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Uterine natural killer cells (uNK) play an important role in promoting successful pregnancy by regulating trophoblast invasion and spiral artery remodelling in the first trimester. Recently, single-cell RNA sequencing (scRNAseq) on first-trimester decidua showed that uNK can be divided into three subsets, which may have different roles in pregnancy. Here we present an integration of previously published scRNAseq datasets, together with novel flow cytometry data to interrogate the frequency, phenotype, and function of uNK1–3 in seven stages of the reproductive cycle (menstrual, proliferative, secretory phases of the menstrual cycle; first, second, and third trimester; and postpartum). We found that uNK1 and uNK2 peak in the first trimester, but by the third trimester, the majority of uNK are uNK3. All three subsets are most able to degranulate and produce cytokines during the secretory phase of the menstrual cycle and express KIR2D molecules, which allow them to interact with HLA-C expressed by placental extravillous trophoblast cells, at the highest frequency during the first trimester. Taken together, our findings suggest that uNK are particularly active and able to interact with placental cells at the time of implantation and that uNK1 and uNK2 may be particularly involved in these processes. Our findings are the first to establish how uNK frequency and function change dynamically across the healthy reproductive cycle. This serves as a platform from which the relationship between uNK function and impaired implantation and placentation can be investigated. This will have important implications for the study of subfertility, recurrent miscarriage, pre-eclampsia, and pre-term labour.
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Introduction

Uterine natural killer cells (uNK) are NK-like cells that are found in the lining of the uterus (called “decidua” in pregnancy and “endometrium” outside of pregnancy). They are distinct from peripheral blood NK (pNK) cells in both phenotype and function. Unlike pNK, uNK are only weakly cytotoxic and instead produce factors that are pro-angiogenic and that attract foetal derived placental cells called extravillous trophoblast (EVT) (1–6). uNK are most prominent in the first trimester of pregnancy, at which time they account for 70%–80% of immune cells in the decidua (7). Their prominence at the time of implantation, and their production of factors that are predicted to promote trophoblast invasion and spiral artery remodelling, indicates they are likely to have a role in placental implantation.

Further evidence for the role of uNK in implantation comes from their expression of high levels of killer-cell immunoglobulin-like receptors (KIRs), CD94/NKG2 (8, 9), and LILRB1 (9), which allows them to recognise the human leukocyte antigens (HLAs) expressed by EVT: HLA-C, HLA-E, and HLA-G, respectively (10–12). A number of immunogenetic studies have demonstrated that combinations of HLA and KIR that lead to lower activation are associated with disorders of insufficient implantation such as pre-eclampsia, foetal growth restriction, and recurrent miscarriage, suggesting that uNK activation via KIR is important for implantation (13–20), although it is important to note that not all studies have been able to find this association (21). The increased expression of KIRs by uNK around the time of implantation provides additional support for this idea (22).

CD107a staining is a proxy for degranulation, and previous studies have shown that this acts as a reliable measure of overall uNK activation (23). Uterine NK cells have been reported to produce IL-8 and granulocyte-macrophage colony-stimulating factor (GM-CSF): IL-8 is postulated to stimulate EVT invasion, whereas GM-CSF has been found to attract EVT (6, 23). On the other hand, the cytokines characteristically produced by pNK cells, TNFα and IFNγ, inhibit invasion of EVT cells and display increased production at later stages of early pregnancy, between 12 and 14 weeks (24, 25). However, there is some evidence that IFNγ may also be involved in spiral artery remodelling in early gestation (26).

Until recently, it was thought that uNK formed a single population, but single-cell RNA sequencing (scRNAseq) has now demonstrated three subpopulations of uNK in first-trimester decidua (27). These were originally called decidual NK (dNK) 1, 2, and 3, but they have now also been found in non-pregnant endometrium (28). Here, we call these subsets “uNK1,” “uNK2,” and “uNK3” in recognition of the finding that they are not confined to the decidua. uNK1 express higher levels of KIRs and LILRB1, indicating they may be specialised to communicate with EVT (27, 29). uNK2 and uNK3 produced more cytokines upon stimulation, indicating that their role may be immune defence (29). However, several questions remain open. Are these three subpopulations still present at the end of pregnancy? Do the subpopulations change in prominence and/or activity over the reproductive cycle? The answers to these questions could elucidate which subpopulations are important in implantation, parturition, and immune protection throughout the reproductive cycle.

Here, we show that the proportions of the uNK subpopulations remain stable through the menstrual cycle, but all three are more active and express higher levels of KIR around the time of implantation. uNK1 are more prominent in the first trimester of pregnancy, potentially indicating a requirement for this subset in the mediation of implantation, whereas uNK3 are the most prominent at the end of pregnancy. Overall, we outline how the three uNK subpopulations change in proportion, phenotype, and function throughout the reproductive cycle.



Materials and Methods


Primary Tissue

The collection of human tissue was approved by London—Chelsea Research Ethics Committee (study numbers: 10/H0801/45 and 11/LO/0971).

We examined tissues and collected data at seven stages of the reproductive cycle. In the menstrual cycle, there are three stages: menstrual (when the lining of the uterus is shed), proliferative (prior to ovulation), and secretory (after ovulation). Pregnancy is divided into three trimesters: first (1–12 weeks), second (12–28 weeks), and third (28 – 40 weeks). We also examined postpartum samples (up to 16 weeks post-delivery). During the menstrual cycle stages, the uterine tissue we examined is known as the endometrium. During pregnancy, this tissue undergoes a process called decidualisation and results in three tissues known as the decidua basalis (DB) (which lines the maternal side of the placenta), decidua parietalis (DP) (which lines the rest of the uterus), and decidua capsularis (which lines the embryo on the luminal side). When taking samples from first-trimester tissue, it is not possible to differentiate between the different decidual tissues. During the second trimester, the decidua capsularis fuses with the DP. When taking samples from third-trimester tissue, it is possible to dissect distinct samples from the DB and the DP.

A total of 29 endometrial samples were taken by Pipelle biopsy before insertion of an intrauterine device for contraception. Samples taken on a day of bleeding were assigned as a menstrual phase. Other samples were categorised into proliferative or secretory phase by date of last menstrual period and serum progesterone level: samples obtained before day 14 were assigned as proliferative phase and after day 14 as a secretory phase with retrospective confirmation by serum progesterone level, according to previously published reference range (30). We collected 8 menstrual, 7 proliferative, and 10 secretory phase samples and 4 samples from postpartum participants, up until 16 weeks postpartum.

A total of 10 decidual samples were taken from participants undergoing surgical management of elective termination of pregnancy between 6 and 13 weeks of pregnancy and 16 from participants undergoing elective caesarean sections, over 37 weeks of pregnancy and not in labour. For labouring data, a further 9 samples were taken from participants in the early stages of labour (1–3-cm cervical dilation and regular contractions) who had a caesarean section, and 9 samples were taken from participants after vaginal birth. Matched peripheral venous blood was obtained from all patients at the time of obtaining endometrial or decidual samples. Patient characteristics are summarised in Supplementary Tables 1, 2.

Lymphocytes were extracted from peripheral blood by layering onto Histopaque (Sigma-Aldrich, St. Louis, MO, USA), spinning down (700 ×g, 20 min, 21°C), and retrieving the interface, which was washed twice with Dulbecco’s Phosphate-Buffered Saline (PBS) (Life Technologies, Carlsbad, CA, USA) (500 ×g, 10 min, 4°C). Briefly, endometrial tissue was passed through a 100-µm cell strainer, pelleted (700 ×g, 10 min, 4°C), resuspended in Dulbecco’s PBS supplemented by 10% Foetal Calf Serum (FCS) (Sigma-Aldrich), passed through a 70-µm strainer, and layered on Histopaque as above.

For first-trimester samples, decidua compacta was extracted from products of conception and stirred for 20 min to remove blood before mincing with a scalpel followed by gentleMACS dissociation (Miltenyi, Bergisch Gladbach, Germany). Minced tissue was passed through a 75-µm sieve, pelleted (500 ×g, 10 min, 4°C), and resuspended in PBS/1% FCS before passing through a 100-µm strainer. The filtrate was layered on Histopaque as above.

