

sus amnion did not have histologic evidence of immune cell infiltration. Furthermore, the role of TNF signaling could be assessed in the Rhe-

sus tissues. To capture all cells more comprehensively, we used CAD tissue for scRNA-seq rather than the dissociated amnion that was used

for bulk RNA-seq. Notably six out of eight samples for the scRNA-seq were also common to bulk RNA-seq (Table S1).

For cell type annotations, we pooled scRNA-seq data from all 8 samples. Consistent with our previous flow cytometry data showing a ma-

jority of dissociated CAD cells being CD45,26 clusters could be annotated into various hematopoietic and non-hematopoietic chorio-decidua

cells based on established marker genes (Figure 4A). However, to our knowledge, there are no reliable markers for the amnion. We therefore

used multiple methods to annotate amnion cells. First, we used detailed comparative bulk RNA-seq data from dissected amnion, chorion,

decidua, and 16 other non-placenta human tissues.27 We calculated a module score using the top 100 genes with the highest proportional

median found by Kim et al., in physically peeled amnion.27 The amnionmodule from Kim et al. overlaid nicely with our putative amnion cluster

along with a few other scattered cells (Figure S9A). Second, we took advantage of the fact that amnion tissue is of fetal origin, while decidua

andmost of the immune cells in the decidua are of maternal origin, and that 50% of our fetuses weremale (See Table S1). We observed a clear

overlap with our amnion cluster with two Y chromosome gene markers (RPS4Y1 and RPS4Y2) (Figure S9B). Since amnion is known to contain

epithelium and mesenchymal cells but no blood vessel cells, we interrogated our data against known epithelial and mesenchymal markers.

We did not find any epithelial/trophoblast cell marker genes represented in the putative amnion cells (Figure S9C). By contrast, mesenchymal

cell marker genes were readily expressed by these amnion cells (Figure S9D). We therefore designated the cluster as AMCs. One of the 8

samples did not have any identifiable amnion cells and hence subsequent analyses were conducted on 7 samples (Ctrl n = 1; LPS n = 3;

and Adal+LPS n = 3).

Unsupervised clustering of AMCs revealed four different subclusters (Figure 4B). Similar to the bulk RNA-seqdata, scRNA-seq also showed

distinct clustering of these cells dependent on prenatal exposures (Figure 4C). Cluster 0 comprised AMCs from Ctrl and Adal+LPS groups

(Figure 4C). Cluster 1 and 3 AMCs were almost entirely from the LPS group (Figure 4C). Cluster 2 AMCs were predominantly from the Adal+

LPS group (Figure 4C). Next, we analyzed DEGs characterizing each of the AMC clusters. Cluster 0 AMCs were represented by collagen syn-

thesis, retinoid signaling, immune homeostasis, and prostaglandin synthesis genes (Figures 4D and S10A). Cluster 1 and 3 AMCs were en-

riched in inflammation mediators and NF-kB signaling (Figures 4D and S10A). Interestingly, cluster 2 AMCs were enriched in antigen presen-

tation and innate immune response (Figures 4D and S10A). Similar to bulk RNA-seq, scRNA-seq data of the AMCs showed LPS induction and

TNF inhibition of S100A9, ADORA2A, and BCL2A1 (Figure S10B) and genes involved in the NF-kB pathway (Figure S10C). LPS decreased the

AMC expression of genes involved in collagen biosynthesis (Figure S10D), consistent with the results from bulk RNA-seq analysis (see

Figures 2D‒2F, 3, and S3 , respectively).

Next, we analyzed different stem cell and hematopoietic cell markers in the AMCs noting that conventional hematopoietic cells occupy

different clusters in Figure 4A.We detected expression of mesenchymal stem cell (MSC) factor TM4SF1 and the proto-oncogeneNNMT (Fig-

ure 4E). However, classic MSC markers likeOCT4, Sox-2, and Nanog were not detected, suggesting that these cells are not MSCs (data not

shown). The common myeloid progenitor RUNX1 and hematopoietic stem cell quiescence marker CDC42 were also expressed in the AMCs

(Figure 4E). However, common lymphoid progenitor markers e.g., EBF1, FLT3, GATA3, IKZF1,MYB, and TCF3 were not expressed (data not

shown). LPS downregulated both RUNX1 andCDC42, while increasing TM4SF1 andNNMT expression predicting increased proliferation and

differentiation along the myeloid lineage (Figure 4E). Consistently, we observed expression of the monocyte/macrophage marker CD14 in

Ctrls AMCs that appeared to increase after LPS (Figures 4B and 4F: compare expression in cluster 0 vs. clusters 1 and 3). Interestingly,

most of the CD14 expressing AMCs were negative for PTPRC (CD45) (Figure 4F).

To further confirm these results, we performed immune co-localization of CD45, CD14, and Vimentin (a type III intermediate filament pro-

tein expressed in mesenchymal cells) on both Rhesus Ctrl and LPS-exposed animals and human chorio-negative and chorio-positive fetal

membrane samples. Consistent with our scRNA data, the number of amnion mesenchymal Vim+CD14+CD45� cells significantly increased

in both Rhesus and human subjects upon exposure to inflammation (Figures 5A and 5B). These CD14-expressing AMCs (Vim+CD14+CD45�)
persisted 2 days and 5 days after LPS exposure (Figure S11A and STAR methods). Furthermore, we performed flow cytometry on dissociated

amnion cells. Consistent with our scRNA and immune co-localization, CD326(EpCAM)�CD14+CD45�AMCs could be detected in about 1.5%

Ctrl amnion cells that increased to almost 9% after exposure to LPS (Figure 5C and STAR methods). Approximately 2% CD14+CD45+
6 iScience 26, 108118, November 17, 2023



A

B C

Figure 3. TNF blockade reverses activation of NF-kB pathway in the amnion during chorio

(A) RNA-seq data were superimposed on the canonical NF-kB pathway.23 Signalingmolecules are color intensity and shape coded based on the expression level

and FDR adjusted p values. Note the similarities between the key signaling molecules between the Rhesus and human intrauterine inflammation (arrow), and the

reversal in the Adal+LPS group.

