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CD49a+ natural killer (NK) cells play a critical role in promoting fetal development and maintaining immune tolerance at the maternal-fetal interface during the early stages of pregnancy. However, given their residency in human tissue, thorough studies and clinical applications are difficult to perform. It is still unclear as to how functional human CD49a+ NK cells can be induced to benefit pregnancy outcomes. In this study, we established three no-feeder cell induction systems to induce human CD49a+ NK cells from umbilical cord blood hematopoietic stem cells (HSCs), bone marrow HSCs, and peripheral blood NK cells in vitro. These induced NK cells (iNKs) from three cell induction systems display high levels of CD49a, CD9, CD39, CD151 expression, low levels of CD16 expression, and no obvious cytotoxic capability. They are phenotypically and functionally similar to decidual NK cells. Furthermore, these iNKs display a high expression of growth-promoting factors and proangiogenic factors and can promote fetal growth and improve uterine artery blood flow in a murine pregnancy model in vivo. This research demonstrates the ability of human-induced CD49a+ NK cells to promote fetal growth via three cell induction systems, which could eventually be used to treat patients experiencing adverse pregnancy outcomes.
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Introduction

During the early stages of pregnancy, the endometrium is transformed into decidual tissue by both estrogen and progesterone, forming a maternal-fetal interface as a result of the interaction between mother and fetus (1). During the first trimester, CD45+ leukocytes account for up to 40% of the total number of cells at the maternal-fetal interface, in which >70% of all leukocytes in human decidua are natural killer (NK) cells (2, 3). These human decidual NK cells (dNKs) have distinct functional and phenotypic characteristics including CD56brightCD16- phenotype (4), poor cytotoxicity with high expression of inhibitory receptors and low expression of cytotoxicity-activating receptors (5–7). Previous research has demonstrated that dNKs can maintain immune tolerance at the fetal-maternal interface (8), promote decidual vascularization, spiral artery formation and extravillous trophoblast invasion by a non-cytotoxic mechanism (9–12), enhance fetal growth during the critical early stages of fetal development (13), and contribute to placenta formation (14). Abnormalities in NK cells, which include lower cell counts or dysfunction, can negatively affect the balance of the fetal-maternal microenvironment, and eventually cause pathological pregnancy (15–17).

CD49a is an integrin alpha subunit that binds collagen and laminin and has been confirmed as a marker to identify tissue-resident NK (trNK) cell subsets in mice (18, 19). Our group found that uterine NK cells (uNKs) in humans have a large amount of CD49a+ trNK cells, specifically, CD49a+Eomes+ uterine trNK cells, which comprise 85% of all NK cells from normal human decidua during the first trimester, secrete growth-promoting factors, and enhance fetal growth during the critical early stages of fetal development (13). Decreased CD49a+Eomes+ uterine trNK cells and the secretion of impaired growth-promoting factors are both present in miscarriage patients (13). However, uterine CD49a+ trNK subsets in menstrual blood also can predict the abnormal endometrial status (20). As such, the therapeutic administration of CD49a+ NK cells for human pregnancy-associated disorder could be able to mitigate the effects of restricted nourishment within the uterine microenvironment.

Several published reports have demonstrated that CD34+ hematopoietic stem cells (HSCs) can differentiate into NK cells (21) through a range of transcription factors and extrinsic signals from multiple cytokines (22). The fms-like tyrosine kinase 3 ligand (Flt3L) and stem cell factor (SCF) promote the proliferation and differentiation of HSCs via common lymphoid progenitors (CLPs) by interacting with their receptors on the cell surface (23). Interleukin-15 (IL-15) promotes the development of NK lineage-restricted progenitors to mature NK cells and the proliferation of NK cells (24). In particular, TGF-β promotes the conversion of CD16+ peripheral blood NK cells (pNKs) into CD16- NK cells (25). Hypoxia affects the function of NK cell immune-regulation and migration, including upregulating VEGFA and CXCL8 (26). These cytokines or hypoxia conditions could yield cells similar to dNK cells (27, 28). However, it is unclear whether these platforms support the generation of CD49a+ human decidual-like NK cells, which have a functional distinguished signature and can promote fetal growth.

To bypass these limitations, we investigated three in vitro platforms supporting the generation of human cytokine-induced CD49a+ NK cells, which are phenotypically and functionally similar to functional dNKs.