For third-trimester DB samples, small sections were cut from the maternal side of the placenta and washed using a magnetic stirrer in Mg2+- and Ca2+-free PBS (Gibco, Grand Island, NY, USA) for 20 min. Blood clots, vessels, and placental tissue were physically removed, and cleaned decidual tissue was placed in new Mg2+- and Ca2+-free PBS. The tissue was spun (400 ×g, 5 mins 21°C), and PBS was removed. The tissue was resuspended in Accutase (Invitrogen, Carlsbad, CA, USA), mechanically digested in C tubes using a gentleMACS dissociater, and placed in a 37°C shaking water bath for 45 min. Minced tissue was passed through a 70-µm strainer and resuspended in PBS/1% FCS/2 mM EDTA. The filtrate was layered on Histopaque as above. For the third-trimester DP samples, 10 cm × 10 cm sections of the foetal membrane were dissected, and the decidua was removed using a cell scraper (Sarstedt, Nümbrecht, Germany). The tissue underwent enzymatic and mechanical digestion as described in the DB protocol.

Extracted lymphocytes were counted by light microscopy (Leica, Wetzlar, Germany) with a haemocytometer. A total of 0.2 × 106 to 1 × 106 cells per condition were allocated for phenotype and functional assessment.



Stimulation With PMA/Ionomycin

A total of 21 endometrial, all first-trimester and all third-trimester samples were used for functional assessment. Endometrial lymphocytes were stimulated immediately after isolation, and decidual lymphocytes were stimulated after 12 to 20 h of rest at 37°C. Optimisation experiments showed no difference between cells stimulated fresh and after rest (Supplementary Figure 1).

For functional assessment, cells were suspended in Roswell Park Memorial Institute (RPMI) enriched with antibiotics, EDTA, and sodium pyruvate and divided into unstimulated and stimulated wells. Anti-CD107a BV605 (100 µl/ml), Brefeldin (10 µg/ml), and Monensin (2 µM/ml) were added to all wells and phorbol 12-myristate 13-acetate (PMA) (50 ng/ml) and ionomycin (1 µg/ml) into the stimulated wells only. Cells were incubated for 4 h at 37°C and then stained with antibodies. For third-trimester samples, cells were incubated for 6 h with anti-CD107a, PMA, and ionomycin, with Brefeldin and Monensin added 2 h into the incubation.



Single-Cell RNA Sequencing Data Analysis

For the scRNAseq data, 5 stages of the reproductive cycle were examined: proliferative (n = 3), secretory (n = 3), first trimester (n = 5), second trimester (n = 1), and third trimester (term in labour (TNL) = 3). R (31) was used for the majority of the analysis. This included the use of the package Seurat (32), designed for analysis of scRNAseq data, and various data manipulation and visualisation packages (33–40).

A scRNAseq dataset from the non-pregnant uterus (available at www.reproductivecellatlas.org/) was converted from a Python format into an R Seurat object. The object was a subset of cells that had been classified as “Lymphoid” or “Myeloid” under “Cell.type” in the metadata.

A scRNAseq dataset from the first-trimester uterus (available at Array Express E-MTAB-6701) was converted from.txt into an R seurat object. The object was a subset of cells that had been designated an immune cell type, e.g., “dNK1” under “Annotation,” in the metadata. Cells originating from the placenta or blood were removed, so only decidual cells remained. Data from one donor were removed from the analysis due to their NK cells clustering independently of all other NK cells.

The scRNAseq dataset (dbGaP phs001886.v1.p1, reanalysed with permission of the NIH, project ID 26528) contained samples from one second-trimester accreta case, which is therefore pathological, and 9 third-trimester participants. Both datasets were filtered, aligned, and quantified using Cell Ranger software (version 5.0.1, 10x Genomics). h19 was used as a human genome reference. Downstream analyses were performed using the R package Seurat (version 4.0.2) (32). Cells with fewer than 200 genes and genes that were expressed in less than 10 cells were removed. Furthermore, cells where the gene content was greater than 10% mitochondrial genes were removed. Clusters were identified using “FindClusters” algorithm. The “FindAllMarkers” algorithm was used to identify the immune clusters and subset the object to immune cells. Cells from placental tissue were removed. TIL and PTL samples were not included in the analysis observing uNK across the reproductive cycle. PTL samples were not included in the term labouring analysis.

The four datasets were integrated based on a previously published workflow (41). Clusters that appeared to be non-immune cells were removed, and the remaining cells were reanalysed using the same workflow. The integrated dataset contained 2,180 cells from non-pregnant endometrium, 18,243 cells from first-trimester decidua, 3,900 from second-trimester decidua, and 6,077 from third-trimester decidua. The algorithm “FindConservedMarkers” was used to identify the clusters uNK1, uNK2, and uNK3. This was confirmed by the metadata column “annotation” from the first-trimester dataset. For visualisation of clusters and gene expression across the reproductive cycle, each dataset was downsampled so that the total number of cells displayed was equal in each dataset.



Flow Cytometry

The following anti-human antibodies were used: anti-CD56 Brilliant Violet (BV) 650 (clone NCAM 16.2, BD Biosciences, San Jose, CA, USA), anti-CD39 BV421 (clone A1, BioLegend, San Diego, CA, USA), anti-CD3 BV711 (clone SK7, BioLegend), anti-CD103 BV785 (clone Ber-ACT8, BioLegend), anti-CD16 Alexa Fluor(AF)700 (clone 3G8, BioLegend), anti-CD9 phycoerythrin(PE)/Dazzle 594 (clone HI9a, BioLegend), anti-CD49a PE/Cy7 (clone TS2/7, BioLegend), anti-CD45 allophycocyanin (APC) (clone HI30, BioLegend), anti-CD94 PE (clone HP-3D9, BD Biosciences), anti-CD158a/h (KIR2DL1/DS1) VioBright 515 (clone REA1010, Miltenyi Biotec, Bergisch Gladbach, Germany), anti-CD158b (KIR2DL2/DL3) APC vio 770 (clone REA 1006, Miltenyi Biotec), CD85j (ILT2 or CD94) Peridinin chlorophyll protein (PerCP)-eFluor 710 (clone HP-F1, Thermo Fisher Scientific, Waltham, MA, USA) and anti-CD107a BV605 (clone H4A3, BioLegend) for surface antigens, and anti-IL-8 PE (clone G265-8, BD Biosciences), anti-IFN-γ APCvio770 (clone REA600, Miltenyi Biotec), anti-GM-CSF PERCP/Cyanine 5.5 (clone BVD2-21C11, BioLegend), and anti-TNFα fluorescein isothiocyanate (FITC) (clone MAb11, BioLegend) for intracellular staining.

Cells were first incubated with fixable viability dye (Live/Dead Fixable Aqua Dead Cell stain kit, Life Technologies) (15 min, 4°C) followed by incubation with surface antibodies (15 min, 4°C). For intracellular staining, human FoxP3 buffer (BD Biosciences) was used according to the manufacturer’s instructions before staining with intracellular antibodies (30 min, 4°C). For third-trimester samples, fixable viability dye was included with the surface staining antibodies (20 min, RT) and intracellular staining using the Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s instructions. Excess antibodies were washed off (5 min, 500 ×g, 4°C) between each incubation and twice after the final incubation with intracellular antibodies.



Statistical Analysis

Data were acquired on a BD Fortessa and analysed using FlowJo (Tree Star, Ashland, OR, USA). Application settings were used to ensure reproducible results. Statistical analysis was performed using PRISM (GraphPad Software Inc.). Data were assessed for normality using Shapiro–Wilk tests to determine whether a parametric or a non-parametric statistical test was appropriate. The appropriate statistical test was used to compare subsets as specified in figure legends. p < 0.05 was considered significant.




Results


uNK1, uNK2, and uNK3 Are Present Throughout the Human Reproductive Cycle and Vary in Frequency

scRNAseq analysis has previously identified that three subpopulations of uNK, uNK1, uNK2, and uNK3, are present in first-trimester decidua (27) and non-pregnant endometrium (28). Previous analysis of scRNAseq data from third-trimester decidua identified only a single cluster within the uNK population (42), and our reanalysis of the third-trimester dataset alone confirmed this. However, when the third-trimester data were integrated with data from the non-pregnant uterus, first- and second-trimester, the third-trimester uNK cells did form three clusters (Figures 1A, B).




