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Editorial on the Research Topic 
Advanced Cell Culture Technologies to Boost Cell-Based Therapies

Approved cells and cellular products for cell-based therapy (CBT) applications carry a huge promise for the treatment of a broad variety of diseases and several (stem) cell therapies. However, the therapeutic potential of cells is not fully exploited at present. On the one hand, outdated culture conditions are still used during in vitro cultivation. On the other hand, technological hurdles block the way to efficient and safe cell-based therapy products. This Research Topic gathered articles about recent advances in cell culture technologies to increase the therapeutic properties of cells or the manufacturing processes for CBT.
Oxygen has an outstanding role as a cell culture parameter as it is involved in numerous cellular processes and the generation of energy. Tse et al. highlighted in their review article the importance of physiological oxygenation in 3D cultures while keeping anoxic regions at a minimum. With finite element modeling the authors demonstrated the degree of anoxic tissue in standard and gas-permeable plates. Further methods such as transwell plates, microfluidic or bioreactor systems to improve oxygenation in 3D cultures are presented. To monitor oxygen gradients occurring inside spheroids, Schmitz et al. reported the development of a modified hypoxia reporter MSC cell line with a genetic sensor for hypoxic conditions. Using this reporter cell line, the authors demonstrated that the method for producing MSC spheroids and cell number per spheroid play a crucial role in the onset of hypoxia in MSC spheroids. The cell line represents a reliable tool for monitoring hypoxic conditions inside spheroids which may be used to increase comparability between different spheroid production systems.
Besides oxygen, also the culture format itself heavily impacts cellular functionalities. Harnessing 3D spheroid culture for MSCs is known to increase therapeutically relevant effects. Kouroupis and Correa summarize in their review article current methods for the generation of MSC spheroids and how spheroid culture increases functionality of MSCs in various therapeutic applications. Thus, recent findings on the anti-inflammatory and therapeutic properties of MSC spheroids in wound healing, osteochondral defects, myocardial infarction, neovascularization/ischemia and liver and kidney diseases are summarized. Findings from this review demonstrate the need to intensify research on and translation of MSC spheroids into clinical applications. Rüger et al. presented an innovative 3D in vitro vascular niche model to observe de novo vessel formation by vasculogenesis. The model consists of blood-derived progenitor cells, mature immune cells and MSCs, but not mature ECs, providing an environment which led to maturation of ECs through cellular, extracellular and paracrine cross-talk. This model opens up a new possibility for the in vitro engineering of autologous blood vessels. Babajani et al. summarized in their review article recent findings in using MSCs as drug delivery system for chemotherapeutic drugs while focusing on possible adverse effects of chemotherapeutics on MSCs and the efficacy of drug loading and releasing.
For applications in cell-based therapies, MSCs and other cell types need to be amplified or expanded to high numbers while keeping their functionality and critical stem cell properties. Thus, advanced methods for the safe expansion of these cells are required. In this context, Nath et al. reviewed the state of the art on technologies for manufacturing of CBTs and point out the current limitations and bottlenecks. They conclude that automated bioreactors are a key technology for providing CBTs in the future. Furthermore, efforts should be made to perform all steps of the production process (genetic modification, expansion, differentiation) in one integrated bioreactor to provide cost-effective solutions. The use of platelet lysate (PL) as serum alternative has become central in manufacturing of CBTs. Kirsch et al. demonstrated that human PL as media supplement is superior to fetal bovine serum (FBS) and human serum for the expansion and differentiation of MSCs, both in 2D and 3D. The cells exhibited enhanced proliferation and differentiation in 2D culture, compared to FBS or human serum. Furthermore, human PL increased cell spreading and proliferation in gelatin-methacryloyl hydrogels. This study underlines the suitability of PL for the culture of MSCs and proof its advantages also for 3D applications. While PL is already available for culture of human cells, there is a lack of standardized processes for the production of equine PL. Hagen et al. presented the production of equine PL for the use as serum alternative in equine MSC culture. If used at the same concentration, equine PL supports MSC expansion as well as adipogenic and osteogenic differentiation comparable to FBS. As cellular therapies experience a notable shift towards the use of small extracellular vesicles (sEVs), there is an urgent need for chemically-defined and xeno-free culture media specialized for the production of EVs. Interestingly, the study of Figueroa-Valdés et al. presented a suitable xeno-free, blood-free and chemically-defined media for the production of MSC-sEVs. An increased MSC-sEV secretion and characteristic expression pattern of sEV markers was observed while retaining the parental cell’s stem cell phenotype. Consequently, this medium could enable the large-scale manufacturing of MSC-sEVs under regulatory compliant conditions. To achieve reasonable cell numbers for cell-therapies, advanced processes for the dynamic expansion of MSCs are still required. Van Beylen et al. present an approach to screen for suitable microcarriers for the expansion of MSCs with the later aim for bone formation in an in vivo mouse model. They found a microcarrier that supported MSC expansion while keeping potency and functionality regarding in vivo bone formation. The microcarrier-based expansion process could be used for the large-scale production of MSCs with subsequent in vivo bone formation.
In summary, this article collection provides a comprehensive review of the state of the art in advanced cell culture technologies to boost cell-based therapies which we believe will be of significant interest to the journal readership.
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Mesenchymal stem cells (MSCs), as an undifferentiated group of adult multipotent cells, have remarkable antitumor features that bring them up as a novel choice to treat cancers. MSCs are capable of altering the behavior of cells in the tumor microenvironment, inducing an anti-inflammatory effect in tumor cells, inhibiting tumor angiogenesis, and preventing metastasis. Besides, MSCs can induce apoptosis and inhibit the proliferation of tumor cells. The ability of MSCs to be loaded with chemotherapeutic drugs and release them in the site of primary and metastatic neoplasms makes them a preferable choice as targeted drug delivery procedure. Targeted drug delivery minimizes unexpected side effects of chemotherapeutic drugs and improves clinical outcomes. This review focuses on recent advances on innate antineoplastic features of MSCs and the effect of chemotherapeutic drugs on viability, proliferation, and the regenerative capacity of various kinds of MSCs. It also discusses the efficacy and mechanisms of drug loading and releasing procedures along with in vivo and in vitro preclinical outcomes of antineoplastic effects of primed MSCs for clinical prospection.

Keywords: mesenchymal stem cell, cancer, chemotherapeutic drugs, targeted therapy, angiogenesis, metastasis, apoptosis, proliferation


INTRODUCTION

Cancer is an inflammatory disease that is known as abnormal cell growth with the ability to invade and metastasize to a distance from a primary tumor site. Approximately 1,700,000 new cases of cancer are diagnosed in the United States each year, which is equivalent to more than 4,800 cases per day (Siegel et al., 2019). Establishment of new treatment protocols in recent years can result in a lower mortality rate of cancer patients. There are a variety of methods to treat cancer; all of them aim to whether suppress tumor growth or inhibit metastasis. Chemotherapy is one of the best known therapeutic choices. The effect of chemotherapeutic drugs on tumor tissue depends on several factors, especially the route of injection and physiological barriers around the tumor tissue. These drugs can be injected systemically or locally and affect both tumor and normal cells, hence the name collateral toxicity. Therefore, there are many efforts in developing targeted delivery methods with less toxic effects on normal tissues of the body. One of the promising approaches for targeted cancer therapy is using stem cells as both a therapeutic agent and a drug delivery vehicle. Among different types of stem cells, mesenchymal stem cells (MSCs) have characteristic features that facilitate their use in targeted therapy of cancer. MSCs naturally have intrinsic antitumor activities, which include antiproliferative effects, suppressing angiogenesis, decreasing metabolisms, and inducing apoptosis. MSCs are able to modulate immune reactions against themselves and evade the immune system, which makes them capable of being circulated in blood vessels without inducing immune response. They are also able to differentiate into a variety of adult cell types, which makes them capable of reconstructing the damaged tissues after interventions such as surgery (Koç et al., 2000; Uccelli et al., 2006; Rhee et al., 2015; Lee and Hong, 2017).

Mesenchymal stem cells can originate from different human sources. Based on the International Society for Cellular Therapy classification, MSCs include human bone marrow–derived MSCs (hBM-MSCs), human adipose-derived MSCs (hAD-MSCs), human dental-derived MSCs (hD-MSCs), human olfactory bulb neural stem cells (Hu-OBNSCs), and human placenta and umbilical cord–derived MSCs. Approximately 1% of human white adipose tissue consists of hAD-MSCs. There are two main sources of white adipose tissue in human: first, subcutaneous fat in the abdomen, gluteus, and thighs; and second, abdominal fat around gastrointestinal tract, omentum, and perineum (Ong and Sugii, 2013). MSCs can also be isolated from different parts of teeth and gingiva. Human dental-derived MSCs originate from dental pulp, exfoliated deciduous teeth, periodontal ligament, apical papilla, dental follicle, and gingiva (GinPa-MSCs) (Huang et al., 2009; Coccè et al., 2017). MSCs could be isolated from different parts of the placenta and umbilical cord including amniotic membrane (AM-MSCs), chorionic plate, decidua parietalis, and umbilical cord (Wu et al., 2018). MSCs express some common cell markers such as CD73, CD90, and, CD105 but they do not express CD34, CD45, CD14, CD11b, CD79-α, CD19, and HLA-DR (Vidal et al., 2012; Ong and Sugii, 2013; El-Bialy et al., 2014; Gay et al., 2014; El-Sayed et al., 2015; Jin et al., 2015; Yin et al., 2016; Kuci et al., 2019). Although MSCs from different sources display the mentioned common markers, they possess some exclusive characteristics. For example, some types of MSCs possess the capacity to form colonies and differentiate into multilineage cells such as neurons, endothelial cells (Zhang Q. et al., 1950), and myocardial-like cells (Huang et al., 2015). The International Society for Cellular Therapy has considered osteoblastic, adipocytic, and chondrocytic differentiation capacity as minimal criteria to characterize MSCs. As a phenotypic criterion, plastic-adherent capacity in standard culture conditions helps to distinguish MSCs (Dominici et al., 2006).

The important characteristic that makes MSCs superior to the other cells is low immunogenicity. MSCs do not express high levels of major histocompatibility complex (MHC) class II and CD40 (Uccelli et al., 2006; Li et al., 2015). It has been shown that MSCs are immune evasive. This feature makes them a proper candidate for transplantation and migration inside the body when injected intravenously and makes them able to track tumors efficiently without being affected by immune system. Moreover, these cells are able to decrease both initiation and/or progression of tumors through the modulation of immune responses. Several types of cancer tend to occur in the sites of chronic inflammation and tissue damage (Multhoff et al., 2011). This correlation is defined as two main categories: intrinsic and extrinsic pathways. In the intrinsic pathway, genetic factors stimulate activation of protooncogenes and inactivation of tumor suppressor genes, which results in normal cell transformation into abnormal cells and subsequent inflammation. In the extrinsic pathway, the risk of cancer development increases subsequent to a chronic inflammation or infection in the high-risk organs such as prostate and skin. In both pathways, an increase in the production of proinflammatory molecules, cytokines, and interleukins (ILs) stimulates activation and recruitment of different immune cell types (Multhoff et al., 2011). MSCs suppress the early inflammation after exposure to a carcinogen agent. MSCs decrease the infiltration of macrophages to the site of inflammation up to 50% and reprogram these cells to involve in phagocytosis rather than producing proinflammatory cytokines (Francois et al., 2019). MSCs also decrease the expression of both proinflammatory mRNAs and proteins [IL-1α, IL−1β, IL−4, IL-5, IL-6, IL-12, MIP-2, tumor necrosis factor α (TNF−α), and interferon γ (IFN-γ)] and increase the amount of anti-inflammatory mRNAs and proteins [IL-10 and transforming growth factor β (TGF-β)] in the site of inflammation (Tang et al., 2015; Francois et al., 2019). MSCs restore the C-reactive protein concentration in the blood to its basal levels, which is a marker of systemic immune response against carcinogenic agents (Francois et al., 2019). These cells stimulate expression of regulatory T cell (Treg) phenotype, which selectively suppress effector T cells and play an important role in limiting the cell-mediated immune response. MSCs secrete TGF-β, which activates Smad-2. The phosphorylation of the latter factor results in higher amounts of foxp3, which is the transcription factor of Treg cells (Tang et al., 2015). As a result, expression of TGF-β mRNA by MSCs is coherent with higher expression of Treg cells, and their accumulation in lymph nodes suppresses excessive and chronic inflammation before tumor formation and improves patient prognosis (Tang et al., 2015). In addition to inhibition of tumor initiation in sites of chronic inflammation and reducing tumor size, MSCs can limit fibrosis after radiation therapy of tumors and increase survival of the animal models of cancer after irradiation of the tumor site (Francois et al., 2019). MSCs also seem to possess special features, which make them an appropriate choice to be used as drug carrier. They can be loaded with several anticancer molecules such as chemotherapeutic drugs, which can be released in the tumor microenvironment after tumor homing. This type of drug delivery increases the anticancer drug efficacy on tumor cells and decreases collateral toxicity.

In this review, we will summarize recent studies on the inherent anticancer property of MSCs, their resistance against antitumor drugs and involved mechanisms of this resistance, MSCs’ capacity of uptaking/releasing the antineoplastic drugs and their related mechanisms, metabolism of anticancer drugs in MSCs, and effectiveness of drug-loaded MSCs in cancer therapy.



ROUTES OF DELIVERY AND TUMOR HOMING OF MSCs

It seems that multiple injections of MSCs directly into the tumor can provide a high number of cells in tumor microenvironment and cause acceptable result (Seo et al., 2011). Single-dose intratumoral injection of MSCs into the pancreatic ductal subcutaneous adenocarcinoma in athymic mice causes approximately 50% reduction in size and weight of the tumor. MSCs were observed around peripheral vasculature and necrotic areas of the tumor (Cousin et al., 2009). Intratumoral administration of MSCs in the subcutaneous induced melanoma model resulted in apoptosis of endothelial cells (Otsu et al., 2009). However, this method of administration requires several invasive interventions, which increases the risk of infection and cannot treat far metastases of the primary tumor site. Besides, repeated intratumoral administration cannot be practical in deep tumors and short-period therapeutic courses. In order to surmount problems of direct injection, application of catheter-based delivery of therapeutic cells can be a choice to deliver MSCs into the deep tumors (Parker Kerrigan et al., 2017). Furthermore, application of drug carriers such as exosomes and nanoparticles is an alternative option to deliver drugs to tumor site. Exosomes are able to cross biological membranes including the blood-brain barrier (BBB), and they show very low unspecific interaction with circulating blood proteins (El Andaloussi et al., 2013; Liao et al., 2019). However, tumor homing inability and providing appropriate sources and amounts of exosomes for clinical application are still main problems (Nawaz et al., 2016; Luan et al., 2017). Nanoparticles are able to carry high amounts of multiple drugs and protect their content from external damage (Jiang and Gao, 2017). Nevertheless, low targeting capacity, toxic effects, and fast clearance from circulation are some bottlenecks of their application (Liao et al., 2019). Considering these concerns, it is critical to find more efficient routes of cell or drug delivery to achieve proper therapeutic goals. The ability of MSCs to migrate to the sites of inflammation and tumor microenvironment makes them suitable to be used by delivery routes other than intratumoral injection.

Systemically injected MSCs can efficiently home to tumor sites. Secretion of different proinflammatory molecules in the tumor sites, including IFN-γ, TNF-α, IL-6, IL-8, TGF-β, hepatocyte growth factor, platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and CXCL12 and some other chemoattractant molecules (Seo et al., 2011), prompts circulating MSCs to migrate to tumor sites (D’Souza et al., 2013). Precise mechanism of MSC infiltration to the tumor site is not fully understood, but studies have suggested that it is a combination of three main mechanisms. Similar to wounded tissues, several cytokines and chemokines are released in the tumor microenvironment, whose receptors are expressed on the MSC membrane. Monocyte-chemoattractant protein 1 (CCL2), VEGFα, and PDGFαβ are well known to be highly expressed in tumor microenvironment and attract MSCs to the site of tumor (Ball et al., 2007; Dwyer et al., 2007). Expression of chemokine receptors on MSC membrane (e.g., chemokine receptor 4) is influenced by the features of tumor microenvironment (hypoxia and TNF-α), which makes such cytokine/receptor pair reactions more specific for MSC migration to the tumor site (Ponte et al., 2007; Kidd et al., 2009; Otsu et al., 2009). In the second mechanism, it is suggested that metabolic status of tumor microenvironment attracts MSCs. For example, hypoxia increases the expression of MCP-1 through production of nitric oxide and hypoxia-induced transcription factor 1α (Spaeth et al., 2008). Another mechanism involved in MSC migration to tumor site is expression of adhesion molecules on the cell membrane of MSCs. Several adhesion molecules including vascular cell adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1/3 (ICAM-1/3), activated leukocyte cell adhesion molecule, endoglin, and several subtypes of Toll-like receptors are expressed on the cell membrane of MSCs. These molecules are also expressed by leukocytes, dendritic cells, and monocytes, which suggest a similar mechanism of migration to the site of inflammation for MSCs (Spaeth et al., 2008). These studies have suggested that the highest amount of MSCs migration happened in the presence of the three mechanisms combined.

Based on tumor tracking ability, one of the most appropriate methods for delivery is systemic injection of MSCs in which vascular system delivers cells to tumor and metastasis sites. Different routes of injection have been used to evaluate the efficacy of each of them. It has been reported that intravenous (i.v.) injection resulted in the accumulation of human MSCs (hMSCs) in metastatic melanoma (Tyciakova et al., 2017), glioma (Kosztowski et al., 2009), and colorectal tumor sites (Kucerova et al., 2007). One hour after injection of hMSCs into the femoral vein and the common carotid artery of the rat with established orthotropic glioblastoma, hMSCs appeared in the peripheral zone of glioblastoma where angiogenesis is prominent. By injection of hMSCs into the femoral vein, 0.02% of injected hMSCs accumulated at the glioblastoma site. Common carotid artery and the internal carotid artery injections were 0.1 and 0.5%, respectively. The ipsilateral injection of hMSCs to brain glioblastoma was significantly more efficient than intracardiac injection. It seems, the closer injection sites to a tumor, the better therapeutic outcome.

One of the challenges that should be bypassed to deliver MSCs to brain is BBB. MSCs have the ability to cross this barrier in certain conditions (Akiyama et al., 2002; Chen et al., 2003; Osaka et al., 2010). MSCs express chemokine receptors (e.g., CXCR4, CCR2) and cell adhesion molecules (e.g., CD44, integrins α4 and β1, and CD99) on their surface, which are important during MSC adhesion to BBB endothelial cells in sites of damage and inflammation (Ji et al., 2004). Several in vitro studies have been done to clarify the role of other molecules such as TIMP3 (Menge et al., 2012), VCAM-1, and P-selectin during the initial rolling steps of MSC homing (Teo et al., 2012).

Intraperitoneal infusion is another route that can be used to deliver hMSCs to tumor sites. In a metastatic mouse model of ovarian carcinoma, intraperitoneal administration of hMSCs showed localization of these cells in three to four spots by 7 days, and the number of hMSCs remained unchanged for 1 more week (Kidd et al., 2009). Compared with i.v. administration, intraperitoneal injection resulted in better localization of hMSCs in neuroblastoma site, whereas a majority of i.v.-injected hMSCs remained in the lungs for a while (Kimura et al., 2016). Although lung as a filter organ can trap systemically injected hMSCs and postpone cell access to target tumors, hMSCs are able to leave the lungs gradually and appear in tumor sites. There are no mortality or major side effects (e.g., pulmonary embolism) for hMSC injection (Pacioni et al., 2017).

Intranasal delivery is a less invasive method that can increase patient comfort and compliance. Application of hMSCs through nasal cavity shows that these cells can rapidly penetrate nasal cavity wall and enter brain tissues. It seems that quick penetration is related to direct path of hMSCs through the trigeminal and olfactory pathways. In addition, it is reported that irradiation can increase hMSC concentration in tumor sites (Balyasnikova et al., 2014).

Meningeal metastasis is a common problem among neoplasms of central nervous system. Intrathecal administration of MSCs is an appropriate option to eliminate leptomeningeal metastatic glioma. Engineered MSCs can reduce the size of established leptomeningeal glioma up to 80% and prolong the life span of intrathecally injected mice. After injection of MSCs into the cerebellomedullaris cistern, these cells migrated to the peritumoral area and deep parts of established leptomeningeal glioma (Gu et al., 2010).