Materials and Methods


Human Sample

Fresh umbilical cord blood, bone marrow, and decidual samples were obtained at the First Affiliated Hospital of the University of Science and Technology of China (Hefei, China). Umbilical cord blood was collected in heparin-coated collection bags from healthy donors delivering at term (maternal age range: 21-36 years). Bone marrow samples were obtained from patients with diagnostic bone marrow puncture, whose clinical diagnoses shown their HSCs having no appreciable functional difference with healthy people. First-trimester decidual samples (5-9 weeks) were obtained from voluntarily-terminated pregnancies (age range: 22-40 years). The terminations were for reasons unrelated to the pathology of pregnancy and fetal abnormality. Normal peripheral blood mononuclear cells (PBMCs) were obtained at the Blood Center of Anhui Province (Hefei, China). Informed consent was obtained from each donor. All human samples used in the present study were obtained under the approval of the Ethics Committee of the University of Science and Technology of China (USTCEC201800001; Hefei, China).



Mice

Immunodeficient NCG (NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt) mice were purchased from GemPharmatech Co., Ltd., Nanjing, China. All mice were maintained under pathogen-free conditions. All experimental procedures involving mice followed the National Guidelines for Animal Usage in Research (China) and were approved by the Ethics Committee of the University of Science and Technology of China (Reference NO. USTCACUC1801018).



Human Sample Isolation

Umbilical cord blood was collected immediately after delivery in heparin-coated collection bags (approximately 30 mL) and isolated using Ficoll density gradients (LTS1077, TBD, Tianjin, China) in 50-mL tubes. Fresh bone marrow samples (approximately 2-3 mL) were freshly collected in a heparin tube from outpatient bone marrow aspiration and isolated using Ficoll density gradients in a 15-mL tube. CD34+ hematopoietic stem cells (HSCs) were separated using a CD34+ selection kit (130-046-702, Miltenyi Biotec, Germany) from mononuclear cells of umbilical cord blood and bone marrow. Decidual mononuclear cells were extracted from decidual samples after digestion with collagenase type IV (C-5138, Sigma). Stromal cells were then removed after the adherents were cultured. Peripheral blood mononuclear cells (PBMC) were separated over Ficoll density gradients in 50-mL tubes. NK cells were purified via negative selection with a magnetic-activated cell sorter (MACS) kit (130-092-657, Miltenyi Biotec, Germany).



Cell Culture and Induce

The iNK cells were cultured in GMP Serum-free Stem Cell Growth Medium (20802, CellGenix) supplemented with 10% fetal bovine serum (FBS, 10091, Gibco). The cells were cultured at an initial density of 1×106 cells/mL. Cord blood CD34+ HSCs were usually cultured in 24-well cell culture plates at the beginning, while bone marrow CD34+ HSCs were cultured in 48- or 96-well cell culture plates and pNK cells were in 25T flasks. For CB-iNK cells and BM-iNK cells, SCF (20 ng/mL, AF−300−07, PeproTech), Flt3L (30 ng/mL, AF−300−19, PeproTech) were added to the medium during the first two weeks, and IL-15 (20 ng/mL, AF−200−15, PeproTech) was added on day 4 of culturing. At the end of day 14, the dosage of Flt3L and SCF gradually decreased until it was no longer added, while afterward only IL-15(30 ng/mL) was added from day 21. Cells were induced and cultured for approximately five weeks at 37°C in a humid atmosphere with 5% CO2. Two times a week, half of the medium was removed and replaced with fresh medium and cytokines. For the pNK-iNK group, TGF-β1 (5 ng/mL, AF−100−21C, PeproTech), hCG (10 IU/mL, LIVZON Group, China), and IL-15 (10 ng/mL) were added to the medium. Equivalent fresh medium was added after three or four days of culture, after which the plates were incubated under 1-2% O2 for the next 4~6 days.



Flow Cytometry Assay

Cell suspensions were surface-labeled for human antibodies at 4°C for 30 min in the dark, washed twice with PBS, and then tested. For intracellular staining of pleiotrophin and osteoglycin, the cells were cultured for 4 h in the presence of monensin (2.5 μg/mL; Sigma) and then collected for treatment with Permeabilization Buffer from the Foxp3 Transcription Factor Staining Buffer Set (00-5523-00, eBioscience), according to the manufacturer’s instructions. Flow cytometry was performed on a BD LSRII and analyzed by FlowJo. All antibodies for flow cytometry staining are displayed in Table S1.