Figure 1 | uNK1, uNK2, and uNK3 are present throughout the human reproductive cycle, by scRNAseq. (A) Integrated immune cells from non-pregnant endometrium, and first-, second-, and third-trimester decidua, visualised by Uniform Manifold Approximation and Projection (UMAP). Colours are indicative of clusters and are identified with appropriate immune cell types. n = 12 (non-pregnant), n = 5 (1T), n = 1 (2T), n = 3 (3T). uNK, uterine natural killer. (B) Immune cells from each of the four stages in the reproductive cycle subset to 2,200 cells. Immune cells separated by stage and then visualised by UMAP. Colours are indicative of clusters. (C) Using the scRNAseq dataset, graphs show frequency of total NK from CD45+ lymphocytes and then frequency of each uNK subset (uNK1, uNK2, and uNK3) as both a proportion of CD45+ lymphocytes and a proportion of total uNK cells. Means and SDs are shown for n = 3 (proliferative), n = 3 (secretory) n = 5 (first trimester), n = 1 (second trimester), n = 3 (third-trimester decidua basalis), and n = 3 (third-trimester decidua parietalis). P, proliferative phase; S, secretory phase; 1, first trimester; 2, second trimester; 3B, third-trimester decidua basalis; 3P, third-trimester decidua parietalis.



In the first trimester, uNK can be distinguished from circulating NK cells by their expression of CD49a and CD9; the subsets are then defined by their expression of CD39 and CD103 (27). We confirmed the presence of CD49a+ uNK in the endometrium and in the first- and third-trimester decidua and that the three subpopulations uNK1, uNK2, and uNK3 can be identified using CD39 and CD103 (Figure 2A). However, in third-trimester samples, there was a significant CD49a+CD9− population. A comparison of CD49a+CD9+ and CD49a+ CD9− detected no phenotypic differences between these two populations, suggesting that CD49a alone can be used to identify uNK cells in the third trimester (Supplementary Figure 2). For consistency of gating strategy, we therefore also identified uNK cells by their expression of CD49a alone in the endometrial, first-trimester, and postpartum samples.




Figure 2 | uNK1, -2 and -3 are present throughout the human reproductive cycle, by flow cytometry. (A) FACs gating strategy used to identify three uNK subsets and pNK (representative example shown). Coloured boxes in final plot indicate colour used for that subset in subsequent graphs. (B) Using flow cytometry data, graphs show frequency of total NK from CD45+ lymphocytes and then frequency of each uNK subset (uNK1, -2 -3) both as a proportion of CD45+ lymphocytes and proportion of total uNK cells. Means and standard deviations are shown for n = 8 (menstrual), n = 7 (proliferative), n = 10 (secretory) n= 10 (first trimester), n= 16 (third trimester decidua basalis), n = 16 (third trimester decidua parietalis), n = 4 (postpartum). Statistical testing was done using Kruskal Wallis with a post-hoc Dunn test *p < 0.05, **p < 0.01, ***p < 0.001, ****p< 0.0001. (C) Using flow cytometry data, graphs show frequency of total NK from CD45+ lymphocytes and then frequency of each pNK subset (CD56Bright and CD56Dim) as a proportion of total pNK. Sample numbers for each group are the same as B. M, menstrual phase; P, proliferative phase; S, secretory phase; 1, first trimester; 3B, third trimester decidua basalis; 3P, third trimester decidua parietalis; PP, post-partum.



In line with previous reports (7), we observed a peak in total uNK, as a proportion of total CD45+ lymphocytes, in first-trimester pregnancy by both scRNAseq and flow cytometry (Figures 1C, 2B). We observed a similar proportion of total uNK in the proliferative and secretory phases (Figures 1C, 2C). Additionally, we analysed CD56+CD49a− cells (which represent pNK cells) as a proportion of total CD56+ NK cells in endometrium/decidua and found this to be significantly higher in third- compared to first-trimester decidua; however, no difference was noted through the menstrual cycle [median (interquartile range (IQR)) for menstrual, 27.7 (38.1); proliferative, 23.8 (20.7); secretory, 22.3 (19.1); first trimester, 8.1 (5.0); third trimester DB 26.7 (12.4); third trimester DP 38.2 (22.6), postpartum, 13.6 (12.3)]. This highlights the importance of using tissue-specific immune cell markers, particularly when examining third-trimester decidua.

Next, we examined uNK1, uNK2, and uNK3 frequency expressed as a proportion of either total CD45+ lymphocytes or total uNK. We observed an increase in the frequency of uNK1 when transitioning from the secretory phase to first-trimester pregnancy, but this was not sustained into the third trimester. This observation applied to uNK1 as a percentage of both CD45+ lymphocytes and the percentage of total NK cells (Figures 1C, 2B), and the change was significant when measured by flow cytometry.

The variation of uNK2 frequency was similar to that observed for uNK1, with a peak in the first trimester observed by scRNAseq, and flow cytometry when the frequency was measured as a percentage of CD45+ lymphocytes (Figures 1C, 2B). For the latter, uNK2 was significantly higher in the first trimester, compared to the third. Further, there was an upward trend of uNK2 when transitioning from third-trimester decidua to postpartum endometrium when measured as a proportion of total NK (Figure 2C).

For uNK3, there was no change in frequency through the menstrual cycle. When measured as a percentage of CD45+ lymphocytes, there was a reduction in uNK3 in third-trimester DP, compared to both first-trimester decidua and third-trimester DB. This was significant when measured by flow cytometry. When measuring uNK3 as a percentage of total uNK, there was a dip in the first trimester and a peak in both types of the third-trimester decidua. This was significant when measured by flow cytometry. The discrepancy between the proportions when expressed as a percentage of CD45+ lymphocytes or total uNK cells is likely due to the change in frequency of total uNK, as a proportion of CD45+ lymphocytes.

Within the third-trimester decidua, the uNK2 population appeared greater as a proportion of total uNK in the DP compared to the DB in both scRNAseq and flow cytometry, although this did not reach significance for either (Figure 1C, 2B). The uNK3 population appeared greater in the DB, compared to the DP, which was significant when measured by flow cytometry as a percentage of CD45+ lymphocytes (Figure 1C, 2B).



Peripheral Blood NK Cell Frequency Does Not Vary Over the Reproductive Cycle or Correlate With uNK Frequency

We also examined CD56Bright and CD56Dim NK cells in matched peripheral blood, using a conventional gating strategy to identify these populations (Figure 2C). Unlike uNK, there was no variation in total CD56+ pNK, CD56Bright, or CD56Dim in peripheral blood when transitioning through different phases of the reproductive cycle. Furthermore, there was no significant correlation in levels of pNK and uNK subsets when expressed as either a proportion of CD45+ live lymphocytes or total NK cells (Supplementary Figure 3).



uNK Subsets Upregulate KIR and LILRB1 During Transition From Non-Pregnant Endometrium to First-Trimester Decidua

We next examined uNK expression of receptors that interact with trophoblast cells: KIR2DL1 and KIR2DL2/3 recognise HLA-C, LILRB1 recognises HLA-G, and CD94 recognises HLA-E (Figure 3A) (43).

In line with earlier findings on first-trimester uNK (27, 29), we observed that uNK1 expressed higher levels of KIR than uNK2 and uNK3 (Figures 3B, C). We also found that all three uNK subsets expressed increased KIR in the first trimester of pregnancy, compared to non-pregnant endometrium and third-trimester decidua (Figures 3B, C). Similar to KIR, LILRB1 protein expression peaked in the first trimester, although this was only statistically significant in uNK2 and uNK3 (Figure 3B). LILRB1 transcript expression followed a similar trend, although in contrast to our findings at the protein level, LILRB1 mRNA was not detectable in the DB (Figure 3C). At the transcript and protein levels, CD94 was expressed at a higher level on uNK2 and -3 compared to uNK1 (Figures 3B, C). There was a slight reduction in CD94 transcript (KLRD1) towards the end of pregnancy, but this was not observed at the protein level (Figures 3B, C).