(B and C) Normalized counts from RNA-seq data of representative genes associated with the GO terms in the NF-kB pathways are shown as fold change

compared to the no inflammation group (dashed line) in (B) Rhesus, and (C) human amnion. Note the similar increases in expression of NF-kB pathway

genes in the Rhesus amnion exposed to LPS and human amnion exposed to chorio. Data are represented as mean G SE (*p < 0.05 compared to no

inflammation group by Mann Whitney U-test). Adalimumab decreased LPS-induced increases in NF-kB pathway genes in B (#p < 0.05 compared to LPS

group by Mann Whitney U-test).
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double-positive AMCs were detected mostly after LPS exposure. CD14+CD45� cells were restricted to the amnion since the adjacent chorio-

decidua in the same animals did not have single positive CD14 cells and all the CD14-expressing cells in the chorio-decidua also expressed

CD45 denoting amonocyte/macrophage cell type (Figure 5C and STARmethods). Interestingly, few CD14+CD45�were present in the uterus

upon LPS exposure (Figure S11B and STAR methods). Compared to classic amnion mesenchymal PTPRC-CD14� cells, PTPRC-CD14+ cells

expressed higher level of several molecules associated with myeloid cells such as AIF1 (IBA1), CD14, CD83, S100A8, IL6, IL1B, DRA, and

HLA-DPA1 and innate immune activation markers such as C1QC, LYZ, CTSH, SAA2, and CXCL2 (Figures 5D and 5E). RNA velocity analysis

demonstrated that the length of the arrows was the highest for AMCs exposed to LPS suggesting a recent increase in unspliced transcripts

in this population (Figure 5F). The direction of arrows converged toward cluster 1 (Figure 5F), inferring a trajectory of differentiation toward

cells expressing inflammatory markers (Figure 4D) and those serving inflammatory response to external stimuli (Figure S10A). Notably, cluster

1 cells had the highest numbers of PTPRC-CD14+ cells (Figure 4F). For these reasons, we designated these cluster 1 AMCs as activated AMCs.

Notably, RNA velocity of AMCs fromCtrls or Adal+LPSgroup appeared to have either shorter arrows or direction pointing away from cluster 1
iScience 26, 108118, November 17, 2023 7
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Figure 4. scRNA-seq reveals increased expression of CD14 and innate immune activation genes in a subset of amniotic mesenchymal cells after

exposure to LPS in the Rhesus

Single-cell (sc) RNA-seq was done on dissociated chorioamnion-decidua (CAD) cells in the Rhesus.

(A) UMAP plot of genes in the CAD cells combined from the three Rhesus groups (Ctrl, LPS, Adal+LPS). Cells were annotated based on marker genes. Amniotic

mesenchymal cell (AMC) cluster is circled.

(B and C) UMAP plot of the AMCs is shown by (B) unsupervised clustering and (C) clusters based on exposures.

(D) Dot plot showing the top representative marker genes for each cluster. The color scale represents the scaled expression average of each gene. The size of the

dot represents the percentage of cells expressing each gene of interest.

(E) Violin plots showing the expression of marker genes for stem cell/proliferation, common myeloid progenitor, and hematopoiesis in the AMCs.

(F) UMAP plot of AMCs showing expression of PTPRC (CD45) and CD14. Cluster 1 (AMCs exposed to LPS) had the highest number of CD14 positive PTPRC

(CD45) negative AMCs.
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(Figure 5F), suggesting TNF signaling playing a role in AMC activation. Consistently, predicted upstream regulator analyses using the Inge-

nuity Pathway Analysis revealed that the genes induced by LPS exposure in the AMCs were IL1, TNF, andNF-kB signaling similar to the infer-

ence in bulk RNA-seq (Figures 5G and 3A).
8 iScience 26, 108118, November 17, 2023
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Figure 5. Both Rhesus macaques and human subjects exposed to chorioamnionitis increase numbers of CD14-expressing AMCs

(A) Rhesus and human chorioamnion-decidua section from paraffin-embedded blocks were co-stained with Vimentin (cyan), CD14 (red), CD45 (green), and DAPI

(blue). Orange arrows in the magnified yellow insets (#1, 3, 6, and 8) indicate Vimentin(Vim)+CD14+CD45� cells, while red arrows in red insets (#2, 5, 7, and 9)

indicate Vim+CD14�CD45� cells. Dotted white lines denote the different layers (amnion, chorion, and decidua (dec)). Of note, Vim+CD14+CD45� were not

present in the chorion layer. Representative sections (Rhesus: n = 4/group; Human n = 7/group) are shown.

