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Abstract

:

Placenta-derived mesenchymal stromal cells (MSC) have attracted more attention for their immune modulatory properties and poor immunogenicity, which makes them suitable for allogeneic transplantation. Although MSC isolated from different areas of the placenta share several features, they also present significant biological differences, which might point to distinct clinical applications. Hence, we compared cells from full term placenta distinguishing them on the basis of their origin, either maternal or fetal. We used cells developed by Pluristem LTD: PLacenta expanded mesenchymal-like adherent stromal cells (PLX), maternal-derived cells (PLX-PAD), fetal-derived cells (PLX-R18), and amniotic membrane-derived MSC (hAMSC). We compared immune modulatory properties evaluating effects on T-lymphocyte proliferation, expression of cytotoxicity markers, T-helper and T-regulatory cell polarization, and monocyte differentiation toward antigen presenting cells (APC). Furthermore, we investigated cell immunogenicity. We show that MSCs and MSC-like cells from both fetal and maternal sources present immune modulatory properties versus lymphoid (T cells) and myeloid (APC) cells, whereby fetal-derived cells (PLX-R18 and hAMSC) have a stronger capacity to modulate immune cell proliferation and differentiation. Our results emphasize the importance of understanding the cell origin and characteristics in order to obtain a desired result, such as modulation of the inflammatory response that is critical in fostering regenerative processes.
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1. Introduction


In the past several decades, mesenchymal stromal cells (MSC) have been the subject of extensive studies, representing a hypothetical magic bullet in regenerative medicine. Initially, MSC attracted much attention due to their low immunogenicity and differentiation capability. However, currently, they are widely recognized for their immunomodulatory properties. Over the years, it has been possible to identify MSC in different tissues and, over time, it has been appreciated that different tissues harbor MSC with peculiar characteristics/properties. More specifically, in the past two decades, the human placenta has become a consolidated source of MSC that possess unique properties.



Placenta plays an essential role in supporting the development of the fetus and represents an important reservoir of transient progenitor and stem cells. To date, MSC have been isolated from different regions of the placenta of both fetal and maternal origin.



According to the First International Workshop on Placenta-Derived Stem Cells held in Brescia, Italy in 2007 [1], four major regions of fetal placenta are identified in which each harbor potential stem/progenitor cells identified as: human amniotic epithelial cells (hAECs), human amniotic mesenchymal stromal cells (hAMSCs), human chorionic mesenchymal stromal cells (hCMSCs), and human chorionic trophoblastic cells (hCTCs) [1,2,3,4,5]. Mesenchymal stromal/stem cells (MSCs) have also been isolated from other placental tissues, such as the chorionic villi [6,7,8,9,10,11], the maternal decidua basalis [4,12,13], and from different compartments of the umbilical cord, such as the Wharton’s jelly [14,15,16].



The maternal component of the placenta, which is in direct contact with extra-embryonic fetal tissues, the decidua, has been the subject of intensive investigation in an attempt to explain the mechanisms involved in the delicate immunological balance that governs pregnancy. Within the decidua, different immune cells can be identified, whether they are T lymphocytes [17,18,19], macrophages [20], or natural killer (NK) cells [21,22], with proportions that change during pregnancy, play a significant role in regulating the implantation, placentation, and maintenance of pregnancy, and, ultimately, impact the maternal immune system [21,23,24]. The unique immunological setting between mothers and the fetus during pregnancy has led to the hypothesis that the placenta fosters cells with immunological properties being critical in maintaining feto-maternal tolerance during pregnancy.



In line with this hypothesis, MSC isolated from different placenta regions have been shown to possess immune modulatory properties [25,26,27,28,29]. In addition, the regions from which placental cells are taken has been shown to impact properties such as differentiation, angiogenesis, and ability to inhibit T-lymphocyte proliferation [30,31,32,33], which potentially has a significant impact on their applications in regenerative medicine as well as in the treatment of inflammatory and autoimmune disorders.



A current open and critical aspect for the applications of MSC in regenerative medicine is the origin of tissue and inherent heterogeneity that it poses. Fetal membranes have been shown to possess areas with different structural characteristics [34] and mitochondrial activity [35]. Moreover, the maternal-fetal immune interactions during gestation could influence the immunomodulatory properties of MSC isolated from maternal and fetal tissues, and some differences have been reported in the ability to impact proliferation [32,33]. However, these studies use a non-specific stimulus such as phytohaemagglutinin (PHA), which has little relevance to the in vivo setting. Thus, given that MSC isolated from specific placenta regions (e.g. amniotic membrane, umbilical cord, chorionic villi) have been shown to possess immune modulatory properties, and given that other properties (such as structural characteristics and mitochondrial activity) have been shown to differ based on the specific region of placenta from which the MSC were isolated, we hypothesized that the maternal-fetal immune interactions during gestation could influence the immunomodulatory properties of MSC isolated from maternal and fetal tissues. In this study, we performed a detailed comparison of the immunological properties of MSC isolated from maternal and fetal components of human term placenta. In addition, we use both research and standardized cell preparations and good manufacturing practice (GMP) products, which bypasses heterogeneity associated with differing cell isolation and culture conditions that could, in turn, influence their immunological properties.



We compared maternal MSC-like cells (PLX-PAD) and two different fetal-derived cells known as PLX-R18 [36,37,38,39,40] and a well-characterized MSC population from the amniotic membrane [41]. Placental expanded (PLX) are of a good manufacturing practice (GMP)-grade clinical investigational product that are prepared using a 3-dimensional (3D) bioreactor-based cell growth platform. The two products are currently being investigated for the treatment of muscle injury following hip fracture and critical limb ischemia (CLI) for PLX-PAD and bone marrow recovery following incomplete hematopoietic cell transplantation (HCT) for PLX-R18 as reported in the ClinicalTrials.gov website, available online: https://clinicaltrials.gov/ (accessed on 04/01/2020). Hence, we analyzed and compared the capacity of maternal and fetal MSC to (a) inhibit T lymphocyte proliferation, (b) modulate the expression of cytotoxicity markers upon activation with CD3/CD28 mAbs, (c) impact the Th subset and Treg polarization, and (d) affect monocyte differentiation toward antigen presenting cells [M1 macrophages and mature dendritic cells (mDC)] and skew toward the M2 phenotype. Furthermore, we investigated the immunogenicity of PLX-PAD cells evaluated as the capacity of these cells to spontaneously induce lymphocyte proliferation in the absence of specific stimuli.



Our findings demonstrate that placenta-derived cells, and, most of all, fetal-derived cells directly impact the immune response by interfering with T-cell activation and by modulating antigen presenting cells (APC) differentiation. These results underline the importance of the origin of cells and, for the first time, provide a vast characterization of two GMP products that approved clinical investigational products. Our observations could, therefore, be useful in guiding clinical decisions as to which placenta-derived cell population could potentially be more promising/apt for specific immunological disorders.




2. Materials and Methods


2.1. Ethics Statements


For the amniotic membrane-derived MSC (hAMSC), human term placentae (n = 11) were collected from healthy women after vaginal delivery or caesarean section at term after obtaining informed written consent, according to the guidelines set by the local ethical committee “Comitato Etico Provinciale di Brescia”, Italy (number NP 2243, 19 January 2016).



PLX cells are collected from healthy women undergoing an elective caesarean section. The placenta donors sign an informed consent form and no ethical issues are known to exist with the use of placenta-derived cells. Placenta collection and use is approved by the Israeli medical center Ethics Committees (protocol number PLC-001-03 MOH reference number: 302102218).




2.2. Isolation of Mesenchymal Stromal Cells from the Amniotic Membrane


Human term placentas were obtained from healthy women with informed consent after vaginal delivery or caesarean section and processed immediately. Cells were isolated as previously described [41]. The amnion was manually separated from the chorion, washed in saline solution containing 100 U/mL penicillin and 100 μg/mL streptomycin (catalog number P0781), and cut into small pieces. Amnion fragments were digested at 37 °C for 9 min with 2.5 U/mL dispase (catalog number 734–1312 from VWR, Radnor, PA, USA), and then transferred to RPMI complete medium (catalog number R0883) composed of RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS) (catalog number F9665), 1% penicillin, and streptomycin (herein referred to as P/S), and 1% L-glutamine (catalog number G7513) (all from Sigma Aldrich, St. Louis, MO, USA). Afterward, the fragments were treated with 0.94 mg/mL collagenase (catalog number 11088793001) and DNase I (catalog number 11284932001) (both from Roche, Basel, Switzerland) for approximately 2.5–3 h at 37 °C. Resulting cell suspensions were centrifuged at low g. The supernatant was filtered through a 100-μm cell strainer (catalog number CLS431752 from BD Falcon, Bedford, MA, USA) and the cells were collected by centrifugation. Freshly isolated (p0) are referred to as hAMSC and were expanded until passage 1 (p1) by plating at a density of 104/cm2 in Chang medium C (catalog number 12400080 from Irvine Scientific, Santa Ana, CA, USA) supplemented with 2 mM L glutamine at 37 °C in the incubator at 5% CO2.




2.3. Placental Expanded (PLX) Cells


PLX is an allogeneic ex-vivo placental expanded adherent stromal cell product obtained from Pluristem LTD in the GMP compliant facilities located at Haifa Israel. The mesenchymal-like stromal cells, referred to as adherent stromal cells, are derived from the full-term human placenta collected from healthy women undergoing an elective caesarean section and expanded using plastic adherence on tissue culture dishes. This was followed by three-dimensional growth on carriers in a bioreactor, as previously described [42,43,44]. The manufacturing process consists of two stages. In the first stage, the cells are digested from the placenta and expanded in 2-dimensional (2D) cell growth for several passages after which the cells are concentrated and cryopreserved to produce vials containing the Intermediate Cell Stock (ICS). In the second stage of the production, one vial of ICS is further cultured to produce the final PLX-PAD product. After thawing, the ICS is cultured in 2D for additional passages until the culture reaches 60–90% confluency and then transferred to bioreactors for a final culture in controlled 3D-expansion on carriers. The final PLX-PAD drug product is immediately formulated, filled in vials, and cryopreserved. The growth stage at the bioreactor is automatically controlled to keep ideal growth conditions such as Dissolved Oxygen (DO) at 70%. From each placenta, several ICS vials are being produced and, after thawing each ICS vial, can produce one PLX-PAD batch. The overall population doubling level of the cells does not exceed 25 doublings.



The results obtained from maternal-derived PLX-PAD cells are representative of the cumulative data obtained from two different batches of PLX-PAD cells supplied by Pluristem LTD, Israel. For fetal PLX-R18 cells, one batch was used for all experiments.




2.4. Analysis of PLX Cells and hAMSC Phenotype


Both maternal (PLX-PAD) and fetal (PLX-R18 and hAMSC) cell populations (hereafter, collectively referred to as “MSC”) were analyzed by flow cytometry for the expression of CD90 (clone 5E10), CD105 (clone 266), CD73 (clone AD2), CD13 (clone L138), CD45 (clone HI30), CD66b (clone G10F5), CD14 (clone MΦP9), CD34 (clone 581/CD34), CD107a (clone H4A3), CD146 (clone P1H12), CD140b (clone 28D4), CD40 (clone 5C3), CD80 (L307.4), CD86 (clone FUN-1), CD95 (clone DX2), CD178 (clone NOK-1), CD273 (clone MIH18), CD274 (clone MIH1), CD200 (MRC OX-104), CD324 (clone 67A4), CD326 (clone HEA-125), Galectin-9 (clone REA435), B7H4 (clone MIH43), HLA-ABC (clone G46-2.6), HLA-DR (clone TU36), HLA-DQ (clone TU169), HLA-DM (clone MaP.DM1), and HLA-G (clone MEM-G9). All antibodies were purchased from BD Biosciences (BD Biosciences, Franklin Lakes, NJ, USA), except for HLA-G, which was purchased from Serotec-Bio-Rad, (Hercules, CA, USA), and CD324, CD326, and Galectin-9, which were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). Dead cells were gated out by E-Fluor 780 (catalog number 65-0865-14, Thermofisher, Waltham, MA, USA) staining. Surface staining was carried out at 4 °C for 30 min by using a standard procedure.