Different routes of cell/drug delivery and their efficacy are shown in Figure 1.
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FIGURE 1. Methods of cell delivery. (1) Intratumoral injection provides higher amounts of MSCs in the tumor microenvironment; however, impressive complications including infection, pain, and accessibility to deep tumors reduce the efficacy. (2) Intravenous and intra-arterial injection: (a) injection of MSCs to internal carotid artery results in accumulation of MSCs in brain tumors such as glioblastoma; (b) injection of MSCs in common carotid artery reduces the efficacy of cell delivery to glioma in comparison to internal carotid artery; (c) MSCs injected through the femoral vein enter cardiopulmonary circulation that reduces the efficacy of cell administration. Intravenous and intra-arterial injected MSCs cross the BBB to reach brain malignancies. (3) Intrathecal administration enables MSCs to access cerebrospinal fluid (CSF) and reach meningeal tumors. (4) Intranasal administration of MSCs as a novel method reduces complications of injection and provides MSCs in brain tumors. (5) Intraperitoneal injection of MSCs causes distribution in peritoneal cavity and can be used in ovarian malignancies. (6) Application of catheter-based cell delivery provides a safe pathway to deliver MSCs to deep organs and reduce the complication of direct injection.




EFFECTS OF MSCs ON TUMORS

In the tumor microenvironment, MSCs interfere with intracellular mechanisms of tumor cells, which control their metabolism and growth. They may reduce tumor cell proliferation (Kuci et al., 2019), angiogenesis, and migration to other tissues and metastases and/or increase their apoptosis. MSCs exert these effects by down-regulating essential signaling pathways for tumor progression such as Wnt, Notch, Shh, and BMP pathways (Imitola et al., 2004; Ponte et al., 2007; Karp and Leng Teo, 2009; Momin et al., 2010; Dai et al., 2013; Naderi-Meshkin et al., 2016; Francois et al., 2019). For example, coculture of MSCs with hepatoma cells results in an increase in tumor cell apoptosis and decrease in proliferation by down-regulating Bcl-2, c-Myc, proliferating cell nuclear antigen (PCNA), and survivin protein levels in hepatoma tumor cells (Lowe et al., 2010); all of them are targets of Wnt signaling (Gordon and Martinez, 2010; Ji et al., 2016). MSCs can inhibit Akt protein kinase in Kaposi sarcoma cells, which is an essential enzyme in multiple cellular processes such as glucose metabolism, apoptosis, cell proliferation, transcription, and cell migration.

Akt promotes Forkhead box O (FoxO) 3a, which regulates transcription of several genes that participate in tumor apoptosis cell cycle progression, DNA repair, oxidative stress resistance, and other cellular functions (Chen J. et al., 2010; Chen Q. et al., 2010; Yang et al., 2010; Lam et al., 2012; Ruvolo, 2012; Shukla et al., 2013, 2014; Wang et al., 2013; Zhang Q. et al., 2020). Understanding the most important mechanisms by which MSCs affect tumors helps us properly manipulate these cells for future translation into the clinic.


Inducing Apoptosis

Mesenchymal stem cells can increase tumor cell apoptosis by suppressing Akt phosphorylation. They increase PTEN (a negative regulator of Akt activation) in tumor cells, which results in higher accumulation of FoxO3 in tumor cells. FoxO3 stimulates the extrinsic pathway of apoptosis by up-regulating death receptor expression including Fas ligand and TNF-related apoptosis-inducing ligand (TRAIL) (Ramasamy et al., 2007). MSCs express Fas ligand on their surface and stimulate the extrinsic pathway of apoptosis in tumor cells through Fas/Fas ligand connection. This connection results in the up-regulation of caspase-3 and caspase-8 enzymes (Di Germanio et al., 2016). Human adipose-derived MSCs when cocultured with T-cell lymphoma model cells in vitro down-regulated inactive procaspase-3 and up-regulated poly (ADP-ribose) polymerase (PARP) in tumor cells. PARP (a group of proteins involved in DNA repair) depletes cell ATP while trying to fix DNA damages, and this depletion results in cell death (Ahn et al., 2014). MSCs also induce impairment in mitochondrial function, which is known by an increase in the Bax/Bcl-2 and Bax/Bcl-xL ratio and loss of mitochondrial membrane potential (MMP). These events coinciding with caspase activation stimulate the intrinsic pathway of apoptosis (Willert and Jones, 2006).



Inhibition of Proliferation (Cell Cycle Arrest)

Treatment of tumor cell lines with MSCs has resulted in a decrease in Ki67 expression in tumor cells, which is a marker of cell proliferation (Francois et al., 2019). MSCs affect the expression of several regulators of cell transition between the phases of cell cycle and as a result inhibit cell transition between different phases, which results in lower proliferation levels. MSCs are able to decrease expression of positive regulators of cell cycle including regulators of G1 phase and G1/S transition (CCNE, CCNH, CCND2, CDK2, CDK4, CDK6, CUL1, SKP2, RBL1), S phase and DNA replication (MCM2, MCM3, MCM4, MCM5, PCNA, DDX11), G2 phase and G2/M transition (CCNH, CDK5R1, DDX11)(Magatti et al., 2012; Bu et al., 2016).

Mesenchymal stem cells up-regulate cell cycle inhibitory genes including inhibitors of G1 phase and G1/S transition (CCNG2, CDKN1A, CDKN2B, RB1), G2 phase and G2/M transition [CDKN1A; CCNE1: cyclin E1; CCNH: cyclin H; CCND2: cyclin D2; CDK: cyclin-dependent kinase; CUL1: Cullin 1; SKP2: S-phase kinase-associated protein 2 (p45); MCM: minichromosome maintenance complex component; PCNA: proliferating cell nuclear antigen; DDX11: DEAD/H (Asp-Glu-Ala- Asp/His box polypeptide 11); CDK5R1: cyclin-dependent kinase 5, regulatory subunit 1 (p35); RBL1: Retinoblastoma-like 1 (p107); CCNG1: cyclin G1; CCNG2: cyclin G2; CDKN1A: cyclin-dependent kinase inhibitor 1A (p21, Cip1); CDKN2B: cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4); RB1: Retinoblastoma 1] (Magatti et al., 2012; Bu et al., 2016). For example, FoxO3a inhibits cancer cell progression from G1 to S phase by up-regulating cell cycle inhibitory proteins p21 and p27 (Bu et al., 2016), whereas angiostatin and thrombospondin, which are highly expressed in the hAM-MSCs, can increase the number of cancer cells in G1 phase and decrease the number of cells in G2/M phase and S phase and, as a result, inhibit their further proliferation (Ramasamy et al., 2007; Rolfo et al., 2014; Di Germanio et al., 2016; Modaresifar et al., 2017).

Although the lower number of cells is enough for suppressing tumor cell proliferation when MSCs and tumor cells are in direct contact (Bu et al., 2016), a part of cell cycle arrest is related to the secreted molecules from MSCs. The antitumor effects of hAM-MSCs were evident even when MSCs and cancer cells were physically separated using a Transwell membrane (Bu et al., 2016). It is noteworthy that blocking these paracrine signaling pathways, using RNA interference or neutralizing antibodies against antitumor secretions of MSCs, does not suppress the antiproliferative effects of MSC on tumor cells (Zhu et al., 2009), which suggests that the antiproliferative effect of MSCs is through complex paracrine/direct contact-dependent mechanisms.



Inhibition of Angiogenesis

Although MSCs are mostly known for their angiogenesis potential through a variety of secreted molecules, they can efficiently suppress angiogenesis in tumors both in vivo and in vitro and, as a result, increase focal necrosis in solid tumors (Adelipour et al., 2017). This antiangiogenesis effect may be a result of direct contact between MSC and endothelial cell or may be a result of MSC interaction with cancer cells. Human bone marrow–derived MSCs are able to migrate to capillary walls and intercalate between endothelial cells in capillary network of tumor and connect to endothelial cells through connexin 43. These cells transfer their mitochondria to endothelial cells as a subsequence of the fusion of two cells in order to shape gap junctions through connexin molecules (Otsu et al., 2009). These mitochondria are activated in the target cell and increase the production of reactive oxygen species (Hendrata and Sudiono, 2019) and induce apoptosis in endothelial cells (Otsu et al., 2009). Therefore, it seems that the antiangiogenic effect of MSCs on endothelial cells is dependent on the direct contact between these two types of cells and MSCs/endothelial cells ratio; the higher the number of MSCs, the higher endothelial cells death (Otsu et al., 2009). MSCs also increase the expression of caspase-3 enzyme or activate FasL-dependent pathway in endothelial cells and promote their apoptosis and in turn suppress angiogenesis (Hendrata and Sudiono, 2019).

Cell–cell contact of MSCs with endothelial cells of tumor induces cell cycle arrest in endothelial cells, as mentioned in cancer cells. They decrease the number of cells in S phase, and this effect was dependent on the concentration of MSCs in the culture environment. They also increase the number of cells in G1 phase with no effect on G2/M phase. The cell cycle arrest by MSCs occurs when there is only direct contact between endothelial cells and MSCs (Menge et al., 2013).

Mesenchymal stem cells also resulted in lower expression of IL-1β and cathepsin B in tumor cells. The latter factor is highly expressed in tumor cells, and its down-regulation results in suppression of endothelial progenitor cell mobilization and recruitment to make new vessels in tumor site (Malla et al., 2010). MSCs also reduce the expression of several molecules in tumor such as PDGF, which play an important role in inducing angiogenesis. Platelet-derived growth factor–BB/PDGF receptor β interaction, which is one of the pathways of endothelial progenitor cell mobilization (Gerhardt and Betsholtz, 2003; Bergers and Song, 2005), was suppressed in glioma endothelial cells when cocultured with MSCs, as a result angiogenesis and tumor size reduced in the glioma tumor model (Ho et al., 2013).



Inhibition of Metastasis

Mesenchymal stem cells have the capability to inhibit tumor metastasis. As mentioned before, Akt is an important pathway in tumor progression and metastasis. MSCs up-regulate PTEN, which decreases the amount of phosphorylated Akt. Phosphorylation of Akt is related to tumor metastasis by activating MMP enzymes, which are necessary during extracellular matrix degradation within tumor metastasis (Dasari et al., 2010). MSCs also decrease tumor cell motility (Dasari et al., 2010). This effect may be through increasing expression of intercellular adhesion molecules, for example, E-cadherin and vimentin, which play an important role in tumor cell stabilization in its primary site. MSCs also inhibit epithelial-to-mesenchymal transition (EMT), which is an essential mechanism during tumor metastasis. During EMT, tumor cells obtain new mesenchymal-like features including increased motility.

Presence of MSCs when cocultured with glioma cells reduces the number of pericytes in the tumor microenvironment (Ho et al., 2013). Pericytes are groups of cells that play important role in the maintenance of vessel integrity, and their absence is associated with a higher level of permeability of vessels for tumor cells and a subsequent higher level of metastasis (Xian et al., 2006; Gerhardt and Semb, 2008).

Mesenchymal stem cells are able to inhibit secondary tumor cells in sites of metastasis. For example, in Ewing sarcoma model (the most common bone tumor among children), i.v. injection of MSCs inhibited tumor growth in the metastatic site through homing into primary and secondary tumor sites (Hayes-Jordan et al., 2014). We summarized the anticancer effect of MSCs in Figure 2.
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FIGURE 2. Mesenchymal stem cell characteristics and activities in tumor suppression. (1) Mesenchymal stem cells express several surface molecules that have a pivotal role in their homing to tumor sites. These surface molecules are important during MSC adhesion to different cell types; for example, MSCs express connexin 43 on their membrane, which plays an important role in MSC adhesion to endothelial cells. (2) Tumor cells are able to produce several growth factors, for example, vascular endothelial growth factor, which stimulates new vessel formation and angiogenesis. Mesenchymal stem cells inhibit tumor angiogenesis by reducing the secretion of these growth factors and inducing apoptosis and/or cell cycle arrest in endothelial cells. (3) During and after tumor formation, tumor cells undergo uncontrolled proliferation. Mesenchymal stem cells inhibit tumor cell proliferation by decreasing the expression of positive regulators of cell cycle and/or regulating cell cycle inhibitory genes. (4) Mesenchymal stem cells can increase tumor cell apoptosis either by up-regulating death receptors expression (extrinsic pathway of apoptosis) or stimulating intrinsic pathway of apoptosis. (5) Mesenchymal stem cells inhibit tumor metastasis by decreasing tumor cell motility in the primary site of a tumor. (6) Decreasing permeability of lymphatic or blood vessels for circulating tumor cells. (7) Early after carcinogen exposure, the initial inflammatory response is started, which recruits other innate immune cells from nearby capillaries. Mesenchymal stem cells affect different types of immune cells in the site of inflammation and modulate the immune response, which results in tumor inhibition. Mesenchymal stem cells decrease the amount of M2 phenotype macrophages (which promote tumor tolerance and angiogenesis through secretion of VEGF, TGF-β, and other soluble factors) and induce more regulatory T cells (which are produced during the active phase of immune response and limit the strong immune response by CD4+ and CD8+ cells and as a result prevent damage to the host tissue) to enter the inflammatory site.




PROTUMORIGENIC EFFECTS OF MSCs

It has been shown that MSCs sometimes promote tumor progression. Protumorigenic effects of MSCs can be explained in two main categories, direct cell–cell contact and paracrine effects. MSCs can be recruited by tumor and secrete a variety of cytokines and growth factors in the tumor microenvironment, which promote tumor progression through facilitating tumor angiogenesis, modulating antitumor immune responses, and increasing tumor resistance against antitumor drugs. In the other words, the metabolic features of the tumor microenvironment and inflammatory cytokines (which are released from tumor microenvironment resident cells) change MSCs’ features and secretory profile, and as a result, they are no more similar to primary MSCs outside the tumor site. For example, tumor microenvironment has a lower tension of oxygen in comparison with normal tissues, called hypoxia. Chronic hypoxia both improves the protective role of MSCs for endothelial progenitors and changes the secretome of MSCs (Liu et al., 2015). The altered MSCs induce progression in the metastasis, angiogenesis, and macrophage recruitment by tumor cells and also inhibit immune cells infiltration to the tumor site (Rivera-Cruz et al., 2017). It has been shown that expression of indolamine 2,3-dioxygenase was increased in MSCs cocultured with breast cancer cells, which resulted in suppression of immune response by decreasing infiltration of CD3+ and CD8+ T lymphocytes and CD57+ natural killer cells to the tumor site, and also increases the number of regulatory CD4+ T cells (Ino et al., 2008; Bahrami et al., 2017). MSCs have been also shown to improve tumor progression, after injection to the tumor site, through secretion of several growth factors such as TGF-β, epidermal growth factor receptor, periostin, ANG1, PDGF, insulinlike growth factor, and IL-6 (Shangguan et al., 2012; Ye et al., 2012; Akimoto et al., 2013; Lee et al., 2013; Lin et al., 2013; Kansy et al., 2014; Hossain et al., 2015; Wolfe et al., 2016; Wang et al., 2018; Wang Y. et al., 2019). Some studies have suggested that direct contact of MSCs with tumor cells is necessary for exerting their tumor progression roles. For example, MSCs cocultured with breast cancer cells overexpressed CCL5, which stimulates tumor cell motivation and metastasis, whereas this effect was not evident in MSCs separated from tumor cells with a permeable membrane (Karnoub et al., 2007). In addition, MSCs cocultured with cancer cells changed into tumor-associated fibroblasts, which have a pivotal role in tumor stromatogenesis and progression of metastasis (Spaeth et al., 2009).

In order to reduce protumorigenic effects of MSCs and provide more effective therapeutic approaches, some interventional methods have been suggested such as cell engineering, genetic manipulation, and drug loading (Dwyer et al., 2010; Huang et al., 2013). Drug-loaded MSCs inhibit angiogenic factors such as Willebrand factor, CD31 (PECAM1), VEGF-α, Ve-cad, TGF-β1, CD44, and αSMA. Moreover, drug-loaded MSCs are able to inhibit ICAM1, VCAM1, and VEGF, which have a pivotal role in EMT and metastasis (Pessina et al., 2013).



MSCs IN DRUG DELIVERY SYSTEMS

Studies suggested that the application of MSCs as a drug delivery system resulted in a better antineoplastic effect. Gemcitabine-loaded MSCs suppress the proliferation of ductal pancreatic adenocarcinoma more effectively than non-loaded MSCs. In the equal ratio of MSCs and tumor cells, the inhibitory effect of non-loaded MSCs approximately was 15%, whereas that of drug-loaded MSCs was approximately 90% (Bonomi et al., 2017b). An in vivo study showed that MSCs loaded with paclitaxel induced strong inhibition of lung metastasis of murine melanoma. Considering the drug content of each cell, this antimetastatic effect was equal to 2,000-fold higher amounts of pure paclitaxel (Nicolay et al., 2016b). Application of MSCs as a drug carrier system provides several advantages in comparison to usual drug administration methods. These advantages include targeted drug delivery to tumor and metastatic cells, reduced side effects of chemotherapeutic drugs, increase in drug half-life, and decrease in administered drug amount. To use MSCs as a drug delivery system, these cells must possess special features besides their innate anticancer capability. Thus, it is essential to evaluate the effects of chemotherapeutic drugs on biological aspects of MSCs such as viability, proliferation, differentiation, and reconstructive ability.


Effects of Chemotherapeutic Drugs on MSCs


Effect of Chemotherapeutic Drugs on Viability of MSCs

As the first influential factor, it is important to evaluate the effect of loaded chemotherapeutic drugs on the viability of MSCs. The type of drug and MSC are two critical factors that affect the sensitivity of MSCs to antineoplastic drugs. Gemcitabine (Bonomi et al., 2015b) and bortezomib (Bonomi et al., 2017b) induce very low cytotoxicity in hBM-MSCs even in concentrations higher than 10,000 ng/mL. These cells showed moderate reduction in viability, in 3,000 ng/mL of cisplatin (Nicolay et al., 2016a) and 10,000 ng/mL of bleomycin (Nicolay et al., 2016b). Human bone marrow–derived MSCs demonstrated low death rate in 10,000 ng/mL of paclitaxel (Pessina et al., 2011, 2013; Bosco et al., 2015; Pascucci et al., 2014; Bonomi et al., 2017b), whereas in concentrations less than half of that (4,000 ng/mL), they showed a moderate cytotoxicity (Münz et al., 2018). Some drugs may be more cytocidal for hBM-MSCs at lower concentrations. Sorafenib causes 40% cell death at 465 ng/mL (Clavreul et al., 2017). Cytarabine, daunorubicin, and vincristine even in very low concentrations significantly induce apoptosis in hBM-MSCs (Nicolay et al., 2016b; Somaiah et al., 2018).

Human AD-MSCs are moderately resistant to cisplatin (Gilazieva et al., 2016; Rimoldi et al., 2018), cationic platinum (II)-complex (Rimoldi et al., 2018), vincristine, and camptothecin (Liang et al., 2011). The viability of hAD-MSCs after exposure to cisplatin and camptothecin for 3 days was more than 70%. Paclitaxel up to 10,000 ng/mL resulted in only 20% cell death in hAD-MSCs (Bonomi et al., 2013). It seems AD-MSCs are more resistant than BM-MSCs to genotoxic damage of anticancer agents.

Human dental-derived MSCs are resistant to paclitaxel, doxorubicin, and gemcitabine (Brini et al., 2016; Coccè et al., 2017; Salehi et al., 2018). Dental pulp stem cells showed higher resistance to paclitaxel than hBM-MSCs (Salehi et al., 2018). Among the three mentioned drugs, GinPa-MSCs are more resistant to gemcitabine than paclitaxel and doxorubicin. However, all three drugs induce only 20% cytotoxic effect on gingival stem cells at concentrations up to 10,000 ng/mL (Coccè et al., 2017, 2019).

Up to 4,000 ng/mL of paclitaxel did not alter the viability of MSCs from olfactory bulbs (Marei et al., 2019). Placenta-derived hAM-MSCs exhibited high resistance to paclitaxel even at concentrations up to 10,000 ng/mL with a viability more than 90% (Bonomi et al., 2015a). These reports show that the type of MSC and type of anticancer drug are two factors that determine the viability of drug-loaded MSCs. Regardless of concentrations used to evaluate the effect of chemotherapeutic drugs on viability of MSCs, attention to potency and IC50 of each chemotherapeutic drug is necessary to load and compare their effects on MSCs, which merits evaluation in the future studies.