Figure 3 | uNK upregulate expression of KIR and LILRB1 in first trimester. (A) Uterine and peripheral NK cells taken at different stages of the reproductive cycle were freshly stained for phenotypic markers. Representative staining from CD56dim pNK is shown in blue alongside FMO controls in grey. (B) Graphs showing frequencies of KIR2DL1, KIR2DL2/3, LILRB1 and CD94 on pNK and uNK subsets. Means and standard deviations are shown for n = 8 (menstrual), n = 7 (proliferative), n = 10 (secretory) n= 10 (first trimester), n= 16 (third trimester decidua basalis), n = 16 (third trimester decidua parietalis), n = 4 (postpartum). Statistical testing was done using Kruskal Wallis with a post-hoc Dunn test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Violin plots showing corresponding mRNA expression in uNK subsets over the reproductive cycle as determined by scRNAseq. M, menstrual phase; P, proliferative phase; S, secretory phase; 1, first trimester; 2, second trimester; 3, third trimester; 3B, third trimester decidua basalis; 3P, third trimester decidua parietalis.



In line with our finding that pNK did not change in frequency over the reproductive cycle, examination of NK cells from matched blood showed no change in the frequency at which KIR, LILRB1, and CD94 are expressed in these cells (Figure 3B).



uNK Are the Most Active at the Time of Implantation

We next assessed functional responses with and without stimulation with PMA and ionomycin (Figure 4A). Degranulation in unstimulated conditions declined during the proliferative phase, slightly in uNK2, and significantly in uNK3, compared to the other two phases of the menstrual cycle (Figure 4B). At the end of pregnancy, degranulation was significantly lower in the third-trimester DP compared to DB in uNK1, but this was not replicated in the other subsets (Figure 4B). In stimulated cells, there was a reduction in degranulation in uNK2 and uNK3 in both third-trimester decidua compared to first-trimester decidua (Figure 4B).




Figure 4 | uNK are most active at the time of implantation. (A) Uterine and peripheral NK cells taken at different stages of the reproductive cycle were cultured with or without PMA and ionomycin stimulation and assessed for degranulation (CD107a) and production of IFNγ, IL-8, TNFα and GM-CSF. Representative staining of CD107a on total pNK is shown in black, alongside FMO controls in light grey. Representative staining from secretory phase uNK1 is shown for the cytokines in pink, alongside internal negative controls in grey. The positive gates were set by reference to FMO controls. (B) Graphs showing frequencies of CD107a, IFNγ, IL-8, TNFα and GM-CSF on pNK and uNK subsets. Unstimulated cells are represented by lighter lines and stimulated cells by darker lines. Means and standard deviations are shown for n = 5 (menstrual), n = 6 (proliferative), n = 10 (secretory) n= 10 (first trimester), n= 16 (third trimester decidua basalis), n = 16 (third trimester decidua parietalis). Statistical testing was done using Kruskal Wallis with a post-hoc Dunn test *p < 0.05, **p < 0.01, ***p < 0.001 , and ****p < 0.0001. (C) Violin plots showing corresponding mRNA expression in uNK subsets over the reproductive cycle as determined by scRNAseq. M, menstrual phase; P, proliferative phase; S, secretory phase; 1, first trimester; 2, second trimester; 3, third trimester; 3B, third trimester decidua basalis; 3P, third trimester decidua parietalis.



For TNFα, IFNγ, and IL-8, we observed peaks in cytokine production across all stimulated uNK subsets during the secretory phase, compared to the proliferative phase and first trimester, although this did not reach statistical significance in all cases (Figure 4B). For IL-8 in uNK3, this peak was maintained into first-trimester pregnancy. This trend was also present in unstimulated cells for IL-8 (Figure 4B).

Third-trimester uNK produced less cytokine than first-trimester uNK, although this only reached significance in IL-8 production from uNK3. This reduction in cytokine production through pregnancy was also seen at the mRNA level for IL-8 (Figure 4C). In contrast, GM-CSF protein production was consistently low in the menstrual cycle, including the secretory phase, but increased significantly in the first trimester of pregnancy in unstimulated uNK1 and stimulated uNK3 (Figure 4B).

For examination of NK cells from matched peripheral blood, data from CD56Bright and Dim NK cells are shown together due to downregulation of CD16 after stimulation. Aside from a significant decline in CD107a expression in unstimulated cells when transitioning from the secretory phase to first-trimester pregnancy, there was no distinct trend in either stimulated or unstimulated cells (Figure 4B).

The mRNA expression of other NK cell proteins of interest across the reproductive cycle, such as granzymes, that were not included in the flow cytometry panel, can be seen in Supplementary Figures 4, 5.



uNK Phenotype and Function Do Not Change in Labour

In line with previous findings (44, 45), we did not observe any change in the proportion of total uNK in labouring compared to non-labouring decidua (Figure 5B). The proportion of uNK in non-labouring decidua was lower in the DP compared to the DB (Figure 5B). We next examined the uNK subpopulations in non-labour compared to early labour and established labour samples. We observed no change in the frequency of any of the uNK or pNK subsets across the spectrum of these samples (Figures 5A, B). The receptors examined were also stably expressed during labour (Supplementary Figure 6), an observation that suggests that EVT cross-talk with uNK is not a major participant in labour. Similarly, for those markers examined, the function of uNK and pNK subsets remains stable during labour, although we did observe that, regardless of labouring state, the uNK1 population in the DB is significantly more active than the population in the DP (Figure 5 and Supplementary Figure 7). This is supported by the low number of differentially expressed genes across all three uNK subsets in the scRNAseq data compared with non-labour to labour samples (Supplementary Table 3).




Figure 5 | uNK phenotype and function do not change in labour. (A) The FACs gating strategy shown in Figure 2A was used to identify the three uNK subsets. Graphs show frequency of total NK from CD45+ lymphocytes and then frequency of each uNK subset (uNK1, uNK2, and uNK3) as both a proportion of CD45+ lymphocytes and proportion of total uNK cells. Graphs are divided to show results from both decidua basalis and decidua parietalis. Means and SDs are shown for n = 16 (TNL), n = 9 (TEaL), and n = 9 (TLV). Statistical testing was done using Kruskal–Wallis with a post-hoc Dunn test: * p < 0.05, and ** p < 0.01. (B) Using the scRNAseq dataset, graphs show frequency of total NK from CD45+ lymphocytes and then frequency of each uNK subset (uNK1, uNK2, and uNK3) as both a proportion of CD45+ lymphocytes and proportion of total uNK cells. Graphs are divided to show results from both decidua basalis and decidua parietalis. Means and SDs are shown for n = 3 (TNL) and n = 3 (TIL). (C) The FACs gating strategy shown in Figure 2C was used to identify the two pNK subsets. Using flow cytometry data, graphs show frequency of total NK from CD45+ lymphocytes and then frequency of each pNK subset (CD56Bright and CD56Dim) from total NK. Sample numbers for each group are the same as in panel (A, D) Uterine and peripheral NK cells were cultured as described in Figure 4A. Graphs showing frequencies of CD107a and IL-8 on pNK and uNK subsets. Unstimulated cells are represented by lighter lines and stimulated cells by darker lines. n, numbers for each group are the same as in panel (A) Statistical testing was done using Kruskal–Wallis with a post-hoc Dunn test: * p < 0.05, and ** p < 0.01. DB, decidua basalis; DP, decidua parietalis; TNL, term non-labouring; TEaL, term early labouring; TLV, term vaginal birth; TIL, term in labour.






Discussion

To our knowledge, this is the first study to track the three uNK subpopulations throughout the reproductive cycle, examining their frequency, phenotypes, and functions, although one limitation is the small sample size in several of the groups, which should be taken into consideration during interpretation of these results. In line with previous studies, we found that the total uNK population peaked during the first trimester of pregnancy (7, 46). We discovered that uNK1 and uNK2 peak in this period but that uNK3 peaks towards the end of pregnancy. This aligns with a recent report that KIR+CD39+ uNK (mostly representing uNK1) and KIR+CD39− (mostly representing uNK2) increase in frequency towards the end of the menstrual cycle and remain elevated in early pregnancy (47). Both these reports support the proposal that uNK1 communicate with EVTs in early pregnancy (27, 29) but may also point to a role for uNK2 in this process.

Although previous studies have agreed that uNK fluctuate over the menstrual cycle, there has been some disagreement about precisely how. Studies using immunohistochemistry showed an increase in numbers of CD56+ cells in the secretory compared to the proliferative phase (48–51). This finding was borne out by one study that demonstrated a significant increase in CD3−CD56+ NK cells as a proportion of CD45+ cells in the early secretory compared to the late proliferative stage by flow cytometry (52), but two others were unable to detect this difference (49, 53). In our study, which used CD49a to remove pNK from the analysis thereby giving a true reflection of tissue-resident uNK, we were also unable to detect a change in the proportion of uNK through the menstrual cycle. However, a possible limitation is that we did not classify our secretory phase samples into early, mid, and late, which may have limited our ability to detect differences observed in studies with sufficient samples to use this more rigorous classification.

