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Since their discovery and characterization, mesenchymal stromal cells (MSC) have been a topic of great interest in regenerative medicine. Over the last 10 years, detailed studies investigated the properties of MSC from perinatal tissues and have indicated that these cells may represent important tools for restoring tissue damage or promoting regeneration and repair of the tissue microenvironment. At first, perinatal tissue-derived MSC drew attention due to their potential differentiation capacities suggested by their early embryological origin. It is nowadays accepted that perinatal tissue-derived MSC are promising for a wide range of regenerative medicine applications because of their unique immune modulatory properties, rather than their differentiation ability. As a matter of fact, the activation and function of various cells of the innate and adaptive immune systems are suppressed and modulated by MSC from different perinatal tissues, such as human term placenta. However, the mechanisms by which they act on immune cells to facilitate tissue repair during pathological processes remain to be thoroughly elucidated to develop safe and efficient therapeutic approaches. In addition to immune modulatory ability, several other peculiar characteristics of placenta MSC, less explored and/or more debated, are being investigated. These include an understanding of the anti-microbial properties and the role of placental MSC in tumor progression. Moreover, a thorough investigation on preparation methods, bioactive factors, mechanisms of action of the cell secretome, and the development of potency assays to predict clinical efficacy of placenta MSC and their products, are necessary to provide a solid basis for their clinical application.
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LESSONS FROM THE PAST

The advent of cell therapies has offered promising therapeutic options especially for degenerative and inflammatory diseases. Amongst the cell populations that initiated this promise are mesenchymal stromal cells (MSC). One of the most intriguing sources of MSC that has attracted much attention in the past decade are birth-associated tissues, or perinatal tissues, such as the human term placenta. Nonetheless, the rise to fame for placenta-derived MSC has been turbulent, with many demands to meet, especially since they were born/discovered in the era when bone marrow-derived and adipose tissue-derived MSC were galloping contenders.

Back to the Basics: Rationale for Placenta as a Cell Source

Placental MSC were identified many years ago and their existence has been known for some time. However, the first demonstration of their potential application in cell therapy was in 2004 and our lab demonstrated that MSC from fetal membranes can be transplanted without signs of immunological rejection (Bailo et al., 2004). In an editorial by Heeger (2004), a play on words underlined the infancy of the field at that time, and highlighted the interest of the transplantation community in keeping updated on the bright future of placental tissues in transplantation (Heeger, 2004).

The rationale for our first idea to investigate placenta for its potential in regenerative medicine is summarized as two pillars of cell transplantation: one representing stem cell differentiation potential and the other representing lack of rejection. Cells derived from the placenta could meet these two features as their early embryological origin could favor the hypothesis of stem-cell potential (Parolini and Soncini, 2006), and the fact that the placenta contributes to the development and growth of a semiallogeneic fetus during pregnancy favors the idea that cells from the placenta could possess some intrinsic, peculiar immunological characteristics.

In addition, more practical and logistical reasons made the placenta an attractive cell source. It is easily obtained after birth without invasive procedures, and it is considered biological waste thus bypassing ethical tensions associated to other cell sources.

Placenta Tissues and Placenta-Derived Cells

The human term placenta is a unique organ comprised of different tissues, including maternal (decidua) and fetal tissues. According to the First International Workshop on Placenta-Derived Stem Cells held in Brescia, Italy in 2007 (Parolini et al., 2008), four major regions of fetal placenta, thought to harbor potential stem/progenitor cells, were identified: amniotic epithelial, amniotic mesenchymal, chorionic mesenchymal, and chorionic trophoblastic tissues. A consensus was reached according to which at least four different cell populations have been distinguished: human amniotic epithelial cells, human amniotic MSC, human chorionic MSC, and human chorionic trophoblastic cells (Bailo et al., 2004; In't Anker et al., 2004; Ilancheran et al., 2007; Soncini et al., 2007; Parolini et al., 2008). Cells with MSC properties have also been isolated from other placental tissues, such as the chorionic villi (Fukuchi et al., 2004; Igura et al., 2004; Portmann-Lanz et al., 2006; Castrechini et al., 2010; Abumaree et al., 2013; Roselli et al., 2013), the maternal decidua basalis (In't Anker et al., 2004; Macias et al., 2010; Abomaray et al., 2016), and from different compartments of the umbilical cord, such as the Wharton's jelly (Troyer and Weiss, 2008; La Rocca et al., 2009a;La Rocca et al., 2009b).

Herein we will focus on MSC from the amniotic membrane (hAMSC) which has been the main topic of our laboratory for almost 2 decades.