The intracellular staining for human leukocyte antigen (HLA)-DM and Galectin 9 was performed upon fixation and permeabilization following with BD Cytofix/Cytoperm (catalog number 554714), BD Biosciences, Franklin Lakes, NJ, USA). Cells were then incubated with anti-HLA-DM or anti-Galectin 9.



Antigen expression was detected using FACSAria III (BD Biosciences) and data were analyzed with FCS express v5 (De Novo Software, Los Angeles, CA, USA).




2.5. Analysis of T Cell Proliferation


Human peripheral blood mononuclear cells (PBMC) were obtained from heparinized whole blood samples donated by healthy subjects (n = 24) using density gradient centrifugation (Histopaque 1077, catalog number 10771, Sigma-Aldrich, St. Louis, MO, USA).



To study the effect of maternal-derived and fetal-derived cells on PBMC proliferation upon stimulation with anti-CD3 OKT3 and anti-CD28 mAbs, MSC were seeded in 96 well plates and given the chance to adhere overnight. The day after, MSC were irradiated at 30Gy and 1 × 105 allogeneic PBMC were added to each well. The co-culture was performed with three different PBMC:MSC ratios (1:1, 1:0.5 and 1:0.1) and stimulated or not (for the basal activation of the PBMC) with 0.125 μg/mL of CD3 mAbs (CD3 Orthoclone OKT3, catalog number L04AA02, Janssen-Cilag, Neuss, Dusseldorf, Germany) and 7 μg/mL of CD28 mAbs (CD28 soluble anti-CD28.2, catalog number 555725, BD Biosciences). Cell proliferation was assessed three days after stimulation by adding EdU 16–18 h before harvesting, as previously described (catalog number C10425, Life Technologies, Carlsbad, CA, USA) [45]. Cells were stained with E-Fluor 780 (catalog number L34975, Thermofisher) for the exclusion of dead cells and with anti-CD45 (clone HI30), anti-CD3 (clone UCHT1), anti-CD4 (clone SK3), anti-CD8 (clone SK1), anti-CD56 (clone N901), and anti-CD14 (clone MφP9). All antibodies were purchased from BD Biosciences (BD Biosciences, Franklin Lakes, NJ, USA) except for CD56, which was purchased from Beckman Coulter. Cells were acquired at FACSAria III (BD Biosciences) and the percentage of proliferating EdU-positive cells was analyzed with FCS express v5 (De Novo Software, Los Angeles, CA, USA).




2.6. Degranulation and Cytotoxic Marker Expression


To study the capacity of maternal-derived and fetal-derived MSC to modulate the expression of cytotoxicity markers on PBMC activated with anti-CD3 and anti-CD28 mAbs. MSC were seeded in 96 well plates and given a chance to adhere overnight. The day after MSC were irradiated at 30Gy and allogeneic PBMC were added to each well. The co-culture was performed with two different PBMC:MSC ratios (1:1, 1:0.5) chosen based on the results previously obtained in the proliferation inhibition tests. Lymphocytes were stimulated or not (for the basal activation of the PBMC) with CD3/CD28 mAbs. Cytotoxic activity was assessed three days after stimulation. PBMC were stimulated for 4 h with 10 µg/mL Phorbol Myristate Acetate (PMA) (catalog number P1585) and 6 µg/mL Ionomycin (catalog number I0634, both from Sigma-Aldrich). After 1 h and 15 min, 30 μg/mL of Brefeldin A (catalog number B7651, Sigma Aldrich) was added.



For degranulation assays, cultured PBMC were incubated in the presence of anti-CD107a (clone H4A3) monoclonal antibody (mAb) with a Golgi stop (catalog number 554724, both from BD Biosciences) directly added in parallel with PMA and Ionomycin. CD107a surface expression on effector cells was assessed after 4 h.



To detect spontaneous degranulation or constitutive expression of cytokines/cytotoxic effectors, an unstimulated control condition was included.



Cells were then stained with E-Fluor 780 (Thermofisher) for the exclusion of dead cells and with anti-CD3, anti-CD8, anti-CD45, anti-CD14, and anti-CD56 for the surface staining. CD4+ T lymphocytes are represented by CD45+CD3+CD8− cells. The intracellular staining for Perforin (clone δG9), Granzyme B (GrzB) (clone GB11), and IFN-γ (clone B27) was performed upon fixation and permeabilization with BD Cytofix/Cytoperm (all from BD Biosciences). All the antibodies were purchased from BD Biosciences (BD Biosciences). Cells were acquired at FACSAria III (BD Biosciences) and the analyzed with FCS express v5 (De Novo Software, Los Angeles, CA, USA).




2.7. Phenotype of CD4+ T Helper (Th) and T Regulatory (Treg) Subsets


The phenotypes of the different Th and Treg subsets were assessed by a panel of specific surface markers for the expression of the transcriptional factor FoxP3. After 6 days of a co-culture with maternal or fetal-derived MSC performed at the same PBMC:MSC ratios used for the degranulation and cytotoxicity marker assay, CD3/CD28 PBMC were collected and centrifuged at 300 g for 5 min. Cells were stained with E-Fluor 780 (Thermofisher) for the exclusion of dead cells. The surface staining was performed using antibodies for CD3, CD4, CD45RA (clone HI100), CD196 (clone 11A9), CD183 (clone 1C6/CXCR3), CD194 (clone REA279), CD161 (clone DX12), CD25 (clone M-A25), and CD127 (clone MB15-18C9), which all came from BD Biosciences. The intracellular staining for FoxP3 (clone 259D/C7) was performed upon fixation and permeabilization with BD Cytofix/Cytoperm (BD Biosciences). Cells were then incubated with anti-FoxP3 antibody, acquired at FACSAria III (BD Biosciences), and Th/Treg subsets analyzed with FCS express v5 (De Novo Software, Los Angeles, CA, USA).




2.8. Analysis of Monocyte Differentiation toward Antigen Presenting Cells


Monocytes (Mo) were purified from PBMC by positive selection using anti-CD14-coated microbeads and MACS® separation columns (catalog number 130-250-201, Miltenyi Biotec). Monocyte-derived dendritic cells (DC) were obtained as previously described [46], with modification. DC were obtained from allogeneic purified Mo (5 × 105 cells) seeded in 48-well plates for four days (Corning) in the presence of recombinant human IL-4 (catalog number 204IL, R&D Systems, Minneapolis, MN, USA) (50 ng/mL) and granulocyte macrophage-colony stimulating (GM-CSF, catalog number 130-093-862, Miltenyi Biotec) (50 ng/mL) in 0.5 mL RPMI 1640 complete medium (Sigma Aldrich). Complete maturation was reached by adding lipopolysaccharide (LPS) (catalog number L4516, Sigma Aldrich) 0.1 μg/mL for two days.



Monocyte-derived M1 macrophage cells were obtained as previously described in Reference [45].



To analyze the effect of MSC on monocyte differentiation, MSC were seeded in RPMI complete medium and given the chance to adhere overnight. The next day, MSC were gamma-irradiated at 30Gy and Mo were added. The co-culture was performed with two different Mo:MSC ratios (1:0.4 and 1:0.2) for both DC and M1 macrophages, as described previously [46,47,48,49].



mDC and M1 macrophages were collected after 6 days of differentiation. The phenotypic profile was investigated by flow cytometry. Prior to the surface staining, cells were stained with E-Fluor 780 (Thermofisher) for the exclusion of dead cells. Then cells were surface stained with anti-CD45, anti-CD80 (clone L307.4), anti-CD1a (clone HI149), anti-CD163 (clone GHI/61), anti-CD209 (clone DCN46), anti-CD197 (clone 3D12), and anti-CD14 antibodies (purchased from BD Biosciences).




2.9. Cytokine/Chemokine Analysis


Cytokine/chemokine levels were measured in supernatants collected from PBMC stimulated with CD3/CD28 mAbs. 1 × 105 PBMC were stimulated with CD3/CD28 mAbs and cultured in 96 well plates in the absence or presence of PLX-PAD, PLX-R18, or hAMSC cells at a PBMC:MSC ratio of 1:1. The supernatant was collected after 6 days and stored at −80 °C. Supernatants from PLX-PAD, PLX-R18, or hAMSC cells cultured alone were all included as controls. Each supernatant was thawed right before use in cytokine/chemokine assays. A multiplex bead-based immunoassay (BD CBA Flex Set system from BD Biosciences) was used to determine the levels of human IFN-γ (catalog number 560111), TNFα (catalog number 560112), IL-4 (catalog number 558262), IL-5 (catalog number 557288), IL-13 (catalog number 558450), IL-10 (catalog number 558274), TGF-β1 (catalog number 560429), IL-17A (catalog number 560383), Granzyme-A (GrzA) (catalog number 560299), Granzyme-B (GrzB) (catalog number 560304), Regulated on Activation, Normal T Cell Expressed and Secreted (RANTES/CCL5) (catalog number 558324). Samples were processed, according to the manufacturer’s instructions, acquired using a FACSAria III (BD Biosciences) and analyzed using FCAP Array software (BD Biosciences).




2.10. Analysis of Immunogenicity


To study the capacity of maternal-derived and fetal-derived MSC to induce PBMC proliferation, MSC were seeded in RPMI complete medium and left to adhere overnight. The next day, cells were irradiated (30Gy) and an allogeneic responder PBMC were added. Five different PBMC:MSC ratios (1:1, 1:0.5, 1:0.25, 1:0.125, and 1:0.0625) were tested. All cultures were carried out in triplicate using round-bottomed 96-well tissue culture plates (Corning) in a final volume of 200 µL of RPMI complete medium. As a positive control for PBMC activation, allogeneic PBMC and mDC cells were additionally used as stimulators and added at the same ratios used to test the immunogenic properties of MSC. MSC, allogeneic PBMC, and mDC were irradiated to ensure that any proliferation observed could be attributed solely to the proliferation of responder lymphocytes. Proliferation of PBMC was assessed after 6 days by adding [3H]-thymidine (0.7 μCi per well, catalog number NET027250UC, PerkinElmer) for 16–18 h. Cells were then harvested with a Filtermate Harvester, and thymidine incorporation was measured using a microplate scintillation and luminescence counter (Top Count NXT), which are both from PerkinElmer (PerkinElmer Waltham, MA, USA).




2.11. Statistical Analysis


The data are displayed as box plots and histograms with Tukey variations. The parameters were compared using one-way analysis of variance. Data are representative of at least four independent experiments. Statistical analysis was performed using Prism 6 (GraphPad Software, La Jolla, CA, USA). A p-value lower than 0.05 was considered statistically significant.