Mechanisms of Chemotherapeutic Drugs Resistance of MSCs

A variety of probable mechanisms have been reported for MSCs chemotherapeutic drug resistance. The first mechanism involved in chemotherapeutic drug resistance of MSCs is through augmentation of a specific group of agents called heat shock proteins (HSPs) and their genes. Heat shock proteins appear when cells are exposed to physiological and environmental stress to protect the cell against apoptosis. Heat shock proteins also participate in protein folding, transportation of protein, cell cycle regulation, and intracellular signaling (Jego et al., 2013). Cisplatin–pre-exposed hBM-MSCs showed an increased amount of mRNAs such as HSP90AA1, HSP90AB1 (encoding HSP-90 α and β), HSPA1A (encoding HSP-72), HSPB1 (encoding HSP-27), HSPD1 (encoding HSP-60), and HSPE1 (encoding HSP-10), which pose HSPs as one of the MSCs resistance mechanisms (Nicolay et al., 2016a).

Tubulin proteins are the second mechanism for drug resistance in MSCs. Microtubules are critical structures in cell division, movement, and intracellular trafficking. These structures consist of αβ heterodimers, which are the target of some chemotherapeutic drugs (Borisy et al., 2016). Isotypes of tubulin confer chemotherapeutic drug resistance to MSCs by the difference in their drug-binding capacity and dynamicity. In hBM-MSCs, taxol treatment resulted in higher expression of acetylated tubulins, β-III and β-IV (Polioudaki et al., 2009). Taxol binding to β-III and β-IV is weaker than other isotypes of tubulin (Derry et al., 1997); thus, the higher expression of these two isotypes relative to the other tubulins can be one of the resistance mechanisms to taxol in MSCs. Moreover, β-III tubulin isotype forms more dynamic microtubules during mitosis of MSCs, and its hyperdynamicity inhibits taxol effects on the division process (Stengel et al., 2010).

The inhibition of apoptosis in MSCs is the next resistance mechanism. Suppression of P73-dependent proapoptotic pathway, TRAIL, and overexpression of antiapoptotic factors Bcl2 and Bcl-xL are mechanisms involved in the inhibition of apoptosis (Münz et al., 2018). MSCs of dental pulp treated with paclitaxel showed no translocation of cytochrome C enzyme from mitochondria, which means that these cells did not go through apoptosis after exposure to paclitaxel (Salehi et al., 2018).

As the last mechanism of resistance, paclitaxel treatment resulted in increased expression of macrophage migration inhibitory factor. Migration inhibitory factor as an MSC survival promoter induces doxorubicin resistance in hBM-MSCs through activation of PI3K-Akt survival signaling pathway (Xia and Hou, 2018).

There are two other mechanisms of resistance in non-mesenchymal cells, which are not true about MSCs: drug-inactivating system and ATP-binding cassette transporters (ABC transporters). Lack of these mechanisms shows that MSCs do not deactivate or outpour loaded drugs considerably. This feature makes MSCs capable of delivering chemotherapeutic drugs without reducing their cytotoxic function.

Two enzymes contribute to the metabolism of gemcitabine; deoxycytidine kinase and deoxycytidine deaminase (dCDA) as main activating and inactivating enzymes of gemcitabine, respectively (Pessina et al., 2015). As a prodrug, gemcitabine must be metabolized to its active form in MSCs to inhibit proliferation of cancer cells (Amrutkar and Gladhaug, 2017). Released gemcitabine from drug-loaded hBM-MSCs inhibits the proliferation of squamous cell carcinoma of the tongue and pancreatic carcinoma. Considering this inhibitory effect, not only the drug is not inactivated by dCDA, but it is also activated by deoxycytidine kinase (Bonomi et al., 2015b, 2017b). In hBM-MSCs and Hu-OBNSCs, paclitaxel is metabolized to several metabolites, the most abundant of them is 6-α-hydroxyl paclitaxel; however, these metabolites are so slight, which can be ignored (Pascucci et al., 2014; Marei et al., 2019). This confirms that paclitaxel conserves its cytotoxic effect during uptake and release procedure without being extensively metabolized (Salehi et al., 2018).

ABC is a transporter system superfamily involved in the exchange of a variety of substances such as xenobiotic, antibiotics, and chemotherapeutic drugs across biological membranes. Only prokaryotes benefit from the influx (uptake) function of these proteins, whereas efflux property exists in both prokaryotes and eukaryotes (Nobili et al., 2019). P-glycoprotein (P-gp) efflux pump as a member of ABC superfamily can induce chemotherapeutic drug resistance in various cells, but it is not the major method of resistance in normal MSCs (Barbet et al., 2012; Lin et al., 2020; Zhang Y. H. et al., 2020). It is recently suggested that inhibition of efflux pumps by verapamil cannot decrease MSCs’ resistance to paclitaxel. In addition, paclitaxel can even down-regulate the expression of P-gp in MSCs (Pessina et al., 2011; Bosco et al., 2015). Other resistance mechanisms cannot be excluded, and further studies should be done to elucidate them.



Effect of Chemotherapeutic Drugs on Proliferation of MSCs

The main reason to investigate the proliferation of MSCs after chemotherapeutic drug loading is that proliferation of primed MSCs results in drug content depletion of each cell and thus insufficient drug concentration in the tumor microenvironment. Moreover, MSCs similar to the other stem cells possess self-renewal ability, which can result in tumorigenesis in the proper microenvironment. Thereby, the antiproliferation effect of chemotherapeutic drugs can reduce tumorigenesis and preserve sufficient drug in each loaded MSC.

So far, almost all studies demonstrated that chemotherapeutic agents significantly reduce the proliferation capacity of MSCs in a dose-dependent manner. Because changes in the proliferation of MSCs has a pivotal role in drug loading, it is necessary to address the effect of chemotherapeutic drugs on cell cycle. It has been shown that treatment with paclitaxel (Pessina et al., 2011; Bonomi et al., 2017b; Petrella et al., 2017; Münz et al., 2018), gemcitabine (Bonomi et al., 2015b), pemetrexed (Petrella et al., 2017), bortezomib (Bonomi et al., 2017b), cytarabine, daunorubicin, and vincristine (Somaiah et al., 2018) inhibits cell proliferation of hBM-MSCs. Chemotherapeutic drugs decrease the proliferation of hAD-MSCs. As an instance of this inhibitory effect, proliferation of these cells was decreased by 46% after exposure to paclitaxel (Harris et al., 2017). Actually, 2,000 ng/mL of paclitaxel induced complete cell cycle arrest with minimal cytotoxic effect in hAD-MSCs (Bonomi et al., 2013; Choron et al., 2015). Paclitaxel also reduces DNA synthesis of hAD-MSCs by 80% (Choron et al., 2015). Treatment of GinPa-MSCs leads to an increase in the number of cells in G2/M phase (Coccè et al., 2019).

Paclitaxel-treated hAD-MSCs retrieved their cell growth ability after 5 days; however, full recovery of proliferation capacity was never achieved (Harris et al., 2017). Depending on drug type, the accumulation rate is different in each phase of cell cycle. The majority of hBM-MSCs exposed to paclitaxel are arrested in S phase (Pessina et al., 2011). Exposure to gemcitabine causes arrest of 74% of hBM-MSCs in G0/G1 phases (Bonomi et al., 2015b), and cisplatin induces prolonged arrest of hBM-MSCs in G2 phase (Nicolay et al., 2016a).

Several studies have been done to identify the mechanism of antiproliferative effect of chemotherapeutic drugs in MSCs. High expression of P53 as a cell cycle regulator was reported in vincristine-, cisplatin-, and etoposide-treated MSCs (Polioudaki et al., 2009). Furthermore, higher expression of P53 was observed depending on the dose of taxol or nocodazole. Taxol or nocodazole 500 nM increases P53 permanently in hBM-MSCs, whereas 10 nM of the drugs increases P53 expression proportionately with treatment time (Polioudaki et al., 2009). Growth arrest–specific 1 (GAS1) is a critical regulator of the cell cycle and induces quiescence by preventing cells from entering into S phase. It has been shown that treatment of hBM-MSCs with paclitaxel leads to an increase in GAS1 expression and induces quiescent state (Bosco et al., 2015). In addition, a higher amount of senescence-associated β-galactosidase after paclitaxel treatment suggests that premature senescence is a critical mechanism of MSCs to avoid proliferation and preserve metabolic viability (Münz et al., 2018).



Effect of Chemotherapeutic Drugs on Regenerative Capacity of MSCs

Besides the drug delivery ability of MSCs, they play a positive role in chemotherapy-induced tissue damage as a regenerative factor. MSCs are administered to induce postchemotherapeutic tissue regeneration in many organs including kidney (Zoja et al., 2012), hematopoietic system (Koç et al., 2000), lung (Xu et al., 2015), heart (Pinarli et al., 2013), ovary (Badawy et al., 2017), and testis (Sherif et al., 2018). In addition to the ability of MSCs to produce paracrine signals that support progenitors to regenerate chemotherapy-induced tissue damage, they participate in tissue regeneration through other mechanisms such as prevention of inflammation and apoptosis, inducing antioxidative effect, and differentiation to specific cell types in injured organs (Pinarli et al., 2013; Zimmerlin et al., 2013; Sherif et al., 2018). Whether MSCs preserve their initial regenerative characteristics is another important issue that should be evaluated after loading of MSCs with anticancer drugs. A variety of data suggest that the differentiation ability of drug-loaded MSCs as a regenerative mechanism depends on drug and MSC types.

Because BM-MSCs mainly preserve their skeletal differentiation ability after exposure to antineoplastic drugs, they can be preferential to deliver chemotherapeutic agents to skeleton-derived tumors. For example, bleomycin- and paclitaxel-treated hBM-MSCs preserve chondrogenic and osteogenic differentiation capability, respectively (Nicolay et al., 2016b; Münz et al., 2018). On the other hand, some types of MSCs are susceptible to drug-induced differentiation impairment, but they can recover differentiation ability after a drug washing period. These types of MSCs can cause delayed tissue regeneration during the postchemotherapy period. Human adipose-derived MSCs lose their adipogenic and osteogenic differentiation capacity after treatment with paclitaxel. However, partial recovery of differentiation ability was observed after 3 days of drug removal (Harris et al., 2017).

Some chemotherapeutic agents do not influence the differentiation ability of MSCs; thus, these drugs are better choices to provide reconstructive facilities for injured tissues. For example, cisplatin does not influence adipogenic and osteogenic differentiation potential of hBM-MSCs significantly (Nicolay et al., 2016a). In addition, cisplatin- and camptothecin-treated hAD-MSCs did not display any change in osteogenic and adipogenic differentiation capacity (Liang et al., 2011).



Chemotherapeutic Drug Uptake Capacity of MSCs

Mesenchymal stem cells can uptake the majority of anticancer drugs from the culture environment (Kalimuthu et al., 2018; Salehi et al., 2018; Li et al., 2019). Considering this ability, simple methods have been used to prime hBM-MSCs with drugs. Incubation of hBM-MSCs with paclitaxel (Pessina et al., 2011, 2013; Petrella et al., 2017), gemcitabine (Bonomi et al., 2015b), and sorafenib (Clavreul et al., 2017) leads to effective drug uptake. In contrast, hBM-MSCs incubated with pemetrexed were unable to internalize sufficient drug for affecting mesothelioma (Petrella et al., 2017). Through a simple exposure method, hAD-MSCs are able to uptake cisplatin, cationic platinum (II)-complex (Rimoldi et al., 2018), and paclitaxel (Bonomi et al., 2013; Pacioni et al., 2017). Human dental-derived MSCs possess the ability to uptake paclitaxel, doxorubicin, and gemcitabine (Brini et al., 2016; Coccè et al., 2017; Salehi et al., 2018). It seems the amount of loaded drug per cell depends on the type of MSCs. Each hBM-MSC can uptake approximately 2.7 pg of paclitaxel per cell, which is equivalent to 8% of total drug in the culture medium of paclitaxel (Pessina et al., 2011), whereas Hu-OBNSCs were able to internalize 0.19 pg/cell of paclitaxel.

Based on drug type, there are three mechanisms to uptake anticancer drugs into MSCs including transporters, simple diffusion, and endocytosis. Gemcitabine as hydrophilic nucleoside analog enters cells by nucleoside transporters. Human concentrative nucleoside transporter 1 (hCNT1) and human equilibrative nucleoside transporter 1 (hENT1) are the main transporters of gemcitabine (Hung et al., 2015). The high expression level of hCNT1 and hENT1 in MSCs, which resulted in higher antiproliferative effect of loaded gemcitabine, suggesting that uptake capacity might be attributed to the expression of some transporters (Bonomi et al., 2015b; Coccè et al., 2017). As the next drug internalization mechanism, simple diffusion could be considered according to the lipophilic nature of paclitaxel (Bosco et al., 2015), docetaxel (Wu et al., 2015), camptothecin (Gupta et al., 2000), and etoposide (Patlolla and Vobalaboina, 2008). Endocytosis processes such as pinocytosis, phagocytosis, and receptor-mediated endocytosis are the next mechanisms of drug uptake. The existence of pinocytotic structures in the cytoplasm of GinPa-MSCs implies that the paclitaxel may be internalized by GinPa-MSCs through pinocytosis. CD14 is mainly expressed in the cells, which play a critical role in phagocytosis action (Devitt et al., 1998). Observation of its expression suggests a phagocytic function of GinPa-MSCs for incorporating drugs (Brini et al., 2016). The high expression levels of endocytosis mediator clathrin in hAD-MSCs showed that drugs might internalize through receptor-mediated endocytosis (Wang X. et al., 2019).



Chemotherapeutic Drug Release Capacity of MSCs

It is important to produce a chemotherapeutic drug delivery system that is able to release drugs locally and slowly to provide an efficient concentration in the tumor microenvironment and diminish systemic toxicity of drugs. MSCs can release antineoplastic drugs in a time-dependent manner that makes them a desirable drug delivery system. The efficacy of drug release depends on cell and drug type. For example, drug-loaded hBM-MSCs started releasing 1 pg/cell of paclitaxel after 2 h, which increased to 1.7–2.0 pg/cell at 144 h (Pessina et al., 2011). Approximately 20% of incorporated sorafenib was released during the first 4 h, and 60% of the drug was released in 48 h, which shows a biphasic pattern in hBM-MSCs (Clavreul et al., 2017). Human bone marrow–derived MSCs have more capability than hAD-MSCs to release paclitaxel, but both cells are able to release paclitaxel in a time-dependent manner. It has been demonstrated that during the first 24 h, hAD-MSCs released the majority of contained paclitaxel, and only minor amounts of the drug were released during the next 48 and 144 h (Bonomi et al., 2013). Approximately 52% of internalized paclitaxel is released from Hu-OBNSCs 24 h after priming (Marei et al., 2019). Evaluation of release capacity of paclitaxel loaded hAM-MSCs revealed that 59% of the total internalized drug was released after 48 h; however, drug release was continued for 120 h (Bonomi et al., 2015a). The differences among release capacity may reflect different hydroliposolubility of drugs. For example, GinPa-MSCs release 62.6% of paclitaxel, 91.8% of gemcitabine, and 100% of doxorubicin. Paclitaxel possesses higher lipophilicity, which is released in the lower amount, whereas water solubility resulted in a higher release of gemcitabine and doxorubicin (Wong et al., 2006; Pili et al., 2009; Coccè et al., 2017).

To find the cellular compartments, which are responsible for the storage of drugs, it is necessary to track the anticancer drugs in the MSCs’ membrane and cytoplasm. Paclitaxel can be found along with the microtubule networks, in Golgi apparatus and Golgi-derived vesicles of hBM-MSCs. These vesicles were found close to the cell membrane that explains possible drug release capacity (Pessina et al., 2011; Duchi et al., 2014). Evaluation of GinPa-MSCs showed that multivesicular structures originate from cell membrane budding, and the presence of these structures suggests that GinPa-MSCs may produce exosomes (Brini et al., 2016). At 10,000 ng/mL concentration of cisplatin, hAD-MSCs initiate to form exosomes near cellular membranes (Gilazieva et al., 2016). The secreted vesicles from drug-loaded MSCs contain internalized paclitaxel, which significantly induces antineoplastic effect against ductal pancreatic adenocarcinoma cells. There was no plasma membrane interaction such as gap junction or junctional structure between tumor cells and MSCs (Pessina et al., 2013; Bonomi et al., 2017b), but multiple electron-dense vesicles were observed amid paclitaxel-loaded MSCs and tumor cells (Bonomi et al., 2017b). Studies suggest that MSCs and cancer cells communicate through extracellular vehicles (EVs) which can play pivotal roles both as biological vehicles for drugs and/or endogenous particles. It seems that the transportation system recruits EVs for transferring chemotherapeutic drugs between MSCs and tumor cells (Nawaz et al., 2016; Nawaz, 2017; Fatima and Nawaz, 2017). New methods for transferring of chemotherapeutic drugs by loaded MSCs exist, which herald improvement in drug delivery systems such as ultrasound depletion of drugs (Paris et al., 2017), pH-sensitive nanoparticles, which are released in the tumor microenvironment, visible light–dependent drug release (Gisbert-Garzarán et al., 2016; Martínez-Carmona et al., 2017), and thermal energy as a result of applying magnetic field to release drugs (Guisasola et al., 2015). The uptake and release mechanisms of anticancer drugs in MSCs are shown in Figure 3.
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FIGURE 3. Drugs in MSCs. (1) Drugs enter MSCs through a variety of pathways: (a) drug transporters such as hCNT1 and hENT1, (b) endocytosis, (c) simple diffusion based on the chemical nature of chemotherapeutic drugs. (2) Some types of drugs such as paclitaxel metabolized in mitochondria, but there is no evidence of impressive inactivation. (3) Based on the antineoplastic mechanism of drugs, they are distributed among their place of action such as microtubule networks and centrioles. (4) Chemotherapeutic drugs may interfere with the normal gene expression pattern of MSCs, which mainly influence differentiation capacity. (5) Mesenchymal stem cells produce vesicles that contain drugs close to the cellular membrane. Drugs can be found in Golgi apparatus and Golgi-derived vesicles. (6) Existence of vesicles between MSCs and cancer cells suggests that drugs can be delivered to cancer cells in a vesicular system.




Antitumor Effect of Drug-Loaded MSCs

Drug-loaded MSCs are applied in two different ways: condition media (CM) and drug carrier cells. Condition media of drug-loaded MSCs contains secretome, which is defined as set of factors secreted to extracellular space. These factors mainly consist of lipids, proteins, free nucleic acids, and EVs. Condition media of drug-loaded MSCs produces more targeted anticancer effect than pure chemotherapeutic drugs. It seems that drug-releasing system of MSCs improve efficacy of loaded drugs through recruiting EVs (Kalimuthu et al., 2018). Application of MSC-sourced CM provides advantages including dosage and potency evaluation, providing storable sources, reduction in invasive cell biopsy procedures, and related safety concerns (Vizoso et al., 2017). Injection of drug-loaded MSCs, which leads to direct cell–cell communication, is another way that causes direct drug transportation between MSCs and cancer cells. Application of the MSCs as a drug carrier is simple and provides a biological sustain release system to deliver chemotherapeutic drugs over a period. Drug-loaded MSCs induce antineoplastic effects through inhibition of proliferation, inducing cytotoxicity against tumor cells, inhibition of angiogenesis and metastasis, and alteration in cytokines secretion of MSCs.