Placenta MSC Differentiation

One of the first questions raised was whether or not placental MSC fulfilled the International Society for Cell and Gene Therapy (ISCT) minimal criteria for MSC, that is, the adherence to plastic, specific cell phenotype, and tri-lineage differentiation potential toward osteoblasts, adipocytes, and chondroblasts using standard in vitro differentiating conditions (Dominici et al., 2006). As placenta-derived MSC were being intensely investigated, a consensus specific to placenta, and more specifically to MSC from amniotic membrane and the chorionic mesenchymal and chorionic trophoblast regions, was established in 2008 (Parolini et al., 2008). For the most part the minimal criteria were common to those established by ISCT, with the exception of the fetal origin of amniotic MSC and of more lenient criteria for their differentiation capabilities. As a matter of fact, the consensus stated that amniotic and chorionic MSC should demonstrate in vitro differentiation potential toward at least one lineage, including osteogenic, adipogenic, chondrogenic, and vascular/endothelial (Parolini et al., 2008). Evidence has now demonstrated that placental MSC, and especially amniotic membrane-derived MSC (hAMSC), are not front runners for in vitro cell differentiation (Wegmeyer et al., 2013; Kmiecik et al., 2015; Wu et al., 2018). In addition, the in vivo differentiation potential of hAMSC remains obscure.

Immune Modulatory Properties: The Claim to Fame for Placenta MSC

At the time hAMSC were discovered (Bailo et al., 2004; Soncini et al., 2007), their counterparts from bone marrow had already been acknowledged as suppressors of T cell proliferation (Bartholomew et al., 2002; Di Nicola et al., 2002). These initial studies, along with the hypothesis that the placenta could harbor cells with intrinsic immunological properties due to the unique immunological setting during gestation, redirected the attention from the differentiation capacities of placental MSC toward their potential regulatory effects on immune cells, and opened a new era in regenerative medicine.

SHAPING THE FUTURE

Immune Modulatory Properties of Placenta MSC

Indeed, it is by merit of unique immune modulatory features, rather than differentiation, that placenta-derived MSC show promise for a wide range of regenerative medicine applications. Fast-forward to today there are over 20 clinical trials (excluding trials with unknown status) evaluating “placenta derived cells” and “placenta MSC” registered on the NIH Clinical Trials website (https://clinicaltrials.gov/) (Couto et al., 2017). The published or current clinical trials are either Phase I, II, or III and include a variety of inflammatory disorders, such as pulmonary idiopathic fibrosis (Chambers et al., 2014), peripheral artery disease, Crohn's disease (Mayer et al., 2013; Melmed et al., 2015), multiple sclerosis (Lublin et al., 2014), diabetes (Jiang et al., 2011), ischemic stroke, pulmonary sarcoidosis (Baughman et al., 2015), active rheumatoid arthritis, and muscle injury due to hip arthroplasty (Winkler et al., 2018).

There continues to be a significant advancement of our understanding in this field and many studies have shown that MSC from different regions of placenta can suppress the activation and modulate the function of various cells of the innate and adaptive immune systems, including macrophages, neutrophils, natural killer cells, dendritic cells, and T and B lymphocytes (Magatti et al., 2016). More specifically, many studies have shown that placental MSC can inhibit the proliferation of T lymphocytes, and can inhibit the differentiation into Th1 and Th17 while enhancing T regulatory cells. MSC can also promote the switch from a pro-inflammatory type 1 phenotype to an anti-inflammatory type 2 phenotype (Magatti et al., 2016). Several studies indicate that BM-MSC need to be “licensed” by inflammatory signaling to become fully immunosuppressive (Krampera et al., 2006; Ren et al., 2008; Sheng et al., 2008; Mougiakakos et al., 2011; Shi et al., 2012). In the case of hAMSC, priming by inflammatory cytokines is not a prerequisite for their immune-suppressive effects (Magatti et al., 2008; Rossi et al., 2012).

However, a word of caution is warranted since increasing experimental data indicate that hAMSC, similar to BM-MSC, can also stimulate immune cells both in vitro and in vivo. During fetal-maternal tolerance, amniotic cells could be involved in protecting the semiallogeneic fetus by two main threats; the first is the maternal immune system whereby suppression of immune response would be required, and the second is to protect against foreign and potentially dangerous pathogens which would require an enhanced immune response. One could imagine that this balance between immunosuppression and immunostimulation could explain the versatile immunomodulatory properties of hAMSC (Magatti et al., 2018). The mechanisms by which hAMSC and other placental MSC regulate the immune response and enable other cells to facilitate tissue repair during pathological processes remain under intense investigation.

From MSC Differentiation to Paracrine/Endocrine Actions: A Focus on the MSC Secretome

It was once believed that to contribute in tissue regeneration MSC needed to be recruited to the site of tissue damage. However, in many cases there is low MSC engraftment and engrafted MSC tend to be short-lived, indicating the existence of other mechanisms by which MSC participate in regeneration (Vizoso et al., 2017). We now know with reasonable certainty that a significant part of the efficacy of MSC is mediated by their secreted factors. As a matter of fact, the success of MSC therapy in experimental models does not necessarily correlate with cell engraftment and replacement. Furthermore, inflammatory diseases have been successfully treated when using only the secretome of MSC. The recent recommendation by Arnold Caplan to rebrand MSC as “medicinal signaling cells” underlines the relevance of this shift in paradigm (Caplan, 2017).

Our group has significantly contributed to establishing that hAMSC can act via the release of bioactive mediators, in vitro by modulating immune cell proliferation and phenotype and in vivo by inducing therapeutic effects in immune-based disorders (Cargnoni et al., 2012, 2014; Rossi et al., 2012; Pianta et al., 2015; Pischiutta et al., 2016). However, the specific mediators and signaling pathways that affect the biology of adjacent and distant responder cells remain to be elucidated. The identification of these factors will shape the development of novel therapeutic strategies based on the secretome of hAMSC.