3. Results


3.1. Immunophenotype of Maternal and Fetal Cells


We first analyzed the immunophenotype of maternal (PLX-PAD) and fetal (PLX-R18 and hAMSC) cells considering the expression of a panel of CD markers (Figure 1). More specifically, all three cell populations expressed typical MSC markers including CD13, CD73, CD105, and CD90, and had a low/absent expression of hematopoietic markers (CD14, CD34, and CD45) and epithelial markers (CD324 and CD326). Moreover, both maternal and fetal populations expressed HLA-ABC, but lacked the expression of the different HLA-II isoforms (HLA-DR, HLA-DQ, HLA-DM). It had very low expression of HLA-G, where the latter has a documented role in fetal-maternal tolerance [50].



Furthermore, we evaluated the expression of antigen presenting cells (APC) co-stimulatory molecules (CD80, CD86, CD40, CD95) and co-inhibitory molecules (CD273, CD274, B7H4, CD200, Galectin-9). Both maternal and fetal cell populations did not express co-stimulatory markers, with the exception of CD95 (stimulatory) [51,52,53] that was expressed by all three populations. On the other hand, co-inhibitory markers such as CD273 (PD-L2), CD274 (PD-L1), and Galectin-9 were expressed by all three populations, where the latter was highly expressed (>70%), (Figure 1). Lastly, we confirmed the differential expression of the CD200 inhibitory ligand as reported by others [33,54], whereby maternal cells were negative for this ligand and the two fetal cell populations had variable expression. In this case, hAMSC moderately expressed CD200 (33.3% ± 18.8) and PLX-R18 had a very low CD200 expression (1.4% ± 1.36), (Figure 1).




3.2. Maternal and Fetal Cells Differently Impact the Proliferation of T Lymphocytes


We next evaluated the capacity of maternal-derived or fetal-derived placenta cells to inhibit T-cell proliferation. Approximately 80% of CD4+ (79.5 ± 7.53%; Figure 2, left panel) and CD8+ (81 ± 9.8%, Figure 2, right panel T cells (range 60–85%, n = 4) proliferated upon stimulation with CD3/CD28 mAbs. Both CD4+ and CD8+ T-cell proliferation were modestly reduced by maternal cells. In the presence of a 1:1 ratio of maternal cells, CD4+ T cell proliferation was 67.7 ± 9.6% and CD8+ T cell proliferation was of 71.46 ± 13.3% (Figure 2). On the other hand, fetal cells significantly reduced T-cell proliferation triggered through the polyclonal stimulus CD3/CD28 mAbs in a dose-dependent manner (Figure 2). CD4+ T cell proliferation was significantly reduced by fetal-derived cells (proliferation at 1:1 ratio of 17.17 ± 13.15% for PLX-R18, 36.3 ± 16.1% for hAMSC). Similar results were observed concerning the proliferation of CD8+ T cells when co-cultured with fetal cell populations (proliferation at 1:1 ratio of 17.17 ± 7.15% for PLX-R18, 40.7 ± 15.5% for hAMSC).




3.3. Maternal and Fetal Cells Affect T Lymphocyte Functions and Reduce the Expression of Cytotoxicity Markers


In order to evaluate the ability of maternal and fetal cells to trigger and/or modulate the cytotoxic activity, we evaluated the expression of cytotoxicity markers CD107a (lysosome-associated membrane protein 1), Granzyme-B (GrzB), Perforin, and the inflammatory cytokine IFN-γ expressed by CD4+ and CD8+ T cells, and CD3−CD56+ NK cells in PBMC activated by CD3/CD28 mAbs. Since, in our previous experiments, the lower PBMC:MSC ratio (1:0.1) tested was ineffective to reduce T lymphocyte proliferation; we excluded this ratio in the subsequent analysis. CD107a was strongly expressed by CD3/CD28-stimulated PBMC (69.7% ± 6.6 for CD4+, 75.6 ± 18.7 for CD8+, 81.5% ± 8.3 for NK cells), (Figure 3). At the highest ratio (1:1) tested, PLX-PAD cells were able to significantly reduce cytotoxic degranulation (evaluated as the inhibition of CD107a surface expression) on CD4+ T cells (47.7% ± 13.3). A reduction of CD107a was also seen on CD8+ T cells (52.7% ± 15.2), (Figure 3) even if not statistically significant. Instead, no effects were observed on NK cells (85.9% ± 9.4), (Figure 3). Moreover, the inflammatory cytokine IFN-γ was inhibited by the PLX-PAD on both CD4+ (15.7% ± 11.4) and CD8+ T cells (26.4% ± 16.3), and also on NK cells (38.7% ± 12.3), (Figure 3). Lastly, the expression of Granzyme-B and Perforin were not significantly affected by maternal cells, but fetal-derived cells showed a stronger inhibitory effect on cytotoxic activity of lymphocytes (Figure 3). Both PLX-R18 and hAMSC significantly reduced the expression of CD107a on CD4+ (18.2% ± 3.1 for PLX-R18 and 19.8% ± 4.0 for hAMSC) and CD8+ (26.6% ± 12.2 for PLX-R18 and 8.8% ± 14.9 for hAMSC) T cells and, in the case of hAMSC, also on NK cells (51.6% ± 14.0). Similar to maternal cells, fetal-derived cells also inhibited the expression of IFN-γ on both CD4+ (6.5% ± 3.6 for PLX-R18 and 11.5% ± 9.4 for hAMSC) and CD8+ (15.9% ± 13.4 for PLX-R18 and 20.5% ± 14.4 for hAMSC) T cells, and on NK cells (22.3% ± 18.2 for PLX-R18 and 21.9% ± 9.0 for hAMSC). In addition, fetal-derived cells also reduced the expression of Granzyme-B on CD4+ (7.1% ± 6.8 for PLX-R18 and 8.8% ± 7.3 for hAMSC), and CD8+ (16.5% ± 12.2 for PLX-R18 and 22.6% ± 11.6 for hAMSC) T cells, but not on NK cells (Figure 3). Overall, our results suggest that both maternal and fetal cells can impair the cytotoxic activity of CD4+ and CD8+ T lymphocytes and NK cells, and the strongest inhibitory effects were obtained with fetal cells.




3.4. Maternal and Fetal Cells Inhibit Th1 Priming and Strongly Induce Pro-Regenerative Th22 and T Regulatory Cell Subsets


We have previously demonstrated that hAMSC are able to modulate different lymphocyte subsets [45]. Herein, we assessed the effects of maternal and fetal-derived cells on T helper (Th) Th1, Th17, Th1/Th17, Th2, Th22, and T regulatory (Treg) subset polarization.



Upon activation with CD3/CD28 mAbs, control PBMC highly expressed Th1 subset markers (CD183+CD196+) (55.6% ± 12.08 gated on CD4+CD45RA− T lymphocyte, Figure 4A). Furthermore, the percentage of Treg cells was approximately 1.13% ± 0.53 (Figure 4B). When activated, PBMC were co-cultured with maternal-derived or fetal-derived cells, there was a strong and significant reduction in Th1 polarization, and more potent effects were observed with maternal cells at both PBMC:MSC ratios tested (maternal PLX-PAD MSC 1:1 ratio: 35.5 + 14.02, 1:0.5:14.3 + 7.08 vs. 41.15 + 17.2 for PBMC:PLX-R18 1:1 and 42.6 + 13.3 for PBMC:hAMSC 1:1), (Figure 4A). We observed that both maternal and fetal cells trigger Th22 polarization (0.50% ± 0.44 for the control condition to 4.70% ± 3.45 for PLX-PAD cells and 3.43% ± 1.73 and 4.69 + 2.37 for PLX-R18 and hAMSC, respectively). The percentage of Treg cells increased (1.13% ± 0.53 for stimulated control PBMC to 8.73% ± 3.3 for co-culturing with maternal PLX-PAD, 4.83% ± 2.10 with PLX-R18, and 3.51% ± 0.97 with hAMSC), (Figure 4B). Th1/Th17, Th17, and Th2 polarization was unaffected (Figure 4A). Altogether, these findings suggest that both maternal and fetal cells reduce polarization toward the inflammatory Th1 cell subset and trigger polarization toward the pro-regenerative and anti-inflammatory Th22 and Treg cell subset.




3.5. Maternal and Fetal MSC Affect the Expression of Th-Cytokines


In order to provide further insight and to potentially confirm the ability of maternal and fetal cells to impact Th subset polarization observed after co-culture with either maternal and fetal cells, we evaluated a panel of cytokines specifically expressed by different T cell subsets: Th1 (IFN-γ, TNFα), Th2 (IL-4, IL-5, IL-13), Th17 (IL-17A), Treg (IL-10, TGFβ), and cytotoxic cells (GrzB, GrzA, RANTES), (Table 1). The amount of cytokines and chemokines produced and released by PLX-PAD, PLX-R18, and hAMSC alone were also measured (Supplementary Table S1).



We observed that, in the presence of either maternal or fetal cells, the secretion of Th1 inflammatory cytokines IFN-γ and TNFα was strongly reduced, which confirms the data previously observed and indicates the reduction of the Th1 subset polarization.



The analysis of the expression of the canonical Th2 subset cytokines revealed that the expression of IL-4 was barely detectable. IL-5 decreased in the presence of either maternal and fetal MSC, while IL-13 decreased only with fetal MSC. The expression of Th17-related cytokine IL-17A resulted in a decrease by maternal PLX-PAD cells while no effect was observed when the co-culture was performed with fetal derived MSC. The results obtained from the analysis of Treg cell-related cytokines IL-10 demonstrated no detectable differences between the control (PBMC+ CD3/CD28) and the PBMC co-cultured with either maternal or fetal MSC. The expression of TGFβ1 was, instead, significantly higher in all the three co-culture conditions compared to the control, but the results could be due to, at least in part, the high amount of TGFβ1 produced and released by both maternal and fetal MSC (Supplementary Table S1).



Lastly, we also analyzed the production of cytotoxic GrzB, GrzA, and RANTES. The production of GrzB, whose intracellular expression was not down-regulated in the presence of PLX-PAD cells on day 3 (Figure 3), decreased in comparison to the control condition at day 6. Again, fetal cells resulted in more effective reduction of GrzB production than maternal PLX-PAD. GrzA also showed a trend of inhibition in PBMC activated in the presence of both fetal and maternal cells. Secretion of RANTES (regulated upon activation, normal T cell expressed and secreted) was inhibited by fetal cells (both PLX-R18 and hAMSC) and not by a maternal PLX-PAD.




3.6. Maternal and Fetal Cells Inhibit Monocyte-Derived Antigen Presenting Cell (APC) Differentiation


Next, we analyzed if maternal (PLX-PAD) or fetal-derived cells (PLX-R18 and hAMSC) were able to directly impact monocyte (Mo) differentiation toward APC. Purified monocytes were differentiated to M1 macrophages or mature DC (mDC) in the absence (control) or presence of maternal and fetal-derived cells at two different ratios (Mo:MSC = 1:0.4 or 1:0.2). As previously reported [45] and as shown in Figure 5A,B, during M1 differentiation, monocytes lost the monocytic marker CD14 (6.54% ± 3.12) and acquired the expression of CD1a (41.85% ± 18.13), the chemokine receptor CCR7 (CD197) (83.7% ± 10.3), and the co-stimulatory molecule CD80 (38,038 ± 13,357). The expression of CD163 (2.9 ± 0.97) and DC-SIGN (CD209) (2.44% ± 2.18) was absent. Similar to M1 macrophages, mDC expressed CD1a (83% ± 11.23), CD197 (90.2% + 6.87), and CD80 (36,353 ± 4392), whereas they lacked CD14 (1.56% ± 0.4) and CD163 (2.8 ± 1.36). Moreover, mDC were characterized by the expression of DC-SIGN (CD209) (82.6% ± 4.54), which is a marker absent on M1 macrophages.