RNA-seq

NK cells were washed with PBS three times and lysed using Trizol Reagent (Invitrogen). The samples were then sent to Gene Denovo Biotechnology Co. (Guangzhou, China) on dry ice. There were four cases in each group and n=20 donors. RNA quality was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and checked using RNase-free agarose gel electrophoresis. The enriched mRNA was fragmented into short fragments using fragmentation buffer and reverse transcripted into cDNA. The cDNA fragments were then purified with QiaQuick PCR extraction kit (Qiagen), end-repaired, a base was added, and they were ligated to Illumina sequencing adapters. The ligation products were size-selected via agarose gel electrophoresis, PCR amplified, and sequenced using Illumina Novaseq6000. To obtain clean, high-quality reads, the reads were further filtered by fastp (version 0.18.0). We built an index of the reference genome, and paired-end clean reads were mapped to the reference genome using HISAT2.2.4 with “-rna-strandness RF” and other parameters set as a default. The mapped reads of each sample were assembled using StringTie v1.3.1 in a reference-based approach. For each transcription region, an FPKM (fragment per kilobase of transcript per million mapped reads) value was calculated to quantify its expression abundance and variations using RSEM software. RNA differential expression analysis was performed using DESeq2 software between two different groups. The genes/transcripts with p-value<0.05 and absolute fold change>2 were considered differentially expressed genes/transcripts. We performed gene set enrichment analysis using GSEA and MSigDB software programs to identify whether a set of genes in specific KEGG pathways show significant differences in the two groups. We briefly implemented the gene expression matrix and ranked the genes using the SignaltoNoise normalization method. Enrichment scores and p-value were calculated in default parameters.



Immunofluorescence

NK cells were incubated with anti-human NCAM antibodies (3576S, CST, 1:100 dilution) and fluorescence-conjugated secondary antibodies (A-11029, Invitrogen, 1:200 dilution) in PBS (with 5% goat serum). The NK cells were then combined with Fixation/Permeabilization (00-5123, Invitrogen) and the Permeabilization Buffer (00-8333, Invitrogen) to complete the final washing step and cell resuspension. The NK cells were then incubated with primary antibodies and fluorescence conjugated secondary antibodies (A-11035, Invitrogen, 1:200 dilution). The primary antibodies include Rabbit mAb IgG Isotype control (3900S, CST, 1:50 dilution), Rabbit anti−Human Pleiotrophin Antibody (LS-C162291, Lifespan, 1:50 dilution), and Rabbit anti−Human Osteoglycin Antibody (LS-B10948, Lifespan, 1:50 dilution). All antibodies were incubated at room temperature for 1 hour. The nucleus was finally stained with DAPI. Samples were imaged using an LSM 880 + Airyscan system (Zeiss).



Carboxy Fluorescein Succinimidyl Ester–Based Cytotoxicity Assay

The human leukemic cell line, K562, was purchased from the Shanghai Cell Bank (Chinese Academy of Sciences, Shanghai, China), and used as target cells. The cytotoxic activity of NK cells was determined with a carboxy fluorescein succinimidyl ester (CFSE)-based cytotoxicity assay (29). The target cells were briefly labeled with 5 μM CFSE (C34554, Invitrogen) for 15 min at 37°C. Effector cells (NK cells) and target cells (K562) were added to 96-well plates at different effector-target ratios for 5 hours at 37°C and 5% CO2. The cells were cultured in RPMI-1640 (SH30027.01, Hyclone) containing 10% FBS (10091, Gibco). To detect dead cells, 7-AAD (555816, BD Pharmingen) was added and the samples were directly analyzed using flow cytometry. The percentage of cytotoxicity was calculated as follows: % cytotoxicity = 100 × (experimental release - spontaneous release)/(100 - spontaneous release).



Adoptive Transfer of NK Cells

NCG females were randomly mated with males, while the detection timing of a copulation plug was regarded as gd0.5. The NK cells were suspended in 200 μL of PBS and injected via the tail vein into pregnant females at gd6.5 and gd10.5 (2×106 cells/mouse). Similar amounts of PBS were injected as a control. At gd16.5, the pregnant mice were euthanized. The weight and length of the live fetus and the weight and diameter of the corresponding placenta were recorded from each group.