FUTURE DIRECTIONS AND NEW PROSPECTS

It has been almost 2 decades since the discovery of MSC from fetal membranes of placenta, and the upcoming 2 decades of research will be animated by several debates and by answers to questions that the past and present research has posed.

For example, despite great strides on the understanding of MSC biology, the present is raising questions concerning a multitude of critical aspects for the clinical translation of MSC, regardless of their origin (Galipeau and Sensebe, 2018). Placental MSC face similar open questions and obstacles (Fierabracci et al., 2015), such as their economic sustainability and the determination of treatment dose, the latter being a basic medical question sometimes overlooked. As we move forward, it is essential to better understand the mechanisms by which these cells operate and to provide a solid basis so that placental MSC can be safely and efficiently used in patients. Given that we believe that amniotic cells contribute to tissue regeneration by promoting the resolution of inflammation, an improved understanding of the immune system's role in tissue regeneration will help in achieving this goal.

The future will also help develop and/or clarify several areas of research that have been less explored and/or are more debated. These include an understanding of the anti-microbial properties of placental MSC (a much less-explored but highly topical property), and the role of placental MSC in tumor progression. These will be paralleled with a more profound understanding of the cell secretome (e.g., preparation methods, bioactive factors, mechanisms of action), and the development of potency assays to predict clinical efficacy. In the following sections we will briefly touch upon these aspects.

Anti-microbial Properties

An interesting yet often overlooked property of the amniotic membrane and cells derived thereof is their anti-microbial properties. Several groups have shown that amniotic MSC secrete antimicrobial factors both in vitro and in vivo (Kjaergaard et al., 1999, 2001; Buhimschi et al., 2004; Kheirkhah et al., 2012; Mao et al., 2017) and our lab has shown that MSC from the amniotic membrane can protect mice from experimental sepsis (Parolini et al., 2014). The antimicrobial properties of amniotic cells should be further investigated to understand how they could further foster a microenvironment favorable to regeneration.

Pro- or Anti-tumor?

Besides their promise in regenerative medicine, placental MSC are also being studied for their potential applications as an anti-cancer strategy. As with MSC from other sources, placental MSC have been described to have dual actions, possessing both anti-tumor and pro-tumor properties (Silini et al., 2017a). The contradictions in these findings could be attributable to the variability and heterogeneity in MSC, to different isolation methods, passage number, or in vitro culture conditions, or to differences of the tumor cells, such as the tumor type or origin, degree of differentiation, the use of primary tumor cells or immortalized tumor cell lines. Preclinical studies are further confounded by differences in mouse models, xenogeneic or syngeneic tumor models, and dose, route, and timing of MSC administration. Important issues that remain to be determined before clinical use of placental MSC can be foreseen in the oncology field is the identity of the bioactive factors that contribute to the contrasting actions, their relevance over standard of care, and their potential combination with other anti-cancer therapies, such as target therapies or chemotherapy.

Cells vs. Secretome

The secretome is the set of factors secreted by a cell into the extracellular space; these include free nucleic acids, soluble proteins, lipids, and extracellular vesicles (apoptotic bodies, microvesicles, and exosomes) (Raposo and Stoorvogel, 2013). The question to use cells or their secretome is complicated by the fact that the secretome of cells is specific and it changes in response to fluctuations in physiological states or pathological conditions and stimuli (Caplan and Correa, 2011). A minimal variation of cell culture conditions, such as phenotypic changes and senescence that may be observed during long term culture (Vono et al., 2018), influences the final MSC-products, including the MSC secretome. Thus, we should ask which secretome to use, or rather, which cell culture conditions should be used in order to obtain a “conditioned secretome” (Ferreira et al., 2018). The same holds true for cells, as the same MSC batches and production conditions are being used to treat different diseases such as graft-vs.-host disease, acute myocardial infarction, and diabetes. Thus, the MSCs are not fine-tuned for the disease being treated. One would hope to pretreat MSC in order to enhance the therapeutic response for the disease being treated (Ferreira et al., 2018), or to select MSC that possess an optimal response to the disease microenvironment.

The possibility of identifying the bioactive factors responsible for the therapeutic effect and thus translating them into medicine, is a high impact issue in current research. This will allow on one hand to identify those that are, putatively, the most relevant molecules involved in the immune modulatory effect and, on the other hand, to optimize the pharmacodynamics and pharmacokinetics of new drugs as well as allowing the delivery to the target cell. This approach will provide also important information on the mechanism of action of perinatal MSCs allowing for an understanding of how to exploit the endogenous properties of MSC cells in the maintenance of tissue homeostasis (Vizoso et al., 2017). In turn, the identification, synthesis, and GMP production of the bioactive factors could allow a highly standardized product that could also be tailored to the patient's needs. It could take many years to identify which are the bioactive molecules responsible for the therapeutic effects of perinatal MSCs (Baglio et al., 2012; Silini et al., 2013), despite the many advances in technology and analytical methodologies that are being developed.