We observed that both maternal (PLX-PAD) and fetal-derived cells (PLX-R18 and hAMSC) strongly blocked the differentiation of mDC and M1 at both ratios tested (Figure 5 panels A and B, respectively). There was a reduction in the expression of the differentiation markers CD1a (for mDC: CD1a = 21.3 + 11 for maternal PLX-PAD, 0.3 + 0.4 for PLX-R18, and 2.3 + 2.29 for hAMSC, Figure 5A, for M1 macrophages: CD1a = 2.09 ± 4.80 for maternal PLX-PAD, 0.3 + 0.51 for PLX-R18, and 4.3 + 8.6 for hAMSC, Figure 5B) and CD197 (for mDC: CD197 = 17.7 ± 13.13 for maternal PLX-PAD, 3.43 ± 3.7 and 2.6 ± 1.72 for fetal PLX-R18 and hAMSC, respectively, Figure 5A, for M1 macrophages: maternal PLX-PAD = 30.12 ± 14.7, PLX-R18 = 8.43 ± 10.38, hAMSC = 15.85 ± 6.95 for hAMSC, Figure 5B), and the expression of the undifferentiated monocytic marker CD14 was maintained (for mDC: 86% ± 8.45 for maternal PLX-PAD, 87% ± 13.7 for PLX-R18 and 82.4% ± 8.3 for hAMSC, for M1 macrophages: maternal PLX-PAD = 86.16 ± 8.45, PLX-R18 = 87 ± 13.71, hAMSC = 82.4 ± 9.33). Furthermore, as previously observed [46], the percentage of CD80+ cells remained unaltered compared to control mDCs or M1 macrophages, while the intensity of CD80 expression changed. The median fluorescence intensity of the co-stimulatory molecule CD80 was reduced (for mDC: 14,793 ± 3246 for maternal PLX-PAD, 12,379 ± 10,836 for PLX-R18, and 7216 ± 6054 for hAMSC, Figure 5A, for M1 macrophages: maternal PLX-PAD = 19,258 ± 8370, PLX-R18 = 9493 ± 4034, hAMSC = 13,302 ± 3033, Figure 5B). The expression of CD209 was induced during M1 differentiation by fetal cells (maternal PLX-PAD = 5.12 ± 6.25, PLX-R18 = 30.2 ± 14.77, hAMSC = 24.34 ± 25.65, Figure 5A), and reduced during mDC differentiation (61.7% ± 20.9 for maternal PLX-PAD, 30.4% ± 3.8 for PLX-R18, and 37.03% ± 11.36, Figure 5B). In addition, during mDC and M1 differentiation, in the presence of maternal and fetal-derived cells, we observed the increased expression of CD163 (for mDC: maternal PLX-PAD = 26.46 ± 6.32 and for the fetal 64.5 ± 21.9, 70.3 ± 20.6 for PLX-R18 and hAMSC, respectively, Figure 5A), (for M1 macrophages: 2.9 ± 0.97, for maternal PLX-PAD = 10.88 ± 5.57 and for the fetal = 18.7 ± 15.39 for PLX-R18 and 38.5 ± 16.6 for hAMSC). The intermediate expression of CD209 and the expression of CD163 indicate that maternal and fetal cells interfere with the differentiation of monocytes toward M1 macrophages or mDC, and promote monocyte polarization toward anti-inflammatory M2 macrophage subsets.




3.7. Immunogenicity


Lastly, we investigated the capacity of maternal and fetal cells to induce the proliferation of allogeneic PBMC in the absence of specific stimuli (herein referred to as immunogenicity). To demonstrate that the allogeneic PBMC were able to respond efficiently, these cells were also co-cultured with allogeneic PBMC by performing a mixed lymphocyte reaction (MLR), or with professional antigen-presenting cells (mDC) (Figure 6). At day 6, we observed that, at higher concentrations (1:1, 1:0.5), PLX-PAD, PLX-R18, and hAMSC did not induce PBMC proliferation. However, at the lower concentrations (1:0.25, 1:0.125 and 1:0.0625), maternal cells (and to a lower extent, fetal-derived cells) induced the proliferation of the responder PBMC comparable to that induced by allogeneic PBMC in a MLR. This was, however, lower than the proliferation induced by mDC.





4. Discussion


To dissect inherent features of MSC originated from distinct placental components, and given the well-documented ability of placental-derived MSC to modulate the immune response [25], herein, we compared the immune modulatory properties of MSC derived from maternal and fetal tissues of the human term placenta and included the systematic analysis of GMP preparations. The present study brings significant new insights into some of the placental MSC immune-modulatory properties by demonstrating in vitro that both maternal and fetal MSC (i) down-regulate T lymphocyte proliferation of PBMC stimulated with anti-CD3/CD28 mAbs, (ii) decrease the expression of cytotoxicity marker (CD107a, IFN-γ and GrzB) in anti-CD3/CD28-stimulated PBMC, and (iii) favor the differentiation of CD4+ T cells into subsets co-expressing high levels of CD25 and of FoxP3. In addition, maternal and fetal MSC affect Th polarization by skewing the T cell compartment towards Th22 cells, and (iv) strongly inhibit APC differentiation. Lastly, we observed that maternal and fetal cells did not present differences in their immunogenicity.



Positive expression of CD73, CD90, and CD105 and low/absent expression of hematopoietic markers (CD14, CD34, and CD45) have been suggested to define MSC [1,55]. Our data mostly corroborate these findings. However, in our studies, the positivity for CD73, CD90, and CD105 was lower than the recommended 95%. As reported for MSC from other sources [56], phenotype heterogeneity of placental-derived cells has been described, which was mainly induced by cell treatment (e.g., IFN-γ activation), different culture conditions, and the passage number [57,58]. The expression of CD105 is another variable reported in literature, ranging from low (4%) [59] to high (97%) expression [25]. Moreover, the expression of CD73, CD90, and CD105 increased during passages, and usually more than 90% of hAMSC expressed CD73, CD90, and CD105 from P2 to P4 [25,46]. hAMSC used in this study were from passage 1, which could account for the lower expression of these markers.



We observed that fetal cells possess enhanced anti-proliferative activity when compared to maternal cells. These results are in line with previous studies that have demonstrated that amnion and amniotic fluid-derived fetal MSC from second trimester placentas induced stronger anti-proliferative effects on PHA-activated lymphocytes and in MLR when compared to maternal MSC derived from the same tissues [32]. Similarly, other studies demonstrated that fetal-derived MSC had a higher suppressive activity on the proliferative response of PHA-stimulated PBMC when compared to maternal MSC [33].



Our observations herein expand on these studies whereby we not only demonstrate that fetal-derived cells have enhanced anti-proliferative properties versus T lymphocytes when compared to maternal-derived cells, but we also perform a detailed characterization of the immunomodulatory properties of both maternal and fetal cells by analyzing different T-cell subsets and by analyzing NK cell activation and monocyte differentiation toward APC.



First, we compared the ability of maternal and fetal derived MSC to modulate the immune response by evaluating how they impact the activation of T lymphocytes and NK cells through the analysis of different cytotoxicity markers and the expression of the inflammatory cytokine IFN-γ. Fetal-derived cells had a stronger ability to decrease the cytotoxic activity of both CD4+ and CD8+ T cells and, to a lesser extent, also NK cells, as shown by a significant reduction in the expression of the degranulation marker CD107a and IFN-γ. The ability of fetal-derived MSC, and, more specifically, hAMSC, to inhibit the cytotoxicity of NK cells against the K562 target has been previously demonstrated, and this was shown to be accompanied by a reduced expression of NCR (Natural cytotoxicity receptors) NKp30, NKp44, NKp46, NKG2D, and by the reduction of IFN-γ production [60]. As previously reported [54], we observed that OX-2 (CD200), which is a membrane glycoprotein that belongs to the immunoglobulin superfamily, was highly expressed by cells of fetal origin when compared to maternal-derived cells, and, particularly, by hAMSC. The CD200 receptor is capable of modulating the cytotoxic activity of NK cells [61,62] and could be one of the mechanisms responsible for the enhanced ability of fetal-derived MSC to inhibit NK cells when compared to maternal-derived MSC.



In addition, we observed differences between maternal-derived and fetal-derived cells in their ability to alter/impact T-cell subsets. Maternal-derived cells more strongly enhanced Treg subsets when compared to fetal-derived cells. Recent reports show that maternal MSC express a high level of indoleamine 2,3 dioxygenase (IDO) [32,63], which has been reported as one of the main factors responsible for the induction of Treg polarization [48,49,50]. Two other cytokines that play a relevant role in Treg induction are IL-10 [64] and TGFβ1 [65,66,67]. The low amount of IL-10 detected in hAMSC is in line with our previously published data [45,68]. Given that there were no relevant differences observed in the IL-10 production between maternal and fetal cells, this could suggest that IL-10 is likely not responsible for the different Treg polarization observed between maternal and fetal cells. This could be also the case for TGFβ1, where, the high expression observed by both maternal and fetal cells cannot account for the differences observed in the percentage of Treg cells observed.



Furthermore, we observed that maternal cells more highly expressed CD73, which is an ectonucleotidase receptor responsible for the production of adenosine. This is known as a strong immune modulatory molecule involved in the modulation of several immune functions and also expressed by Treg cells [69]. However, despite the higher expression level of CD73 expressed by maternal cells, they were less prone to inhibit T lymphocyte proliferation, which suggests the involvement of other mediators. Many other factors merit investigation. Among this, the expression of TNF-α-induced gene/protein 6 (TSG-6) has been reported as triggering the M2 skewing [70], the release of exosome [71], or the mitochondrial transfer [72], which should be taken into consideration.



We observed that maternal cells are able to trigger the polarization of the Th22 subset in a stronger manner in comparison to fetal MSC. This population has long been held responsible for triggering inflammatory processes, but more recent articles have indicated the role of Th22 cells in inducing and modifying reparative processes, such as those in the intestinal epithelium [73]. In addition, supernatants from Th22 cells were also shown to enhance wound healing in an in vitro injury model, and this effect was demonstrated to be dependent on IL-22 [74].



We also observed differences between the effects exerted on APC by maternal-derived and fetal-derived cells. More specifically, we reported how both fetal and maternal cells were able to block monocyte differentiation. However, fetal-derived cells were more prone to enhance M2 markers CD163 and CD209, which possibly suggests a different secretion profile between maternal-derived and fetal-derived cells. Prostanoids, and especially PGE2, are among the factors most frequently reported as able to interfere with the Mo-APC differentiation by MSC [49,50] and favoring the acquisition of features that are typical of M2 macrophages such as the increased expression of the M2 marker CD209 [49,75]. In addition, the higher expression of CD200 and Galectin-9 by fetal MSC could account for their enhanced ability to induce an M2-like phenotype due to their immune regulatory action on macrophages [76,77,78].