(B) Quantification of Vim+CD14+CD45� amniotic mesenchymal-myeloid cells and Vim+CD14�CD45� amniotic mesenchymal cells. Average of 5 randomly

selected HPF fields were plotted as the representative value for the animal or human sample. Counts were performed in a blinded manner. Data are

mean G SEM (*p < 0.05 compared to no inflammation group by Mann Whitney U-test).

(C) In a different set of Rhesus macaques, amnion was physically separated from chorio-decidua. Both tissues were proteolytically processed and cell suspension

was analyzed by flow cytometry. Representative (n = 2/treatment) contour plots showing the expression of CD45 and CD14 in amnion and chorio-decidua CD326

(EpCAM)- cells. Right lower quadrant cells represent CD45�CD14+, while right upper quadrant CD45+CD14+ cells. Note that CD45�CD14+ cells can only be seen

in the amnion but not chorio-decidua. Also note the similarities between the scRNA-seq data (Figure 4F), immune co-localization (A and 5B), and amnion flow

cytometry for CD45 and CD14 (C and STAR methods).

(D) Heatmap showing differentially expressed genes (p < 0.05 and abs(log2FC) > 0.5) between PTPRC-CD14+ cells and PTPRC-CD14� AMC. Red: upregulated

genes; blue: downregulated genes.

(E) Violin plots showing the expression of IL6, IL1b, S100A8, DRA, and HLA-DPA1 genes for PTPRC-CD14+ cells and PTPRC-CD14� cells.

(F) RNA velocity shows increased length of arrows denoting a recent increase in unspliced transcripts in AMCs exposed to LPS and a direction pointing toward

cluster 1 inferring a trajectory toward AMCs expressing innate immune activation markers.

(G) Bar graph showing the top 10 predicted upstream regulators of genes in cluster 1 in panel B (LPS exposure) ranked by p value based on Ingenuity Pathway

Analysis.
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A survey of other hematopoieticmarkers revealedAMCexpression of othermyeloid cell markers (Figure 6A). AMCexpression ofCD40 (co-

stimulatory protein on APCs), LRP1 (low-density lipoprotein related protein 1, CD91), TIMP1 (Tissue inhibitor of metalloproteinase 1), CST3

(Cystatin C), CD274 (PDL1), and CCDC50 (Coiled-coiled domain containing 50) increased after LPS exposure. LRP1, TIMP1, and CST3 are

involved in would healing and repair. PDL1 and CCDC50 are markers associated with plasmacytoid dendritic cells, and PDL1 can suppress

adaptive immunity. On the other hand, DRA and HLA-DPA1, markers associated with myeloid dendritic cells, were downregulated by LPS

(Figure 6A). KLRB1 (CD161) expressed by natural killer (NK) and innate lymphoid cells (ILCs) was also represented (Figure 6A). Few AMCs ex-

pressedNCAM1 (CD56) (data not shown). Among lymphocyte lineagemarkers, a few AMCs expressed CD3D, TCF7, andGIMAP7, but other

markers for T and B cell including subsets were absent (Figure 6B). Similarly, endothelial cell markers were absent (Figure 6C). Consistent with

a predominantmyeloid andNK cell marker gene signature in theAMCs, cytokine and innate immunegenes including IL1B, LCN2, TGFB1, IL6,

SOD2, S100A8, CSF3, CCL2 (MCP1), GNLY (Granulysin), GZMB (Granzyme B), CSTB (Cathepsin B), and TNFAIP6 were represented

(Figure 6D).

To further investigate the variations and functional modules of AMC types after IUIs in our scRNA-seq data, we used high dimensional

weighted gene co-expression network analysis (hdWGCNA), a comprehensive framework for constructing and analyzing co-expression

network data.28 We identified 21 functional modules of genes whose expression profiles are tightly interconnected. Out of these 21 modules,

five modules (M1, M3, M5, M11, and M21) were more represented based on prenatal exposure (Figure S12A). In line with the biological pro-

cesses found in the bulk RNA-seq analysis, GO term enrichment analysis associated those five modules with response to cytokines, inflam-

matory response, regulation of neutrophil activation and migration, regulation of NF-kB signaling, collagen fibril organization, extracellular

matrix organization, and response to TNF (Figure S12B). Thus, an unsupervised co-expression analysis further confirmed functional changes in

AMCs exposed to IUI.

Taken together, these results suggest that the AMCs are remarkably plastic, that a subset expresses myeloid and NK/innate lymphocyte

cell markers, associated cytokines, and activated innate immune cell markers, and that these increase after exposure to IUI.

DISCUSSION

Using tissues from both Rhesusmacaques and human subjects, we demonstrate that AMCs increased expression of myeloid cell markers and

innate immune activation genes during IUI. AMC expression of CD14, the LPS co-receptor classically expressed onmonocytes/macrophages,

was confirmed by scRNA-seq, immunohistology, and flow cytometry. Prior studies have reported expression of CD14 in bone marrow and

placenta mesenchymal cells.29,30 CRISPR-mediated over-expression of CD14 caused a shift of bone marrow mesenchymal stromal cell to a

more activated pro-inflammatory phenotype.29 Consistently, CD14-expressing AMCs had a higher expression of activation and myeloid

cell markers compared to CD14-negative AMC (Figures 5D and 5E). In addition to CD14 expression, our study also shows a previously unre-

ported extensive repertoire of myeloid cell and activationmarkers in the AMCs that increase during IUI.We propose that during IUI, upstream

regulators like IL-1 and TNF (possibly from amnion epithelial cells sensing microbial products) increase the proportion of AMCs expressing

myeloid cell markers, leading to acute inflammation in a largely TNF-dependent fashion (Figure 7).Microbial sensing in the amnion epithelium

and mesenchyme may be accomplished via pattern recognition receptors such as TLRs and NOD2. During IUI, the collagen biosynthetic

pathway is suppressed, predicting the weakening of membranes, an important predisposing factor to preterm labor (Figure 7).