Doppler Ultrasound Imaging

A Vinno 6 performance real-time ultrasound scanner (Vinno Corporation, Suzhou, China) was used for ultrasound measurements. The pregnant mice were anesthetized via intraperitoneal injection of 2% pentobarbital sodium and positioned on a warm platform to maintain euthermia. The abdominal hair was removed with a depilatory agent. Pre-warmed ultrasound gel was applied to the depilated abdomen skin, while the bladder was used as a reference point to move the transducer to the abdomen and trace implantations. B-Mode was used to measure implantation areas at gd6.5 and placental conditions (thickness, diameter, and area) at gd12.5 in a 2D grayscale image. CF-Mode was used to visualize blood flow in the maternal uterine artery (UA) and fetal umbilical artery (UmA) at gd12.5. The pulsed wave doppler sample volume was adjusted and subtle positional changes of the transducer were made to obtain the blood flow parameters as close to parallel flow as possible. PW-Mode was used to quantify blood flow through the vessels. Peak systolic velocities (PSVs) and end-diastolic velocities (EDVs) of UAs and UmAs were recorded. The software automatically calculated the resistance index (RI). RI= (PSV - EDV)/PSV.



Statistical Analyses

Statistical significance was determined via GraphPad version 8. Statistical significance between the two groups was identified via unpaired two-tailed t-tests, and between multiple groups by one-way analysis of variance (ANOVA). Data represent means ± SD or mean ± SEM. p < 0.05 was considered statistically significant (* p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.0001; ns, not significant).




Results


Induced CD49a+ NK Cells Can Be Efficiently Generated From Three Different Sources In Vitro

We previously established an in vitro cytokine-based feeder-free system in which bone marrow progenitor cells of mice differentiate into CD49a+ uterine trNK cells (30). To investigate whether CD49a+ uterine trNK cells can be induced from human CD34+ HSCs, we isolated CD34+ HSCs from human umbilical cord blood (CB) or bone marrow (BM), and induced their differentiation into NK cells using multiple cytokine cocktails without feeders (Figure 1A). The purity of HSCs was more than 90% confirmed using flow cytometric analysis after magnetic bead sorting (Figure 1B left, C). The cells were cultured and induced in stages using different cytokine combinations, including Flt3L, SCF, and IL-15. The use of Flt3L and SCF promoted HSCs proliferation and transition to CLPs in the first stage. At the end of day 14, the dosage of Flt3L and SCF gradually decreased until it was no longer added. IL-15 was added on day 4 of culturing to direct CLPs toward NK cells. Gradual increases in the proportion of NK cells were observed in the culture system over time. By 35 days, over 80% of the cells were CD3-CD56+ NK cells (Figure 1B right, D), which increased the number of cells in the culture system by 40- to 60-fold (Figure 1E). We named the induced NK (iNK) cells derived from cord blood HSCs as CB-iNK cells and from bone marrow HSCs as BM-iNK cells.




Figure 1 | Inducing human CD49a+ NK cells from three different sources. (A) Schematic diagram of CB-iNK cells (left) and BM-iNK cells (right) acquired from HSCs. (B) Representative density plots of CD34+ cells sorted from cord blood or bone marrow mononuclear cells, and flow cytometric analysis of the percentage of CD3-CD56+ NK cells in the system on days seven through thirty-five. (C) Statistical analysis of CD34+ HSCs purity after MACS sorting. (D, E) Flow cytometry analysis of frequency (D) and absolute number (E) for CD3-CD56+ NK cells on day 35 of culture. (F) Schematic diagram of pNK-iNK cells acquired from purified pNK cells. (G) Representative density plots of CD3-CD56+ pNK cells and pNK-iNK cells. (H) Statistical analysis of CD3-CD56+ NK cells. (I, J) The percentage of CD3-CD56+ NK cells that expressed CD49a in each group was tested by flow cytometry. Representative density plots (I) and statistical calculation of all samples (J). Data was analyzed by one-way ANOVA. Data represent means ± SD, n ≥ 6 in each group. ****p < 0.0001; ns, not significant.



Human chorionic gonadotropin (hCG) levels can be detected on the first day of implantation, and peaked around gestational week 12, after which they diminished during the remainder of the pregnancy (31). The phase of existence is similar with dNKs at maternal-fetal interface. And hCG can reduce the activation of cytotoxic NK cells and coordinate the vascularization of the placental bed (32). To investigate whether the combination of hCG, hypoxia, and TGF-β1 could functionally transform pNK cells into CD49a+ NK cells, we purified pNK cells via magnetic bead sorting and induced them under the compound conditions to obtain iNK cells (Figure 1F). We named the iNK cells derived from pNK cells as pNK-iNK cells. After approximately seven days of induction, the proportion of NK cells in the culture system still exceeded 90% and flow cytometry results demonstrated that the cells had a higher expression of CD56 (Figures 1G, H).