Lastly, we studied the capacity of maternal and fetal cells to induce an immunogenic response when co-cultured with allogeneic PBMC. hAMSC have been reported to be poorly immunogenic, which is likely due to the absence of co-stimulatory molecules such as CD80 or CD86, and the low level of HLA-DR, that, together, trigger T lymphocyte activation [79,80]. However, previous data reported that low doses of MSC are stimulatory in immunogenicity assays, while higher doses were suppressive [81,82,83]. Both fetal and maternal cells express HLA-ABC and the co-stimulatory molecule CD95, which could confer the low antigen-presenting properties observed. Moreover, it was reported that IFN-γ stimulation augments the expression of HLA-ABC, HLA-DR, and CD40 in hAMSC [84], and the expression of these immunogenic markers could be responsible for their stimulatory activities, as observed for MSC from other sources [85,86].



However, when compared to the T-cell stimulation induced by professional APC such as mDC, induction by both fetal-derived and maternal-derived cells was much lower.




5. Conclusions


The present study provides a detailed understanding and comparison of the immunological properties of placental maternal-derived and fetal-derived cells. For the first time, we carried out the comparison using GMP-produced cells, the placental expanded (PLX) cells, specifically designed for clinical application as evidence by the numerous clinical trials in which these cells are used as reported in the ClinicalTrials.gov website, available online: https://clinicaltrials.gov/ (accessed on 04/01/2020) A pitfall of this work could be the reduced number of batches used in this study (one batch of fetal and two batches of maternal GMP products), but this is overcome by the fact that, in this study, we used GMP-prepared cells that are manufactured in a fully controlled 3D system. Each batch is released based on pre-defined release criteria, which allows for consistent and robust cell production. In addition, the use of standardized cell preparations and GMP products with a verified origin (maternal or fetal) is significantly relevant due to the certainty of the origin and standardized isolation and preparation methods. Furthermore, the in vitro efficacy of PLX-R18 was compared with that from 11 preparations of fetal hAMSC, and we observed very similar results, which further strengthens our observations on fetal-derived cells.



There is a huge effort to develop potency assays, which should identify the most “functional” cell for specific applications, including those that evaluate immune features, considering that immunomodulation is a fundamental mechanism of action of MSC [87,88]. Our extensive analysis has highlighted the profound differences in the immunomodulatory properties of MSCs isolated from different sources. We provide evidence that maternal (PLX-PAD) and fetal (PLX-R18) cells had differing immune modulatory properties whereby fetal-derived cells were able to more strongly inhibit T-cell proliferation and cytotoxicity, and induce the switch to M2 macrophages, while maternal-derived cells were more strongly able to induce Treg. Considering these results and the fact that MSC have been suggested to act principally through a paracrine mechanism of action [89], the screening of the secretome for selected cytokines and molecules could represent a feasible potency assay to determine the potential application of cells based on their immune modulatory properties.



Whether or not the immunomodulatory differences observed in vitro could reflect those in vivo remains to be verified. Actually, both PLX-PAD and PLX-R18 are applied in several clinical trials (clinicaltrial.gov), but not for the same pathology. A strong characterization of these cells would be necessary in order to identify which cell typology for which disease. Previously published data by our group reported that hAMSC can exert a strong immune modulatory effect in a different mouse model of autoimmune diseases like encephalomyelitis, colitis, and arthritis [90]. Fetal PLX-R18 cells have many similarities with hAMSC and, thus, these cells could be used in a preclinical model of graft versus host disease (GVHD), while PLX-PAD cells due to the high release of the pro-angiogenic factors vascular endothelial growth factor (VEGF) and Angiopoietin have been tested in the animal model of hind limb ischemia [39,40].



To date, PLX-PAD are used or have been used in clinical trials to treat critical limb-ischemia and hip fracture, with the aim to stimulate angiogenesis to bring oxygenated blood to ischemic tissue, heal damaged muscle, and dampen inflammation, which supports tissue regeneration. Instead, PLX-R18 are used to sustain hematopoiesis to treat incomplete recovery of transplanted hematopoietic cells and acute radiation syndrome. Based on our in vitro results, we could speculate applying the fetal PLX-R18 cells in inflammatory-based diseases, due to their strong immunomodulatory properties. PLX-R18 could dampen the inflammatory environment (M1 macrophages and cytotoxic T cells) and favor inflammation resolution (promoting macrophage polarization to M2) to promote regeneration.



The observed differences underline the importance of the different properties of fetal versus maternal placenta cells, which are fundamental to guide future applications of maternal-derived and fetal-derived cells in different regenerative medicinal approaches.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4409/9/1/127/s1, Table S1: Cytokine/chemokine profile of maternal and fetal MSCs.





Author Contributions


Conceptualization, O.P. and R.O. Methodology, A.P., E.V., M.M., and S.D.M. Data curation, A.P., E.V., S.C., M.M., S.D.M., A.R.S., and M.S. Writing—original draft preparation, A.P., S.C., M.M., and A.R.S. Writing—review and editing, A.P., M.M., A.R.S., M.S., R.O., and O.P. Supervision, R.O. and O.P. Funding acquisition, R.O. and O.P. Final approval of the manuscript, R.O. and O.P. All authors have read and agreed to the published version of the manuscript.




Funding


The European Union’s Horizon 2020 research and innovation programme under grant agreement No779293, and intramural funds from the Università Cattolica del Sacro Cuore (“Linea D1-2017”, “Linea D1-2018” and “Linea D.3.2 2017”), funded this work.




Acknowledgments


The authors would like to acknowledge the Regenerative Medicine Research Center (CROME) of Università Cattolica del Sacro Cuore. This work contributes to the COST Action CA17116 International Network for Translating Research on Perinatal Derivatives into Therapeutic Approaches (SPRINT) supported by COST (European Cooperation in Science and Technology).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Parolini, O.; Alviano, F.; Bagnara, G.P.; Bilic, G.; Buhring, H.J.; Evangelista, M.; Hennerbichler, S.; Liu, B.; Magatti, M.; Mao, N.; et al. Concise review: Isolation and characterization of cells from human term placenta: Outcome of the first international Workshop on Placenta Derived Stem Cells. Stem Cells 2008, 26, 300–311. [Google Scholar] [CrossRef]

	



Soncini, M.; Vertua, E.; Gibelli, L.; Zorzi, F.; Denegri, M.; Albertini, A.; Wengler, G.S.; Parolini, O. Isolation and characterization of mesenchymal cells from human fetal membranes. J. Tissue Eng. Regen. Med. 2007, 1, 296–305. [Google Scholar] [CrossRef]

	



Bailo, M.; Soncini, M.; Vertua, E.; Signoroni, P.B.; Sanzone, S.; Lombardi, G.; Arienti, D.; Calamani, F.; Zatti, D.; Paul, P.; et al. Engraftment potential of human amnion and chorion cells derived from term placenta. Transplantation 2004, 78, 1439–1448. [Google Scholar] [CrossRef]

	



In’t Anker, P.S.; Scherjon, S.A.; Kleijburg-van der Keur, C.; de Groot-Swings, G.M.; Claas, F.H.; Fibbe, W.E.; Kanhai, H.H. Isolation of mesenchymal stem cells of fetal or maternal origin from human placenta. Stem Cells 2004, 22, 1338–1345. [Google Scholar] [CrossRef]

	



Ilancheran, S.; Michalska, A.; Peh, G.; Wallace, E.M.; Pera, M.; Manuelpillai, U. Stem cells derived from human fetal membranes display multilineage differentiation potential. Biol. Reprod. 2007, 77, 577–588. [Google Scholar] [CrossRef]

	



Portmann-Lanz, C.B.; Schoeberlein, A.; Huber, A.; Sager, R.; Malek, A.; Holzgreve, W.; Surbek, D.V. Placental mesenchymal stem cells as potential autologous graft for pre- and perinatal neuroregeneration. Am. J. Obstet. Gynecol. 2006, 194, 664–673. [Google Scholar] [CrossRef]

	



Igura, K.; Zhang, X.; Takahashi, K.; Mitsuru, A.; Yamaguchi, S.; Takashi, T.A. Isolation and characterization of mesenchymal progenitor cells from chorionic villi of human placenta. Cytotherapy 2004, 6, 543–553. [Google Scholar] [CrossRef]

	



Fukuchi, Y.; Nakajima, H.; Sugiyama, D.; Hirose, I.; Kitamura, T.; Tsuji, K. Human placenta-derived cells have mesenchymal stem/progenitor cell potential. Stem Cells 2004, 22, 649–658. [Google Scholar] [CrossRef]

	



Castrechini, N.M.; Murthi, P.; Gude, N.M.; Erwich, J.J.; Gronthos, S.; Zannettino, A.; Brennecke, S.P.; Kalionis, B. Mesenchymal stem cells in human placental chorionic villi reside in a vascular Niche. Placenta 2010, 31, 203–212. [Google Scholar] [CrossRef]

	



Abumaree, M.H.; Al Jumah, M.A.; Kalionis, B.; Jawdat, D.; Al Khaldi, A.; AlTalabani, A.A.; Knawy, B.A. Phenotypic and functional characterization of mesenchymal stem cells from chorionic villi of human term placenta. Stem Cell Rev. 2013, 9, 16–31. [Google Scholar] [CrossRef]

	



Roselli, E.A.; Lazzati, S.; Iseppon, F.; Manganini, M.; Marcato, L.; Gariboldi, M.B.; Maggi, F.; Grati, F.R.; Simoni, G. Fetal mesenchymal stromal cells from cryopreserved human chorionic villi: Cytogenetic and molecular analysis of genome stability in long-term cultures. Cytotherapy 2013, 15, 1340–1351. [Google Scholar] [CrossRef] [PubMed]

	



Abomaray, F.M.; Al Jumah, M.A.; Alsaad, K.O.; Jawdat, D.; Al Khaldi, A.; AlAskar, A.S.; Al Harthy, S.; Al Subayyil, A.M.; Khatlani, T.; Alawad, A.O.; et al. Phenotypic and Functional Characterization of Mesenchymal Stem/Multipotent Stromal Cells from Decidua Basalis of Human Term Placenta. Stem Cells Int. 2016, 2016, 5184601. [Google Scholar] [CrossRef] [PubMed]

	



Macias, M.I.; Grande, J.; Moreno, A.; Dominguez, I.; Bornstein, R.; Flores, A.I. Isolation and characterization of true mesenchymal stem cells derived from human term decidua capable of multilineage differentiation into all 3 embryonic layers. Am. J. Obstet. Gynecol. 2010, 203, 495.e9–495.e23. [Google Scholar] [CrossRef]

	



Troyer, D.L.; Weiss, M.L. Wharton’s jelly-derived cells are a primitive stromal cell population. Stem Cells 2008, 26, 591–599. [Google Scholar] [CrossRef]

	



La Rocca, G.; Anzalone, R.; Corrao, S.; Magno, F.; Loria, T.; Lo Iacono, M.; Di Stefano, A.; Giannuzzi, P.; Marasà, L.; Cappello, F.; et al. Isolation and characterization of Oct-4+/HLA-G+ mesenchymal stem cells from human umbilical cord matrix: Differentiation potential and detection of new markers. Histochem. Cell Biol. 2009, 131, 267–282. [Google Scholar] [CrossRef]

	



La Rocca, G.; Anzalone, R.; Farina, F. The expression of CD68 in human umbilical cord mesenchymal stem cells: New evidences of presence in non-myeloid cell types. Scand. J. Immunol. 2009, 70, 161–162. [Google Scholar] [CrossRef]

	



Saito, S.; Nakashima, A.; Shima, T.; Ito, M. Th1/Th2/Th17 and regulatory T-cell paradigm in pregnancy. Am. J. Reprod. Immunol. 2010, 63, 601–610. [Google Scholar] [CrossRef]

	