Condition media of drug-loaded hBM-MSCs produces a strong anticancer effect on different cancer cell lines. Condition media of gemcitabine-loaded hBM-MSCs reduced the proliferation of ductal pancreatic adenocarcinoma cells in a concentration-dependent manner (Bonomi et al., 2015b). Condition media of paclitaxel-loaded hBM-MSCs at 1:2 ratio of medium to CM dilution produced 100% growth inhibition in human prostate cancer and glioblastoma cells. This proportion equals 25 ng/mL of pure paclitaxel (Pessina et al., 2011). Condition media of paclitaxel-loaded hBM-MSCs also inhibits proliferation of acute lymphoblastic leukemia, mouse lymphocytic leukemia, malignant pleural mesothelioma, and multiple myeloma cells (Pessina et al., 2013; Bonomi et al., 2017b). Condition media of paclitaxel-treated hAD-MSCs induces a strong dose-dependent antitumor effect on human Ewing sarcoma, human prostate cancer, human blastoma, human neuroblastoma, and acute lymphoblastic leukemia cells. It seems that human Ewing sarcoma cells are more sensitive to paclitaxel in comparison to the other cancer cells (Bonomi et al., 2013). Both CM and lysate of paclitaxel-treated Hu-OBNSCs possess the ability to inhibit glioblastoma and ductal pancreatic adenocarcinoma cells (Marei et al., 2019). Condition media of paclitaxel treated hAM-MSCs can induce dose-dependent antiproliferation effect on ductal pancreatic adenocarcinoma cells (Bonomi et al., 2015a). However, neither CM of pemetrexed- and bortezomib-loaded MSCs, nor lysate of the loaded MSCs, produces antiproliferation activity against malignant pleural mesothelioma, ductal pancreatic adenocarcinoma, or multiple myeloma cells. As mentioned above, hBM-MSCs did not uptake and release pemetrexed and bortezomib sufficiently to produce an antitumor effect (Bonomi et al., 2017b; Petrella et al., 2017). Condition media of GinPa-MSCs exposed to gemcitabine, paclitaxel, and doxorubicin inhibits proliferation of ductal pancreatic adenocarcinoma and squamous cell carcinoma of the tongue (Brini et al., 2016; Coccè et al., 2017).

The coculture of cancer cells with drug-loaded MSCs is used to evaluate the direct antitumor effect of drug-loaded MSCs. Paclitaxel-loaded hBM-MSCs possess the ability to reduce the proliferation of acute lymphoblastic leukemia, glioblastoma, melanoma, and human prostate cancer cells (Pessina et al., 2011, 2013). Coculture of paclitaxel-loaded GinPa-MSCs resulted in significant inhibition of ductal pancreatic adenocarcinoma and squamous cell carcinoma of the tongue cells, whereas non-loaded GinPa-MSCs did not influence cancer cells growth (Coccè et al., 2019). Drug-loaded MSCs are also able to play an anticancer role in animal models. Cotransplantation of acute lymphoblastic leukemia and paclitaxel-loaded hBM-MSCs completely block the formation of tumors in immunodeficient nude mice. In addition, the administration of pure paclitaxel or non-loaded MSCs did not entirely block subcutaneous tumorigenesis of acute lymphoblastic leukemia, whereas intratumoral injection of paclitaxel-loaded MSCs considerably reduced tumor size and weight. Intraperitoneal injection of paclitaxel-loaded MSCs improved survival of mice with lymphocytic leukemia whereas pure paclitaxel administration did not influence the prognosis (Pessina et al., 2013).

Drug-loaded MSCs can reduce angiogenesis in different ways. The proliferation of human umbilical vein endothelial cells was inhibited by CM of sorafenib-treated MSCs (Clavreul et al., 2017). The CM of paclitaxel-loaded hBM-MSCs inhibits VEGF-α which is the major mediator of tumor angiogenesis (Pessina et al., 2011). Intratumoral injection of paclitaxel loaded MSCs to nude mice with subcutaneous acute lymphoblastic leukemia resulted in a reduction of tumor vascularization, microvascular density, and expression of angiogenic markers such as von Willebrand factor, CD31 (PECAM1), VEGF-α, Ve-cad, TGF-β1, CD44, and αSMA. The tumor vascular density of mice treated by paclitaxel-loaded MSCs was reported four times lower than non-loaded MSCs, which indicates higher efficacy of loaded MSCs (Pessina et al., 2013).

Metastasis of cancer cells is a critical problem in cancer treatment and is associated with recurrence and poor prognosis. It has been discovered that CM of paclitaxel loaded hBM-MSCs considerably down-regulates ICAM1 and VCAM1 on TNF-α–activated human microvascular endothelial cells. This down-regulation diminishes the ability of leukemic cells to spread through bloodstream and reduces metastasis chance (Pessina et al., 2013).

Recently, novel administration approaches have been developed; for example, intranasal administration of sorafenib-loaded hBM-MSCs impedes angiogenesis and reduces the number of large vessels (Clavreul et al., 2017). The antineoplastic effect of drug-loaded MSCs with different anticancer drugs and the mechanism of actions in cancer cells are categorized in Table 1.


TABLE 1. Anticancer mechanisms of drug-loaded MSCs with a variety of chemotherapeutic drugs.
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CONCLUSION

In recent years, rapid progression in the application of MSCs as a novel treatment for cancer has attracted much interest. MSCs are able to home into the tumor and metastatic sites and change the behavior of cancer and immune cells. They can induce apoptosis and inhibit the proliferation of tumor cells, which are critical points in cancer treatment. In addition, MSCs alter the secretion pattern of cells existing in the tumor microenvironment that can reduce angiogenesis and metastasis. Considering the high resistance of MSCs to a vast majority of antineoplastic agents, MSCs can play a role as a vehicle for targeted drug delivery. Besides this critical characteristic, MSCs can easily uptake chemotherapeutic drugs and release them in a time- and concentration-dependent manner. Both CM and direct contact of primed MSCs induce a considerable antineoplastic effect in a variety of cancer cell lines. Moreover, in vivo studies suggest that these drug-loaded cells can reduce the size of tumors and inhibit angiogenesis. Considering promising antineoplastic features of MSCs and drug-loaded ones, MSCs can be a proper candidate to be recruited in the clinic.
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De novo Vessel Formation Through Cross-Talk of Blood-Derived Cells and Mesenchymal Stromal Cells in the Absence of Pre-existing Vascular Structures
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Background: The generation of functional blood vessels remains a key challenge for regenerative medicine. Optimized in vitro culture set-ups mimicking the in vivo perivascular niche environment during tissue repair may provide information about the biological function and contribution of progenitor cells to postnatal vasculogenesis, thereby enhancing their therapeutic potential.

Aim: We established a fibrin-based xeno-free human 3D in vitro vascular niche model to study the interaction of mesenchymal stromal cells (MSC) with peripheral blood mononuclear cells (PBMC) including circulating progenitor cells in the absence of endothelial cells (EC), and to investigate the contribution of this cross-talk to neo-vessel formation.

Materials and Methods: Bone marrow-derived MSC were co-cultured with whole PBMC, enriched monocytes (Mo), enriched T cells, and Mo together with T cells, respectively, obtained from leukocyte reduction chambers generated during the process of single-donor platelet apheresis. Cells were embedded in 3D fibrin matrices, using exclusively human-derived culture components without external growth factors. Cytokine secretion was analyzed in supernatants of 3D cultures by cytokine array, vascular endothelial growth factor (VEGF) secretion was quantified by ELISA. Cellular and structural re-arrangements were characterized by immunofluorescence and confocal laser-scanning microscopy of topographically intact 3D fibrin gels.

Results: 3D co-cultures of MSC with PBMC, and enriched Mo together with enriched T cells, respectively, generated, within 2 weeks, complex CD31+/CD34+ vascular structures, surrounded by basement membrane collagen type-IV+ cells and matrix, in association with increased VEGF secretion. PBMC contained CD31+CD34+CD45dimCD14– progenitor-type cells, and EC of neo-vessels were PBMC-derived. Vascular structures showed intraluminal CD45+ cells that underwent apoptosis thereby creating a lumen. Cross-talk of MSC with enriched Mo provided a pro-angiogenic paracrine environment. MSC co-cultured with enriched T cells formed “cell-in-cell” structures generated through internalization of T cells by CD31+CD45dim⁣/– cells. No vascular structures were detected in co-cultures of MSC with either Mo or T cells.

Conclusion: Our xeno-free 3D in vitro vascular niche model demonstrates that a complex synergistic network of cellular, extracellular and paracrine cross-talk can contribute to de novo vascular development through self-organization via co-operation of immune cells with blood-derived progenitor cells and MSC, and thereby may open a new perspective for advanced vascular tissue engineering in regenerative medicine.
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INTRODUCTION

The formation of new blood vessels is essential for normal physiological processes, and plays a key role in the repair of injured tissues. Neo-vessels are generated by sprouting of existing vascular structures through angiogenesis supported by incorporation of endothelial progenitor cells (EPC) by vasculogenesis (Asahara et al., 1999; Ribatti et al., 2001). This co-operative process takes place within a tightly controlled inflammatory microenvironment that orchestrates successful regeneration and healing. If not properly coordinated and persisting, a continuous repair process promotes excessive neovascularization and influx of more inflammatory cells eventually causing fibrosis and loss of tissue and organ function. The regenerative vascular niche environment is created via injury-induced increased vascular permeability and perivascular fibrin deposition that attract various types of leukocytes and progenitor cells, providing an ideal platform for complex interactions with resident and recruited mesenchymal stromal cells (MSC). MSC are multipotential cells found in nearly all tissues of the body where they reside close to blood vessels (Crisan et al., 2008). Upon tissue injury, they become activated through inflammatory cytokines such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α, and interferon (IFN)-γ released by inflammatory cells after recruitment to the site of damage (Singer and Caplan, 2011). MSC contribute to repair processes by regulating the local immune response and secreting paracrine factors thereby establishing a regenerative environment and promoting the formation of new blood vessels (Caplan and Correa, 2011). We have recently shown that vascular endothelial growth factor (VEGF) secretion by MSC increases considerably when they encounter and have direct contact with peripheral blood-derived mononuclear cells (PBMC) in a 3D fibrin environment (Rüger et al., 2018).

Macrophages amongst leukocyte subsets, play important roles during all stages of tissue repair. Although they are mainly known as scavenger cells that phagocytize cellular debris, neutrophils, and other apoptotic cells following tissue injury (Peiser et al., 2002), macrophages also exhibit more complex roles in tissue repair (Wynn et al., 2013). They are involved in the initial cellular response following injury by secretion of various cytokines, chemokines, matrix metalloproteinases, as well as other inflammatory mediators (Wynn and Barron, 2010). Similarly, macrophages promote cellular proliferation and blood vessel development in a paracrine fashion through production of numerous growth factors including platelet derived growth factor (PDGF), transforming growth factor (TGF)-β1, insulin-like growth factor (IGF)-1, and VEGF (Shimokado et al., 1985; Rappolee et al., 1988; Berse et al., 1992; Chujo et al., 2009; Willenborg et al., 2012). Macrophages not only regulate the proliferation and expansion of neighboring parenchymal and stromal cells, but can also activate local and recruited progenitor cell populations in the niche that participate in repair. While the contribution of macrophages in tissue repair is well studied, the role of T lymphocytes in this process is not fully understood. Studies in animal models suggest that altered T cell infiltration into the wound site is associated with impaired wound healing (Swift et al., 2001), and there is evidence that CD4+ T cells may play a positive role in wound healing while CD8+ T cells may inhibit the wound healing process (Park and Barbul, 2004). Scarless skin healing has been reported in athymic nude-nu mice that are deficient in both T- and B-cells (Gawronska-Kozak et al., 2006), and a recent study using severe combined immunodeficient (SCID) mice in a wound healing model has shown that the presence of CD4+ T lymphocytes prevents dermal scarring by regulating inflammation and improving neovascularization (Wang et al., 2019). Regulatory T cells (Treg) promote wound healing through attenuating wound-associated inflammation (Nosbaum et al., 2016), and the generation and activation of Treg cells can be induced by MSC (Caplan, 2009; González et al., 2009; Griffin et al., 2010).

Endothelial progenitor cells play an important supportive role in postnatal angiogenesis, and are mobilized as part of the inflammatory response to injured tissues (Kopp et al., 2006). EPC have been shown to improve neovascularization in multiple injury models including wound healing (Crosby Jeffrey et al., 2000; Murohara et al., 2000; Asahara et al., 2011), but also contribute to excessive neo-vessel formation by in situ vasculogenesis in inflamed synovial tissues (Ruger et al., 2004). Different subtypes of circulating progenitor cells have been described and may contribute to neo-vessel formation in different ways. They include culture-derived myeloid angiogenic cells of the hematopoietic lineage, also called early outgrowth EPC, that promote angiogenesis through paracrine mechanisms, but do not give rise to mature endothelial cells (EC) (Asahara et al., 2011; Medina et al., 2011, 2017; Mund et al., 2012), and non-hematopoietic endothelial colony forming cells (ECFC), or late outgrowth EPC, that can differentiate into mature EC (Medina et al., 2017). The origin of these “true” EPC is still elusive, and they appear to be an extremely rare population within circulating blood, as ex vivo culture is necessary for their identification (Lin et al., 2000; Ingram et al., 2004). Interestingly, T cells seem to play an important role in the generation of both myeloid angiogenic cells and ECFC. Angiogenic T cells expressing CD3, CD31, and CXCR4 are required for colony formation and differentiation of early EPC (Hur et al., 2007), and the generation of ECFC is also T cell-dependent (Wilde et al., 2016), demonstrating the importance of microenvironmental factors including the presence of differentiated cells in the niche.

Mimicking the cellular and structural complexity of the in vivo vascular niche is still a challenge in the field of tissue engineering. The present study aimed to set up an in vitro culture environment that combines key cellular players in a biocompatible extracellular matrix simulating in vivo tissue repair in order to expand our current knowledge about regenerative processes and advance vascular tissue engineering for therapeutic application. The rationale behind the experimental design was based on the presence of progenitor cells with potent intrinsic angiogenic capacity in peripheral blood that are recruited to sites of injury together with inflammatory cells (e.g., Mo, T cells). Here we addressed the question whether progenitor cells and differentiated mononuclear cells in concert with MSC can form a niche environment promoting tissue repair including the formation of new vascular structures. Fibrin acts as biomimetic scaffold supporting the construction and composition of the niche environment by inducing both differentiation and stem cell marker expression of human EPC (Barsotti et al., 2011). Therefore, we established a fibrin-based xeno-free human 3D in vitro model using exclusively human-derived reagents and materials to study the cross-talk of MSC with PBMC obtained from leukocyte reduction system (LRS) chambers generated during the process of single-donor platelet apheresis. It has been reported that PBMC obtained from LRS chambers contain increased numbers of viable CD34+ progenitor cells suitable for culture (Néron et al., 2007). Using this 3D co-culture system, we investigated the vasculogenic potential through self-organization in the absence of externally added growth factors and mature EC, and analyzed the paracrine signaling signature resulting from interaction of enriched Mo and/or enriched T cells with MSC in the 3D fibrin niche environment.



MATERIALS AND METHODS


Ethics Statement

The local Ethics Committee at the Medical University of Vienna approved the use of human bone marrow MSC (EK1193/2015) and human PBMC (EK1168/2015) in order to perform this study. All donors provided written informed consent.



MSC and PBMC

Mesenchymal stromal cells were isolated from human bone marrow (BM) and bone fragments obtained during hip-replacement surgery and expanded in complete αMEM medium (Invitrogen, Carlsbad, CA, United States) containing 10% fetal bovine serum (GE Healthcare Life Sciences, Marlborough, MA, United States), 100 U/ml penicillin, 100 μg/ml streptomycin and 250 ng/ml amphotericin B (Sigma, St. Louis, MO, United States) at 37°C (20% O2 and 5% CO2 humidified atmosphere). MSC were characterized by flow cytometry analyses using CD90FITC (Stem Cell Technologies, Cologne, Germany), CD73PE (BD, San Jose, CA, United States), CD105FITC (BD), CD31PE (BioLegend, San Diego, CA, United States), CD34PE (BD), CD45FITC (BD) and CD14PE (BD) antibodies and a FACS Canto IITM instrument (BD). Cells expressed typical MSC markers, CD90, CD73, CD105, lacked expression of CD31, CD34, CD45, and CD14, and could be differentiated into adipocytes, chondrocytes and osteoblasts. For 3D culture, MSC at passage two to five were used showing no apparent functional difference in co-culture experiments.

Peripheral blood mononuclear cells were isolated from LRS chambers (Trima Accel, Version 6.0, CaridianBCT Europe, Garching, Germany), a product generated during the process of single-donor platelet apheresis from healthy donors, by density grade centrifugation. Subpopulations of PBMC, i.e., Mo and T cells, respectively, were enriched by negative selection using RosetteSep Kits (Stem Cell Technologies, Cologne, Germany). RosetteSep Kits were used for obtaining PBMC depleted from Mo and T cells, respectively (Stem Cell Technologies). The percentage of CD14+CD45+ Mo and CD3+CD45+ T cells in whole PBMC, monocyte-enriched/depleted and T cell-enriched/depleted cell fractions were determined by flow cytometry analyses using CD14FITC (BD), CD3PE (BD), and CD45APC (BioLegend). Blood-derived progenitor cells were characterized by flow cytometry analyses using combinations of the following antibodies: CD34FITC/PE (BD), CD31FITC/PE (BioLegend), CD14FITC/PE (BD), CD117PE (BioLegend), and CD45APC.



Culture of MSC and Co-culture of MSC With Immune Cells in 3D Fibrin Matrices

Co-culture experiments were set up using MSC obtained from five donors at different passages (n = 10) and PBMC from individual donors (n = 10). Further, MSC at comparable passages, were co-cultured with individual donor-derived enriched Mo (n = 6), individual donor-derived enriched T cells (n = 9), enriched T cells together with enriched Mo obtained from separate donors (n = 4), individual donor-derived PBMC depleted from Mo (n = 6), and individual donor-derived PBMC depleted from T cells (n = 6), respectively. In addition and parallel to co-cultures, the same MSC samples used for co-cultures were cultivated without immune cells. 3D cultures were set up in 24-well plates (Corning, Berlin, Germany). Cells were embedded in fibrin matrices in a ratio 1:100 (for MSC:PBMC and MSC:Mo + T) and 1:50 (for MSC:Mo and MSC:T), using 5 × 104 MSC/well. Fibrin matrices were prepared as described previously with minor modifications (Ruger et al., 2008; Rüger et al., 2018). In brief, human fibrinogen (2 mg/ml; Calbiochem, Darmstadt, Germany) was dissolved in PBS, human plasma thrombin (0.45 U/ml, Sigma) was added to the fibrinogen solution containing MSC and/or immune cells and gel formation occurred by incubation at 37°C for 30 min. Cells were cultured using complete αMEM medium (Invitrogen) containing 10% human AB serum (GMP grade, PAN-Biotech, Aidenbach, Germany) without externally added growth factors for up to 2 weeks. Control experiments were performed culturing Mo separated from MSC by a 0.4 μm transwell insert (Corning), as well as culturing PBMC, enriched Mo, enriched T cells, and enriched Mo together with enriched T cells, respectively, without MSC. Medium was changed every 3 days. Cellular re-arrangement was monitored using a phase contrast microscope (Olympus IMT-2, Tokyo, Japan) and documented using a digital camera (Olympus DP50).



DNA Extraction and Analysis of Polymorphic Marker

In order to determine the origin of EC within the vascular structures that develop in the 3D fibrin gels, we performed gender-mismatched co-cultures using 6-well plates. Male MSC were co-cultured with female PBMC in 3D fibrin matrices for 1 week. Alternatively, female MSC were co-cultured with male PBMC. To obtain single cell suspensions, the fibrin gels were dissolved using nattokinase (NSK-SD; Japan Bio Science Laboratory Co., Ltd., Osaka, Japan) (Carrion et al., 2014), and DNA extracted from FACS-sorted CD34+CD45– EC and CD34–CD45+ leukocytes with the QIAamp DNA Investigator Kit (Qiagen GmbH, Hilden, Germany). An insertion/deletion (indel) polymorphism in the X–Y homologous gene amelogenin was amplified by PCR and subjected to fragment analysis by capillary electrophoresis (CE) according to Steinlechner et al. (2002). In addition, the NGM Detect PCR amplification kit, a 16-locus multiplex PCR of highly polymorphic short tandem repeat (STR) markers was performed and analyzed on an ABI 3130 Genetic Analyzer according to the manufacturer’s instructions (Applied Biosystems by Thermo Fisher Scientific, Waltham, MA, United States).