Next, the percentage of iNK cells that expressed CD49a in each group was tested via flow cytometry. The results showed that CD49a-positive cells accounted for over 90% of all NK cells in iNK group and dNK group, and less than 5% in pNK group (Figures 1I, J). As such, we successfully established three feeder-free systems to induce CD49a+ NK cells in vitro.



The iNK Cells With Proliferation Potential Exhibit Phenotype Signatures Similar to dNK Cells

To compare the differences in gene expression between the three kinds of iNK cells with freshly isolated dNK cells and pNK cells, the transcriptomes of five types of purified NK cells were profiled by RNA sequencing (RNA-Seq), including pNK, dNK, CB-iNK, BM-iNK, and pNK-iNK. We identified the differentially expressed genes (DEGs) of the other four group NK cells compared with pNK (cutoff: fold change > 2 and p-value < 0.05) (Supplementary Figures 1A–D). Thousands of DEGs were selected (Supplementary Figure 1E). The heat map was drawn according to the FPKM values of the common DEGs of the other four group NK cells compared to pNK (Supplementary Figure 1F and Figure 2A). Our results demonstrated the iNKs were similar to the dNKs but were different from the pNKs.




Figure 2 | Phenotypic and proliferation potential analyses of iNK cells. (A) The 1116 common differentially expressed genes (DEGs) (fold change > 2 and pvalue < 0.05) of pNK cells compared with other NK cells were selected for heat map analysis. Each column represents one sample (n = 4 per group). (B) Some genes encoding phenotypic markers of dNK cells were selected for heat map analysis. Each column represents one sample (n = 4 per group). (C, D) The percentage of NK cells that expressed dNK-phenotypic markers and inhibitory receptors in each group was obtained via flow cytometry. Representative density plots (C) and statistical calculation of all samples (D). (E, F) The percentage of NK cells that expressed Ki67 in each group was performed by flow cytometry. Representative density plots (E) and statistical calculation of all samples (F). Data were analyzed by one-way ANOVA. Data represent means ± SD, n ≥ 6 in each group. ***p < 0.005; ****p < 0.0001; ns, not significant.



Consistent with previous reports that dNKs show phenotypic features distinct from that of pNKs (33), we found three kinds of iNKs that are similar to dNKs with higher expression of specific genes than pNKs, such as encoding surface molecules (ITGA1, CD151, CD9, and ENTPD1) and inhibitory receptors (TNFRSF18 and ITGAE) (Figure 2B). These genes are included in the genes displayed in Figure 2A. As a member of the tetraspanin family, CD151 and CD9 are associated with regulating cell migration and invasion and are exclusively expressed in dNKs (33). Previous works also have shown that IL-15 and TGF-β upregulated the expression of vital integrins, like CD9 and CD103 (gene name: ITGAE) (34). Besides, CD49a (gene name: ITGA1) and CD39 (gene name: ENTPD1) have previously been shown to be expressed by trNK cells in murine and human liver (18, 35, 36). Recent studies suggest that IL-15 can upregulate uNK cell expression of CD39 in vitro, and CD39+ uNK cells are more differentiated subsets (37). Flow cytometric analysis confirmed that the protein expression levels of the markers mentioned above are consistent with the results of RNA-seq: these protein expression levels were significantly higher in the dNKs and iNKs than in the pNKs (Figures 2C, D).

The proportion of Ki67+ among CD3-CD56+ NK cells was quantified (Figures 2E, F), and we found that dNKs and iNKs had more than 15% of Ki67+ cells, confirming their proliferation potential, while the pNKs have significantly lower proliferation potential. In addition, the iNKs also have higher proliferation potential than the dNKs.

In summary, the results of transcriptome sequencing and multicolor flow cytometric analysis demonstrated that iNK cells with proliferation potential and dNK cells exhibit similar phenotypes.



The iNK Cells Have Low Cytotoxic Capability

Decidual NK cells exhibit lower cytolytic function than pNK cells, which is critical for maintaining immune tolerance at the fetal-maternal interface (8, 38). To assess the cytotoxicity of iNKs, we first performed a gene set enrichment analysis (GSEA) of the five kinds of NKs transcriptional profiles. Compared to dNK cells and iNK cells, pNK cells were significantly enriched in the pathway of natural killer-mediated cytotoxicity (KO04650) (Figure 3A). NK cells mediate ADCC via its FcγRIIIA receptor, CD16 (39), which is an activation marker indicating killing function (40). The CD16+ NK-cell subset accounts for > 90% of pNK cells, which was significantly higher compared with < 10% of dNK cells, CB-iNK cells, and BM-iNK cells, as well as < 50% of pNK-iNK cells (Figures 3B, C). The expression level of some NK cell-mediated cytotoxicity-associated genes is shown in the heatmap (Figure 3D). We observed lower expression levels in dNKs and iNKs than in pNKs.