We foresee that the choice between the use of hAMSC or the use of the conditioned secretome will largely depend on the clinical application and route of administration. If one takes into account the memory of the role of MSC within their original tissue to optimize use, this confers placental MSC a particular interest in immunomodulation and application in immune-based disorders (Silini et al., 2017b). Finding a common denominator to the different diseases will help in understanding the pathways targeted by hAMSC. In addition to the array of diseases in which hAMSC are being tested in clinical trials, the immunomodulatory properties of placental MSC could be prospected in the transplantation setting in order to support donor cell or tissue engraftment. Once again, the immune stimulatory capacities of hAMSC should be carefully considered in this possibility.

Potency Assays

Another issue that should improve the successful application of amniotic MSC in regenerative medicine is the development of immunological potency assays (Galipeau and Krampera, 2015; Galipeau et al., 2016; Chinnadurai et al., 2018). These assays consist of in vitro tests to predict clinical response, and more specific to hAMSC, these tests would be crucial to predict both the immunosuppressive or immune-stimulation activity, and thus help guide the therapeutic application and potential efficacy.

Concerning the hAMSC secretome, standardization could be achieved by focusing on defining and identifying reproducible responses in potency assays based on standardized methods (i.e., standard operating procedures) for secretome production, rather than defining the secretome composition per se (Chinnadurai et al., 2018). This could in part override the difficult task of identifying the factors in the secretome and standardizing the secretome composition based on the cocktail of bioactive factors that exert the desired biological effect.

CONCLUDING REMARKS

In the realm of regenerative medicine, the field of cellular therapy has gained more attention than any other field in biology and, furthermore, MSC represent important tools for the discovery of novel treatments with applications in regenerative medicine. We have learned that there are tremendous prospects of placental MSC in the field of regenerative medicine. However, there are significant issues that must be addressed in order to substantiate current studies and make these projections reality.

First, in the more wider setting of MSC, understanding which features are distinct for placental MSC and for other adult sources, such as bone marrow and adipose tissue, is relevant in understanding and optimizing clinical applications. There are major obstacles when trying to compare results from different MSC sources, such as heterogeneity in MSC populations and in experimental protocols. It remains to be verified if differences observed are due to isolation and culture methods of MSC (culture media, supplements, cell counts, passage number, etc.) or the readouts and stimuli used to determine cell characteristics. Standardization of assays for comparison and more comparative studies are necessary to give us a better understanding of distinct properties of placental MSC.

Second, MSC expansion protocols for the production of therapeutically active MSC and EV should be optimized (the same conditions do not necessarily apply). Manufacturing processes and release criteria are highly heterogeneous, and heterogeneity in the release criteria can result from an inaccurate definition of the MSC product and limited knowledge on the mechanisms of action. In all of this, therapeutic approaches must not only consider MSC donor variability, but also that of the MSC recipient, the latter of which also affects clinical outcome but is often neglected.

Third, the use of MSCs conditioned medium over cell-based applications has turned out to be an attractive opportunity. A cell-free therapeutic approach provides key advantages, such as resolving several safety concerns potentially associated with the transplantation of live and proliferative cells, it allows for storage without the use of potentially toxic cryopreservation agents and for easier production of a sufficient quantity of product (Vizoso et al., 2017). A detailed analysis on the culture conditions and on the selection of suitable cell sources evaluating the concentrations of bioactive factors and formulating a suitable dose, would substantiate the importance of the MSC secretome as a valid and promising approach in regenerative medicine (Gunawardena et al., 2019).

Fourth, a series of potency assays for cell-free products have to be developed in order to control their quality and quantity, and to predict their efficacy in vivo (Mohammadipoor et al., 2018). Finally, current challenges affecting the pharmaceutical industry must be considered, such as a shift toward older age groups resulting in increased chronic and degenerative disorders. In addition, a concerted effort is needed to facilitate access to innovation, meaning to provide favorable conditions for the translation of scientific advances into affordable therapies.

AUTHOR CONTRIBUTIONS

AS, AM, and AP drafted the work and OP critically revised and approved the work.

FUNDING

This work was supported in part by Fondazione Poliambulanza Istituto Ospedaliero, Brescia, Italy, Contributo MIUR 5×1000 (2016), Fondazione Camillo Golgi (Bando Ricerca Scientifica 2017), by the European Union's Horizon 2020 research and innovation programme under grant agreement No779293, and by Università Cattolica del Sacro Cuore linea D1-2017, linea D1-2018.

ACKNOWLEDGMENTS

The authors would like to thank the physicians and midwives of the Department of Obstetrics and Gynecology of Fondazione Poliambulanza-Istituto Ospedaliero, Brescia (Italy), the Regenerative Medicine Research Center (CROME) of Università Cattolica del Sacro Cuore, and all the mothers who donate their baby's placenta to make this research possible. 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).