Confocal Laser Scanning Microscopy (CLSM) of Intact 3D Cultures

In order to perform confocal laser scanning microscopy (CLSM) of whole 3D cultures, immunofluorescence analyses of intact 3D fibrin matrices containing the self-organized structures were performed as described previously (Rüger et al., 2018), and stained fibrin gels transferred to ibidi chambers (ibidi GmbH, Martinsried, Germany) for CLSM. Briefly, fibrin matrices were fixed with 4% paraformaldehyde and incubated with a buffer solution containing 0.1% BSA, 0.2% Triton X-100, 0.05% Tween 20 in PBS followed by a blocking step with 20% normal donkey serum (Jackson Immuno Research, West Grove, PA, United States). Fibrin gels were incubated with anti-human CD31 (mouse IgG1, 8 μg/ml, Dako) or anti-human CD34 (mouse IgG1, 4 μg/ml, Cell Marque, Rocklin, CA, United States) together with rabbit anti-Col-IV (7.5 μg/ml, Novus Biologicals, Cambridge, United Kingdom) for 6 h at room temperature. The cultures were washed with buffer solution and incubated simultaneously with donkey anti-mouse IgG1 Alexa Fluor (AF) 488 and donkey anti-rabbit AF555 (2.6 μg/ml, Molecular Probes, Life Technologies, Carlsbad, CA, United States) and cell nuclei stained with DAPI. Omission of primary antibodies and the use of isotype-matched non-immune antibodies served as controls. For triple labeling, the 3D constructs stained with CD31 or CD34 and Col-IV antibodies were blocked with 20% mouse serum (Jackson Immuno Research) and incubated with AF647-mouse anti-CD45 (2.5 μg/ml, BioLegend) or AF647-mouse anti-CD3 (2.5 μg/ml, BioLegend). The cultures were washed with buffer solution, cell nuclei stained with DAPI, and 3D gels kept in PBS at +4°C until CLSM analyses. All 3D cultures were evaluated using a LSM 700 or LSM 780 confocal laser scanning microscope (Carl Zeiss, Jena, Germany) and the acquired images analyzed with the ZEN image processing and analysis software program (Zeiss).



Cytokine Determination

Cell-free supernatants of 3D MSC mono-cultures and MSC co-cultured with enriched Mo or enriched T cells, and enriched Mo together with enriched T cells, respectively, were analyzed 24 h after embedding the cells within fibrin gels, using a cytokine array kit (Proteome Profiler Human XL Cytokine Array Kit, R&D Systems, Minneapolis, MN, United States). For each group, pooled samples of four experiments were used. The intensities of chemiluminescence signals were determined by subtraction of background noise, and the mean gray values of duplicate cytokine spots were determined using Bio-Rad Quantity One software (Bio-Rad, Hercules, CA, United States). VEGF secretion levels in the supernatants of separate samples were quantified utilizing a commercially available ELISA Duoset system (R&D). Supernatants of 3D co-cultures set up as described above, were collected after 24 h, on day 3 and on day 6. VEGF levels were determined in co-cultures of MSC with PBMC (n = 9), enriched Mo (n = 4), enriched T cells (n = 4), enriched Mo together with enriched T cells (n = 4), Mo-depleted PBMC (n = 6), and T cell-depleted PBMC (n = 4), respectively. In addition, supernatants of MSC mono-cultures and supernatants of immune cells cultured without MSC, set up in parallel and corresponding to each co-culture experiment, were collected at the same time points. Experiments were performed with each sample in duplicate, and data are expressed as mean values ± SD. In 3D co-cultures where MSC and Mo were physically separated by a transwell insert, VEGF levels in the supernatants were measured by ELISA (R&D) on day 6. The assays were performed according to the reference manual, and the samples were measured in technical duplicates. Optical density values were measured at 450 nm on an ELISA plate reader (anthos Mikrosysteme, Krefeld, Germany).



Statistics

Statistical analyses were performed using the software package SPSS Statistics for Windows, version 22.0 (SPSS Inc., Chicago, IL, United States). Data were analyzed for statistical significance by unpaired t-test and expressed as means ± SD. Significance was concluded when a probability value (p value) was lower than 0.05. (ns: not significant; ∗ p ≤ 0.05; ∗∗ p ≤ 0.01; ∗∗∗ p ≤ 0.001).



RESULTS


Vascular Structures Develop de novo During Co-culture of MSC and PBMC in 3D Fibrin Matrices

When MSC and PBMC were co-cultured in a xeno-free niche environment, complex vascular structures with several branch points developed within one to 2 weeks in the originally EC-free avascular 3D fibrin gels (Figures 1A–C). EC of newly formed vascular structures expressed CD34 (Figures 1A,E) and CD31 (Figure 1I), and were surrounded by basement-membrane collagen type (Col)-IV expressing MSC and matrix (Figures 1B,F,J). CD45+ leukocytes were found in close vicinity and aligned to developing neo-vessels (Figures 1G,K and Supplementary Animated z-stack S1). PBMC isolated from LRS chambers contained 24.0 ± 7.6% CD14+ Mo, 49.7 ± 11.7% CD3+ T cells and 0.24 ± 0.12% cells with a distinct non-myeloid progenitor phenotype expressing CD34 and CD31, with low CD45 and no CD14 (Table 1 and Supplementary Figure S1). The majority of CD34+ progenitor cells also expressed CD117 (Supplementary Figure S1). No vascular structures were detected in fibrin gels with MSC only and in PBMC-mono-cultures, respectively (data not shown), and 3D PBMC cultures without support of MSC showed considerable fibrinolysis in the second week of culture (data not shown). Using a cytokine array kit we found that MSC within 3D fibrin matrices produce a number of pro-inflammatory mediators that are also involved in new vessel formation including interleukin (IL)-6, complement component C5/C5a, CCL2, CXCL8, VEGF, angiogenin, endoglin, PAI-1, thrombospondin, VCAM-1, PDGF-AA, and MMP-9 (Figure 2). VEGF release by MSC progressively increased during culture, and in co-culture with PBMC, VEGF secretion was significantly higher compared to MSC mono-cultures after 24 h, at day 3 and 6, respectively, as demonstrated by ELISA (Figure 1D and Table 2). VEGF secretion levels of PBMC cultured without MSC support were under 100 pg/ml after 24 h fibrin matrix-exposure, and were below detection level on day 6 of culture (data not shown).


[image: image]

FIGURE 1. Co-culture of MSC with PBMC in 3D fibrin matrix leads to the development of vascular structures. Representative images from three individual experiments are shown. (A–C) Experiment 1. The cells forming vascular structures with several branch points express (A) CD34 and are surrounded by (B) Col-IV matrix. (C) Merge. (A–C) CLSM images of an intact fibrin gel on day 10. Scale bars, 50 μm. (D) Determination of VEGF by ELISA in cell-free supernatants of 3D MSC monocultures (n = 9) and corresponding MSC-PBMC co-cultures, on day 1, 3, and 6, respectively. The data are expressed as mean values ± SD. **p value ≤ 0.01, ***p value ≤ 0.001. (E–H) Experiment 2. (E) The CD34+ neo-vessel is surrounded by (F) Col-IV matrix and develops in close vicinity to (G) CD45+ leukocytes. (H) Merge. (E–H) Nuclei stained with DAPI. CLSM images of an intact fibrin gel on day 10. Scale bars 20 μm. (I–L) Experiment 3. Developing vascular strand expresses (I) CD31, (J) with partial co-expression of Col-IV, and is surrounded by Col-IV+CD31- perivascular cells. (K) CD45+ leukocytes are distributed around and closely associated with the developing vascular structure. (L) Merge. (I–L) Nuclei stained with DAPI. CLSM images of an intact fibrin gel on day 10. Collapsed 21.6 μm z-stack consisting of 54 consecutive images. Scale bars 10 μm.



TABLE 1. Percentage of CD14+ Mo, CD3+ T cells and CD34+CD31+CD45dimCD14– progenitor-type cells in PBMC, Mo-enriched/depleted and T cell-enriched/depleted PBMC used for 3D culture experiments.
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FIGURE 2. cross-talk of MSC with Mo and/or T cells in 3D fibrin matrix alters the paracrine niche environment. Heat map reflecting the secretion profile by MSC cultured for 24 h in 3D fibrin matrix compared to secretion profile by MSC co-cultured with enriched Mo, enriched T cells, and enriched Mo together with enriched T cells, respectively. Pooled samples from four individual experiments.



TABLE 2. VEGF secretion levels measured in cell-free supernatants of 3D (co)-cultures on day 1, 3, and 6.

[image: Table 2]


EC of Neo-Vascular Structures Are Derived From Cells Present in Peripheral Blood

As both BM-derived EPC contribute to new vessel formation (Asahara et al., 1999), and MSC can differentiate into EC (Oswald et al., 2004; Silva Guilherme et al., 2005; Janeczek Portalska et al., 2012; Wang et al., 2018), we set up experiments to determine the origin of EC forming the neo-vessels in the 3D fibrin gels. In order to avoid problems related to potential cell toxicity and change in cellular behavior induced by labeling cells with cell tracking dyes, we performed gender-mismatched co-cultures using non-manipulated MSC and PBMC. Male MSC were co-cultured with female PBMC, and female MSC were co-cultured with male PBMC, respectively, in 3D fibrin matrices. DNA isolated from FACS-sorted fibrin gel-derived CD34+CD45– EC and CD34–CD45+ leukocytes was subjected to analyses of indel- and STR polymorphisms by PCR and fragment analysis by capillary electrophoresis. The results showed that both the CD34–CD45+ hematopoietic cells as well as the CD34+CD45– cells, i.e., EC of the vascular structures formed in 3D co-cultures, originated from cells circulating in the peripheral blood (Figure 3).
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FIGURE 3. Indel and STR genotypes of post-culture FACS-sorted EC and leukocytes are identical with pre-culture PBMC in fragment analysis. (A,B) Male MSC were co-cultured with female PBMC in 3D fibrin matrices for 1 week. Panel (A) shows the X-Y homologous indel polymorphism in the amelogenin gene and panel (B) the STR polymorphism FGA (4q28) top down: pre-culture MSC, PBMC, post-culture FACS-sorted CD34+CD45- EC and CD34-CD45+ leukocytes. (C,D) Female MSC were co-cultured with male PBMC in 3D fibrin matrices for 1 week. Panel (C) shows the X-Y homologous indel polymorphism in the amelogenin gene and panel (D) the STR polymorphism D21S11 (21q21.1) top down: pre-culture MSC, PBMC, post-culture FACS-sorted CD34+CD45- EC and CD34-CD45+ leukocytes.




Cross-Talk of MSC With Monocytes/Macrophages Creates a Pro-angiogenic Paracrine Microenvironment in 3D Fibrin Gels

Next, we analyzed the contributions of Mo to vascular morphogenesis and paracrine signaling in the in vitro vascular niche environment. The Mo-enriched fraction contained 73.5 ± 6.2% cells expressing CD14 with <0.1% CD3+ cells present, and 0.76 ± 0.21% cells with the CD34+CD31+CD45dimCD14– progenitor phenotype as determined by flow cytometry analysis (Table 1). Although Mo enrichment significantly increased the number of CD34+CD31+CD45dimCD14– progenitor cells in comparison to whole PBMC (Supplementary Figure S1F), no vascular structures were detected when enriched Mo were co-cultured with MSC for 10–14 days in the 3D fibrin environment (Figures 4A–E). CLSM analysis of co-cultures in fibrin gels revealed the presence of numerous CD31+ cells (Figure 4B) co-expressing CD45 (Figure 4C) in close contact to MSC that expressed Col-IV (Figure 4D). Analysis of the cytokine secretion profile resulting from interaction of MSC with enriched Mo for 24 h in fibrin matrices revealed that several mediators involved in inflammatory neovascularization were newly detected or up-regulated in the supernatants of co-cultures when compared to MSC mono-cultures, e.g., CXCL1, CXCL5, CXCL8, CXCL10, CCL7, CCL17, CCL20, IL-1ra, and IL-6 (Figure 2). In contrast, while MSC monocultures secreted CCL5, the presence of Mo for 24 h decreased CCL5 release in co-cultures (Figure 2). Interaction of MSC with enriched Mo for 24 h in the fibrin matrix led to significantly increased VEGF secretion compared to MSC mono-cultures (Figure 4F and Table 2). VEGF levels in co-cultures progressively increased between day 1 and 6 reaching levels similar to those found in supernatants of MSC co-cultured with whole PBMC (MSC + Mo, day 6: 6820 ± 907, MSC + PBMC, day 6: 8284 ± 2790) (Figure 4F and Table 2). 3D transwell experiments using 0.4 μm inserts to separate MSC from enriched Mo revealed that the high VEGF levels were dependent on direct contact of MSC with Mo (Figure 4G). When PBMC were depleted from CD3+ T cells the percentage of Mo increased around 2-fold compared to whole PBMC samples to 46.9 ± 8.1% (Table 1). Accordingly, VEGF levels measured in the supernatants of these co-cultures on day 1 and 3, respectively, were similar to co-cultures containing enriched Mo (Table 2). Of note, by day 6, VEGF secretion in co-cultures with T cell-depleted PBMC was even higher in comparison to co-cultures containing enriched Mo (Table 2 and Supplementary Figure S2A). Although the difference was not significant, this suggests that in addition to Mo, other peripheral blood-derived cells may promote the production of VEGF when co-cultured with MSC. However, no vascular structures were detected in co-cultures of MSC with T cell-depleted PBMC (data not shown), even though these co-cultures generated extremely high VEGF levels. VEGF secretion by enriched Mo cultured for 24 h in 3D fibrin gels without MSC support was around 10-fold lower compared to co-cultures with MSC, and after 6 days of culture VEGF release by Mo was below detection level (Supplementary Figure S2C).
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FIGURE 4. MSC cross-talk with enriched Mo increases VEGF levels in the niche environment. (A–E) Representative CLSM images of MSC co-cultured with enriched Mo in 3D fibrin matrix on day 14 showing numerous round and spindle-shaped cells expressing (B) CD31 with differential co-expression of (C) CD45, embedded in a meshwork of (D) Col-IV+ MSC and matrix. (A) Merge. (E) DAPI stain. Collapsed 21.15 μm z-stack consisting of 47 consecutive images. Scale bars, 10 μm. (F) Determination of VEGF by ELISA in cell-free supernatants of 3D MSC monocultures (n = 4) and corresponding co-cultures of MSC with enriched Mo, on day 1, 3, and 6, respectively. The data are expressed as mean values ± SD. *p value ≤ 0.05, **p value ≤ 0.01, ***p value ≤ 0.001. (G) VEGF levels in cell-free supernatants of 3D co-cultures where MSC were physically separated from enriched Mo by a transwell insert with 0.4 μm pore size (TW) and corresponding 3D co-cultures allowing for contact of MSC with enriched Mo on day 6 (n = 3). The data are expressed as mean values ± SD. *p value ≤ 0.05.




CD31brightCD45– Progenitor-Type Cells and T Cells Form Cell-in-Cell Structures in the Presence of MSC Within 3D Fibrin Gels

To assess the contributions of T cells to neo-vessel formation and paracrine signature in the in vitro vascular niche environment, T cells were enriched by negative selection. Flow cytometry analyses showed that 96.4 ± 3.6% of cells expressed CD3 (Table 1). The enriched T cell fraction completely lacked CD14+ Mo and contained 0.40 ± 0.36% cells with the CD34+CD31+CD45dimCD14– progenitor phenotype (Table 1). CLSM analyses of whole fibrin gels containing MSC in co-culture with enriched T cells for one to 2 weeks demonstrated a small number of prominent CD31brightCD45– cells within the 3D matrix that measured >10 μm and partly contained two or more nuclei (Figure 5). Some of these CD31+ cells showed low expression of CD45 (Supplementary Animated z-stack S2, S3). CD31brightCD45dim⁣/– cells were associated with a fine Col-IV+ network, and they were surrounded by CD31–Col-IV+ MSC and CD45+ leukocytes (Figures 5A–F and Supplementary Animated z-stacks S2, S3). CD45+ cells, identified as T cells by positive CD3 staining, seemed to “push into” the CD31bright cells (Figures 5G–L and Supplementary Animated z-stacks S4, S5), and they were also found engulfed and internalized by CD31brightCD45– cells thereby forming peculiar cell-in-cell structures (Figures 5M–P and Supplementary Animated z-stacks S6, S7). It appeared that CD45+ leukocytes/T cells were localized inside of vacuoles displaying a CD31+CD45– membrane (Figures 5Q–S). Interestingly, cell-in-cell structures demonstrating CD3+ T cells engulfed by CD31bright cells were also found in an autologous setting, when whole BM mononuclear cells were cultured for 2 weeks on fibronectin-coated slides (Supplementary Figure S3). As in co-cultures of MSC with enriched Mo, no vascular structures were detected in co-cultures of MSC with enriched T cells. The presence of T cells significantly decreased VEGF secretion by MSC at day 3 (Figure 5T). VEGF levels in co-cultures after 24 h and at day 6, respectively, were also lower in comparison to corresponding MSC mono-cultures, however, without reaching significance at these time points (Figure 5T and Table 2). The cytokine secretion pattern generated within the 3D fibrin environment by co-cultures of enriched T cells and MSC was similar to MSC mono-cultures, with the exception of an increase in CXCL1 and IL-8 levels and a slight decrease in CCL17 levels in MSC-T cell co-cultures (Figure 2). In 3D cultures of enriched T cells without MSC support, VEGF levels were below detection level at any time point and no cell-in-cell structures developed (data not shown).
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FIGURE 5. CD31brightCD45- cells and T cells form cell-in-cell structures in 3D fibrin gels. Representative images from three separate co-culture experiments of MSC with enriched T cells are shown. (A–F) Experiment 1. CLSM images of intact fibrin gel on day 14 showing a bi-nucleated cell with (B) strong expression of CD31, surrounded by (C) CD45+ cells. The bi-nucleated cell does not express CD45, and is associated with (D) a fine Col-IV+ granular network. MSC also express Col-IV, but are CD31-. (A) Merge. (A–D) Nuclei stained with DAPI. Collapsed 11.9 μm-z-stack consisting of 17 consecutive images. Scale bars, 10 μm. (E,F) Orthoview CLSM images of collapsed z-stack shown in (A–D) demonstrating that (E) CD45+ cells are closely attached to the CD31bright cell, and showing (F) CD45+ leukocytes associated with delicate granular Col-IV deposits surrounding the bi-nucleated cell. Scale bars, 10 μm. (G–L) Experiment 2. CLSM images of intact fibrin gel on day 6 showing two multi-nucleated cells (H) strongly expressing CD31, surrounded by (I) CD3+ T cells. Some CD3+ cells co-express CD31. The multi-nucleated cells are associated with a (J) Col-IV+ granular network. (G) Merge. Note the CD31+CD3- mononuclear cells (arrows) in the surrounding of the multinucleated CD31bright cells. (G–J) Nuclei stained with DAPI. Collapsed 17.28 μm-z-stack consisting of 36 consecutive images. Scale bars, 10 μm. (K,L) Orthoview CLSM images of collapsed z-stack shown in (G–J) demonstrating how (K) a CD3+ T cell is “pushing into” a multinucleated CD31+ cell, and showing (L) the fine Col-IV network around the two multi-nucleated cells. Scale bars, 10 μm. (M–S) Experiment 3. CLSM images of intact fibrin gel on day 14 showing a multi-nuclear cell with a diameter of 38 μm confined by a (N) CD31+ membrane and containing (O) several CD45+ cells. The multi-nuclear cell/structure is surrounded by (P) Col-IV+ MSC and matrix. (M) Merge. (M–P) Nuclei stained with DAPI. Collapsed 9.9 μm-z-stack consisting of 22 consecutive images. Scale bars, 10 μm. (Q–S) Orthoview CLSM images of collapsed z-stack shown in (M–P) demonstrating that (Q) CD45+ cells are internalized in the CD31+ cell building a cell-in-cell structure. (R) Internalized cells do not express CD31, and (S) the membrane of multicellular CD31+ structure is CD45-. (Q–S) Nuclei stained with DAPI. Scale bars, 10 μm. (T) Determination of VEGF by ELISA in cell-free supernatants of 3D MSC monocultures (n = 4) and corresponding co-cultures of MSC with enriched T cells, on day 1, 3, and 6, respectively. The data are expressed as mean values ± SD. *p value ≤ 0.05, ns = not significant.