Amnion cell epithelial-to-mesenchymal transition (EMT) and a ‘‘mesenchymal state’’ of amnion were previously shown to be associated

with chorioamnionitis, predisposition to rupture of membranes, and induction of labor.31–34 RNA velocity inferred a trajectory toward a

more pro-inflammatory and activated AMC during IUI (Figure 5F). TNF signaling appeared to be an important mediator of activation of

amnion tissue in general and AMC in particular during IUI (Figures 2C, 3, 4C–D, 5F, and 6). We previously reported that activation of
10 iScience 26, 108118, November 17, 2023
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Figure 6. Myeloid and NK/innate lymphocyte cell gene signature in the AMC cluster of chorioamnion-decidua scRNA-seq

Violin plots for different exposure groups in the AMC clusters is shown.

(A) Expression of myeloid cell markers CD40, LRP1 (CD91), CD63, CD163, CD83, ARG2, CD274 (PDL-1), and IL3RA (CD123) and expression of NK cell/innate

lymphocyte gene KLRB1 (CD161).

(B) Low-level expression of CD3D, but absence of key T subset transcription factors and B lymphocyte marker genes.

(C) Absence of endothelial cell markers.

(D) Expression of genes for cytokine, growth factors, and innate immune genes associated with myeloid and NK/innate lymphoid cells.
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IRAK1 and secretion of neutrophil chemoattractants by the amnion during IUI are dependent on IL-1 signaling.7 Taken together, the studies

suggest that EMT and mesenchymal activation in the amnion may be important mechanisms of innate host defense during IUI, and TNF and

IL-1 signaling mediate many of the processes (Figure 7).

Amnion is thought to be an immune-privileged tissue of fetal origin due to the expression of non-classical major histocompatibility com-

plex (MHC) such as human leukocyte antigen (HLA)-G to evade graft vs. host response during pregnancy.35 Thus, the amnion is being
iScience 26, 108118, November 17, 2023 11



Figure 7. Model for amnion mesenchymal cell immunomodulatory function

During normal pregnancy, homeostatic signals drive AMCs to synthesize proteins important for structural integrity, e.g., collagen and subserve immune

homeostasis. During IUI, microbial products induce upstream regulators like IL-1 and TNF possibly in amnion epithelial cells. These upstream signals induce

innate immune activation, and NF-kB pathway activation. Under baseline conditions, the mesenchymal cells are largely CD14� (classical mesenchymal cells).

IUI increases amnion mesenchymal CD14+ cells and innate immune activation genes (representing activated AMCs) that modulate the host response to

intrauterine infection. Acute inflammation driven by NF-kB pathway is TNF signaling mediated. Collagen biosynthesis, responsible for the structural integrity

of the membranes, is decreased upon inflammation and partially dependent on TNF signaling.
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investigated for cell-based therapies of inflammatory disorders.36,37 Magatti et al. reported that amnion cells can express classic HLA-DR an-

tigens38 and further that the DR� amnion cells suppressed blood mononuclear cell-induced allogenic T cell proliferation, while the DR+

amnion cells increased antiCD3-primed allogenic T cell proliferation.38 Our scRNA-seq revealed that AMCs fromCtrl animals expressed clas-

sical MHC antigens DRA and HLA-DPA1 that appeared to decrease during IUI (Figure 6A). By contrast, the expression of co-stimulatory mol-

ecules usually present on APCs (CD40, CD80, and CD83) were induced during IUI (Figures 6A and S7). Whether the AMCs can function as

opportunistic atypical APCs as suggested by the expression of activated APC markers and upregulation of the interferon (IFN) g and IL-

12/IL-23 axis during IUI (Figures S13A‒S13C and STAR methods) similar to intestinal epithelial cells39 is not known. Our data suggest that

AMCs could be the amnion cells that were shown previously to possess both stimulatory or suppressive immunomodulatory function40,41

and further suggest that these phenotypes could be altered based on exposure to IUI. Attention to IUI, a relatively common pregnancy

complication, needs to be factored before deriving the amnion for novel cell-based therapies.

In addition to the APC markers, we could detect expression of several other myeloid cell markers such as CD14, LRP1 (CD91), CD163,

ARG2, CD274 (PDL1), S100A8, and IL3RA (CD123) and expression of KLRB1 (CD161) expressed by NK and innate lymphocyte cells42

(Figures 6A and 6D). The expression of these myeloid markers during IUI was largely independent of TNF signaling. Of note, a majority of

these AMCs expressing myeloid or NK markers were CD45 negative. These CD14+CD45� AMC seems to be unique to the amnion and to
12 iScience 26, 108118, November 17, 2023
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a lesser extent to the uterus, since the chorio-decidua did not have these single positive cells (Figures 5A–5C and S11B; STAR methods). Of

note, the AMCs expressed a variety of cytokines/growth factors including IL1B, IL6,CCL2, LCN2, TGFB1, and cytotoxic granules such as gran-

ulysin and granzyme B (Figure 6D). These CD45�CD14+-expressing AMCswere readily found both in Rhesusmacaques upon acute (16 h) and

chronic (48 h and 5 days) inflammation induced by LPS exposure, and in human subjects with chorioamnionitis (Figures 5A, 5B, and S11A and

STAR methods), with a higher expression of antimicrobial peptide and other innate immune activation genes (Figure 5D). We suggest a

nomenclature of activated amnion mesenchymal cells for these unusual cells.