Compared to pNK, uNK cells are biased towards the expression of KIR2D expression: one previous study using tissue samples found this bias only in first-trimester decidua (22), whereas a more recent study also detected this bias in uNK isolated from menstrual blood, and therefore originating in the non-pregnant uterus (54). Here, we find a clear peak in the expression of KIR2D expression specifically in the first trimester, among all three uNK subsets. A similar trend was seen for LILRB1. This suggests that all uNK subpopulations increase their ability to recognise EVT, via HLA-C and HLA-G, in the first trimester. In comparison, CD94 expression was higher on uNK2 and uNK3 subsets compared to uNK1. This is in contrast with previous findings (29). However, the earlier study measured marker intensity on recovered cryopreserved cells, whereas we report a percentage of CD94+ fresh cells. It is possible that the freezing process preferentially killed CD94− uNK1 cells or that uNK1 have a lower percentage of cells expressing CD94 but a higher expression per cell: either of these could explain the disparity in our results. Other markers that may be of interest, which were not examined in our study, are KIR2DL4, which has been suggested to be a receptor for HLA-G and HLA-F (55, 56).

By examining degranulation as a proxy for uNK cell activation (23), we found that uNK were typically most active around the time of implantation, in the secretory phase of the menstrual cycle and the first trimester of pregnancy. This is in line with previous findings that first-trimester uNK are more able to degranulate in response to HCMV-infected targets than those at term, although the same study found that, following IL-15 stimulation, term uNK are better able to degranulate in response to PMA and ionomycin than first-trimester cells (9). Without stimulation, uNK produce little IFNγ, IL-8, TNFα, and GM-CSF. However, after stimulation with PMA and ionomycin, uNK have the highest ability to produce most of these cytokines during the secretory phase. This may be in line with a previous report suggesting that endometrial NK cells are more transcriptionally active than decidual NK cells (57). The exception was GM-CSF, whose production peaks in the first trimester. Previous studies suggest that the ability of uNK to produce growth factors and cytokines evolves as pregnancy progresses, with production predominantly of pro-angiogenic and growth factors at 8–10 weeks, and predominantly cytokines at 12–14 weeks (58). We did not collect sufficient first-trimester samples to undertake an analysis stratified by gestational age, but nonetheless, our finding that the timing of maximum activation coincides with the window of implantation is interesting because it suggests that uNK may have a role in coordinating successful implantation.

Cumulative evidence indicates an important physiological role for uNK in first-trimester pregnancy, but there is conflicting evidence on their role in reproductive failure. Our findings and those of others (27, 29) point to uNK1 as the uNK subset more likely to mediate placental implantation in early pregnancy. Future studies focusing specifically on this subset may be able to elucidate differences that were previously masked due to the examination of uNK as a bulk population. A recent study using scRNAseq suggests that there is a reduction of uNK1 in pathological pregnancies (59); however, these findings should be interpreted with caution because the pathological samples were collected after pregnancy loss, making it difficult to discern if changes seen in immune cells are a cause or an effect of pregnancy loss, due to inflammatory changes that typically occur after foetal demise. To overcome this, future studies could interrogate uNK during the window of implantation (60) or from elective termination of pregnancy samples stratified to low and high risk by uterine artery Doppler ultrasound, which has high specificity in predicting the risk of pre-eclampsia and intrauterine growth restriction (61).

In the third trimester, we found a greater proportion of uNK in the DB compared to DP. This is in contrast to a previous report that found a higher frequency of CD56Bright NK cells in the parietalis than in the basalis (62). However, the lack of tissue-specific markers in this earlier study means that it is difficult to be sure if these all represent uNK. In both decidual tissues in the third trimester, the majority of uNK cells are uNK3, which express low levels of KIRs and LILRB1. This could suggest that, in contrast to early pregnancy, the major role of uNK in late pregnancy does not involve interactions with EVTs. Similarly, the expression of the functional markers we examined was lower in the third trimester. This could indicate that, if these cells have a role at the end of pregnancy, it is via a different mechanism of action. The resemblance of uNK3 to intra-epithelial ILC1 (29) could suggest that their role is in mucosal homeostasis, and this is likely to be important throughout pregnancy, in line with the relative constancy of uNK3, compared to uNK1 and uNK2. Intriguingly, by scRNAseq, uNK3 were the subset that differed the most, transcriptionally, between non-labouring and labouring states, suggesting they may have a role in labour that is yet to be defined. It would be interesting to do a broader analysis of the potential functions of these cells or examine their roles in pathological cases such as pre-eclampsia or preterm birth.

In conclusion, we show here how uNK subset number, expression of receptors, and function change dynamically across the healthy reproductive cycle. This provides evidence of their physiological role in implantation but will also provide an important platform from which the relationship between uNK function and pathologies of pregnancy associated with impaired implantation and placentation can be investigated.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: www.reproductivecellatlas.org/, https://cellgeni.cog.sanger.ac.uk/vento/reproductivecellatlas/endometrium_all.h5ad; https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001886.v1.p1; and https://osf.io/wkxyz/, https://osf.io/wkxyz/. Code is available from https://github.com/ewhettlock/reproductive_cycle. 



Ethics Statement

The collection of human tissue was approved by London—Chelsea Research Ethics Committee (study numbers: 10/H0801/45 and 11/LO/0971). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

EMW, EVW, and VM designed the study, analysed the results, and wrote the manuscript. EMW, EVW, and AC carried out the experiments. EVW, BB, and MJ obtained patients’ consent and collected the clinical samples. All others contributed to editing the manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This study was funded by Borne. Study phs001886.v1.p1 was, in part, supported by the Perinatology Research Branch, Division of Obstetrics and Maternal-Fetal Medicine, Division of Intramural Research, 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). This study was also, in part, supported with Federal funds from NICHD/NIH/DHHS under Contract No. HHSN275201300006C. Dr. Gomez-Lopez is also supported by the Perinatal Initiative of the Wayne State University School of Medicine.



Acknowledgments

We would like to thank all the people from Chelsea and Westminster Hospital, West Middlesex University Hospital, and John Hunter Clinic (London, UK), who contributed samples to this study. We would also like to thank Dr Pei Lai, Dr Nishel Shah, Miss Sharmista Guha, and all the clinical staff who helped in the collection of samples.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.880438/full#supplementary-material



References

1. Abadía-Molina, AC, Ruiz, C, Montes, MJ, King, A, Loke, YW, and Olivares, EG. Immune Phenotype and Cytotoxic Activity of Lymphocytes From Human Term Decidua Against Trophoblast. J Reprod Immunol (1996) 31(1-2):109–23. doi: 10.1016/0165-0378(96)00965-5

2. King, A, Birkby, C, and Loke, YW. Early Human Decidual Cells Exhibit NK Activity Against the K562 Cell Line But Not Against First Trimester Trophoblast. Cell Immunol (1989) 118(2):337–44. doi: 10.1016/0008-8749(89)90382-1

3. Koopman, LA, Kopcow, HD, Rybalov, B, Boyson, JE, Orange, JS, Schatz, F, et al. Human Decidual Natural Killer Cells are a Unique NK Cell Subset With Immunomodulatory Potential. J Exp Med (2003) 198(8):1201–12. doi: 10.1084/jem.20030305

4. Kopcow, HD, Allan, DS, Chen, X, Rybalov, B, Andzelm, MM, Ge, B, et al. Human Decidual NK Cells Form Immature Activating Synapses and are Not Cytotoxic. Proc Natl Acad Sci USA. (2005) 102(43):15563–8. doi: 10.1073/pnas.0507835102

5. Siewiera, J, El Costa, H, Tabiasco, J, Berrebi, A, Cartron, G, Le Bouteiller, P, et al. Human Cytomegalovirus Infection Elicits New Decidual Natural Killer Cell Effector Functions. PloS Pathog (2013) 9(4):e1003257. doi: 10.1371/journal.ppat.1003257