REFERENCES

 Abomaray, F. M., Al Jumah, M. A., Alsaad, K. O., Jawdat, D., Al Khaldi, A., AlAskar, A. S., et al. (2016). Phenotypic and functional characterization of mesenchymal stem/multipotent stromal cells from decidua basalis of human term placenta. Stem Cells Int. 2016:5184601. doi: 10.1155/2016/5184601

 Abumaree, M. H., Al Jumah, M. A., Kalionis, B., Jawdat, D., Al Khaldi, A., AlTalabani, A. A., et al. (2013). Phenotypic and functional characterization of mesenchymal stem cells from chorionic villi of human term placenta. Stem Cell Rev. 9, 16–31. doi: 10.1007/s12015-012-9385-4

 Baglio, S. R., Pegtel, D. M., and Baldini, N. (2012). Mesenchymal stem cell secreted vesicles provide novel opportunities in (stem) cell-free therapy. Front. Physiol. 3:359. doi: 10.3389/fphys.2012.00359

 Bailo, M., Soncini, M., Vertua, E., Signoroni, P. B., Sanzone, S., Lombardi, G., et al. (2004). Engraftment potential of human amnion and chorion cells derived from term placenta. Transplantation 78, 1439–1448. doi: 10.1097/01.TP.0000144606.84234.49

 Bartholomew, A., Sturgeon, C., Siatskas, M., Ferrer, K., McIntosh, K., Patil, S., et al. (2002). Mesenchymal stem cells suppress lymphocyte proliferation in vitro and prolong skin graft survival in vivo. Exp. Hematol. 30, 42–48. doi: 10.1016/S0301-472X(01)00769-X

 Baughman, R. P., Culver, D. A., Jankovi, V., Fischkoff, S., Brockway, G., and Lower, E. E. (2015). Placenta-derived mesenchymal-like cells (PDA-001) as therapy for chronic pulmonary sarcoidosis: a phase 1 study. Sarcoidosis Vasc. Diffuse Lung Dis. 32, 106–114.

 Buhimschi, I. A., Jabr, M., Buhimschi, C. S., Petkova, A. P., Weiner, C. P., and Saed, G. M. (2004). The novel antimicrobial peptide beta3-defensin is produced by the amnion: a possible role of the fetal membranes in innate immunity of the amniotic cavity. Am. J. Obstet. Gynecol. 191, 1678–1687. doi: 10.1016/j.ajog.2004.03.081

 Caplan, A. I. (2017). Mesenchymal stem cells: time to change the name! Stem Cells Transl. Med. 6, 1445–1451. doi: 10.1002/sctm.17-0051

 Caplan, A. I., and Correa, D. (2011). The MSC: an injury drugstore. Cell Stem Cell 9, 11–15. doi: 10.1016/j.stem.2011.06.008

 Cargnoni, A., Piccinelli, E. C., Ressel, L., Rossi, D., Magatti, M., Toschi, I., et al. (2014). Conditioned medium from amniotic membrane-derived cells prevents lung fibrosis and preserves blood gas exchanges in bleomycin-injured mice-specificity of the effects and insights into possible mechanisms. Cytotherapy 16, 17–32. doi: 10.1016/j.jcyt.2013.07.002

 Cargnoni, A., Ressel, L., Rossi, D., Poli, A., Arienti, D., Lombardi, G., et al. (2012). Conditioned medium from amniotic mesenchymal tissue cells reduces progression of bleomycin-induced lung fibrosis. Cytotherapy 14, 153–161. doi: 10.3109/14653249.2011.613930

 Castrechini, N. M., Murthi, P., Gude, N. M., Erwich, J. J., Gronthos, S., Zannettino, A., et al. (2010). Mesenchymal stem cells in human placental chorionic villi reside in a vascular Niche. Placenta 31, 203–212. doi: 10.1016/j.placenta.2009.12.006

 Chambers, D. C., Enever, D., Ilic, N., Sparks, L., Whitelaw, K., Ayres, J., et al. (2014). A phase 1b study of placenta-derived mesenchymal stromal cells in patients with idiopathic pulmonary fibrosis. Respirology 19, 1013–1018. doi: 10.1111/resp.12343

 Chinnadurai, R., Rajan, D., Qayed, M., Arafat, D., Garcia, M., Liu, Y., et al. (2018). Potency analysis of mesenchymal stromal cells using a combinatorial assay matrix approach. Cell Rep. 22, 2504–2517. doi: 10.1016/j.celrep.2018.02.013

 Couto, P. S., Bersenev, A., and Verter, F. (2017). The first decade of advanced cell therapy clinical trials using perinatal cells (2005-2015). Regen. Med. 12, 953–968. doi: 10.2217/rme-2017-0066

 Di Nicola, M., Carlo-Stella, C., Magni, M., Milanesi, M., Longoni, P. D., Matteucci, P., et al. (2002). Human bone marrow stromal cells suppress T-lymphocyte proliferation induced by cellular or nonspecific mitogenic stimuli. Blood 99, 3838–3843. doi: 10.1182/blood.V99.10.3838

 Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., Krause, D., et al. (2006). Minimal criteria for defining multipotent mesenchymal stromal cells. The international society for cellular therapy position statement. Cytotherapy 8, 315–317. doi: 10.1080/14653240600855905

 Ferreira, J. R., Teixeira, G. Q., Santos, S. G., Barbosa, M. A., Almeida-Porada, G., and Goncalves, R. M. (2018). Mesenchymal stromal cell secretome: influencing therapeutic potential by cellular pre-conditioning. Front. Immunol. 9:2837. doi: 10.3389/fimmu.2018.02837