Heikkinen, J.; Mottonen, M.; Alanen, A.; Lassila, O. Phenotypic characterization of regulatory T cells in the human decidua. Clin. Exp. Immunol. 2004, 136, 373–378. [Google Scholar] [CrossRef]

	



Mjosberg, J.; Berg, G.; Jenmalm, M.C.; Ernerudh, J. FOXP3+ regulatory T cells and T helper 1, T helper 2, and T helper 17 cells in human early pregnancy decidua. Biol. Reprod. 2010, 82, 698–705. [Google Scholar] [CrossRef]

	



Nagamatsu, T.; Schust, D.J. The contribution of macrophages to normal and pathological pregnancies. Am. J. Reprod. Immunol. 2010, 63, 460–471. [Google Scholar] [CrossRef]

	



Moffett, A.; Loke, C. Immunology of placentation in eutherian mammals. Nat. Rev. Immunol. 2006, 6, 584–594. [Google Scholar] [CrossRef]

	



Hanna, J.; Mandelboim, O. When killers become helpers. Trends Immunol. 2007, 28, 201–206. [Google Scholar] [CrossRef]

	



Trowsdale, J.; Betz, A.G. Mother’s little helpers: Mechanisms of maternal-fetal tolerance. Nat. Immunol. 2006, 7, 241–246. [Google Scholar] [CrossRef]

	



Chen, S.J.; Liu, Y.L.; Sytwu, H.K. Immunologic regulation in pregnancy: From mechanism to therapeutic strategy for immunomodulation. Clin. Dev. Immunol. 2012, 2012, 258391. [Google Scholar] [CrossRef]

	



Magatti, M.; Abumaree, M.H.; Silini, A.R.; Anzalone, R.; Saieva, S.; Russo, E.; Trapani, M.E.; La Rocca, G.; Parolini, O. The Immunomodulatory Features of Mesenchymal Stromal Cells Derived from Wharton’s Jelly, Amniotic Membrane and Chorionic Villi: In Vitro and In Vivo Data. In Placenta the Tree of Life; Parolini, O., Ed.; CRC Press: Boca Raton, FL, USA, 2016; pp. 91–128. [Google Scholar]

	



Silini, A.R.; Magatti, M.; Cargnoni, A.; Parolini, O. Is Immune Modulation the Mechanism Underlying the Beneficial Effects of Amniotic Cells and Their Derivatives in Regenerative Medicine? Cell Transplant. 2017, 26, 531–539. [Google Scholar] [CrossRef]

	



Weiss, M.L.; Anderson, C.; Medicetty, S.; Seshareddy, K.B.; Weiss, R.J.; VanderWerff, I.; Troyer, D.; McIntosh, K.R. Immune properties of human umbilical cord Wharton’s jelly-derived cells. Stem Cells 2008, 26, 2865–2874. [Google Scholar] [CrossRef]

	



Abomaray, F.M.; Al Jumah, M.A.; Kalionis, B.; AlAskar, A.S.; Al Harthy, S.; Jawdat, D.; Al Khaldi, A.; Alkushi, A.; Knawy, B.A.; Abumaree, M.H. Human Chorionic Villous Mesenchymal Stem Cells Modify the Functions of Human Dendritic Cells, and Induce an Anti-Inflammatory Phenotype in CD1+ Dendritic Cells. Stem Cell Rev. Rep. 2015, 11, 423–441. [Google Scholar] [CrossRef]

	



Abumaree, M.H.; Abomaray, F.M.; Alshehri, N.A.; Almutairi, A.; AlAskar, A.S.; Kalionis, B.; Al Jumah, M.A. Phenotypic and Functional Characterization of Mesenchymal Stem/Multipotent Stromal Cells From Decidua Parietalis of Human Term Placenta. Reprod. Sci. 2016, 23, 1193–1207. [Google Scholar] [CrossRef]

	



Centurione, L.; Passaretta, F.; Centurione, M.A.; Munari, S.; Vertua, E.; Silini, A.; Liberati, M.; Parolini, O.; Di Pietro, R. Mapping of the Human Placenta: Experimental Evidence of Amniotic Epithelial Cell Heterogeneity. Cell Transplant. 2018, 27, 12–22. [Google Scholar] [CrossRef]

	



Hass, R.; Kasper, C.; Bohm, S.; Jacobs, R. Different populations and sources of human mesenchymal stem cells (MSC): A comparison of adult and neonatal tissue-derived MSC. Cell Commun. Signal. CCS 2011, 9, 12. [Google Scholar] [CrossRef]

	



Roelen, D.L.; van der Mast, B.J.; in’t Anker, P.S.; Kleijburg, C.; Eikmans, M.; van Beelen, E.; de Groot-Swings, G.M.; Fibbe, W.E.; Kanhai, H.H.; Scherjon, S.A.; et al. Differential immunomodulatory effects of fetal versus maternal multipotent stromal cells. Hum. Immunol. 2009, 70, 16–23. [Google Scholar] [CrossRef]

	



Gonzalez, P.L.; Carvajal, C.; Cuenca, J.; Alcayaga-Miranda, F.; Figueroa, F.E.; Bartolucci, J.; Salazar-Aravena, L.; Khoury, M. Chorion Mesenchymal Stem Cells Show Superior Differentiation, Immunosuppressive, and Angiogenic Potentials in Comparison with Haploidentical Maternal Placental Cells. Stem Cells Transl. Med. 2015, 4, 1109–1121. [Google Scholar] [CrossRef]

	



Malak, T.M.; Bell, S.C. Structural characteristics of term human fetal membranes: A novel zone of extreme morphological alteration within the rupture site. Br. J. Obstet. Gynaecol. 1994, 101, 375–386. [Google Scholar] [CrossRef]

	



Banerjee, A.; Weidinger, A.; Hofer, M.; Steinborn, R.; Lindenmair, A.; Hennerbichler-Lugscheider, S.; Eibl, J.; Redl, H.; Kozlov, A.V.; Wolbank, S. Different metabolic activity in placental and reflected regions of the human amniotic membrane. Placenta 2015, 36, 1329–1332. [Google Scholar] [CrossRef]

	



Allen, H.; Shraga-Heled, N.; Blumenfeld, M.; Dego-Ashto, T.; Fuchs-Telem, D.; Gilert, A.; Aberman, Z.; Ofir, R. Human Placental-Derived Adherent Stromal Cells Co-Induced with TNF-alpha and IFN-gamma Inhibit Triple-Negative Breast Cancer in Nude Mouse Xenograft Models. Sci. Rep. 2018, 8, 670. [Google Scholar] [CrossRef]

	



Chatterjee, P.; Chiasson, V.L.; Pinzur, L.; Raveh, S.; Abraham, E.; Jones, K.A.; Bounds, K.R.; Ofir, R.; Flaishon, L.; Chajut, A.; et al. Human placenta-derived stromal cells decrease inflammation, placental injury and blood pressure in hypertensive pregnant mice. Clin. Sci. 2016, 130, 513–523. [Google Scholar] [CrossRef]

	



Metheny, L.; Eid, S.; Lingas, K.; Ofir, R.; Pinzur, L.; Meyerson, H.; Hillard, M.L.; Huang, Y.A. Posttransplant Intramuscular Injection of PLX-R18 Mesenchymal-Like Adherent Stromal Cells Improves Human Hematopoietic Engraftment in A Murine Transplant Model. Front. Med. 2018, 2, 5–37. [Google Scholar]

	



Lahiani, A.; Zahavi, E.; Netzer, N.; Ofir, R.; Pinzur, L.; Raveh, S.; Arien-Zakay, H.; Yavin, E.; Lazarovici, P. Human PLacental eXpanded (PLX) mesenchymal-like adherent stromal cells confer neuroprotection to nerve growth factor (NGF)-differentiated PC12 cells exposed to ischemia by secretion of IL-6 and VEGF. Biochim. Biophys. Acta 2015, 1853, 422–430. [Google Scholar] [CrossRef]

	



Zahavi-Goldstein, E.; Blumenfeld, M.; Fuchs-Telem, D.; Pinzur, L.; Rubin, S.; Aberman, Z.; Sher, N.; Ofir, R. Placenta-derived PLX-PAD mesenchymal-like stromal cells are efficacious in rescuing blood flow in hind limb ischemia mouse model by a dose- and site-dependent mechanism of action. Cytotherapy 2017, 19, 1438–1446. [Google Scholar] [CrossRef]

	



Magatti, M.; Pianta, S.; Silini, A.; Parolini, O. Isolation, Culture, and Phenotypic Characterization of Mesenchymal Stromal Cells from the Amniotic Membrane of the Human Term Placenta. Methods Mol. Biol. 2016, 1416, 233–244. [Google Scholar]

	



Winkler, T.; Perka, C.; von Roth, P.; Agres, A.N.; Plage, H.; Preininger, B.; Pumberger, M.; Geissler, S.; Hagai, E.L.; Ofir, R.; et al. Immunomodulatory placental-expanded, mesenchymal stromal cells improve muscle function following hip arthroplasty. J. Cachexia Sarcopenia Muscle 2018, 9, 880–897. [Google Scholar] [CrossRef]

	



Prather, W.R.; Toren, A.; Meiron, M.; Ofir, R.; Tschope, C.; Horwitz, E.M. The role of placental-derived adherent stromal cell (PLX-PAD) in the treatment of critical limb ischemia. Cytotherapy 2009, 11, 427–434. [Google Scholar] [CrossRef]

	



Ramot, Y.; Meiron, M.; Toren, A.; Steiner, M.; Nyska, A. Safety and biodistribution profile of placental-derived mesenchymal stromal cells (PLX-PAD) following intramuscular delivery. Toxicol. Pathol. 2009, 37, 606–616. [Google Scholar] [CrossRef]

	



Pianta, S.; Magatti, M.; Vertua, E.; Bonassi Signoroni, P.; Muradore, I.; Nuzzo, A.M.; Rolfo, A.; Silini, A.; Quaglia, F.; Todros, T.; et al. Amniotic mesenchymal cells from pre-eclamptic placentae maintain immunomodulatory features as healthy controls. J. Cell. Mol. Med. 2016, 20, 157–169. [Google Scholar] [CrossRef]

	



Magatti, M.; Caruso, M.; De Munari, S.; Vertua, E.; De, D.; Manuelpillai, U.; Parolini, O. Human Amniotic Membrane-Derived Mesenchymal and Epithelial Cells Exert Different Effects on Monocyte-Derived Dendritic Cell Differentiation and Function. Cell Transplant. 2015, 24, 1733–1752. [Google Scholar] [CrossRef]

	



Chiossone, L.; Conte, R.; Spaggiari, G.M.; Serra, M.; Romei, C.; Bellora, F.; Becchetti, F.; Andaloro, A.; Moretta, L.; Bottino, C.; et al. Mesenchymal Stromal Cells Induce Peculiar Alternatively Activated Macrophages Capable of Dampening Both Innate and Adaptive Immune Responses. Stem Cells 2016, 34, 1909–1921. [Google Scholar] [CrossRef]

	



Spaggiari, G.M.; Abdelrazik, H.; Becchetti, F.; Moretta, L. MSCs inhibit monocyte-derived DC maturation and function by selectively interfering with the generation of immature DCs: Central role of MSC-derived prostaglandin E2. Blood 2009, 113, 6576–6583. [Google Scholar] [CrossRef]

	