The canonical NF-kB pathway has been co-opted by different epithelia, e.g., skin and intestine, to perform critical functions relating to

maintenance of epithelial integrity and immune homeostasis.43 In the skin and intestinal epithelia, a tight control of NF-kB constitutive

low-level activity seems to be important for immune homeostasis.43 In human amnion, constitutive activity of NF-kB resulting in expression

of several pro-labor genes appears to be important in mediating functional progesterone withdrawal and triggering normal term labor,44,45

and exosomal delivery of an NF-kB inhibitor decreased inflammation and preterm birth in a mousemodel.46 We previously reported that NF-

kB-driven IL6 and PTGS2 expression in the CAD tissue is upregulated during inflammation-induced preterm labor in the Rhesus.47 Although

the net activity of NF-kB is increased, an important negative regulator A20 (also called TNFAIP3) was also induced in a TNF-dependent

fashion. A20 is an essential component of the ubiquitin-editing protein complex and potently decreases NF-kB activation.48 Contrary to

our results in both the Rhesus and human samples, a previous study reported decreased expression of A20 in the amnion during chorioam-

nionitis.49 Importantly, similar to epithelia of the skin and intestines,48 our data demonstrate that TNF signaling in the amnion is an important

regulator of NF-kB activity and may be a key regulator of IUI-induced preterm labor.

A cluster of 29 genes involved in the positive regulation of collagen synthesis (cluster 7 in Figure 2) was downregulated in the amnion dur-

ing both Rhesus and human chorioamnionitis. This collagen synthesis downregulation was partially reversed by Adalimumab treatment in the

Rhesusmacaque. Collagen of different types imparts tensile strength to the amnion and is known to be in lower concentrations in womenwith

preterm rupture of membranes, an important cause of preterm labor.50 In a sheep model of LPS-induced chorioamnionitis, we reported that

collagen architecture and content are decreased after exposure to LPS.51 Inflammation and oxidative stress are known to be important in the

pathogenesis of rupture of fetal membranes.52 In vitro studies of human fetal membranes demonstrate that TNF and granulocyte-macro-

phage colony-stimulating factor (GMCSF) can decrease the tensile strength of the membranes.53 Whether inhibition of TNF signaling can

prevent the collagen breakdown during IUI and prevent preterm rupture of membranes needs further study. A retrospective study of preg-

nant women with inflammatory disorders revealed a higher rate of prematurity with those treated with anti-TNF vs. non-biologic therapy.54

While the effect could be due to underlyingmedical conditions rather than the therapy, caution is warranted before using potent anti-inflam-

matory agents during pregnancy.

A few scRNA-seq studies of placenta and fetal membranes have been published using human,55–58 or mouse placenta.59 Amnion cells

including the AMCs were not specifically identified in these publications, which focused on immune cells and cells of villous placenta. Two

marker genes, the stem cell marker TM4SF160 and the proto-oncogene NNMT,61 in our AMC data were represented as marker genes in 2

populations of epithelial glandular cells previously reported in the first-trimester human placenta.56 Our scRNA-seq did not capture amnion

epithelial cells.We suspect that the relative rarity of amnion cells (�5%of CAD cells), exclusion due to doublet formation (inherent tendency of

epithelial cells to reaggregate after dissociation), and the large size of epithelial cells may have led to exclusion in the microfluidic capture

during scRNA-seq, library preparation, and downstream data cleaning. One strength of our annotation is that it was based both on rigorous

marker gene assignment and corroboration by bulk RNA-seq of isolated amnion.

In conclusion, we demonstrate that during chorioamnionitis the amnion transcriptome is dominated by immune- and inflammation-related

genes, largely driven by the NF-kB pathway. The AMCs expressing CD14 and other myeloid cell markers increase in number with increased

expression of innate immune activation markers during IUIs. TNF signaling is an important regulator of acute inflammation. Our study alters

the notion of amnion being a ‘‘simple physical barrier.’’
Limitations of the study

Functional characterization of AMCs and amnion epithelial cells in a variety of pregnancy conditions should be investigated using both in vitro

and in vivo approaches in the future.
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Illumina Exome Panel Illumina Cat# 20020183

10X Single Cell 30 v2 Reagent Kits 10X Genomics Cat# PN-120237

Chromium Single-Cell 30 Library Kit 10X Genomics Cat# PN-1000121

Deposited data

Bulk RNA-seq, human amnion This paper GSE243830

Bulk RNA-seq, Rhesus amnion This paper GSE243830

scRNA-seq, Rhesus chorioamnion-decidua This paper GSE243830

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Macaca mulatta University of California Davis

Oligonucleotides

S100A9 Thermofisher Cat# Rh02801277_m1

CCL5 Thermofisher Cat# Rh02621811_m1

ADORA2A Thermofisher Cat# Rh02902837_m1

ICAM1 Thermofisher Cat# Rh02621706_m1

NOD2 Thermofisher Cat# Rh02879855_m1/Cat# Hs00223394_m1

TNFAIP3 Thermofisher Cat# Rh02860236_m1/Cat# Rh01568117

CXCL3 Thermofisher Cat# Rh02788128_gH/Cat# Hs00171061_m1

TNF Thermofisher Cat# Hs99999043_m1

NFKB2 Thermofisher Cat# Rh02621752_m1/Cat# Rh01028900_m1

RELA Thermofisher Cat# Rh02802962/Cat# Rh01042017_m1

Software and algorithms

FlowJo, Version 10 FlowJo https://www.flowjo.com

GraphPad Prism, Version 9 Prism https://www.graphpad.com

10X Cell Ranger software, Version 2.1.1 10X Genomics https://www.10xgenomics.com/

R package Seurat, Version 3.1.2 CRAN https://cran.r-project.org/web/packages/Seurat/index.html
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Suhas Kallapur,

skallapur@mednenet.ucla.edu.