Complex Vascular Structures Develop in 3D Fibrin Matrices When MSC Are Co-cultured With Both Enriched Mo and T Cells

When MSC were co-cultured with enriched Mo and enriched T cells, complex vessel structures developed in the 3D fibrin gels within 1–2 weeks (Figure 6 and Supplementary Animated z-stack S8), suggesting that synergistic interaction effects between T cells, Mo, progenitor cells and MSC were required for neo-vessel formation. Neo-vessels showed several branch points, consisted of CD31+ EC (Figure 6B) that co-expressed Col-IV (Figure 6D), and were surrounded by CD31–Col-IV+ MSC and Col-IV+ matrix (Figure 6D and Supplementary Figure S4B,D). The vascular tubes contained CD45+CD31– hematopoietic cells (Figure 6H) localized inside of CD31-lined intracellular spaces adjacent to CD31+CD45– EC (Figures 6F,J and Supplementary Animated z-stack S9). Some of these “intra-vascular” CD45+ cells showed condensed nuclei (Figure 6H) indicating that they underwent apoptosis. EC of newly forming vessels, and in particular, CD31+ cells at the leading edge of neo-vessels showed CD31+ filopodial protrusions (Figures 6K,L) that resembled tip cells during angiogenic sprouting. Filopodial protrusions were surrounded by a fine Col-IV+ network (Figure 6N and Supplementary Animated z-stack S10), and CD45+ leukocytes were found in their vicinity (Figure 6M). In the surrounding of neo-vascular structures, numerous irregular-shaped CD31+CD45+ cells resembling macrophages were found in close vicinity to Col-IV+ MSC (Figures 6A–E and Supplementary Animated z-stack S8). This cellular distribution pattern was reminiscent of a pattern found in 3D synovial explant cultures (Rüger et al., 2018), where vascular outgrowth was also associated with surrounding stromal cells in close contact with CD31+CD45+ cells (Supplementary Figure S4E–I and Supplementary Animated z-stack S11). VEGF secretion progressively increased during communication and co-operation of MSC with enriched Mo and T cells, showing significantly higher levels than corresponding cultures of MSC without Mo and T cells from day 3 onward (Figure 6O and Table 2). VEGF release in co-cultures of Mo and T cells without support of MSC measured on day 6 was below detection level (data not shown). The cytokine secretion profile resulting from interaction of MSC with enriched T cells together with enriched Mo for 24 h showed strong similarities to the secretion profile of MSC co-cultured with enriched Mo (Figure 2). However, while CXCL10 - an anti-angiogenic cytokine - was detected at high levels in co-cultures of MSC with enriched Mo, the concomitant presence of enriched T cells in the co-cultures greatly diminished CXCL10 secretion (Figure 2).
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FIGURE 6. Co-culture of MSC, enriched Mo and enriched T cells leads to the development of complex vascular structures in 3D fibrin gels. Representative images from two separate co-culture experiments of MSC with both enriched Mo and enriched T cells. (A–E) Experiment 1. CLSM images of intact fibrin gel on day 14 showing a (B) CD31+ branched vascular structure surrounded by (D) Col-IV+ matrix and cells. CD31+ EC also co-express Col-IV. (C) CD45+ leukocytes in the vicinity of the neo-vessel co-express intermediate levels of CD31. (A) Merge. (E) DAPI nuclear stain. (A–E) Collapsed 20.25 μm-z-stack consisting of 45 consecutive images. Scale bars, 10 μm. (F–N) Experiment 2. CLSM images of intact fibrin gel on day 14 demonstrating that (G) the CD31+ vascular tubes show two branch points, contain (H) several CD45+ leukocytes, some of which show condensed nuclei (arrowheads), and is surrounded by (I) Col-IV+ matrix and cells. (J) Orthoview CLSM image of collapsed z-stack shown in [(F) boxed area] confirming that CD45+ leukocytes are localized inside of the developing neo-vessel (arrows). (F) Merge. (F–J) DAPI nuclear stain. (F–I) Collapsed 16 μm-z-stack consisting of 40 consecutive images. Scale bars, 10 μm. (K–N) Leading edge of a neo-vessel demonstrating (L) two CD31+ EC at the tip of the vascular structure showing numerous filopodial protrusions (arrows). Proximal EC show fewer filopodia (arrows). (M) CD45+ leukocytes are closely associated with one of the “tip cells” of the growing neo-vessel, and they are present inside of the vascular structure, where some of them show condensed nuclei (arrowheads). The vascular tube is surrounded by (N) Col-IV+ matrix building a fine Col-IV+ network especially toward one of the tip cells of the neo-vessel. (K) Merge. (K–N) DAPI nuclear stain. Collapsed 9.75 μm-z-stack consisting of 25 consecutive images. Scale bars, 10 μm. (O) Determination of VEGF by ELISA in cell-free supernatants of 3D MSC monocultures (n = 4) and corresponding co-cultures of MSC with both enriched Mo and enriched T cells, on day 1, 3, and 6, respectively. The data are expressed as mean values ± SD. **p value ≤ 0.01, ns = not significant.




CD14+ Monocytes Are Not Required for Vascular Morphogenesis

In order to investigate whether Mo are required for the physical assembly of neo-vessels, PBMC were depleted from Mo using a CD36 antibody prior to co-culture with MSC. Flow cytometry analyses revealed that Mo-depleted PBMC contained 0.32 ± 0.20% cells with the progenitor phenotype CD34+CD31+CD45dimCD14– and 69.0 ± 12.2% CD3+ cells (Table 1). Despite the absence of CD14+ Mo, Mo-depleted PBMC in co-culture with MSC generated CD31+ vascular structures surrounded by Col-IV+ matrix in close vicinity to CD45+ leukocytes (Figure 7). CD45+ leukocytes were also found inside of developing vascular tubes within CD31-lined intracellular vacuoles (Figure 7I, Supplementary Figure S5 and Supplementary Animated z-stacks S12, S13). The morphology of the vascular structures strongly resembled the features of neo-vessels developing in co-cultures of MSC with PBMC and enriched Mo together with enriched T cells, respectively, suggesting that classical Mo do not play a direct role in the assembly of vascular structures. Vascular tubes were found in close contact and perfectly aligned with Col-IV+ matrix, and collapsed z-stack images demonstrated that Col-IV+ matrix structures extended beyond the CD31+ vascular structure suggesting that MSC-mediated mechanical signals and guiding cues may promote tube elongation in the 3D fibrin environment (Figures 7A,B,D and Supplementary Animated z-stack S12). VEGF release in co-cultures of MSC with Mo-depleted PBMC was significantly decreased at day 3, when compared to corresponding MSC monocultures (Figure 7J and Table 2), showing similarities to co-cultures of MSC with enriched T cells (Figure 5T). However, while the presence of T cells decreased VEGF secretion by MSC at all time points measured, co-cultures of MSC with Mo-depleted PBMC generated significantly higher levels of VEGF by day 6 compared to corresponding MSC monocultures (Figure 7J). Furthermore, co-cultures of MSC with Mo-depleted PBMC released significantly higher amounts of VEGF in comparison to MSC-T cell co-cultures from day 3 onward (Supplementary Figure S2B) suggesting that other non-myeloid cells contributed to VEGF release in these co-cultures thereby promoting the formation of vascular structures (Table 2).
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FIGURE 7. Vascular tubes develop in the absence of CD14+ Mo. Representative CLSM images of MSC co-cultured with Mo-depleted PBMC in 3D fibrin matrix on day 14 showing (B) a CD31+ vascular structure amongst (C) numerous CD45+ leukocytes. (D) Col-IV matrix staining alongside the developing vessel extends beyond the CD31+ vascular structure. (A) Merge. (E) DAPI nuclear stain. (A–E) Collapsed 13.5 μm-z-stack consisting of 27 consecutive images. Scale bars, 20 μm. (F–H) 2D cross-section images (frame 10/27) of the boxed area in panel (A) showing the core of the vascular structure with (F) parietally located CD31+ EC (stars), tightly connected and aligned with (G) Col-IV matrix, and associated with (H) CD45+ leukocytes. (I) Orthoview CLSM image of collapsed z-stack shown in [(A), boxed area] demonstrating that the CD45+ leukocyte [arrow in panel (H)] is present inside of a CD31-lined vacuole adjacent to a CD31+CD45- EC (arrow). (F–I) Nuclei stained with DAPI. Scale bars, 10 μm. (J) Determination of VEGF by ELISA in cell-free supernatants of 3D MSC monocultures (n = 6) and corresponding co-cultures of MSC with Mo-depleted PBMC, on day 1, 3, and 6, respectively. The data are expressed as mean values ± SD. **p value ≤ 0.01, ns = not significant.




Lumens Appear to Form Through Coalescence of Intracellular Vacuoles and Apoptosis of Leukocytes

In all co-cultures that generated vascular structures, the developing endothelial cords displayed similar characteristic features. They showed large coalescing intracellular vacuoles lined with a membrane expressing CD31 (Figure 7F) and CD34 (Figure 8B) associated with abluminal Col-IV deposition (Figure 7G) as well as intra-vacuolar granular Col-IV deposits (Figure 8D). Vacuoles contained CD45+ leukocytes, with adjacent parietally located CD31+/CD34+ EC (Figure 7, 8). A number of these “intravascular” cells displayed condensed nuclei implying they underwent apoptosis thereby conceivably contributing to the formation of a luminal space (Figure 8).


[image: image]

FIGURE 8. Lumen formation occurs through coalescence of intracellular vacuoles and apoptosis of leukocytes. Representative CLSM images of MSC co-cultured with PBMC in 3D fibrin matrix showing (A) a multi-cellular structure confined by a (B) CD34+ membrane separating a centrally located space apparently created by coalescing vacuoles that contains (C) CD45+ leukocytes. The CD34+ cell [star in panel (A)] is part of the parietal EC lining that is closely associated with (D) the adjacent Col-IV+ matrix. (E) CD34+ cells do not co-express CD45. (A) The merged image demonstrates three cells within the coalescing vacuoles showing condensed nuclei (arrowheads) consistent with apoptosis. Note the elongated cell between vacuole and Col-IV matrix (star) resembling an EC attached to the basement membrane. Scale bars, 10 μm.




DISCUSSION

Tissue damage is commonly associated with an initial inflammatory reaction. During the repair process immune cells infiltrating the affected area come in contact with tissue-resident cells, and communicate with MSC and EPC co-recruited from the circulation. The perivascular deposition of a fibrin matrix creates the basic scaffold where new blood vessels can form and contribute to the healing process to re-establish homeostasis. In our study, we have established a fibrin-based xeno-free human vascular niche model in which we cultivated, in 3D, MSC with PBMC in order to investigate de novo vessel formation in an inflammatory environment closely mimicking the in vivo setting. We demonstrated that complex vascular structures can form in a 3D fibrin environment in the absence of pre-existing EC or vascular structures, and that this process is carried out exclusively through complex cell-cell communication and co-operation amongst MSC, mature PBMC and circulation-derived progenitor cells. Results from gender-mismatched co-cultures demonstrated that EC of vascular structures generated in the 3D fibrin matrices originated from PBMC, suggesting in situ differentiation of blood-derived progenitor cells within the fibrin niche environment.

Monocytes and T cells are major players during repair processes, therefore we investigated their specific contributions to neo-vessel formation in the vascular niche model. We observed that neo-vessels formed only in co-cultures of MSC and enriched Mo mixed with enriched T cells, implying a synergistic effect, where Mo and T cell interactions with blood-derived progenitor cells and MSC complemented each other to create conditions allowing for the development of vascular structures in the fibrin environment. Microenvironmental factors, such as the macromolecular concentration of the matrix, as well as cell number influence the phenotype of MSC and play a key role in promoting angiogenesis in vivo, as shown e.g., in a hindlimb ischemia model where formation of new blood vessels was accelerated when MSC were delivered at a low cell dose in soft matrix (Thomas et al., 2020). In order to mimic the situation in vivo, in our in vitro study we set up fibrin scaffolds using a fibrinogen concentration that resembles circulating fibrinogen levels in the blood (2–4 mg/ml) creating malleable and translucent gels, with 3D co-cultures containing 100 times more PBMC (5 × 106) compared to the number of MSC (5 × 104). No vascular tubes developed when MSC were co-cultured exclusively with enriched Mo, even though enriched Mo contained significantly higher numbers of progenitor cells compared to whole PBMC. The contribution of Mo to neo-vessel formation was essentially to create a pro-angiogenic paracrine niche environment via cross-talk with MSC reflected by the secretion of several mediators typically found during inflammatory neo-vessel formation in vivo (Szade et al., 2015) including high levels of VEGF (Figure 2 and Table 2). On the other hand, cross-talk of enriched T cells with blood-derived progenitor cells appeared to be crucial for the vascular morphogenesis process per se. Although co-cultures of MSC with enriched T cells alone did not generate vascular structures, a small number of conspicuously bright CD31+CD45– cells, some showing weak CD45 expression, was found in the 3D matrix within 1 week of culture. The phenotype of these cells demonstrated that they were circulation-derived, possibly originating from CD31+CD34+CD45dimCD14– progenitor cells present in peripheral blood. These CD31+CD45– cells were closely associated with T cells and partially engulfed them, leading to the formation of cell-in-cell structures. Evidence for a co-operative mechanism involving blood-derived progenitor cells and differentiated immune cells was originally presented in a seminal publication by Asahara et al. (1997), where the concept of circulating EPC was first introduced. The authors showed that cord-like structures and network formation in vitro on fibronectin-coated plates occurred only when blood-derived CD34+ progenitor cells were co-cultured with CD34– cells. Accordingly, we suggest that cross-talk of T cells with progenitor cells could have a functional relationship to differentiation of EPC toward mature EC, and that the process of T cell internalization by progenitor cells might be the initial cue for subsequent EC differentiation in a conducive pro-angiogenic paracrine environment provided by cross-talk of MSC with Mo. Several studies have shown that T cells are the main mature leukocyte subset present in early EPC colonies (Hur et al., 2007; Rohde et al., 2007), and the generation of ECFC requires the presence of T cells (Wilde et al., 2016). Yet, the origin of circulating progenitor cells giving rise to ECFC has not been fully clarified. Furthermore, their phenotype is still elusive and might not be the same as the phenotype of ECFC generated by culture of whole PBMC. In contrast to mature EC, ECFC are highly proliferative cells, however, they are phenotypically indistinguishable from mature EC and do not express hematopoietic markers including CD45. A recently published consensus statement concerning EPC criteria discriminates ECFC/’true EPC’ (CD31+CD146+CD45–) from myeloid angiogenic cells which are of hematopoietic origin (i.e., they express CD45 and CD14) (Medina et al., 2017). In our study, the CD31+CD34+CD45dimCD14– progenitor cells present in LRS chambers showed an expression profile partially related to both endothelial and hematopoietic lineage cells. In addition, we have detected cells with this phenotype also in ex vivo samples of human BM (unpublished observation), and a recent study has demonstrated that BM-derived hematopoietic stem cells contribute to vascular network formation in vitro when co-cultured with BM-MSC (Sasse et al., 2019). It is tempting to speculate that CD31+CD34+CD45dimCD14– progenitor cells may represent the circulating ECFC progenitors that differentiate in situ through cell-in-cell structure formation with T cells once they are recruited to a vascular niche environment where they lose CD45 expression. This line of thought is supported by the presence of CD31+CD45+ cells in human BM that can contribute to blood vessel formation by differentiation into mature EC (Kim et al., 2010), and may reconcile conflicting reports about the origin of ECFC in tissue vascular niches (Ingram et al., 2005; Duong et al., 2011; Alphonse et al., 2015) and in the BM (Lin et al., 2000). Moreover, ECFC can be manufactured from steady-state leukapheresis using a program intended for the collection of mononuclear cells including hematopoietic progenitor cells (Siegel et al., 2018), providing additional support for in situ development of ECFC from PB-derived progenitor cells that subsequently generate vascular structures in co-operation with MSC as demonstrated in our in vitro 3D fibrin model. Interestingly, in our study we could show that human BM harbors CD31+ cells that interact with and internalize T cells in culture on fibronectin-coated slides, demonstrating co-operation of progenitor cells and differentiated cells via cell-in-cell structure formation in an autologous setting (Supplementary Figure S3). Cell-in-cell structure formation defines a process by which one or more cells penetrate into the cytoplasm of another cell causing cell structure and biological alteration. Although this phenomenon has been revealed nearly 100 years ago under pathological circumstances (Lewis, 1925), only few reports about its biological significance have been published thus far. Yet, cell-in-cell structures definitely represent a specific characteristic feature of several pathological conditions, including Rosai-Dorfman disease, chronic myeloproliferative diseases and some other hematological diseases (Shamoto, 1981; Thiele et al., 1984; Deshpande et al., 2000; Schmitt et al., 2002). In addition, cell-in-cell structure formation occurs during murine T cell development in the thymus, where thymocyte nurse cells internalize immature T cells within cytoplasmatic vacuoles to nurture and educate them into mature T cells (Wekerle et al., 1980), clearly pointing to the specific physiological role of cell-in-cell structures. Similar may also apply to our vascular niche model, where T cell internalization within vacuoles of progenitor-type cells appears to initiate neo-vessel development.

Apart from their role in stabilizing newly formed blood vessels, MSC are known to produce a number of paracrine factors that support new vessel formation (Caplan and Correa, 2011; Watt et al., 2013). Here, we could show that within 24 h, MSC in 3D fibrin matrices produce a considerable number of chemokines, cytokines and growth factors, and several mediators related to inflammatory neo-vessel formation are upregulated when matrix-embedded MSC come in contact with leukocytes, in agreement with previous findings (Szekanecz and Koch, 2001). Amongst the pro-angiogenic mediators, VEGF is one of the most potent inducers of vascular growth, whereby e.g., disruption of a single VEGF allele in mice is embryonically lethal (Carmeliet et al., 1996; Ferrara et al., 1996). In our study, cross-talk of MSC with either Mo or T cells influenced the paracrine secretion pattern including VEGF levels in the niche in distinctive ways. Cross-talk of MSC with Mo increased VEGF secretion in the niche (Figure 4F), and as shown by transwell experiment, increased VEGF release was predominantly due to physical interaction (Figure 4G). On the other hand, cross-talk of MSC with T cells had the opposite effect and cells in the 3D niche secreted lower VEGF levels compared to corresponding MSC mono-cultures (Figure 5T). When PBMC were depleted from Mo, VEGF release after 24 h was similar to co-cultures of MSC with enriched T cells (Table 2). However, from day 3 onward, VEGF levels were significantly higher (Supplementary Figure S2B), suggesting that immune cells, other than Mo, compensated for decreased VEGF levels caused by T cell cross-talk with MSC. In contrast, depletion of T cells from PBMC increased the percentage of Mo (Table 1), and co-culture of T cell-depleted PBMC with MSC resulted in even higher VEGF levels on day 6 in comparison with co-cultures containing enriched Mo (Table 2 and Supplementary Figure S2A), consistent with the notion that immune cells other than Mo also contribute to VEGF secretion via cross-talk with MSC. Accordingly, co-cultures of MSC with whole PBMC and T cell-depleted PBMC generated the highest VEGF levels (Table 2); however, no vascular structures were formed in co-cultures lacking T cells. In comparison, cross-talk of MSC with Mo-depleted PBMC led to the development of neo-vessels despite lower VEGF levels (Figure 7), demonstrating that classical Mo are not mandatory for the formation of neo-vascular structures per se, and confirming also the important role of T cells in vascular morphogenesis. These findings further make evident that successful neo-vessel formation requires both a pro-angiogenic paracrine niche environment, e.g., sufficient VEGF levels, as well as key cellular players, e.g., T cells. We have previously shown that VEGF release by BM-derived MSC cultured in 3D fibrin matrices increases significantly under stimulation with inflammatory cytokines, such as TNF-α and IFN-γ, but no vascular structures form in the absence of PBMC (Rüger et al., 2018). This previous study was conducted using medium supplemented with fetal bovine serum, and MSC and PBMC in co-culture formed vasculogenic clusters and cells with endothelial phenotype emerging from them (Rüger et al., 2018). These vascular structures, however, did not reach the complexity of neo-vessels generated under xeno-free conditions as demonstrated in this study.