 Fierabracci, A., Lazzari, L., Muraca, M., and Parolini, O. (2015). How far are we from the clinical use of placental-derived mesenchymal stem cells? Expert Opin. Biol. Ther. 15, 613–617. doi: 10.1517/14712598.2015.1000856

 Fukuchi, Y., Nakajima, H., Sugiyama, D., Hirose, I., Kitamura, T., and Tsuji, K. (2004). Human placenta-derived cells have mesenchymal stem/progenitor cell potential. Stem Cells 22, 649–658. doi: 10.1634/stemcells.22-5-649

 Galipeau, J., and Krampera, M. (2015). The challenge of defining mesenchymal stromal cell potency assays and their potential use as release criteria. Cytotherapy 17, 125–127. doi: 10.1016/j.jcyt.2014.12.008

 Galipeau, J., Krampera, M., Barrett, J., Dazzi, F., Deans, R. J., DeBruijn, J., et al. (2016). International Society for Cellular Therapy perspective on immune functional assays for mesenchymal stromal cells as potency release criterion for advanced phase clinical trials. Cytotherapy 18, 151–159. doi: 10.1016/j.jcyt.2015.11.008

 Galipeau, J., and Sensebe, L. (2018). Mesenchymal stromal cells: clinical challenges and therapeutic opportunities. Cell Stem Cell 22, 824–833. doi: 10.1016/j.stem.2018.05.004

 Gunawardena, T. N. A., Mohammad, T. R., Abdullah, B. J. J., and Abu Kasim, N. H. (2019). Conditioned media serived from mesenchymal stem cell cultures: the next generation for regenerative medicine. J. Tissue Eng. Regen. Med. doi: 10.1002/term.2806. [Epub ahead of print].

 Heeger, P. S. (2004). Amnion and chorion cells as therapeutic agents for transplantation and tissue regeneration: a field in its infancy. Transplantation 78, 1411–1412. doi: 10.1097/01.TP.0000144056.92919.54

 Igura, K., Zhang, X., Takahashi, K., Mitsuru, A., Yamaguchi, S., and Takashi, T. A. (2004). Isolation and characterization of mesenchymal progenitor cells from chorionic villi of human placenta. Cytotherapy 6, 543–553. doi: 10.1080/14653240410005366-1

 Ilancheran, S., Michalska, A., Peh, G., Wallace, E. M., Pera, M., and Manuelpillai, U. (2007). Stem cells derived from human fetal membranes display multilineage differentiation potential. Biol. Reprod. 77, 577–588. doi: 10.1095/biolreprod.106.055244

 In't Anker, P. S., Scherjon, S. A., Kleijburg-van der Keur, C., de Groot-Swings, G. M., Claas, F. H., Fibbe, W. E., et al. (2004). Isolation of mesenchymal stem cells of fetal or maternal origin from human placenta. Stem Cells 22, 1338–1345. doi: 10.1634/stemcells.2004-0058

 Jiang, R., Han, Z., Zhuo, G., Qu, X., Li, X., Wang, X., et al. (2011). Transplantation of placenta-derived mesenchymal stem cells in type 2 diabetes: a pilot study. Front. Med. 5, 94–100. doi: 10.1007/s11684-011-0116-z

 Kheirkhah, A., Tabatabaei, A., Zavareh, M. K., Khodabandeh, A., Mohammadpour, M., and Raju, V. K. (2012). A controlled study of amniotic membrane transplantation for acute Pseudomonas keratitis. Can. J. Ophthalmol. 47, 305–311. doi: 10.1016/j.jcjo.2012.03.014

 Kjaergaard, N., Hein, M., Hyttel, L., Helmig, R. B., Schonheyder, H. C., Uldbjerg, N., et al. (2001). Antibacterial properties of human amnion and chorion in vitro. Eur. J. Obstet. Gynecol. Reprod. Biol. 94, 224–229. doi: 10.1016/S0301-2115(00)00345-6

 Kjaergaard, N., Helmig, R. B., Schønheyder, H. C., Uldbjerg, N., Hansen, E. S., and Madsen, H. (1999). Chorioamniotic membranes constitute a competent barrier to group b streptococcus in vitro. Eur. J. Obstet. Gynecol. Reprod. Biol. 83, 165–169. doi: 10.1016/S0301-2115(99)00009-3

 Kmiecik, G., Spoldi, V., Silini, A., and Parolini, O. (2015). Current view on osteogenic differentiation potential of mesenchymal stromal cells derived from placental tissues. Stem Cell Rev. 11, 570–585. doi: 10.1007/s12015-014-9569-1

 Krampera, M., Cosmi, L., Angeli, R., Pasini, A., Liotta, F., Andreini, A., et al. (2006). Role for interferon-gamma in the immunomodulatory activity of human bone marrow mesenchymal stem cells. Stem Cells 24, 386–398. doi: 10.1634/stemcells.2005-0008

 La Rocca, G., Anzalone, R., Corrao, S., Magno, F., Loria, T., Lo Iacono, M., et al. (2009b). 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. 131, 267–282. doi: 10.1007/s00418-008-0519-3