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All original bulk RNA-seq and scRNA-seq data have been deposited at GEO and is publicly available (GEO: GSE243830).
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTECIPANT DETAILS

Animals

Normally cycling, adult female Rhesus macaques (Macaca mulatta) (n = 33) were timemated. At�130 days of gestation (�80% of term gesta-

tion), the pregnant Rhesus received either a 1 mL saline solution (controls) (n = 12, by the intraamniotic (n = 11) or the intramuscular (n = 1)

route) or 1 mg LPS (derived from E. coliO55:B5, Sigma-Aldrich, St. Louis, MO, n = 15) in 1 mL saline solution by ultrasound-guided intraamni-

otic (IA) injection. The gestational age of studywas based on chorioamnionitis beingmore frequent at pretermgestation. The dose of LPS was

based on our previous dose response experiments in the sheep.20 We previously reported that this 1 mg LPS dose in the Rhesus macaque

results in an intrauterine inflammatory response that is comparable to humans.7 Tumor necrosis factor (TNF) signaling was inhibited in the

amniotic and systemic compartments by the TNF blocker Adalimumab (Humira, AbbVie Inc. North Chicago, IL) given IA (40 mg) + maternal

subcutaneous (SC) (40 mg) 1 and 3 h before LPS respectively (n = 6) (Figure S1 and STAR methods). The dose and route of administration of

TNF inhibitor were reported to have total specific TNF inhibitory activity in the amniotic fluid and significantly reduced intrauterine inflamma-

tion induced by LPS.8 Fetuses were surgically delivered 16 h after LPS-exposure. We previously reported that the inflammatory response was

higher at 16 h compared to a 48 h or 5days exposure.7,62 Thus, the time-point chosen represented the height of inflammatory response. All the

animals treated with saline and Adalimumab were used in previous studies focused on chorio-decidua,7,8 while some LPS-exposed animals

were new to this study. For immunohistology, two extra groups of animals with a delayed IA LPS exposure of 48 h (1mg) and 5 days (1mg) were

used. The animals belonging to these groups were used in previous studies.47,62 The clinical characteristics of the animals were similar among
18 iScience 26, 108118, November 17, 2023
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the treatments (Table S1 and STARmethods). There were no spontaneous deaths or preterm labor in the animals. The numbers of animals for

each experiment are shown in the Table S1 as well as in the corresponding figure.
Human samples

Fifteen pregnant women at pregnancies from 26� to 366 weeks were recruited. Cohorts were developed based on a detailed placenta histo-

pathologic diagnosis of chorioamnionitis based on Redline’s criteria,25 and divided in two groups: preterm chorioamnionitis (chorio) negative

(n = 8) and preterm chorio positive amnion samples (n = 7). Clinical characteristics of the recruited cohorts are shown in Table S2 and STAR

methods. All the samples from human subjects were used in a previous study.7
Study approval and ethics statement

All animal procedures were approved by the IACUC (protocol # 22121) at the University of California Davis and endorsed by the University of

California, Los Angeles. The committee that reviewed and approved is the UC Davis Institutional Animal Care and Use Committee. Care and

housing of animals met all Institutional Animal Care and Use Committee, US Department of Agriculture, and US NIH guidelines for humane

macaque husbandry, including the presence of enrichment objects, daily foraging enrichment, and auditory and olfactory access to conspe-

cifics in the same room.

Pregnant women provided a written informed consent from 2014 to 2017 under a protocol approved by the Institutional Review Boards

(IRBs) of Cincinnati Children’s Hospital and University of Cincinnati (#2013–2243) for use of their placenta samples.
METHOD DETAILS

Histologic evaluation of fetal membranes for chorioamnionitis

H&E staining was performed for Rhesus and human fetal membrane sections, and staining was photographed. H&E-stained sections of hu-

man fetalmembraneswere scored in a blindedmanner (by S.G. Kallapur) for chorioamnionitis using criteria outlinedby Redline et al. based on

numbers and depth of neutrophil infiltration of the tissue.25
Amnion isolation for bulk RNA-seq analysis

Extra-placental membranes were dissected away from the placenta within 30 min after delivery for both human and Rhesus, as previously

described.7 For bulk RNA-seq analysis restricted to amnion, chorio-decidua cells were scraped from the amnion. Amnion was then surgically

separated and flash-frozen for RNA studies.
Cell suspension preparation

For amnion cell, chorio-decidua cell, and uterine cell flow cytometry experiments, separated amnion tissues, chorio-decidua tissues, and

uterus tissues were finely minced and digested with Dispase II (Life Technologies, Grand Island, NY) plus collagenase A (Roche, Indianapolis,