Magatti, M.; Vertua, E.; De Munari, S.; Caro, M.; Caruso, M.; Silini, A.; Delgado, M.; Parolini, O. Human amnion favours tissue repair by inducing the M1-to-M2 switch and enhancing M2 macrophage features. J. Tissue Eng. Regen. Med. 2017, 11, 2895–2911. [Google Scholar] [CrossRef]

	



Ferreira, L.M.R.; Meissner, T.B.; Tilburgs, T.; Strominger, J.L. HLA-G: At the Interface of Maternal-Fetal Tolerance. Trends Immunol. 2017, 38, 272–286. [Google Scholar] [CrossRef]

	



Le Gallo, M.; Poissonnier, A.; Blanco, P.; Legembre, P. CD95/Fas, Non-Apoptotic Signaling Pathways, and Kinases. Front. Immunol. 2017, 8, 1216. [Google Scholar] [CrossRef]

	



Poissonnier, A.; Sanseau, D.; Le Gallo, M.; Malleter, M.; Levoin, N.; Viel, R.; Morere, L.; Penna, A.; Blanco, P.; Dupuy, A.; et al. CD95-Mediated Calcium Signaling Promotes T Helper 17 Trafficking to Inflamed Organs in Lupus-Prone Mice. Immunity 2016, 45, 209–223. [Google Scholar] [CrossRef]

	



Wang, F.; Lu, Z.; Hawkes, M.; Yang, H.; Kain, K.C.; Liles, W.C. Fas (CD95) induces rapid, TLR4/IRAK4-dependent release of pro-inflammatory HMGB1 from macrophages. J. Inflamm. 2010, 7, 30. [Google Scholar] [CrossRef]

	



Zhu, Y.; Yang, Y.; Zhang, Y.; Hao, G.; Liu, T.; Wang, L.; Yang, T.; Wang, Q.; Zhang, G.; Wei, J.; et al. Placental mesenchymal stem cells of fetal and maternal origins demonstrate different therapeutic potentials. Stem Cell Res. Ther. 2014, 5, 48. [Google Scholar] [CrossRef]

	



Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.J.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–377. [Google Scholar] [CrossRef]

	



Samsonraj, R.M.; Raghunath, M.; Nurcombe, V.; Hui, J.H.; van Wijnen, A.J. Concise Review: Multifaceted Characterization of Human Mesenchymal Stem Cells for Use in Regenerative Medicine. Stem Cells Transl. Med. 2017, 6, 2173–2185. [Google Scholar] [CrossRef]

	



Peltzer, J.; Montespan, F.; Thepenier, C.; Boutin, L.; Uzan, G.; Rouas-Freiss, N.; Lataillade, J.J. Heterogeneous functions of perinatal mesenchymal stromal cells require a preselection before their banking for clinical use. Stem Cells Dev. 2015, 24, 329–344. [Google Scholar] [CrossRef]

	



Sivasubramaniyan, K.; Harichandan, A.; Schumann, S.; Sobiesiak, M.; Lengerke, C.; Maurer, A.; Kalbacher, H.; Bühring, H.J. Prospective isolation of mesenchymal stem cells from human bone marrow using novel antibodies directed against Sushi domain containing 2. Stem Cells Dev. 2013, 22, 1944–1954. [Google Scholar] [CrossRef]

	



Schmelzer, E.; McKeel, D.T.; Gerlach, J.C. Characterization of Human Mesenchymal Stem Cells from Different Tissues and Their Membrane Encasement for Prospective Transplantation Therapies. BioMed Res. Int. 2019, 2019, 6376271. [Google Scholar] [CrossRef]

	



Li, J.; Koike-Soko, C.; Sugimoto, J.; Yoshida, T.; Okabe, M.; Nikaido, T. Human Amnion-Derived Stem Cells Have Immunosuppressive Properties on NK Cells and Monocytes. Cell Transplant. 2015, 24, 2065–2076. [Google Scholar] [CrossRef]

	



Coles, S.J.; Wang, E.C.; Man, S.; Hills, R.K.; Burnett, A.K.; Tonks, A.; Darley, R.L. CD200 expression suppresses natural killer cell function and directly inhibits patient anti-tumor response in acute myeloid leukemia. Leukemia 2011, 25, 792–799. [Google Scholar] [CrossRef]

	



Clark, D.A.; Wong, K.; Banwatt, D.; Chen, Z.; Liu, J.; Lee, L.; Gorczynski, R.M.; Blajchman, M.A. CD200-dependent and nonCD200-dependent pathways of NK cell suppression by human IVIG. J. Assist. Reprod. Genet. 2008, 25, 67–72. [Google Scholar] [CrossRef]

	



Croxatto, D.; Vacca, P.; Canegallo, F.; Conte, R.; Venturini, P.L.; Moretta, L.; Mingari, M.C. Stromal cells from human decidua exert a strong inhibitory effect on NK cell function and dendritic cell differentiation. PLoS ONE 2014, 9, e89006. [Google Scholar] [CrossRef]

	



Hsu, P.; Santner-Nanan, B.; Hu, M.; Skarratt, K.; Lee, C.H.; Stormon, M.; Wong, M.; Fuller, S.J.; Nanan, R. IL-10 Potentiates Differentiation of Human Induced Regulatory T Cells via STAT3 and Foxo1. J. Immunol. 2015, 195, 3665–3674. [Google Scholar] [CrossRef]

	



Chen, W.; Jin, W.; Hardegen, N.; Lei, K.J.; Li, L.; Marinos, N.; McGrady, G.; Wahl, S.M. Conversion of peripheral CD4+CD25- naive T cells to CD4+CD25+ regulatory T cells by TGF-beta induction of transcription factor Foxp3. J. Exp. Med. 2003, 198, 1875–1886. [Google Scholar] [CrossRef]

	



Davidson, T.S.; DiPaolo, R.J.; Andersson, J.; Shevach, E.M. Cutting Edge: IL-2 is essential for TGF-beta-mediated induction of Foxp3+ T regulatory cells. J. Immunol. 2007, 178, 4022–4026. [Google Scholar] [CrossRef]

	



Zheng, S.G.; Wang, J.; Wang, P.; Gray, J.D.; Horwitz, D.A. IL-2 is essential for TGF-beta to convert naive CD4+CD25- cells to CD25+Foxp3+ regulatory T cells and for expansion of these cells. J. Immunol. 2007, 178, 2018–2027. [Google Scholar] [CrossRef]

	



Pianta, S.; Bonassi Signoroni, P.; Muradore, I.; Rodrigues, M.F.; Rossi, D.; Silini, A.; Parolini, O. Amniotic membrane mesenchymal cells-derived factors skew T cell polarization toward Treg and downregulate Th1 and Th17 cells subsets. Stem Cell Rev. 2015, 11, 394–407. [Google Scholar] [CrossRef]

	



Ohta, A. A Metabolic Immune Checkpoint: Adenosine in Tumor Microenvironment. Front. Immunol. 2016, 7, 109. [Google Scholar] [CrossRef]

	



Song, W.J.; Li, Q.; Ryu, M.O.; Ahn, J.O.; Bhang, D.H.; Jung, Y.C.; Youn, H.Y. TSG-6 Secreted by Human Adipose Tissue-derived Mesenchymal Stem Cells Ameliorates DSS-induced colitis by Inducing M2 Macrophage Polarization in Mice. Sci. Rep. 2017, 7, 5187. [Google Scholar] [CrossRef]

	



Lo Sicco, C.; Reverberi, D.; Balbi, C.; Ulivi, V.; Principi, E.; Pascucci, L.; Becherini, P.; Bosco, M.C.; Varesio, L.; Franzin, C.; et al. Mesenchymal Stem Cell-Derived Extracellular Vesicles as Mediators of Anti-Inflammatory Effects: Endorsement of Macrophage Polarization. Stem Cells Transl. Med. 2017, 6, 1018–1028. [Google Scholar] [CrossRef]

	



Morrison, T.J.; Jackson, M.V.; Cunningham, E.K.; Kissenpfennig, A.; McAuley, D.F.; O’Kane, C.M.; Krasnodembskaya, A.D. Mesenchymal Stromal Cells Modulate Macrophages in Clinically Relevant Lung Injury Models by Extracellular Vesicle Mitochondrial Transfer. Am. J. Respir. Crit. Care Med. 2017, 196, 1275–1286. [Google Scholar] [CrossRef]

	



Pickert, G.; Neufert, C.; Leppkes, M.; Zheng, Y.; Wittkopf, N.; Warntjen, M.; Lehr, H.A.; Hirth, S.; Weigmann, B.; Wirtz, S.; et al. STAT3 links IL-22 signaling in intestinal epithelial cells to mucosal wound healing. J. Exp. Med. 2009, 206, 1465–1472. [Google Scholar] [CrossRef]

	



Eyerich, S.; Eyerich, K.; Pennino, D.; Carbone, T.; Nasorri, F.; Pallotta, S.; Cianfarani, F.; Odorisio, T.; Traidl-Hoffmann, C.; Behrendt, H.; et al. Th22 cells represent a distinct human T cell subset involved in epidermal immunity and remodeling. J. Clin. Investig. 2009, 119, 3573–3585. [Google Scholar] [CrossRef]

	



Nemeth, K.; Leelahavanichkul, A.; Yuen, P.S.; Mayer, B.; Parmelee, A.; Doi, K.; Robey, P.G.; Leelahavanichkul, K.; Koller, B.H.; Brown, J.M.; et al. Bone marrow stromal cells attenuate sepsis via prostaglandin E(2)-dependent reprogramming of host macrophages to increase their interleukin-10 production. Nat. Med. 2009, 15, 42–49. [Google Scholar] [CrossRef]

	



Enninga, E.A.; Nevala, W.K.; Holtan, S.G.; Leontovich, A.A.; Markovic, S.N. Galectin-9 modulates immunity by promoting Th2/M2 differentiation and impacts survival in patients with metastatic melanoma. Melanoma Res. 2016, 26, 429–441. [Google Scholar] [CrossRef]

	



Pietila, M.; Lehtonen, S.; Tuovinen, E.; Lahteenmaki, K.; Laitinen, S.; Leskela, H.V.; Nätynki, A.; Pesälä, J.; Nordström, K.; Lehenkari, P. CD200 positive human mesenchymal stem cells suppress TNF-alpha secretion from CD200 receptor positive macrophage-like cells. PLoS ONE 2012, 7, e31671. [Google Scholar] [CrossRef]

	



Pontikoglou, C.; Langonne, A.; Ba, M.A.; Varin, A.; Rosset, P.; Charbord, P.; Sensébé, L.; Deschaseaux, F. CD200 expression in human cultured bone marrow mesenchymal stem cells is induced by pro-osteogenic and pro-inflammatory cues. J. Cell. Mol. Med. 2016, 20, 655–665. [Google Scholar] [CrossRef]

	



Lindenmair, A.; Hatlapatka, T.; Kollwig, G.; Hennerbichler, S.; Gabriel, C.; Wolbank, S.; Redl, H.; Kasper, C. Mesenchymal stem or stromal cells from amnion and umbilical cord tissue and their potential for clinical applications. Cells 2012, 1, 1061–1088. [Google Scholar] [CrossRef]

	



Insausti, C.L.; Blanquer, M.; Garcia-Hernandez, A.M.; Castellanos, G.; Moraleda, J.M. Amniotic membrane-derived stem cells: Immunomodulatory properties and potential clinical application. Stem Cells Cloning Adv. Appl. 2014, 7, 53–63. [Google Scholar] [CrossRef]

	