 La Rocca, G., Anzalone, R., and Farina, F. (2009a). The expression of CD68 in human umbilical cord mesenchymal stem cells: new evidences of presence in non-myeloid cell types. Scand. J. Immunol. 70, 161–162. doi: 10.1111/j.1365-3083.2009.02283.x

 Lublin, F. D., Bowen, J. D., Huddlestone, J., Kremenchutzky, M., Carpenter, A., Corboy, J. R., et al. (2014). Human placenta-derived cells (PDA-001) for the treatment of adults with multiple sclerosis: a randomized, placebo-controlled, multiple-dose study. Mult. Scler. Relat. Disord. 3, 696–704. doi: 10.1016/j.msard.2014.08.002

 Macias, M. I., Grande, J., Moreno, A., Dominguez, I., Bornstein, R., and Flores, A. I. (2010). 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. 203, 495.e9–495.e23. doi: 10.1016/j.ajog.2010.06.045

 Magatti, M., Abumaree, M. H., Silini, A. R., Anzalone, R., Saieva, S., Russo, E., et al. (2016). “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, ed O. Parolini (Boca Raton, FL: CRC Press), 91–128.

 Magatti, M., De Munari, S., Vertua, E., Gibelli, L., Wengler, G. S., and Parolini, O. (2008). Human amnion mesenchyme harbors cells with allogeneic T-cell suppression and stimulation capabilities. Stem Cells 26, 182–192. doi: 10.1634/stemcells.2007-0491

 Magatti, M., Vertua, E., Cargnoni, A., Silini, A., and Parolini, O. (2018). The immunomodulatory properties of amniotic cells: the two sides of the coin. Cell Transplant. 27, 31–44. doi: 10.1177/0963689717742819

 Mao, Y., Hoffman, T., Singh-Varma, A., Duan-Arnold, Y., Moorman, M., Danilkovitch, A., et al. (2017). Antimicrobial peptides secreted from human cryopreserved viable amniotic membrane contribute to its antibacterial activity. Sci. Rep. 7:13722. doi: 10.1038/s41598-017-13310-6

 Mayer, L., Pandak, W. M., Melmed, G. Y., Hanauer, S. B., Johnson, K., Payne, D., et al. (2013). Safety and tolerability of human placenta-derived cells (PDA001) in treatment-resistant Crohn's disease: a phase I study. Inflamm. Bowel Dis. 19:754–760. doi: 10.1097/MIB.0b013e31827f27df

 Melmed, G. Y., Pandak, W. M., Casey, K., Abraham, B., Valentine, J., Schwartz, D., et al. (2015). Human placenta-derived cells (PDA-001) for the treatment of moderate-to-severe Crohn's disease: a phase 1b/2a study. Inflamm. Bowel Dis. 21, 1809–1816. doi: 10.1097/MIB.0000000000000441

 Mohammadipoor, A., Antebim, B, Batchinsky, A. I., and Cancio, L. C. (2018). Therapeutic potential of products derived from mesenchymal stem/stromal cells in pulmonary disease. Respir. Res. 19:218. doi: 10.1186/s12931-018-0921-x

 Mougiakakos, D., Jitschin, R., Johansson, C. C., Okita, R., Kiessling, R., and Le Blanc, K. (2011). The impact of inflammatory licensing on heme oxygenase-1-mediated induction of regulatory T cells by human mesenchymal stem cells. Blood 117, 4826–4835. doi: 10.1182/blood-2010-12-324038

 Parolini, O., Alviano, F., Bagnara, G. P., Bilic, G., Buhring, H. J., Evangelista, M., et al. (2008). Concise review: isolation and characterization of cells from human term placenta: outcome of the first international Workshop on placenta derived stem cells. Stem Cells 26, 300–311. doi: 10.1634/stemcells.2007-0594

 Parolini, O., and Soncini, M. (2006). Human placenta: a source of progenitor/stem cells? J. Reproduktionsmed. Endokrinol. 3, 117–126.

 Parolini, O., Souza-Moreira, L., O'Valle, F., Magatti, M., Hernandez-Cortes, P., Gonzalez-Rey, E., et al. (2014). Therapeutic effect of human amniotic membrane-derived cells on experimental arthritis and other inflammatory disorders. Arthritis Rheumatol. 66, 327–339. doi: 10.1002/art.38206

 Pianta, S., Bonassi Signoroni, P., Muradore, I., Rodrigues, M. F., Rossi, D., Silini, A., et al. (2015). Amniotic membrane mesenchymal cells-derived factors skew T cell polarization toward Treg and downregulate Th1 and Th17 cells subsets. Stem Cell Rev. 11, 394–407. doi: 10.1007/s12015-014-9558-4

 Pischiutta, F., Brunelli, L., Romele, P., Silini, A., Sammali, E., Paracchini, L., et al. (2016). Protection of brain injury by amniotic mesenchymal stromal cell-secreted metabolites. Crit. Care Med. 44, e1118–e1131. doi: 10.1097/CCM.0000000000001864