IN) followed by DNase I (Roche) treatment, as previously described.7,26 Cell suspensions were filtered, and the red blood cells lysed. Viability

was >90% by trypan blue exclusion test. For scRNA-seq analysis and some FACS-sorting we used intact Rhesus chorioamnion-decidua (CAD)

without surgical separation using the same cell dissociation protocol as isolated amnion and uterus.
FACS-sorting and flow cytometry

FACS-sorting was done to identify live CAD cells for single-cell RNA-seq experiments. CAD cell suspension was stained with Sytox Green

according to the manufacturer instructions (Thermofisher) and the viability was >90%. Figure S2 (and STAR methods) shows a representative

gating strategy used to sort live CAD cells. For flow cytometry experiments, amnion cells, chorio-decidua cells, and uterine cells were treated

with 20 mg/mL human immunoglobulin G (IgG) to block Fc receptors, stained for surface markers CD326 (EpCAM clone 9C4; Biolegend),

CD45 (clone D058-1283; BD Bioscience) and CD14 (clone ME52; Biolegend) for 30 min at 4�C in PBS, washed, and fixed in fixative stabilizing

buffer (BDBioscience). Sampleswere acquiredwith LSR Fortessa 2 (BDBioscience) within 30min after the staining. All antibodieswere titrated

for optimal detection of positive populations and mean fluorescence intensity. At least 500,000 events were recorded for each sample. Dou-

blets were excluded based on forward scatter properties, and dead cells were excluded using LIVE/DEAD Fixable Aqua dead cell stain (Life

Technologies). Unstained and negative biological population were used to determine positive staining for each marker. Data were analyzed

using FlowJo version 10 software (TreeStar Inc., Ashland, OR).
RNA extraction and qPCR

Total RNA was extracted from snap-frozen amnion, after homogenizing in TRIzol (Invitrogen, Carlsbad, CA). RNA concentration and quality

weremeasured byNanodrop spectrophotometer (ThermoScientific). Reverse transcription of the RNAwas performed using Verso cDNA syn-

thesis kit (ThermoScientific). Quantitative RT-PCR (qPCR) was carried out in a StepOnePlus real-time PCR system (Life Technologies) following

standard cycling conditions. qPCR assays were performed with Rhesus and human specific TaqMan gene expression primers (Life Technol-

ogies). A list of probes is provided in Table S3. Eukaryotic 18S rRNA (Life Technologies) was the endogenous control for normalization of the
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target RNAs, and a sample from an IA saline injected Rhesus animal or human chorio neg sample was used to calibrate. The values were ex-

pressed relative to the average value of the control group.

Bulk RNA-seq: Library construction, sequencing, and analysis

For bulk RNA-seq analysis, fifteen Rhesus amnion samples (ctrl n = 3; LPS n = 6; and Adal+LPS n = 6) and fifteen human amnion samples (pre-

term chorio negative n = 8 and preterm chorio positive n = 7) were used. The integrity of purified total RNA from amnion was assessed using

the RNA High-Sensitivity Assay on the TapeStation 2200 (Agilent Technologies). 200–300 ng of starting material were used as input material

for the NEBNext rRNA Depletion kit (cat# E6350). RNA libraries were then prepared using the NEBNext Ultra II RNA kit (cat# E7765). Two

hundred ng of each final library was subject to capture hybridization using Illumina TruSeqExome, (cat #20020490) using Illumina ExomePanel

(cat #20020183) according to the manufacturer’s instructions. Quality control for the final libraries was performed using the DNAD1000 Assay

(TapeStation 2200 - Agilent Technologies) and quantified using a Qubit dsDNA BR Assay (Life Technologies). Diluted libraries were pooled

and sequenced 50 single-end on a HiSeq3000 (Illumina). The reads were mapped with STAR 2.5.3a to the Macaca mulatta genome (Mmul

8.0.1) or to the human genome (GRCh38). The counts for each gene were obtained by using the options –quantMode GeneCounts. Differ-

ential expression analyses were carried out using DESeq2. The normalized counts were obtained from the DESeq2 analysis. Principal Compo-

nent Analysis (PCA) was performed with the plotPCA function in DESeq2 after regularized log transformation. Heatmaps were plotted on the

log2 value of the normalized counts. Inference of GO terms, Wiki pathways, and KEGG pathways were generated using Enrichr.63

Single-cell (sc)RNA-seq: Library construction, sequencing, and analysis

For scRNA-seq analysis, eight unseparated chorioamnion-decidua (CAD) samples were used (Ctrl n = 2; LPS n = 3; and Adal+LPS n = 3. Note

that 6/8 tissues were also used for bulk RNA-seq analysis (Table S1). Live-sorted CAD cells were microfluidically partitioned with single cell

capture, barcoding, and library construction (10X genomics chromium platform, Pleasanton, California).

Single-cell RNA-seq libraries were prepared using the 10X Single Cell 30 v2 Reagent Kits. Specifically, single cell suspensions were loaded

on aChromiumController instrument to generate single-cell Gel Bead-In- EMulsions (GEMs). GEM-RTwere performed in a Veriti 96-well ther-

mal cycler (Thermo Fisher Scientific, Waltham, MA), following which, GEMs were harvested and the cDNAs were amplified and cleaned up

with SPRIselect Reagent Kit. Indexed sequencing libraries were constructed using Chromium Single-Cell 30 Library Kit for enzymatic fragmen-

tation, end-repair, A-tailing, adapter ligation, ligation cleanup, sample index PCR, and PCR cleanup. The barcoded sequencing libraries were

quantified using the KAPA Library Quantification Kit (KAPA Biosystems, Wilmington, MA). Sequencing libraries were loaded on a NovaSeq2

(Illumina, San Diego, CA) with a custom sequencing setting (26 bp for Read 1 and 91 bp for Read 2). Data processing including quality control,

read alignment (to the reference genome Mmul 8.0.1), and gene quantification was conducted using the 10X Cell Ranger software (version

2.1.1). The samples were then merged into a single expression matrix using the cellranger aggr pipeline.