Figure 3 | Cytotoxic capability detection of iNK cells. (A) Gene set enrichment analysis (GSEA) revealed an increase in Natural Killer cell-mediated cytotoxicity (enrichment plot: NATURAL KILLER CELL MEDIATED CYTOTOXICITY, HSA04650) in pNK cells compared with dNK cells and three kinds of iNK cells (n = 4 per group). (B, C) The percentage of CD16+ NK cells in each group was tested by flow cytometry. Representative density plots (B) and statistical calculation of all samples (C). Data represent means ± SD. (D) Some of the NK cells mediated cytotoxicity-related genes were selected for heat map analysis (n = 4 per group). (E) The direct cytotoxicity of different NK cells toward K562, as measured by flow cytometry. Results are presented as the mean ± SEM. Data were analyzed by one-way ANOVA, and n ≥ 6 in each group (C, E). ***p < 0.005; ****p < 0.0001.



To further verify the cytotoxic activity of NK cells, we co-cultured purified NK cells (as effector cells) with myeloid leukemia-derived cell lines K562 (as target cell), which is NK cell-susceptible. After five hours, the dead K562 cells (7AAD+) were analyzed by flow cytometric at different effect-target ratios. pNK cells were significant efficient at killing K562 than dNK cells and other iNK cells (Figure 3E). Overall, iNK cells have much lower cytotoxic capability than pNK cells, which is similar to dNK cells.



The iNK Cells Present the Functional Characterization of dNK Cells

Our group previously found that decidual CD49a+ NK cells with high expression of EOMES secrete several growth-promoting factors (GPFs), including pleiotrophin (PTN) and osteoglycin (OGN) (13). Given that almost all iNK cells are CD49a-positive (Figure 1I), we next investigated whether iNK cells express EOMES and secrete GPFs. This result showed that the three kinds of iNK cells had a high proportion of CD49a+EOMES+ cells similar to dNK cells. Besides, the PTN+ NK-cell subset accounts for > 90% of CB-iNK cells and BM-iNK cells, as well as > 60% of pNK-iNK cells. Similarly, the OGN+ NK-cell subset accounts for > 90% of CB-iNK cells and BM-iNK cells, as well as > 80% of pNK-iNK cells (Figures 4A, B). A similar result was observed using confocal laser scanning microscopy (CLSM). PTN and OGN were marked in red and CD56 was marked in green (Figures 4C, D).




Figure 4 | The iNK cells have high expression of GPFs, proangiogenic factors, chemokines and chemokine receptors like dNK cells. (A, B) The percentage of CD49a+EOMES+ and GFP+ NK cells in each group was tested by flow cytometry. Representative density plots (A) and statistical calculation of all samples (B). Data represent means ± SD, n ≥ 6 in each group. Data were analyzed by one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.0001; ns, not significant. (C, D) CLSM images showing the secretion of PTN (C) and OGN (D) in pNKs, dNKs and other iNKs. Scale bars, 10 μm. (E) Some genes encoding the proangiogenic factors were selected for heat map analysis. (F) Some genes encoding the chemokines and chemokine-receptors were selected for heat map analysis.



We also found that several genes related to blood vessels and embryonic development in iNK cells were transcribed at a high level, similar to dNK cells. Producing vascular endothelial growth factor (VEGF), dNKs promote blood vessel growth and help reshape the spiral arteries to increase the supply of blood to the implantation site (41–43). Leukemia inhibitory factor (LIF) is associated with STAT3 activation, is produced by dNKs at the fetal-maternal interface, and can regulate trophoblast invasion (44, 45). Activated KIR2DS1+ dNKs can produce granulocyte-macrophage colony-stimulating factor (GM-CSF), which enhanced the migration of primary trophoblasts in favor of placentation (46). The heatmap displays that expression levels of these genes were higher in dNK cells and iNK cells than in pNK cells, including VEGFA, LIF, IL-32, and CSF2 (Figure 4E).

Chemokines and their receptors also play a critical role in pregnancy. CXCR4 was the chemokine receptor for the ligands CXCL12, which were secreted by extravillous trophoblasts (EVT) (47). The pNK-iNK cells expressed CXCR4, which mediate the migration of uNKs into early pregnancy decidua (48) (Figure 4F). This indicates that pNK-iNK cells could migrate functionally from the periphery to the uterus. Other chemokines and chemokine receptors, like CCR5, CCR7, XCL1, and CCL3, all played a beneficial role during pregnancy and were highly expressed in dNK cells and iNK cells (Figure 4F).