6. Hanna, J, Goldman-Wohl, D, Hamani, Y, Avraham, I, Greenfield, C, Natanson-Yaron, S, et al. Decidual NK Cells Regulate Key Developmental Processes at the Human Fetal-Maternal Interface. Nat Med (2006) 12(9):1065–74. doi: 10.1038/nm1452

7. Williams, PJ, Searle, RF, Robson, SC, Innes, BA, and Bulmer, JN. Decidual Leucocyte Populations in Early to Late Gestation Normal Human Pregnancy. J Reprod Immunol (2009) 82(1):24–31. doi: 10.1016/j.jri.2009.08.001

8. King, A, Hiby, SE, Verma, S, Burrows, T, Gardner, L, and Loke, YW. Uterine NK Cells and Trophoblast HLA Class I Molecules. Am J Reprod Immunol (1997) 37(6):459–62. doi: 10.1111/j.1600-0897.1997.tb00260.x

9. de Mendonça Vieira, R, Meagher, A, Crespo, >Â, Kshirsagar, SK, Iyer, V, Norwitz, ER, et al. Human Term Pregnancy Decidual NK Cells Generate Distinct Cytotoxic Responses. J Immunol (2020) 204(12):3149–59. doi: 10.4049/jimmunol.1901435

10. King, A, Boocock, C, Sharkey, AM, Gardner, L, Beretta, A, Siccardi, AG, et al. Evidence for the Expression of HLAA-C Class I mRNA and Protein by Human First Trimester Trophoblast. J Immunol (1996) 156(6):2068–76. Available at: https://www.jimmunol.org/content/156/6/2068.long

11. King, A, Allan, DS, Bowen, M, Powis, SJ, Joseph, S, Verma, S, et al. HLA-E is Expressed on Trophoblast and Interacts With CD94/NKG2 Receptors on Decidual NK Cells. Eur J Immunol (2000) 30(6):1623–31. doi: 10.1002/1521-4141(200006)30:6<1623::AID-IMMU1623>3.0.CO;2-M

12. Kovats, S, Main, EK, Librach, C, Stubblebine, M, Fisher, SJ, and DeMars, R. A Class I Antigen, HLA-G, Expressed in Human Trophoblasts. Science. (1990) 248(4952):220–3. doi: 10.1126/science.2326636

13. Hiby, SE, Regan, L, Lo, W, Farrell, L, Carrington, M, and Moffett, A. Association of Maternal Killer-Cell Immunoglobulin-Like Receptors and Parental HLA-C Genotypes With Recurrent Miscarriage. Hum Reprod (2008) 23(4):972–6. doi: 10.1093/humrep/den011

14. Johnsen, GM, Størvold, GL, Drabbels, JJM, Haasnoot, GW, Eikmans, M, Spruyt-Gerritse, MJ, et al. The Combination of Maternal KIR-B and Fetal HLA-C2 is Associated With Decidua Basalis Acute Atherosis in Pregnancies With Preeclampsia. J Reprod Immunol (2018) 129:23–9. doi: 10.1016/j.jri.2018.07.005

15. Moffett, A, Chazara, O, Colucci, F, and Johnson, MH. Variation of Maternal KIR and Fetal HLA-C Genes in Reproductive Failure: Too Early for Clinical Intervention. Reprod BioMed Online (2016) 33(6):763–9. doi: 10.1016/j.rbmo.2016.08.019

16. Cartwright, JE, Fraser, R, Leslie, K, Wallace, AE, and James, JL. Remodelling at the Maternal-Fetal Interface: Relevance to Human Pregnancy Disorders. Reproduction. (2010) 140(6):803–13. doi: 10.1530/REP-10-0294

17. Hiby, SE, Walker, JJ, O'shaughnessy, KM, Redman, CW, Carrington, M, Trowsdale, J, et al. Combinations of Maternal KIR and Fetal HLA-C Genes Influence the Risk of Preeclampsia and Reproductive Success. J Exp Med (2004) 200(8):957–65. doi: 10.1084/jem.20041214

18. Hiby, SE, Apps, R, Sharkey, AM, Farrell, LE, Gardner, L, Mulder, A, et al. Maternal Activating KIRs Protect Against Human Reproductive Failure Mediated by Fetal HLA-C2. J Clin Invest. (2010) 120(11):4102–10. doi: 10.1172/JCI43998

19. Kennedy, PR, Chazara, O, Gardner, L, Ivarsson, MA, Farrell, LE, Xiong, S, et al. Activating KIR2DS4 Is Expressed by Uterine NK Cells and Contributes to Successful Pregnancy. J Immunol (2016) 197(11):4292–300. doi: 10.4049/jimmunol.1601279

20. Nakimuli, A, Chazara, O, Hiby, SE, Farrell, L, Tukwasibwe, S, Jayaraman, J, et al. A KIR B Centromeric Region Present in Africans But Not Europeans Protects Pregnant Women From Pre-Eclampsia. Proc Natl Acad Sci USA. (2015) 112(3):845–50. doi: 10.1073/pnas.1413453112

21. Larsen, TG, Hackmon, R, Geraghty, DE, and Hviid, TVF. Fetal Human Leukocyte Antigen-C and Maternal Killer-Cell Immunoglobulin-Like Receptors in Cases of Severe Preeclampsia. Placenta (2019) 75:27–33. doi: 10.1016/j.placenta.2018.11.008

22. Male, V, Sharkey, A, Masters, L, Kennedy, PR, Farrell, LE, and Moffett, A. The Effect of Pregnancy on the Uterine NK Cell KIR Repertoire. Eur J Immunol (2011) 41(10):3017–27. doi: 10.1002/eji.201141445

23. Xiong, S, Sharkey, AM, Kennedy, PR, Gardner, L, Farrell, LE, Chazara, O, et al. Maternal Uterine NK Cell-Activating Receptor KIR2DS1 Enhances Placentation. J Clin Invest (2013) 123(10):4264–72. doi: 10.1172/JCI68991

24. Lash, GE, Otun, HA, Innes, BA, Kirkley, M, De Oliveira, L, Searle, RF, et al. Interferon-Gamma Inhibits Extravillous Trophoblast Cell Invasion by a Mechanism That Involves Both Changes in Apoptosis and Protease Levels. FASEB J (2006) 20(14):2512–8. doi: 10.1096/fj.06-6616com

25. Otun, HA, Lash, GE, Innes, BA, Bulmer, JN, Naruse, K, Hannon, T, et al. Effect of Tumour Necrosis Factor-α in Combination With Interferon-γ on First Trimester Extravillous Trophoblast Invasion. J Reprod Immunol (2011) 88(1):1–11. doi: 10.1016/j.jri.2010.10.003

26. Robson, A, Harris, LK, Innes, BA, Lash, GE, Aljunaidy, MM, Aplin, JD, et al. Uterine Natural Killer Cells Initiate Spiral Artery Remodeling in Human Pregnancy. FASEB J (2012) 26(12):4876–85. doi: 10.1096/fj.12-210310

27. Vento-Tormo, R, Efremova, M, Botting, RA, Turco, MY, Vento-Tormo, M, Meyer, KB, et al. Single-Cell Reconstruction of the Early Maternal-Fetal Interface in Humans. Nature (2018) 563(7731):347–53. doi: 10.1038/s41586-018-0698-6

28. Garcia-Alonso, L, Handfield, L-F, Roberts, K, Nikolakopoulou, K, Fernando, RC, Gardner, L, et al. Mapping the Temporal and Spatial Dynamics of the Human Endometrium In Vivo and In Vitro. Nat Genet (2021), 53(12):1698-711. doi: 10.1038/s41588-021-00972-2

29. Huhn, O, Ivarsson, MA, Gardner, L, Hollinshead, M, Stinchcombe, JC, Chen, P, et al. Distinctive Phenotypes and Functions of Innate Lymphoid Cells in Human Decidua During Early Pregnancy. Nat Commun (2020) 11(1):381. doi: 10.1038/s41467-019-14123-z

30. Stricker, R, Eberhart, R, Chevailler, MC, Quinn, FA, and Bischof, P. Establishment of Detailed Reference Values for Luteinizing Hormone, Follicle Stimulating Hormone, Estradiol, and Progesterone During Different Phases of the Menstrual Cycle on the Abbott ARCHITECT Analyzer. Clin Chem Lab Med (2006) 44(7):883–7. doi: 10.1515/CCLM.2006.160

31. Team RC. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing. (2020).

32. Hao, Y, Hao, S, Andersen-Nissen, E, Mauck, WM, Zheng, S, Butler, A, et al. Integrated Analysis of Multimodal Single-Cell Data. Cell (2021) 184(13):3573–87.e29. doi: 10.1016/j.cell.2021.04.048

33. Hadley, W, Romain, F, Lionel, H, and Kirill, M. Dplyr: A Grammar of Data Manipulation. (2021). Available at: https://github.com/tidyverse/dplyr

34. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis. Verlag New York: Springer (2016).