The assembly of a basement membrane is an essential step in the maturation of new blood vessels as it mediates tissue compartmentalization. The vascular basement membrane interacts directly with the pericytes/MSC on the outside, and the EC that line the inside of the blood vessel. Col-IV, a major constituent of basement membranes, plays a key role in blood vessel morphogenesis and is essential for blood vessel stability (Poschl et al., 2004). Apart from their role as support matrix, recent in vivo studies have shown that basement membranes actively shape tissue morphology (Morrissey and Sherwood, 2015). Here we observed association of Col-IV matrix with cell-in-cell structures (Figure 5 and Supplementary Animated z-stack S7), as well as with EC and MSC surrounding the developing vascular structures (Supplementary Animated z-stacks S1, S8, S9, S12, S13), supporting the concept that both cellular compartments, i.e., EC and MSC contribute to the assembly of a basement membrane necessary for EC tube formation and vascular development (Stratman and Davis, 2012). Previous work has reported that ECFC deposit matrix proteins including Col-IV organized in a web-like structure (Kusuma et al., 2012), and we have shown recently (Rüger et al., 2018) and also in this study that MSC produce and deposit Col-IV when cultured in fibrin gels. In addition to their contribution to establish a basement membrane, mechanical tension exerted to the 3D matrix by MSC may provide signals promoting elongation of the cell-in-cell structures and thereby physically guide and mediate the formation of vascular tubes, a view consistent with the concept of biomechanical forces regulating tissue vascularization (Ingber, 2002; Kilarski et al., 2009; Mammoto et al., 2009). In this context, CD31+ filopodial protrusions formed by neo-vessel EC (Figure 6L and Supplementary Animated z-stack S10) may act as points of attachment to the Col-IV matrix, in order to extend the vascular tube and stabilize it as it moves (DeLisser, 2011).

Lumen formation is essential for the generation of a functional vascular system, and in both vasculogenesis and angiogenesis, it takes place in a cord of EC. Different mechanisms of lumen formation have been proposed including cord hollowing and cell hollowing (Iruela-Arispe and Davis, 2009). The current study provides evidence that coalescence of vacuoles generated by CD31bright progenitor cells through engulfment of T cells can contribute to lumen formation in association with apoptosis of engulfed cells (Figure 8). The results are consistent with the vacuole coalescence model, where EC form large intracellular vacuoles, which constitute a central vascular lumen inside each EC, thus giving rise to a seamless vascular lumen (Folkman and Haudenschild, 1980; Davis and Camarillo, 1996; Kamei et al., 2006). Two of our previous studies have demonstrated the presence of hematopoietic cells within developing vascular structures. We have shown that BM-derived mononuclear cells can form vascular structures through self-organization in 3D fibrin gels, originating from cell clusters, and that some of these neo-vessels contain CD45+ hematopoietic cells (Ruger et al., 2008). Using a tissue explant model, we have recently demonstrated that vascular outgrowth from synovial tissue samples embedded in fibrin matrices is dependent on the presence of inflammatory cells, and that developing vascular sprouts contain intraluminal CD45+ cells together with apoptotic cells (Rüger et al., 2018), supporting the notion that lumen formation is associated with apoptosis.

Cell-cell interaction and self-organization within physiologically relevant 3D microenvironments have been the focus of a number of recently published co-culture models for vascular tissue engineering. Co-culture of microvascular EC and MSC, both derived from adipose tissue, has been shown to generate complex vascular networks within biodegradable 3D poly-L-lactic acid (PLLA)/poly-lactic-co-glycolic acid (PLGA) constructs (Freiman et al., 2016). Interestingly, we observed that adipose-derived MSC co-cultured with PBMC in 3D fibrin matrices generate neo-vascular structures similar to neo-vessels formed by PB-derived progenitor cells in the presence of BM-derived MSC as shown in this study (unpublished observation). While our 3D model has the limitation of being a static system, microfluidic technology represents a promising platform providing insight into the spatio/temporal dynamics of vascular cell behavior. Using a microfluidic system, Yamamoto et al. have shown that co-culture of human umbilical vein endothelial cells (HUVEC) and human BM-derived MSC forms stable, branching capillary networks in collagen matrices, covered by MSC-derived pericytes and with continuous lumens of <10 μm diameter, comparable to the size of capillaries in vivo (Yamamoto et al., 2018). In an innovative blood-brain barrier microvascular network model developed to mimic aspects of the organization and structure of the brain microcirculation observed in vivo, stable and perfusable microvascular networks formed through self-assembly of human induced pluripotent stem cell-derived endothelial cells (iPSC-EC), brain pericytes and astrocytes co-cultured together in a 3D fibrin matrix (Campisi et al., 2018). Vascular networks in both studies, generated in microfluidic devices, showed morphological similarities to the neo-vessel structures generated in our 3D model, including branching, formation of lumens of <10 μm diameter and deposition of basement membrane proteins, such as Col-IV. A major difference between our model and the two models using microfluidic devices, is - apart from the methodology - the composition of cell types used for co-culture with MSC. While HUVEC and iPSC-EC, respectively, were included in the two microfluidic models, the initial co-culture set-up in our model did not include EC. The aim of our study was to investigate mechanisms of vasculogenesis by ex vivo PB-derived progenitor cells in an inflammatory context, including specific contributions of Mo and T cells in this process. For this reason, we co-cultured MSC with PB-derived cells obtained from LRS chambers that contain increased numbers of viable hematopoietic CD34+ progenitor cells (Néron et al., 2007).



CONCLUSION

In conclusion, in our study, using the xeno-free 3D vascular niche model, we have applied a bottom-up approach that relied on encouraging cells to recapitulate physiological mechanisms of neo-vessel formation, occurring both during development and tissue repair, i.e., de novo vessel formation through vasculogenesis. We purposely chose not to include mature EC or culture-derived ECFC in the culture set up. This allowed us, to investigate the potential of peripheral blood-derived progenitor cells obtained ex vivo from the circulation, to differentiate into mature EC, when cultured together with mature circulating immune cells and MSC in a 3D fibrin environment. Here, we have demonstrated that vascular structures can form de novo through interaction and co-operation of blood-derived progenitor cells with mature immune cells from the circulation, in the presence of MSC, and in the context of a permissive niche environment (3D fibrin matrix). More specifically, the data might indicate that blood-derived progenitors recruited to perivascular niches can change their phenotype, and upon interaction with T cells and supportive MSC, develop into vascular EC in situ. Although predominantly descriptive, the niche model used in our study reveals that a complex synergistic network of cellular, extracellular and paracrine cross-talk can contribute to de novo vascular development through self-organization. Reproduction in animal models are planned in order to convincingly show that de novo formed vascular structures as presented in this in vitro model can integrate into a pre-existing vascular system in vivo. Altogether, our findings demonstrate an innovative in vitro setup enabling de novo vessel formation through vasculogenesis, that would be expected to have in vivo relevance and that may open up an additional perspective for the successful engineering of autologous blood vessels for therapeutic purposes.
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Cell-based therapy (CBT) is attracting much attention to treat incurable diseases. In recent years, several clinical trials have been conducted using human pluripotent stem cells (hPSCs), and other potential therapeutic cells. Various private- and government-funded organizations are investing in finding permanent cures for diseases that are difficult or expensive to treat over a lifespan, such as age-related macular degeneration, Parkinson’s disease, or diabetes, etc. Clinical-grade cell manufacturing requiring current good manufacturing practices (cGMP) has therefore become an important issue to make safe and effective CBT products. Current cell production practices are adopted from conventional antibody or protein production in the pharmaceutical industry, wherein cells are used as a vector to produce the desired products. With CBT, however, the “cells are the final products” and sensitive to physico- chemical parameters and storage conditions anywhere between isolation and patient administration. In addition, the manufacturing of cellular products involves multi-stage processing, including cell isolation, genetic modification, PSC derivation, expansion, differentiation, purification, characterization, cryopreservation, etc. Posing a high risk of product contamination, these can be time- and cost- prohibitive due to maintenance of cGMP. The growing demand of CBT needs integrated manufacturing systems that can provide a more simple and cost-effective platform. Here, we discuss the current methods and limitations of CBT, based upon experience with biologics production. We review current cell manufacturing integration, automation and provide an overview of some important considerations and best cGMP practices. Finally, we propose how multi-stage cell processing can be integrated into a single bioreactor, in order to develop streamlined cGMP-compliant cell processing systems.
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INTRODUCTION

Human pluripotent stem cells (hPSCs), including embryonic stem cells (ESCs) (Thomson et al., 1998) and induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007) are attractive tools in the field of regenerative medicine because of their ability to self-renew and differentiate into any cell type in the human body. Use of these cells increased exponentially after the discovery of hiPSCs in 2007 (Guhr et al., 2018). Recently, hundreds of biotechnology companies were founded with the mission to treat degenerative diseases using these cells. Age-related macular degeneration (AMD), type I diabetes mellitus, heart failure, Parkinson’s disease and spinal cord injury are the most common degenerative diseases being treated with hPSCs (Trounson and McDonald, 2015).

Although hiPSCs are a better source for autologous CBT, they are less preferable for clinical trials because they are less genetically stable than hESCs (Attwood and Edel, 2019). Viral vectors using for iPSC reprogramming integrate into the genome and poses risk of insertional mutagenesis (Baum, 2007). Moreover, genetic modification can cause mutations that associated with cancer (Gore et al., 2011). Evidence of transgene reactivation after iPSC reprogramming also poses risk after transplantation (Galat et al., 2016).

Some clinical studies have already begun using hiPSCs derived from patients. A clinical trial for the treatment of wet AMD has recently been conducted by the Masayo Takahashi group from the Riken Center for Developmental Biology (Reardon and Cyranoski, 2014). Similarly, Jun Takahashi from Kyoto University is also conducting a clinical trial using hiPSCs to treat Parkinson’s disease (Cyranoski, 2018). There are also several clinical trials in the United States using hiPSCs for the treatment of various diseases such as β-thalassemia, liver disease, diabetes, etc. and their use is increasing worldwide (Kimbrel and Lanza, 2015).

Since stem CBT trials are proliferating, many clinical studies continue to use both hESCs and hiPSCs. About 8141 CBTs and 1657 stem CBTs were found based upon searches recently performed on clinicaltrials.gov (October, 2020) (ClinicalTrials.gov, 2020). However, as speculated from previous clinical studies, the percentage of success is quiet low. Of the 315 clinical trials carried out, only 0.3% went to Phase 4 (Trounson and McDonald, 2015). The low percentage of clinical trial completion depends on different factors. One of the main factors is the design and implementation of cost-effective, high safety production practices required by regulatory bodies. In addition, multi-dose production costs also hamper the success rate of clinical trials. Since the global revenues from CBT in 2018 were approximately a billion dollars and are forecasted to be in the tens of billions by 2025, a great deal of attention is needed to produce high-quality cells to treat incurable diseases (Davie et al., 2012; PR Newswire, 2019).

The production of stem cell-derived biologics is adapted from the production of conventional pharmaceutical proteins and vaccines. The production of conventional biologics involves the following basic steps: Isolation and identification of raw materials, formulation, filling, packaging and storage, where total processing stops when final products are stored. This provides a very basic model as the production of conventional biologics. Yet CBT products differ in various significant ways. In biologics, cells are used as a platform for the production of desired therapeutic proteins. Cells are discarded after a batch and new cells with the requisite protein expression are used to produce the next batch. Proteins produced in this way are generally stable, uniform, and easily characterized, varying little between batches.

In cell-based therapies, the final products are cells that are sensitive to the physical or chemical attributes of the resident environment and are prone to spontaneous change. Therefore, these considerations must be taken into account when translating from bench to clinic (Roh et al., 2016). The need for CBT products are emerging from various cell lines including chimeric antigen receptor T-cell (CAR-T), retinal pigment epithelial cell, neural cell, hepatic cell, cardiac cell, mesenchymal stem cell (MSCs), ESCs, iPSCs, etc. for treating various degenerative diseases. In this review, we will focus on cell therapy development ranging from unipotent to pluripotent cells, namely, CAR-T cells (unipotent cells), MSCs (multipotent) and iPSCs (pluripotent) (Figure 1).
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FIGURE 1. Schematic illustration of current multi-step cell manufacturing strategies in planar culture for cell therapy applications.


Since CBT needs much consideration for producing large cell numbers, using conventional cell processing systems makes it more complicated and sometimes impossible. Being a multi-step process that can cause batch variability, inefficiency and low quality of transplantable cells in plate culture, there are too many possibilities for human error. CBT needs to be simplified and made more direct. In this context, we will discuss some of the current limitations of cell production strategies. We will propose how to possibly overcome these limitations by integrating the entire process into a single bioreactor system due to advantages over plate culture (Table 1). We will also discuss how genetic modification- transfection or transduction, reprogramming, differentiation, purification and development of final products in a single bioreactor can be integrated. In this context, we also discuss some basic, high level cGMP considerations for CBT biomanufacturing.


TABLE 1. Comparison of pros and cons of adherent and bioreactor culture.
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CONVENTIONAL PRACTICES FOR CBT PRODUCT MANUFACTURING

As stated earlier, cell processing differs widely from pharmaceutical proteins or vaccine production although current manufacturing practices are based on conventional biologics manufacturing that may not be compatible for CBT (Bennett, 2018; Sterlling, 2018). For example, in biologics manufacturing, microorganisms containing genes of interests are expanded and the proteins are isolated and purified for pharmaceutical peptide production (Figure 1) (Overton, 2014; Jozala et al., 2016). The purified proteins are screened for both chemical and biological properties for quality assurance. Chemical screening includes the testing of pH, solubility, percentage of active ingredients, whereas biological screening includes sterility test, endotoxin test, etc. Although biologics production from microorganisms is complicated, it is not as complicated as CBT production from living cells. Regardless, having fewer variables that need to be controlled, biologics production from microorganisms results in standardized and homogenous production of both target peptides and stock cells.

Difficulty in bioprocessing is increased when pharmaceutical proteins are produced using human, animal or plant cells. High-quality products in this case depend on the maintenance of high-quality cells and sterile conditions as these cells are generally less robust in culture, and tend to be more difficult to work with. In this case, cells transfected with the genes of interest are cultivated for a certain period of time after inoculation from a master cell bank (Lai et al., 2013; Tekoah et al., 2015). After expansion, cells are stored for future use or discarded after collecting the supernatant. The desired proteins or antibodies are separated, purified and concentrated. The isolated products are then checked for physical, chemical or biological properties similar to microbial peptide production to meet the regulatory agency’s criteria through quality assurance. A considerable benefit is that once the protein is produced, it again tends to be much more stable and characterizable compared to cells for CBT.

Stem cell or blood-derived product manufacturing is not as direct as the production of pharmaceutical proteins or vaccines (Figure 1). This is because cells are the product in CBT and they tend to be less robust in the face of perturbations and more vulnerable to changes in cell identity and gene expression. Manufacturing strategies for cell production can vary from source to source and can differ significantly based on autologous or allogeneic transplantation. The main general steps are the acquisition of tissue samples and cell isolation, initial cell purification, selection, activation and transduction, expansion of cells, differentiation, washing, harvesting and formulation, filling and cryopreservation, and finally storage and delivery to clinics (Roh et al., 2016). At every step, quality assurance and consideration for safety and efficacy are important for all CBT products manufactured for clinical application.

CBT products also differ from sources of tissue acquisition and target of diseases treated. For example, in CAR-T therapy, T-cells are isolated from patients’ blood, which contain abnormal levels of inhibitory factors and regulatory cells (Bellone et al., 1999; Gajewski et al., 2013) as patients are commonly also treated with chemo- and radiotherapies. Accordingly, heterogeneity can occur in the final products, which need much attention during the cell isolation step. Then initial cell culture is done for selection, activation or transduction of specific interest, in this case, the CAR gene. The transduced cells are then expanded in plate culture and stored in the master cell bank.

Cells are also screened for quality, safety and efficacy. Product potency is an important criterion to meet before releasing the product. For example, if a CBT product is applied for the CAR-T related cancer therapy, it needs to be examined for the secretion of cytotoxic cytokines (IFN-γ) and killing of target cells (Dudley et al., 2003). After passing all the steps of quality assurance, cells are stored or delivered to the clinic. Often cells need to be delivered in a timelier manner than other biologics and have a much less stable “shelf life”, which needs to be taken into serious consideration.

There is a further increase in the magnitude of process complexity, time, labor and cost when moving to CBT production from human hMSCs to hPSCs (Figure 1). MSCs are only slightly more complicated than T-cells. For biologics manufacturing from hMSCs, cells are expanded and stored in master cell banks after isolation and purification from patients’ bone marrow (Ullah et al., 2015). Then cells are genetically modified or expanded and differentiated into specific types of cells.

An interesting possibility being exploited with MSCs is that sometimes cell-derived bi-products can be used for clinical applications. For example, exosomes secreted from MSCs contain autocrine or paracrine signaling components (cytokines, RNAs, etc.) (Pisitkun et al., 2004; Valadi et al., 2007; NHLBI, 2009; Chen et al., 2010) and show immunological activities (Lai et al., 2011; Zhang et al., 2013; Lou et al., 2017). For this reason, it’s possible to consider value-added products, or creation of processes that can utilize such a potential secondary resource. MSC-derived exosomes are currently being studied for treating degenerative diseases (Chang et al., 2018; Yin et al., 2019). MSC-derived exosomes have recently been approved by US FDA for treating burn patients (PRWeb, 2018). For using exosomes in clinical applications, hMSCs are expanded and exosomes are purified by ultracentrifugation or size exclusion chromatography from culture medium. The benefit to this is that if the cell therapy itself is cGMP compliant, then it may be possible to have little added effort to extract a secondary cGMP compliant product in the form of exosomes. However, whether clinical applications use cells or cell-derived products, it needs go through a strict quality screening. Since here the product is cells, it needs to pass the in vivo biological tests for quality, efficacy and safety. After confirming the quality assurance, cells are cryopreserved or delivered to clinics.

hPSCs by contrast are very complicated; however, they have many benefits making theme an important cell choice for CBT. Being pluripotent, hPSCs have the ability to be differentiated into any cell type in the body. This provides advantages for therapies involving cells, other than T cells or MSCs that are not accessible via biopsy. Unlike T cells or MSCs, hPSCs do not senesce, making them very conducive to cell bio-banking (Zeng, 2007; Koch et al., 2013).

Biologics manufacturing from hESCs is impractical as isolation from human embryos has been unethical in many jurisdictions (Lo and Parham, 2009). Accordingly hESCs have been superseded by hiPSCs, which avoid such ethical barriers. Compared to hESCs which are subject to immune-rejection due to human leukocyte antigen (HLA) expression after differentiation (Taylor et al., 2005), iPSCs provide a better platform for autologous therapy because terminally-differentiated cells can be reprogrammed to desired cells using the four Yamanaka factors.

iPSCs also provide an alternative option of allogeneic treatment by creating haplotype biobank. HLA-typed biobank can help reduce both the rejection of grafted tissue, and the number of cell lines that are required to meet all populations in a given country (Zimmermann et al., 2012). Nakagawa et al. (2011) reported an integration-free iPSCs generation method that provides HLA-typed biobanking which match 20% of Japanese population.

In the case of biologics production from hiPSCs, the current paradigm is that cells are isolated from patients and reprogrammed into iPSCs using Yamanaka factors in conventional plate culture (Takahashi et al., 2007). As the Yamanaka factors contain the proto-oncogene, c-Myc, there are possibilities of increased genetic abnormalities from viral integration (Nakagawa et al., 2008, 2010). Currently, multiple methods of reprogramming of hiPSCs have been developed due to their unique limitations. Some methods that may be currently considered safer involve using mRNA, proteins, or cytokines although they have their own limitations as well, such as poor transduction efficiency (Kim et al., 2009; Warren et al., 2010). It is well established that these methods are less efficient than viral vectors for reprogramming. However, there are some efficient non-integrative viral vector approaches developed recently for reprogramming that we discuss later part of this study.

Depending on the final product and expected timelines, cell expansion is a very important consideration and area for considerable risk management analysis. After reprogramming, the cells are stored in the master cell bank or expanded for differentiation. Due to generally tighter time considerations in manufacture, application, and shelf-life, large-scale expansion is required in a sterile condition based on demand. This requires intensive consideration because it is a major rate-limiting step in the manufacturing of CBT products. The most important considerations for expansion on a large scale are: operational, economic, quality and safety (Table 2).


TABLE 2. Considerations for large-scale expansion of hPSCs in bioreactor culture.

[image: Table 2]Before large-scale expansion, it is important to consider operational design (2D or 3D) with manual or automatic operation (Jenkins and Farid, 2015). In order to obtain a large number of cells, bioreactors tend to be far superior to plate culture in total cell production (Table 1). Important parameters for operational consideration are online monitoring and control of process parameters (pH, DO, pCO2, etc.), as well as considering the shortest possible cultivation time. Due to the nature of 2D culture, it is often difficult to implement monitoring and control methods and therefore rely on operator know-how and standardization of process methods (such as changing media daily). However, by utilizing 3D vessels it is possible to automate or semi-automate monitoring and process parameters via onboard sensors, with the potential for savings in reagents and removing sources of error. For determining medium feeding regimes, a prediction model for medium consumption (glucose and glutamine) and production of toxic materials (lactic acid and ammonium) can be very useful (Galvanauskas et al., 2019). More data and higher quality data can lead to more effective decisions and use of advanced analytical tools. A single-use vessel is also a major operational consideration that increases expansion cost for cell-based products on a large scale. Although single-use vessel reduces contamination risk by eliminating cleaning procedures and its validation, the cost is not rather dominating here as the priority for the product safety is high. Since cellular products are costly, economic considerations are important for medium, efficient cell lines and other indirect utilities. Above all, product quality and safety are the most important consideration that will provide safe and efficient final product for CBT application.