Overall, iNK cells are functionally similar to dNK cells by secreting several GPFs and highly expressed genes encoding proangiogenic factors, chemokines, and chemokine receptors.



The iNK Cells Promote Fetal Growth in Mice

To assess whether human iNK cells have a functional distinguished signature and can nourish the uterine microenvironment, we first analyzed the amino acid sequence homology among some functional molecules of dNKs between humans and mice. The data demonstrated that several key proteins were highly conserved, including PTN, OGN, VEGF, and MMPs. The cytokines, chemokines, and phenotypic molecules of humans and mice share considerable amino acid sequence identities (Supplementary Figure 2).

Second, to test the biological function of iNK cells in vivo, we performed adoptive transfer experiments in a mouse pregnancy model (Figure 5A). After we documented the implantations via doppler ultrasound imaging at gd6.5, the NCG mice were randomly divided into three groups, with no significant difference in the implantation area of the single embryo (Figures 5B, C). In mice, dNK cells on day 6.5 of gestation, proliferated, and peaked on day 10.5-12.5 of gestation. They then declined from mid-gestation onwards (49). Therefore, mice in the PBS group, the dNK group, and the pNK-iNK group received a transfusion of PBS, dNK cells (2×106 cell/mouse), and pNK-iNK cells (2×106 cell/mouse) at gd6.5 and gd10.5, respectively. We then performed ultrasound measurements of placental thickness, diameter, and area at gd12.5 (Figure 5D). By this time, the size of the placenta can be detected and is not too large for the probe. The placental thicknesses, diameters, and areas in the dNK group and pNK-iNK group were significantly (p<0.0001) higher than in the PBS group (Figure 5E). Our results indicate that transferred dNK cells and pNK-iNK cells dilated placental dimensions.




Figure 5 | Adoptive transferred pNK-iNK cells promote fetal growth. (A) Schematic diagram of adoptive transferring pNK-iNK cells in pregnancy mice model, n=6 pregnancy mice per group. The experiment was performed twice and the results were shown only once. (B, C) Implantation areas of pregnancy mice before being transferred cells at gd6.5. Bar, 1 mm. Representative ultrasound images from the three groups (B) and statistical calculations (C) are shown. Results are presented as individual values for each implantation and mean. (D, E) Placental measurements at gd12.5. Bar, 1 mm. (D) Representative ultrasound image of the single fetus, showing placental thickness, placental diameter, and placental area. (E) Statistical calculation of the measurements is shown. Results are presented as individual values for each placenta and mean. (F–I) Analysis of blood flow velocities at gd12.5. Bar, 1 mm. Representative CF (left) and PW (right) doppler images showing PSV and EDV of UA (F) and UmA (H). (G) Statistical calculation of UA resistance index (2 experimental repeats were combined). (I) Statistical calculation of UmA peak systolic velocities. (J–M) The pregnancy outcome of adoptive transferring NK cells in mice. Bar, 10 mm. (J) Representative pictures of fetuses from NK-cells transferred mice and control mice (PBS transferred) at gd16.5. (K) Statistics were calculated by the weight and length of the live fetus in different groups. (L) Representative pictures of the placenta correspond to the fetus in (J). (M) Statistics were calculated by the weight and diameter of the placenta. Data represent means ± SD. Data were analyzed by one-way ANOVA (C, E, G, I, K, M).



Additionally, the blood velocity parameters of the maternal uterine artery (UA) and fetal umbilical artery (UmA) were evaluated by doppler measurements at gd12.5. The UA is located behind the bladder (Figure 5F, left), while the UmA is located between the fetus and placenta (Figure 5H, left). We measured the peak systolic velocities (PSVs) and end-diastolic velocities (EDVs) to calculate the resistance index (RI) (Figures 5F, H, right). The EDV of UmA is absent at this gestational age. The RI of UA (Figure 5G) and the PSV of UmA (Figure 5I) in the dNK group and the pNK-iNK group decreased compared to the PBS group, which was an indication of better vascularization with more conducive to fetal well-being.