 Portmann-Lanz, C. B., Schoeberlein, A., Huber, A., Sager, R., Malek, A., Holzgreve, W., et al. (2006). Placental mesenchymal stem cells as potential autologous graft for pre- and perinatal neuroregeneration. Am. J. Obstet. Gynecol. 194, 664–673. doi: 10.1016/j.ajog.2006.01.101

 Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: exosomes, microvesicles, and friends. J. Cell Biol. 200, 373–383. doi: 10.1083/jcb.201211138

 Ren, G., Zhang, L., Zhao, X., Xu, G., Zhang, Y., Roberts, A. I., et al. (2008). Mesenchymal stem cell-mediated immunosuppression occurs via concerted action of chemokines and nitric oxide. Cell Stem Cell 2, 141–150. doi: 10.1016/j.stem.2007.11.014

 Roselli, E. A., Lazzati, S., Iseppon, F., Manganini, M., Marcato, L., Gariboldi, M. B., et al. (2013). Fetal mesenchymal stromal cells from cryopreserved human chorionic villi: cytogenetic and molecular analysis of genome stability in long-term cultures. Cytotherapy 15, 1340–1351. doi: 10.1016/j.jcyt.2013.06.019

 Rossi, D., Pianta, S., Magatti, M., Sedlmayr, P., and Parolini, O. (2012). Characterization of the conditioned medium from amniotic membrane cells: prostaglandins as key effectors of its immunomodulatory activity. PLoS ONE 7:e46956. doi: 10.1371/journal.pone.0046956

 Sheng, H., Wang, Y., Jin, Y., Zhang, Q., Zhang, Y., Wang, L., et al. (2008). A critical role of IFNgamma in priming MSC-mediated suppression of T cell proliferation through up-regulation of B7-H1. Cell Res. 18, 846–857. doi: 10.1038/cr.2008.80

 Shi, Y., Su, J., Roberts, A. I., Shou, P., Rabson, A. B., and Ren, G. (2012). How mesenchymal stem cells interact with tissue immune responses. Trends Immunol. 33, 136–143. doi: 10.1016/j.it.2011.11.004

 Silini, A., Parolini, O., Huppertz, B., and Lang, I. (2013). Soluble factors of amnion-derived cells in treatment of inflammatory and fibrotic pathologies. Curr. Stem Cell Res. Ther. 8, 6–14. doi: 10.2174/1574888X11308010003

 Silini, A. R., Cancelli, S., Signoroni, P. B., Cargnoni, A., Magatti, M., and Parolini, O. (2017a). The dichotomy of placenta-derived cells in cancer growth. Placenta. 59, 154–162. doi: 10.1016/j.placenta.2017.05.011

 Silini, A. R., Magatti, M., Cargnoni, A., and Parolini, O. (2017b). Is immune modulation the mechanism underlying the beneficial effects of amniotic cells and their derivatives in regenerative medicine? Cell Transplant. 26, 531–539. doi: 10.3727/096368916X693699

 Soncini, M., Vertua, E., Gibelli, L., Zorzi, F., Denegri, M., Albertini, A., et al. (2007). Isolation and characterization of mesenchymal cells from human fetal membranes. J. Tissue Eng. Regen. Med. 1, 296–305. doi: 10.1002/term.40

 Troyer, D. L., and Weiss, M. L. (2008). Wharton's jelly-derived cells are a primitive stromal cell population. Stem Cells 26, 591–599. doi: 10.1634/stemcells.2007-0439

 Vizoso, F. J., Eiro, N., Cid, S., Schneider, J., and Perez-Fernandez, R. (2017). Mesenchymal stem cell secretome: toward cell-free therapeutic strategies in regenerative medicine. Int. J. Mol. Sci. 18:1852. doi: 10.3390/ijms18091852

 Vono, R., Jover Garcia, E., Spinetti, G., and Madeddu, P. (2018). Oxidative stress in mesenchymal stem cell senescence: regulation by coding and noncoding RNAs. Antioxid. Redox Signal. 29, 864–879. doi: 10.1089/ars.2017.7294

 Wegmeyer, H., Broske, A. M., Leddin, M., Kuentzer, K., Nisslbeck, A. K., Hupfeld, J., et al. (2013). Mesenchymal stromal cell characteristics vary depending on their origin. Stem Cells Dev. 22, 2606–2618. doi: 10.1089/scd.2013.0016

 Winkler, T., Perka, C., von Roth, P., Agres, A. N., Plage, H., Preininger, B., et al. (2018). Immunomodulatory placental-expanded, mesenchymal stromal cells improve muscle function following hip arthroplasty. J. Cachexia Sarcopenia Muscle 9, 880–897. doi: 10.1002/jcsm.12316

 Wu, M., Zhang, R., Zou, Q., Chen, Y., Zhou, M., Li, X., et al. (2018). Comparison of the biological characteristics of mesenchymal stem cells derived from the human placenta and umbilical cord. Sci. Rep. 8:5014. doi: 10.1038/s41598-018-23396-1

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

Copyright © 2019 Silini, Masserdotti, Papait and Parolini. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
’ frontiers

in Bioengineering and Biotechnology

Shaping the Future of Perinatal
Cells: Lessons From the Past and
Interpretations of the Present









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
' frontiers

in Bioengineering and Biotechnology