35. Wickham, H. Tidyr: Tidy Messy Data. (2021). Available at: https://github.com/tidyverse/tidyr

36. Chan, C-h, Chan, GC, Leeper, TJ, and Becker, J. Rio: A Swiss-Army Knife for Data File I/O. (2021). Available at: https://github.com/leeper/rio

37. Fischer, B, Smith, M, and Pau, G. Rhdf5: R Interface to HDF5. (2020). Available at:  https://github.com/grimbough/rhdf5.

38. Pedersen, TL. Patchwork: The Composer of Plots. (2020).

39. Schauberger, P, and Walker, A. Openxlsx: Read, Write and Edit Xlsx Files. (2020). Available at: https://github.com/ycphs/openxlsx

40. Ushey, K, Allaire, J, and Tang, Y. Reticulate: Interface to 'Python'. (2021). Available at: https://github.com/rstudio/reticulate

41. Stuart, T, Butler, A, Hoffman, P, Hafemeister, C, Papalexi, E, Mauck, WM, et al. Comprehensive Integration of Single-Cell Data. Cell (2019) 177(7):1888–902.e21. doi: 10.1016/j.cell.2019.05.031

42. Pique-Regi, R, Romero, R, Tarca, AL, Sendler, ED, Xu, Y, Garcia-Flores, V, et al. Single Cell Transcriptional Signatures of the Human Placenta in Term and Preterm Parturition. Elife (2019) 8:e52004. doi: 10.7554/eLife.52004

43. Parham, P. NK Cells and Trophoblasts: Partners in Pregnancy. J Exp Med (2004) 200(8):951–5. doi: 10.1084/jem.20041783

44. Hamilton, S, Oomomian, Y, Stephen, G, Shynlova, O, Tower, CL, Garrod, A, et al. Macrophages Infiltrate the Human and Rat Decidua During Term and Preterm Labor: Evidence That Decidual Inflammation Precedes Labor. Biol Reprod (2012) 86(2):39. doi: 10.1095/biolreprod.111.095505

45. Rinaldi, SF, Makieva, S, Saunders, PT, Rossi, AG, and Norman, JE. Immune Cell and Transcriptomic Analysis of the Human Decidua in Term and Preterm Parturition. Mol Hum Reprod (2017) 23(10):708–24. doi: 10.1093/molehr/gax038

46. Pace, D, Morrison, L, and Bulmer, JN. Proliferative Activity in Endometrial Stromal Granulocytes Throughout Menstrual Cycle and Early Pregnancy. J Clin Pathol (1989) 42(1):35–9. doi: 10.1136/jcp.42.1.35

47. Strunz, B, Bister, J, Jönsson, H, Filipovic, I, Crona-Guterstam, Y, Kvedaraite, E, et al. Continuous Human Uterine NK Cell Differentiation in Response to Endometrial Regeneration and Pregnancy. Sci Immunol (2021) 6(56):eabb7800. doi: 10.1126/sciimmunol.abb7800

48. King, A, Wellings, V, Gardner, L, and Loke, YW. Immunocytochemical Characterization of the Unusual Large Granular Lymphocytes in Human Endometrium Throughout the Menstrual Cycle. Hum Immunol (1989) 24(3):195–205. doi: 10.1016/0198-8859(89)90060-8

49. Manaster, I, Mizrahi, S, Goldman-Wohl, D, Sela, HY, Stern-Ginossar, N, Lankry, D, et al. Endometrial NK Cells are Special Immature Cells That Await Pregnancy. J Immunol (2008) 181(3):1869–76. doi: 10.4049/jimmunol.181.3.1869

50. Klentzeris, LD, Bulmer, JN, Warren, A, Morrison, L, Li, TC, and Cooke, ID. Endometrial Lymphoid Tissue in the Timed Endometrial Biopsy: Morphometric and Immunohistochemical Aspects. Am J Obstet Gynecol (1992) 167(3):667–74. doi: 10.1016/S0002-9378(11)91568-3

51. Bulmer, JN, Morrison, L, Longfellow, M, Ritson, A, and Pace, D. Granulated Lymphocytes in Human Endometrium: Histochemical and Immunohistochemical Studies. Hum Reprod (1991) 6(6):791–8. doi: 10.1093/oxfordjournals.humrep.a137430

52. Flynn, L, Byrne, B, Carton, J, Kelehan, P, O'Herlihy, C, and O'Farrelly, C. Menstrual Cycle Dependent Fluctuations in NK and T-Lymphocyte Subsets From Non-Pregnant Human Endometrium. Am J Reprod Immunol (2000) 43(4):209–17. doi: 10.1111/j.8755-8920.2000.430405.x

53. Ho, HN, Chao, KH, Chen, CK, Yang, YS, and Huang, SC. Activation Status of T and NK Cells in the Endometrium Throughout Menstrual Cycle and Normal and Abnormal Early Pregnancy. Hum Immunol (1996) 49(2):130–6. doi: 10.1016/0198-8859(96)00120-6

54. Ivarsson, MA, Stiglund, N, Marquardt, N, Westgren, M, Gidlöf, S, and Björkström, NK. Composition and Dynamics of the Uterine NK Cell KIR Repertoire in Menstrual Blood. Mucosal Immunol (2017) 10(2):322–31. doi: 10.1038/mi.2016.50

55. Djurisic, S, Skibsted, L, and Hviid, TV. A Phenotypic Analysis of Regulatory T Cells and Uterine NK Cells From First Trimester Pregnancies and Associations With HLA-G. Am J Reprod Immunol (2015) 74(5):427–44. doi: 10.1111/aji.12421

56. Persson, G, Jørgensen, N, Nilsson, LL, Andersen, LHJ, and Hviid, TVF. A Role for Both HLA-F and HLA-G in Reproduction and During Pregnancy? Hum Immunol (2020) 81(4):127–33. doi: 10.1016/j.humimm.2019.09.006

57. Kopcow, HD, Eriksson, M, Mselle, TF, Damrauer, SM, Wira, CR, Sentman, CL, et al. Human Decidual NK Cells From Gravid Uteri and NK Cells From Cycling Endometrium are Distinct NK Cell Subsets. Placenta (2010) 31(4):334–8. doi: 10.1016/j.placenta.2010.01.003

58. Lash, GE, Naruse, K, Innes, BA, Robson, SC, Searle, RF, and Bulmer, JN. Secretion of Angiogenic Growth Factors by Villous Cytotrophoblast and Extravillous Trophoblast in Early Human Pregnancy. Placenta (2010) 31(6):545–8. doi: 10.1016/j.placenta.2010.02.020

59. Wang, F, Jia, W, Fan, M, Shao, X, Li, Z, Liu, Y, et al. Single-Cell Immune Landscape of Human Recurrent Miscarriage. Genomics Proteomics Bioinf (2021). doi: 10.1101/2020.09.16.300939

60. Tuckerman, E, Mariee, N, Prakash, A, Li, TC, and Laird, S. Uterine Natural Killer Cells in Peri-Implantation Endometrium From Women With Repeated Implantation Failure After IVF. J Reprod Immunol (2010) 87(1-2):60–6. doi: 10.1016/j.jri.2010.07.001

61. Fraser, R, Whitley, GS, Thilaganathan, B, and Cartwright, JE. Decidual Natural Killer Cells Regulate Vessel Stability: Implications for Impaired Spiral Artery Remodelling. J Reprod Immunol (2015) 110:54–60. doi: 10.1016/j.jri.2015.04.003

62. Sindram-Trujillo, A, Scherjon, S, Kanhai, H, Roelen, D, and Claas, F. Increased T-Cell Activation in Decidua Parietalis Compared to Decidua Basalis in Uncomplicated Human Term Pregnancy. Am J Reprod Immunol (2003) 49(5):261–8. doi: 10.1034/j.1600-0897.2003.00041.x