The mice were euthanized at gd16.5 and we found that the weight and length of the live fetuses injected with dNK cells or pNK-iNK cells were significantly higher compared to the PBS-transferred controls (Figures 5J, K). The weight and diameter of the placenta, corresponding to each live fetus, were simultaneously measured. These placentas had greater weight and a larger diameter in the dNK group and the pNK-iNK group (Figures 5L, M). We also performed a similar experiment with adoptive transferring CB-iNK cells (Supplementary Figure 3A). The dNK group and the CB-iNK group had live fetuses with greater weight and length compared to the PBS group (Supplementary Figures 3B, C). In addition, the pregnant recipient mice were euthanized, and the mononuclear cells of the uterus, blood, bone marrow, liver, spleen and lung were examined by flow cytometry using anti-human antibodies at 24 h post cell transfer. The results showed that human NK cells were detected in the uterus and lung of recipient mice, which indicated that the injected NK cells homed to uterus via the tail vein (lung metastatic models). And the NK cells homing to uterus were still CD49a positive (Supplementary Figure 3D).

Altogether, these results confirm that iNK cells can promote fetal growth and improve uterine artery blood flow.




Discussion

In this study, we developed three platforms that support in vitro generation of human CD49a+ NK cells, which are distinguished by a decidual-like signature and can promote fetal growth in vivo. Previous in vitro investigations focused on the analysis of induced NK cells via the single resource through a few markers or cytokines, which are insufficient to assign lineage identity (22). Considering clinical ethics requirements and the situation of the patients, we studied and compared three different induction platforms from umbilical cord blood HSCs, bone marrow HSCs, and pNKs. After 35 days of long-term differentiation from HSCs or seven days of short-term polarization from pNKs, we found that all iNK cells from the three induction platforms yielded cells that were phenotypically and functionally similar to dNK cells. Specifically, the BM-iNK cells and pNK-iNK cells can be induced from autologous bone marrow HSCs and pNKs, respectively, which meet the requirements of medical ethics for autologous cell therapy. Compared to 35 days of long-term differentiation of BM-iNK cells and CB-iNK cells, the pNK-iNK cells were induced over a relatively short period. Previous studies presented several systems for the generation of NK cells or other innate lymphoid cells from HSCs in the presence of feeder cells, which inevitably increases the risk of introducing exogenous pollutants (50). Our iNK cells from three different platforms were cultured without feeder cells and are sufficient to meet various clinical requirements. Supplementing a certain amount of functional exogenous dNK cells to uterus may become a potential therapeutic modality for patients with pregnancy disorder. While, there is currently no way available to obtain dNK cells in clinical use. It is possible that our induced systems may compensate the situation. And we are now taking forward the research of clinical applications of iNK cells.

The origin of uNKs has long been controversial. Data exist in support of both sides, as uNK cell precursors have been locally identified in the endometrium (51) and pNK cells can acquire an uNK cell phenotype upon TGF-β1 or Hypoxia exposure (25–27, 52). Studies assessing human uterus transplantation and monozygotic twins studies provide evidence that uNKs can be replenished via circulation (37). The successful induction of CD49a+ tissue-resident-like NK cells in our study further demonstrates the plasticity of NK cells. Our results from the RNA-seq analysis comparison further confirm this finding, where the GO terms “angiogenesis”, “decidua related GPFs”, “chemokines and chemokine receptors,” not “cytotoxicity,” were enriched in iNK cells from the three platforms. Our data indicate that uNKs can be transiently tissue-resident-like cells from both pNK and HSC precursor cells based on their expressions of tissue residency markers. Therefore, the decidual microenvironment is critical to induce or maintain both the phenotype and function of dNKs. However, the exact mechanisms for the differentiation of decidual-like NK cells from pNKs or HSCs must be examined in future studies that assess both healthy women and the pathological conditions present in pregnancy disorders.

Ex vivo-induced CD49a+ iNK cells can mimic dNK cell function in vivo. Several attempts have been made to expand NK cells with phenotypic similarities to dNK cells (27, 53). However, it is unclear whether these NK cells induced by different pathways have in vivo functions that promote embryonic development. In this study, we used doppler ultrasound imaging to observe the mouse and fetal states in pregnant mice with no pathological damage, providing significant insight into pregnancy in an animal model. Based on our data analysis and results, we found that iNK cells reduced uterine artery resistance and promote the growth and development of the fetus in vivo.

In summary, our data demonstrates that the CD49a+ iNK cells with phenotypes and functions similar to dNK cells can promote the growth and development of the fetus. Therefore, supplementing CD49a+ iNK cells to the uterus could have significant value in treating reproductive disorders associated with NK cells, including intrauterine growth restriction and repeated miscarriages.
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