The R package Seurat (v3.1.2) was used to cluster the cells in the merged matrix. Cells with less than 500 transcripts or 100 genes, or more

than 5% of mitochondrial expression were first filtered out as low-quality cells. The Seurat function NormalizeData was used to normalize the

raw counts. Variable genes were identified using the FindVariableGenes function. The ScaleData function was used to scale and center

expression values in the dataset, the number of unique molecular identifiers (UMI) was regressed against each gene. Principal component

analysis (PCA), and uniform manifold approximation and projection (UMAP) were used to reduce the dimensions of the data, and the first

two dimensions were used in the plots. The FindClusters function was used to cluster the cells. Marker genes were found using the

FindAllMarkers function for each cluster, which employs the Wilcoxon Rank-Sum Test to determine the significance and the Benjamini-

Hochberg Procedure to correct for multiple comparisons. Cell types were annotated based on themarker genes and their match to canonical

markers. The module scores were calculated using the AddModuleScore function. Sub-clustering on the amnion cells was performed. The

same functions described abovewere used to obtain the sub-clusters.We obtained eight high-quality scRNA-seq profiles fromCAD samples.

Analysis of cellular trajectory by RNA velocity was performed using the Python package scVelo.64 In one Ctrl sample we did not detect any

amnion cells and therefore we excluded this sample from the analysis. Thus, final analyses were conducted on 7 samples (ctrl n = 1; LPS n = 3;

and Adalimumab+LPS n = 3).

In order to illustrate the variations of cell types in amnion after intrauterine infection we used hdWGCNA package28 to perform co-expres-

sion network analysis on genes expressed in at least 5% of the cells. MetacellsByGroups function was used to construct metacells in each

treatment group. The resultingmetacells expressionmatrix was normalized by callingNormalizeMetacells function and then used for network

analysis. In order to ensure scale-free topology of the co-expression network TestSoftPowers function was used to perform parameter sweep.

The sweep identified 10 as the optimum soft power threshold to use when constructing the co-expression network by calling

ConstructNetwork function with otherwise default parameters. WGCNA dendrogram was visualized with PlotDendrogram function whereas

ModuleFeaturePlot was used to map harmonized module eigengenes, computed with ModuleEigengene function, onto the dimensionality

reduction plot. The modules identified by hdWGCNA analysis were functionally characterized by performing enrichment tests with enrichR

package. For each of the modules, a set of 100 most connected genes (ModuleConnectivity function) was tested for enrichment. Top 10 GO

Biological Process terms for each module with adjusted p value <0.05 were shown along with the enrichment score.

Immunohistology

Immunofluorescence was performed as previously described with somemodifications.65 Briefly, paraffin-embedded Rhesus and human fetal

membrane blocks were sectioned and subjected to an antigen retrieval step consisting of incubation in AR10 (Biogenex) for 2 min at 125�C in
20 iScience 26, 108118, November 17, 2023
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theDigital DecloakingChamber (Biocare) whichwas followedby cooling to 90�C for 10min. All sectionswere incubatedwith 5%bovine serum

and 10%normal donkey serum for 30min before the incubationwith goat polyclonal CD14 (1:125 dilution; LSBio), rabbit polyclonal CD45 (1:40

dilution; Abcam), andmousemonoclonal Vimentin (V9; 1:125 dilution, Invitrogen) in antibody diluent (DAKO) at 4�C overnight. Binding of the

antibodies was detected simultaneously using donkey anti-goat IgG Alexa Fluor 568 (1:400 dilution, Invitrogen), donkey anti-rabbit IgG Alexa

Fluor 488 (1:400 dilution, Invitrogen), and donkey anti-mouse IgG Alexa Fluor 647 (1:300 dilution, Invitrogen) for 1 h at room temperature.

Nuclear counterstain was achieved using DAPI (Vector Laboratories). All slides were coverslipped using ProLong Gold Antifade Mountant

(Invitrogen). Primary antibodies were replaced by rabbit isotype IgG control (Invitrogen), mouse isotype IgG control (Invitrogen), and normal

goat IgG (4 mg/mL, Santa Cruz Biotechnology) with the stain as the negative control. Stained slides were imaged by a Zeiss Axio Imager Z1

(Carl Zeiss Inc., Thornwood, NY).
Cytokines

IFNg and IL12/IL23p40 concentrations in amniotic fluid were determined by Luminex using non-human primate multiplex kits (Millipore).
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

Prism version 9 software (GraphPad, La Jolla, CA) was used to analyze data. Values were expressed asmeansG SE or meanG SD. Two-tailed

Mann-Whitney U tests for non-normally distributed continuous variables and Student’s t test for Gaussian distributed data points were used.

Fisher’s exact test was used for categorical variables were used to determine differences between groups. Bonferroni correction was used for

the overlap between Rhesus and human gene sets.66 Results were considered significant for p values of%0.05. Details of statistical tests are

reported in each figure legend.
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