Le Blanc, K.; Tammik, L.; Sundberg, B.; Haynesworth, S.E.; Ringden, O. Mesenchymal stem cells inhibit and stimulate mixed lymphocyte cultures and mitogenic responses independently of the major histocompatibility complex. Scand. J. Immunol. 2003, 57, 11–20. [Google Scholar] [CrossRef]

	



Wolbank, S.; Peterbauer, A.; Fahrner, M.; Hennerbichler, S.; van Griensven, M.; Stadler, G.; Redl, H.; Gabriel, C. Dose-dependent immunomodulatory effect of human stem cells from amniotic membrane: A comparison with human mesenchymal stem cells from adipose tissue. Tissue Eng. 2007, 13, 1173–1183. [Google Scholar] [CrossRef]

	



Karlsson, H.; Erkers, T.; Nava, S.; Ruhm, S.; Westgren, M.; Ringden, O. Stromal cells from term fetal membrane are highly suppressive in allogeneic settings in vitro. Clin. Exp. Immunol. 2012, 167, 543–555. [Google Scholar] [CrossRef]

	



Kronsteiner, B.; Wolbank, S.; Peterbauer, A.; Hackl, C.; Redl, H.; van Griensven, M.; Gabriel, C. Human mesenchymal stem cells from adipose tissue and amnion influence T-cells depending on stimulation method and presence of other immune cells. Stem Cells Dev. 2011, 20, 2115–2126. [Google Scholar] [CrossRef]

	



Chan, J.L.; Tang, K.C.; Patel, A.P.; Bonilla, L.M.; Pierobon, N.; Ponzio, N.M.; Rameshwar, P. Antigen-presenting property of mesenchymal stem cells occurs during a narrow window at low levels of interferon-gamma. Blood 2006, 107, 4817–4824. [Google Scholar] [CrossRef]

	



van Megen, K.M.; van’t Wout, E.T.; Lages Motta, J.; Dekker, B.; Nikolic, T.; Roep, B.O. Activated Mesenchymal Stromal Cells Process and Present Antigens Regulating Adaptive Immunity. Front. Immunol. 2019, 10, 694. [Google Scholar] [CrossRef]

	



Galipeau, J.; Krampera, M.; Barrett, J.; Dazzi, F.; Deans, R.J.; DeBruijn, J.; Dominici, M.; Fibbe, W.E.; Gee, A.P.; Gimble, J.M.; et al. International Society for Cellular Therapy perspective on immune functional assays for mesenchymal stromal cells as potency release criterion for advanced phase clinical trials. Cytotherapy 2016, 18, 151–159. [Google Scholar] [CrossRef]

	



Krampera, M.; Galipeau, J.; Shi, Y.; Tarte, K.; Sensebe, L. Therapy MSCCotISfC. Immunological characterization of multipotent mesenchymal stromal cells—The International Society for Cellular Therapy (ISCT) working proposal. Cytotherapy 2013, 15, 1054–1061. [Google Scholar]

	



Caplan, A.I. Mesenchymal Stem Cells: Time to Change the Name! Stem Cells Transl. Med. 2017, 6, 1445–1451. [Google Scholar] [CrossRef]

	



Parolini, O.; Souza-Moreira, L.; O’Valle, F.; Magatti, M.; Hernandez-Cortes, P.; Gonzalez-Rey, E.; Delgado, M. Therapeutic effect of human amniotic membrane-derived cells on experimental arthritis and other inflammatory disorders. Arthritis Rheumatol. 2014, 66, 327–339. [Google Scholar] [CrossRef]








[image: Cells 09 00127 g001a 550][image: Cells 09 00127 g001b 550] 





Figure 1. Phenotype analysis of cells derived from different batches of maternal (PLX-PAD R06 and R08) and fetal (PLX-R18 and hAMSC) placental tissues. Immune phenotype screening of the three different cell populations. Phenotype was analyzed by flow cytometry and data are presented as mean ± SD (*** p < 0.001, **** p < 0.0001). Results were obtained from biological replicates obtained from different experiments (n ≥ 3 individual experiments). 
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Figure 2. Effect of placental cells on T lymphocyte proliferation. Allogeneic PBMC (1 × 105) were stimulated with anti-CD3/CD28 antibodies in the presence of decreasing ratios of maternal (PLX-PAD)-derived or fetal (PLX-R18 or hAMSC)-derived cells. Cells were cultured for three days, and proliferation was assessed by Edu (ethynyldeoxyuridine) incorporation added during the final 18 h of culture. Results are presented for both CD4+ and CD8+ T lymphocyte cell subsets and are expressed as a percentage of cell proliferation. PBMC stimulated with anti-CD3/CD28 mAbs constitute the positive control while PBMC alone represent the basal level of proliferation. Results are displayed as mean±SEM (** p < 0.01, *** p < 0.001, **** p < 0.0001 versus control PBMC+ CD3CD28), n ≥ 4 individual experiments. 
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Figure 3. Cytotoxic activity marker expression by T lymphocytes and NK cells after interaction with PLX-PAD cells. Allogeneic PBMC were incubated with anti-CD3/CD28 antibodies in the presence of 2 ratios (1:1 and 1:0.5) of maternal (PLX-PAD)-derived or fetal (PLX-R18 or hAMSC)-derived cells. After two days of culturing, PBMC were activated with PMA+Ionomycin and Golgistop was added 1 h later and, 4 h later, the cells were collected and stained. The frequency of CD107a, IFN-γ, Granzyme B (GrzB+), and Perforin positive cells (Perforin+) within the CD4+, CD8+ T cell, and CD3−CD56+ NK cell population was assessed by flow cytometry. PBMC alone or incubated with anti-CD3/CD28 mAbs only were used as controls. Results are displayed as mean ± SEM (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 versus control PBMC+ CD3/CD28), n ≥ 4 individual experiments. 
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Figure 4. Effect of maternal and fetal derived MSC on Th1/Th2 and Treg polarization. Allogeneic PBMC were stimulated with anti-CD3/CD28 mAbs and co-cultured with MSC for six days. (A) Th1 (CD183+CD196−), Th1/Th17 (CD183+CD196+), Th22 (CD194+CD161−), Th17 (CD194+CD161+), and Th2 (CD194+) phenotypes were evaluated by flow cytometry at day 7 and expressed as a percentage of CD4+CD45RA− gated cells. (B) Induction of Treg was evaluated by flow cytometry after six days of co-culture and it is displayed as a percentage of CD45RA− CD25hiFoxP3hi cells. Results are represented as mean±SEM (* p < 0.05, ** p < 0.01, **** p < 0.0001), n≥ 4 individual experiments. 
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Figure 5. Effect of placental cells on the monocyte to APC differentiation. Phenotypic analysis of isolated CD14+ monocytes differentiated into (A) mature dendritic cells (mDC) or (B) M1 macrophages in the absence or presence of maternal (PLX-PAD)-derived or fetal (PLX-R18 or hAMSC)-derived cells. mDC differentiation was carried out by incubating the cells with GM-CSF+IL-4 for four days followed by two days of LPS treatment. (A). M1 macrophages were obtained by incubating CD14+ monocytes with GM-CSF for four days, which is followed by IFN-γ+LPS for another two days. (B). At the end of the culture period, expression of CD1a, CD14, CD197, CD163, CD80, and CD209 was evaluated by flow cytometry. Results are presented as a percentage of expression (except for CD80 where MFI is displayed), and are shown as mean ± SEM (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 versus control mDC or M1), n ≥ 4 individual experiments. 
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Figure 6. Immunogenicity of PLX-PAD cells. Responder PBMC (1 × 105 cells per well) were plated in a 96-round well plate and co-cultured with gamma irradiated (30Gy) stimulator: allogeneic maternal and fetal MSC (PLX-PAD, PLX-R18, and hAMSC), PBMC*, and mDC. Responder and stimulator cells were co-cultured at five different ratios (A = 1:1, B = 1:0.5, C = 1:0.25, D = 1:0.125, and E = 1:0.0625) and mixed lymphocyte reaction (PBMC*) and mature dendritic cells (mDC) were used as positive controls of a complete immune response/activation. PBMC proliferation was assessed by H3-thymidine incorporation and data are expressed as count per minute (cpm) (** p < 0.01, **** p < 0.0001 versus control PBMC). n ≥ 7 individual experiments. 






Figure 6. Immunogenicity of PLX-PAD cells. Responder PBMC (1 × 105 cells per well) were plated in a 96-round well plate and co-cultured with gamma irradiated (30Gy) stimulator: allogeneic maternal and fetal MSC (PLX-PAD, PLX-R18, and hAMSC), PBMC*, and mDC. Responder and stimulator cells were co-cultured at five different ratios (A = 1:1, B = 1:0.5, C = 1:0.25, D = 1:0.125, and E = 1:0.0625) and mixed lymphocyte reaction (PBMC*) and mature dendritic cells (mDC) were used as positive controls of a complete immune response/activation. PBMC proliferation was assessed by H3-thymidine incorporation and data are expressed as count per minute (cpm) (** p < 0.01, **** p < 0.0001 versus control PBMC). n ≥ 7 individual experiments.
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Table 1. Cytokine and chemokine analysis on the effect of either maternal or fetal MSC on PBMC stimulated with CD3CD28 mAbs. Allogeneic PBMC were stimulated with CD3CD28 mAbs for six days and co-cultured or not in the presence of maternal PLX-PAD cells, fetal PLX-R18, or fetal hAMSC cells at a PBMC:MSC ratio of 1:1. After six days, the supernatant was collected and analyzed for the expression of a panel of cytokines and chemokines. Data are indicated as mean ± SD (n = 4).
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PBMC CD3CD28

	
PBMC CD3CD28+

PLX-PAD

	
PBMC CD3CD28+

PLX-R18

	
PBMC CD3CD28+

hAMSC






	
Th1

	
IFNγ

	
2521.9 ± 446.2

	
2021.9 ± 728.2

	
183.6 ± 91.2

	
181.2 ± 111.4




	
TNFα

	
1076.0 ± 319.6

	
168.4 ± 132.2

	
3.8 ± 0.9

	
6.1 ± 4.8




	
Th2

	
IL-4

	
1.9 ± 0.5

	
6.4 ± 2.4

	
1.9 ± 0.7

	
1.4 ± 0.4




	
IL-5

	
775.1 ± 456.7

	
205.6 ± 100.7

	
35.5 ± 29.4

	
30.0 ± 20.9




	
IL-13

	
893.6 ± 290.3

	
992.4 ± 202.6

	
141.8 ± 79.7

	
195.9 ± 125.0




	
Th17

	
IL-17A

	
164.9 ± 197.5

	
60.8 ± 35.3

	
174.6 ± 111.1

	
227.6 ± 151.6




	
Treg

	
IL-10

	
115.9 ± 14.6

	
112.8 ± 26.1

	
96.9 ± 34.6

	
117.9 ± 37.5




	
TGFβ1

	
359.4 ± 98.9

	
931.0 ± 185.3

	
938.3 ± 61.8

	
933.7 ± 126.7




	
Cytotox

	
GrzB

	
5778.0 ± 450.6

	
3490.1 ± 580.6

	
2397.2 ± 1429.2

	
2451.2 ± 528.6




	
GrzA

	
1963.5 ± 662.4

	
1842.7 ± 12.2

	
1122.5 ± 989.0

	
640.4 ± 406.5




	
RANTES

	
3108.5 ± 822.7

	
3937.9 ± 424.5

	
443.7 ± 143.2

	
377.2 ± 248.7
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