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Whettlock, Woon, Cuff, Browne, Johnson and Male. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Dynamic Changes in Uterine NK Cell Subset Frequency and Function Over the Menstrual Cycle and Pregnancy

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Primary Tissue

          



          		

            Stimulation With PMA/Ionomycin

          



          		

            Single-Cell RNA Sequencing Data Analysis

          



          		

            Flow Cytometry

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            uNK1, uNK2, and uNK3 Are Present Throughout the Human Reproductive Cycle and Vary in Frequency

          



          		

            Peripheral Blood NK Cell Frequency Does Not Vary Over the Reproductive Cycle or Correlate With uNK Frequency

          



          		

            uNK Subsets Upregulate KIR and LILRB1 During Transition From Non-Pregnant Endometrium to First-Trimester Decidua

          



          		

            uNK Are the Most Active at the Time of Implantation

          



          		

            uNK Phenotype and Function Do Not Change in Labour

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-880438-g005.jpg
) T

H
saphooyduwiA| % YNN 40 % SN 10 %
— a
/- 4
Ivmmh W\m_.\&w
o VA \&
.”m‘m NS
Z %LD
o e s 27
NN 40 % NN 10 %
iha
\ i V\T& [a)
- o bad
: el
E] y H Y/ 4
g b I \_Q
g T

2
s NN 40 %

q)lN
2
[
<)
<
[
1S
>
R

LMND JO %

CD107a
IL-8

g
m SaylooydwA| 9

#%|1
: vm/WM_W
W

Y
R
B
™3 uNK2

g
v 1% N ;
z %65 _% =z :
= ' v%& = ] £ A T
g 3 L% g 3
$ MNd Jo %
MNN JO %

g H 2 z
<« SoykooydwA| o O saMtooydwA| o





OEBPS/Images/fimmu-13-880438-g003.jpg
KIR2DL1 KIR2DL2/3 CD94 LILRB1
B
KIR2DL1 ¥ KIR2DL1 _ _
X x % UNK1 %4 uNK2 g UNK3
o - e N c’ s’
= £ z 5, S, s,
= " 8 > 2 g 8
b a kS| 5 1 0, o,
O — 2 . BRI = JE I E) = S Py g, L%’ L o u%o .
® MPSi13PP MPS13PP MPS1383PPP MPS13B3PPP MPS13B3PPP PS 1 23B3P PS 1 23B3P PS 1 23B3P
KIR2DL2/3 - _ KIR2DL3 _ _
X 1w N 0o 0 +{uNK1 2 “{uNK2 2 +{uNK3
ZQ.. ZQ. NS ¢ e 23 23 23
? 50 g % % és« 52 '52 '62
2 § 5 5 5 8 g 3
8 8] ® R S ! g g l g
& MPS13PP MPS13PP MPS13B3PPP MPS13B3PPP MPS13B3PPP PS 1 23B3P PsS 1 23B3P PS 1 23B3P
— LILRB1
LILRB1 IS B +{oNKA T BoiuNKs
X 00 ¢ 100 100 100 100 *x 3 u E u 2 M
5 s i 6(0 50 S so S0 %so g g g
g | : : . n T
8 ., S, Ll L TR | ¢ v &) # JLE Slaadd  AfF J'.- 0 .
N MPS'1'3'P'P Y MPS13B3PPP  MPS13B3PPP  MPS13B3PPP PS 123B3P PS 123B3P PS 1 23B3P
cDg4 KLRD1 _
¥ - 0 *uNK1 Qs {uNK2 2 1uNK3
z z T Lo THTHY Clebetiyr 8. 8, 8,
£ 2 MI X ¥ ¥ €. c c
2 s =z Z z , Xe] o9 Hote
[20 50 8 50- 3 50- a 50 350 3 2 %2 % 2
2 8 ; : : 4 . 1
O oo 2. * & ® Zo 2o o

MPS13B3PPP MPS13B3PPP MPS13B3PPP PS 1 23B3pP PS 1 2 33P PS 1 2 3B3P

<
0]
0 |
N
o}
=]
=55
o3
=k |
|
ol
U





OEBPS/Images/fimmu-13-880438-g001.jpg
10 uNK1
— Proliferating cells

Myeloid Cells

T Cells

Plasma/B cells

T
5

-5 0 10
UMAP_1
B t tri d trj rd i
10 Non-pregnant 1St trimester 2nd trimester 3'Y trimester
™
0
<
=
-]
’
. . .
¥ v [} <
. . [ ]
-5 0 5 10 -5 0 5 10 -5 0 5 10 -5 0 5 10
UMAP_1
Cc
éﬂm é é é
o o [%) o
o o o o
= = < <
o o o g_
Sa s s =
+ + + +
g g 2 g
o o [3) o
K k3 k] o
£ PS1 233 & P S 1 23B3P ® ® PS 1 23B3P
100
107 UNK1 UNK3
X N4 X
=4 z =
2 = 2
5 5 5
® ® ®

P S 1 2 3B3P P S 1 23B3P

P S 1 23B3P





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-880438-g002.jpg
CD3

Blood

Dim

CD16

Bright

FSC-A

PESp/oAI

S$¥ad

FSC-A

FSC-A

FSC-A

Uterus

9500

600

95a0

CD3

CD39

CD49a

CcD3

o o
o o
o o
o [s2]
I 8
(%) (2]
o o
=S =
g & °

sajkooydwiA| +GAD 10 % NN [e10} 4O %
o o
a o
o o
o o
a1} o
™ (o)
» »
o o
= =

g =& ° H ] o

sapkooydwA| +S4a0 40 % T NN [RI0) O %
& &
o o
o« o
o o
o ()
1%} %)
o o
= =

8 3 e
sapfooydwiA| +GQ0 40 % SN [e30} JO %

M P S 13B3PPP

o o o

sejfooydwA| +G4A0 40 %

M P S 1 3 PP

= o

N [€30} JO %

100
5

M P S 1 3 PP

MN [€30} 4O %

M P S 1 3 PP

a2 °

X

=

S
8

sajfooydwA| +S4aD 4o %





OEBPS/Images/fimmu.2022.880438_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Dynamic Changes in Uterine NK Cell
Subset Frequency and Function Over
the Menstrual Cycle and Pregnancy





OEBPS/Images/fimmu-13-880438-g004.jpg
CD107a IFNy IL-8

GM-CSF

o]
(¢}

CD107a £ _ LAMP1 _
o = % uNK1 2| uNK2 T ‘| uNK3
= 100 ~ © = =3 D73
4 4 X c c =
5 I ’ Z < ﬁ: ‘§2 %2
.y 87 *5 5 e, g, g
R =® R . 3 k3 =3
T ! TTIRIRAA R (1 N0 S 1 T SRR I o . B wo wo 2 2 o ° , L
MPS13PP MPS 1383 MPS 1383 PS 12383 PS 1 23B3p PS 12
IFNy IFNG
" - o S uNK1 £ uNK2 gsuNK3
g : 2 5 5 5
= S 2% » I ?
: ; * 11l AINENERR 1IN
R &® il J_ 5 l i
: b T o e b Sttt o ol ! EL 11 Ao
MPS13PP MPS 1383 MP S 1383 MP S 1383P PS 1 23B3P PS123B3p PS 12w
IL-8 CXCL8
o g Loy - § #1 uNK1 $ +{unk2 & {uNks
= g z z 52 52 52
- 5 5 ® it 2 a ?
: ae : : pLLUL B
ol foedtine. © Zol- - 2o
MP S 1383P MPS 1383P P S 1 23B3P PS 1 23B3P PS 1 23B3P
TNF
- . g . £ uNK1 ) uNK2 gjuNKS
- E z 5
5 k] 5 ﬁz ﬁz §2
* . ; UL L
> X X
L = 1 5.l pqaeeat  — = Wo
PS 1 23B3P PS 1 23B3P PS12383P
GM-CSF CSF2
D s{uNK1 D 5{uNK2 D s{uNK3
v ™ - ™ g ® E., 54 E’-x
= b =z % c c c
S z 5 = S R S
5 © 2 . 5 s B2 B2 ? 2
2 ° 2 2 ® ® o
s : * 10U IO
""‘ it e 9 wo wo Lﬁc
M P S 1

PS 1 2 3B 3P P S 1 2 3R3P P S 1 2 3BR3P