After expansion, cells are harvested by separating them from the culture substratum of plate or microcarrier using enzymatic treatment or by changing temperature or pH (Yang et al., 2010; Guillaume-Gentil et al., 2011; Dou et al., 2012). For harvesting, aggregate culture in bioreactors may not necessarily require a detachment step (Bartosh et al., 2010; Amit et al., 2011; Larijani et al., 2011; Zweigerdt et al., 2011; Nath et al., 2018), however, microcarrier culture in bioreactor requires detachment step. Purified cells are formulated and checked for quality assurance. Quality assurance is carried out in three different stages: microbial contamination, chemical contamination and quality or potency. Microbial contamination is checked with different methods for bacteria, fungus or virus (Rayment and Williams, 2010; Goldring et al., 2011). A 14-day incubation of cell products for bacterial and fungal contamination is the most commonly used sterility test (Khuu et al., 2006; Hocquet et al., 2014). Chemical testing includes checking molecules that accompany the culture medium or other factors used during isolation, expansion and storage. The LAL test for bacterial endotoxin is a common chemical test. An automated 15-min test to determine endotoxin in CBT products has now been developed in accordance with FDA regulations (Gee et al., 2008). Other chemical testing concerns examine residual proteins of different origins, serum and other harmful cell processing particles.

Quality is the main concern in CBT products, especially when cell growth is a requirement. A cell viability test is therefore performed to determine live or dead cells in the product using a variety of staining methods. It is also useful to determine the biological activity of CBT products (Choi et al., 2011; Schellenberg et al., 2013). Pre-release product potency is an important criterion to meet. For example, the final products for hPSCs are differentiated cells, wherein the potency should be checked through transplantation into disease models.

Strict quality control is imperative for products derived from hPSC before transplantation to patients, as there is a high risk of transferring oncogenes to patients. In Japan, a clinical trial was halted in 2015 when treating AMD with autologous retinal pigmented epithelial cells derived from hiPSC due to genetic abnormality (Garber, 2015). Since genetic abnormalities occur in products derived from hiPSCs from reprogramming to finally differentiated cells (Rohani et al., 2014), cells should be screened strictly for epigenetic signatures, karyotype, telomerase activity, and mitochondrial remodeling, and functional assays including teratoma formation and in vitro differentiation (Feng et al., 2010; Kim et al., 2010; Yehezkel et al., 2011; Rohani et al., 2018). Some of the other proposed quality tests include whole- genome sequencing, single- cell genome sequencing, epigenetic analysis, and DNA integrity testing to maximize patient safety.

Cells must be delivered to clinics immediately or stored for future use after the product quality assurance has been passed. If the cells are vitrified, cells are usually shipped to clinics on dry ice (−78°C) or in liquid nitrogen dry shippers (−160°C). The most commonly used cell storage technique is cryopreservation in liquid nitrogen at −196°C, which is adapted from the conventional stem cells banking (Thirumala et al., 2009; Hunt, 2011). For the better recovery of cryopreserved cells, slow-freezing and rapid thawing is generally highly applicable (Kurata et al., 1994; Moon et al., 2008). Recently Celikkan et al. (2019) developed a new media for transporting multipotent stromal cells using Ringer’s lactate-based transport media supplemented with human serum albumin that supported more than 90% cell survival after 6 h of transportation. Developing more robust methods and media is also important for long distance cell delivery.



STANDARDIZATION OF BIOLOGICS MANUFACTURING IN BIOREACTORS

Manufacturing of pharmaceutical proteins or other biological products consists of several steps from raw materials to finished products that may significantly compromise the quality of the product. They also reduce productivity and are prone to human errors. Different pharmaceutical companies have attempted integrated pharmaceutical production to overcome these disadvantages. One of the major attempts to fully integrate the cell processing system is being made by the Novartis-MIT Center for Continuous Production of Pharmaceutical Products (Bisson, 2008; Schaber et al., 2011). GenzymeTM is also attempting to continuously produce pharmaceutical recombinant protein in bioreactors, wherein cell culture is being integrated into a single flow for product isolation and purification (Warikoo, 2011). In order to reduce cumbersome production steps and significantly reduce costs, process integrity is necessary. One such integrated system developed by Johnson and Johnson has recently been approved by the FDA for large-scale production of HIV drugs (FIERCE Pharma, 2016), which have been shown to reduce time and costs by one third compared to conventional batch processing.

The integration of production steps provides high product quality and safety and helps to overcome strict regulatory requirements by easing ability to obtain and retain cGMP compliance. In this context, the next sections will discuss how to integrate certain important basic steps in cell production, in particular genetic modification, cell reprogramming, expansion and differentiation in bioreactors to promote a single step approach for cell-based therapies utilizing T-cells, MSCs, and hPSCs (Figure 2).
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FIGURE 2. Schematic illustrations of integrated single-step cell manufacturing strategies in bioreactor culture for cell therapy applications. Cells are isolated from patient’s (a) blood or (b) bone-marrow, or (c) skin and genetically modified. After expansion, cells are stored in a master cell bank or differentiated directly in bioreactor. After performing characterization, quality assurance and screening for safety and efficacy, cells are delivered to hospital or stored in cell bank for future use.



Standardization of Genetic Modifications in Bioreactors

Genetic modification has been applied for production of antibodies, proteins or other biotechnological drugs production for many years in the pharmaceutical industry. It has also been widely used in recent years to treat multiple incurable genetic diseases. For example, in a neurological disorder called adrenoleukodystrophy (ALD), there is a malfunction of oligodendrocytes and microglia, and genetic modification can directly affect disease outcome. A corrected gene is inserted into the patient-derived hPSCs and transplanted into the patient’s brain. The inserted hPSCs differentiate into microglia to promote myelin production in the patient’s brain that affects ALD outcomes (Cartier et al., 2009).

Sometimes patients are exposed indirectly to genetic modification. For example, in thalassemia, patient blood cells are extracted from the body are modified and enriched ex vivo in order to target specific antigens in the body of patients (Naldini, 2011). Other indirect genetic changes include modification of CAR or T cell receptors (TCR) in T- cells (Wang and Riviere, 2015), expression of CD40 ligand in dendritic cells (Kikuchi et al., 2000), etc. Genetically modified CAR-T cells can target antigens specifically and efficiently kill cancer cells (Song, 2013). CARs and TCRs are the most commonly used receptors for the activation of T cells (Kerkar, 2013). Many cell-based CAR-T therapies are now being developed for the treatment of advanced- stage lymphoma (Kochenderfer and Rosenberg, 2013), B-cell lymphoma (Kochenderfer et al., 2010) and other autoimmune diseases (Jethwa et al., 2014).

To transduce cells with desired genes, viral vectors are usually used as genetic cargos. Genetic transduction is a two-step process: preparing viral vectors and transducing cells to express the desired property. For their superior transduction efficiency, lentiviral and gamma-retroviral vectors are widely used. However, these vectors still currently have some issues, such as the ability to integrate into the host genome running the risk of mutation (Sakuma et al., 2012), which raises safety concerns (Yamashita et al., 2016).

Non-integrative viruses, such as, Sendai virus have proven to be useful for transient transfections, including cellular reprogramming. There are other non-viral approaches. DNA vectors can carry large cargo with less immunotoxicity and are easy to scale up (Hsu and Uludag, 2012). However, their use is less efficient than viral transduction. Non-viral cationic reagents have also been reported to successfully transfect cells with high efficiency (Hsu et al., 2018). Effective transduction using mRNA was also reported for reprogramming terminally differentiated cell to hiPSCs (Warren et al., 2010; Rohani et al., 2016). hiPSCs have also been reprogrammed using recombinant protein (Kim et al., 2009).

As viral vectors and/or DNA integration possess high risk of cancer, some methods for removing these vectors have been developed. One method is the piggyBac, a transposon system that was used to remove tandem Yamanaka factors from iPSCs after reprogramming (Woltjen et al., 2009). After CAR was incorporated into T-cells, the removal of transgenes used another transposon system called Sleeping Beauty, which successfully removed genetic scars from the transduced cells (Huls et al., 2013; Singh et al., 2013). Similarly, Cre excision of reprogramming genes via loxP sites has also resulted in transgene-free iPSCs (Sommer et al., 2010). Viral vectors deficient in integration are also good candidates for the production of transgene-free CBT by mutating viral integrase (Yáñez-Muñoz et al., 2006).

Genome engineering technologies are other choices for the addition, deletion or correction of genes in the CBT industry (Lombardo et al., 2007). Zinc-finger nucleases (ZFNs), clustered regulatory interspaced short palindromic repeats (CRISPR)/Cas endonucleases, or transcription-activator nucleases (TALENs) (Provasi et al., 2012) are the most commonly used targeting nucleases. CRISPR/Cas system has recently received much attention due to its broad use in the genome engineering of patient cells (Mullard, 2015). ZFNs are also popular for treating graft-versus-host disease in T-cell therapy (Gaj et al., 2013). In cellular reprogramming, a nuclease dead variant of Cas9 with a transcriptional trans-activator was recently used by activating the transcription factors Oct4 and Sox2, which maintained pluripotency and expressed the markers for the three germ layers (Liu et al., 2018).

Genetic modification is considered one of the rate-limiting steps in cell manufacturing industry. Current conventional methods make it more complicated because they are multi-step processes. Genetic modification in planar culture is also expensive, time-consuming and labor-intensive (Hsu et al., 2018). The bioreactor is a better platform for the production of large-scale genetically modified cells for commercial purposes (Figure 2). In adherent culture, reprogramming factors are generally transfected in order to generate iPSCs, and cells are then expanded in 2D or 3D, which is a two-step process. By integrating the genetic modification step into the bioreactor, a single-step process can be established that allows the production of cells in an automated and closed bioreactor system (Hsu et al., 2018).

In CAR-T CBT application, genetic modification is also a challenging step. After isolating cells from the blood sample of patients, selection and activation are done followed by expansion (Wang and Rivièrea, 2016). Finally, it is necessary to transduce cells with CAR or any other antigens depending on target diseases (Pampusch et al., 2020). Conventional genetic transduction methods are based on a planar culture wherein each step is carried out in an open culture system posing difficulties in maintaining cGMP.

A few steps have recently been integrated into the bag culture system, wherein selection, activation and expansion can be carried out in a single step using DynaMagTM CTSTM (Hollyman et al., 2009), while the XuriTM cell expansion system developed by GE Healthcare can expand cells in large numbers (Jin et al., 2012; Somerville et al., 2012). Although washing and concentrating the final product is integrated into the COBE® 2991 system developed by Terumo BCT (Bajgain et al., 2014), the transduction step is not yet integrated into any of the above systems. The integration of the transduction step with the expansion and formulation will make CAR-T CBT straight forward and it is a good platform to carry out these steps in the bioreactor.

Miltenyi Biotech has developed a device called CliniMACS ProdigyTM based on bag culture for CAR-T CBT. In an automated system (Terakura et al., 2012; Casati et al., 2013; Acker et al., 2016), this device integrated major steps in particular cell preparation, selection, activation, transduction, expansion, washing, and formulation. Such integration in the bioreactor will pave the way for the production of closed and automatic cell-based products. This device is also useful for cGMP-compliant production of dendritic cell for cell therapy applications (Erdmann et al., 2018). These systems are now beginning to prove their superiority in implementation of manufacturing protocols and cGMP compliance. Early data also suggests that adoption of such technologies even at an early stage may still be superior to conventional methods and offer returns on investments due to ability to adapt to multiple cell types and different processes (Terakura et al., 2012; Casati et al., 2013; Acker et al., 2016).



Integration of Expansion and Differentiation in Bioreactors

Current manufacturing practices for cell-based products are multi-step: derivation, expansion, and differentiation. In this process, cells are isolated from any part of patient’s body. In case of MSCs, bone marrow-derived stromal cells are mostly used for clinical application. However, only a very limited number of MSCs can be isolated from specific sources, e.g., MSCs represent only approximately 0.01% of the total fraction of mononuclear cells in the bone marrow (Apel et al., 2013; Orozco et al., 2013). The clinical applications of hMSCs require 1–5 million cells per kilogram of body weight of patient (Meirelles and Nardi, 2003; Connick et al., 2012). In addition, it is important that the derived MSCs can differentiate properly. Therefore, bioprocess development for both expansion and differentiation is equally important.

Several clinical trials using MSCs are taking place worldwide and are increasing day by day. More than 200 clinical trials using MSCs were conducted in 2015 and 2016, which require intensified standardization of production practices (Carlsson et al., 2015). Typically, MSCs are expanded in plate culture and transplanted as whole cells or differentiated into lineage-specific cells for clinical application. However, plate culture is disadvantageous when the clinical trial requires large number of cells (Table 1). Bioreactor expansion of MSCs is required and can provide a large number of cells to exploit the remarkable potential of MSCs in therapeutic applications. When grown as three-dimensional aggregates or spheroids, MSCs show increased angiogenic, anti-inflammatory and immunomodulatory effects and improved stemness and survival after transplantation (Bunpetch et al., 2019). The dynamic culture of MSCs also increases the survivability, proliferation and paracrine effects.

Different configurations of dynamic bioreactors have been developed for MSC expansion according to specific cell types. Among them stirred suspension bioreactors (SSB), rotating wall vessel bioreactors (RWV), and perfusion bioreactors were widely used for the expansion of MSCs (Chen et al., 2006; Rodrigues et al., 2011; Hanley et al., 2014; Lechanteur et al., 2014; Lawson et al., 2016; Egger et al., 2018). To reduce heterogeneous shear stress, NASA has developed a RWV bioreactor (Somerville et al., 2012) which has been shown to be superior to SSB for MSC expansion and differentiation (Chen et al., 2006). Since MSCs have the capacity for multi-lineage differentiation, integration of expansion and differentiation could help to streamline manufacturing processes. Several researchers have reported the integration of expansion and differentiation in the derivation of osteogenic and adipogenic lineages in bioreactors (Chen et al., 2004; Dominici et al., 2006; Duijvestein et al., 2010; Hoch et al., 2012). MSCs have also been expanded and differentiated on microcarriers (see below) in stirred suspension bioreactors for deriving osteogenic lineages (Field et al., 1994; Mazzini et al., 2003; Goh et al., 2013; Shekaran et al., 2016).

As generation of hPSCs from terminally differentiated patient cells is complicated by several steps, the final products are at high risk of contamination. Therefore, as with any pharmaceutical grade medical product, it is also mandatory to maintain cGMP for CBT products (Sensebe et al., 2011; Heathman et al., 2015; Wuchter et al., 2015), which adds many additional complications in the cell production process. It is therefore necessary to standardize the system that can combine all these steps from derivation to final products. Bioreactors are a platform that has shown capability in filling this role (Figure 2).

The bioreactor platform is widely used for the large-scale expansion of hPSC-based CBT production because it is easy to operate and different physicochemical parameters can be regulated in a closed-system. Two groups have shown the bioreactor derivation of PSCs (Fluri et al., 2012; Shafa et al., 2012). Shafa et al. (2012) reported a significantly higher efficiency in bioreactor reprogramming compared to the planar culture. Since mesenchymal-epithelial transition (MET) is an important early step in cellular reprogramming (Samavarchi-Tehrani et al., 2010), transformed fibroblasts moved into the bioreactor form aggregates that are efficiently expanded in the bioreactor. Since fibroblasts are substrate dependent, bioreactor culture can promote the formation of aggregates and therefore cellular reprogramming.

After the bioreactor derivation of hPSCs, expansion and differentiation are the next major steps. A large number of cells are generally required for effective CBT, and can range anywhere from 108 to 1010 cells per 70 kg patient (Serra et al., 2012). Obtaining such numbers of cells in plate culture is cumbersome because of growth surface limitation. The surface coating with extracellular matrix (ECM) poses a high risk in the production of clinical products because it is usually derived from animal sources. Recently, a discovery of recombinant ECM (laminin E8 fragment) has been developed that can be used efficiently in clinical applications (Miyazaki et al., 2012).

Automated planar culture systems have been established for the production of clinical-grade hPSCs. CompacT SelecTM developed by TAP Biosystems is one of the notable automated systems for cell production. This system is based on T-flask design, which can accommodate ninety T175 flasks for cell expansion on a large scale. This robotic system can automatically perform all cell culture steps, cell counting, seeding, medium change, passage, plating and transient transfection. Such systems are not used for differentiation, however, because differentiation is a complicated process that needs several components to be added to the culture medium. This mainly disintegrates the process of expansion and differentiation in planar culture.

Except for microcarrier culture, cell expansion in bioreactors does not need surface coating. The bioreactor also provides sufficient availability of growth surface. In general, a single bioreactor (100 ml working volume) is sufficient to provide autologous CBT with a clinically relevant number of cells. For the expansion of hPSCs, several types of bioreactors are used (Wang et al., 2014) (Table 2).

Microcarriers must be coated with ECM for cell attachment in the bioreactor (Olmer et al., 2012; Lam et al., 2014; Fan et al., 2015; Badenes et al., 2016; Kropp et al., 2017) for anchorage-dependent expansion of hPSCs. Cells are harvested by removing them from the microcarrier using enzymatic treatment after large-scale expansion. Bioreactor expansion of hPSCs on microcarriers is problematic for clinical use, as separating the microcarrier from the final cell harvest requires an additional step. On the other hand, aggregate cultivation in bioreactors may not necessarily require a detachment step for harvesting (Bartosh et al., 2010; Amit et al., 2011; Larijani et al., 2011; Dou et al., 2012; Nath et al., 2018), and clinically relevant cell numbers has been produced as aggregate in a single bioreactor (Haraguchi et al., 2015; Rungarunlert et al., 2016; Nath et al., 2017, 2018) (Table 3).


TABLE 3. Summary of hPSCs expansion in stirred suspension bioreactor.

[image: Table 3]Size limitation is a major disadvantage in aggregate culture. As the aggregate size increases, the growth potential of the large aggregate decreases due to the limited diffusion of oxygen and nutrients (Nath et al., 2017). Maintenance of aggregate size is therefore an important point in order to maintain a high growth rate and high quality for CBT applications (Dou et al., 2012).

Bioreactor culture is a unique choice for CBT production because differentiation and expansion can be done in the same vessel. Bioreactors have been used to differentiate hPSCs into different cell types, especially for cardiac (Matsuura et al., 2012; Kempf et al., 2015; Rungarunlert et al., 2016), hepatic (Vosough et al., 2013; Park et al., 2014), and neural (Yan et al., 2016) lineages. In order to provide direct methods for clinical applications, it is important to integrate expansion and differentiation, and several reports have recently been published wherein expansion and differentiation have been integrated (Lam et al., 2014; Ting et al., 2014; Fonoudi et al., 2015; Haraguchi et al., 2015). The integration of derivation with expansion and differentiation, however, still faces complications and very few reports are available (Steiner et al., 2010).

Steiner et al. (2010) have reported integrating the derivation, propagation and differentiation of hESCs in the suspension culture where hESCs were isolated from the inner cell mass, and did not involve feeder cells or microcarriers. However, the integration of derivation, expansion and differentiation for personalized medicine, in particular for autologous or allogeneic CBT applications, has still not been achieved. This integration is necessary to overcome multi-step cell processing, which reduces the risk of contamination, saves cell processing time and reduces costs for the CBT manufacturing.



REGULATORY CONSTRAINTS IN CBT MANUFACTURING

With the advancement of cell processing facilities, several clinical trials have taken place in recent years using hPSCs (Lebkowski, 2011; Menasché et al., 2015; Schwartz et al., 2015; Trounson and McDonald, 2015; Mandai et al., 2017) which is triggering much attention from regulatory bodies on cGMP implementation in CBT manufacturing (Giancola et al., 2012). Since cell culture media contains various xenogens including source-derived virus and biochemicals (Martin et al., 2005; Cobo et al., 2008), CBT products need to be cultured in the xeno-free condition so that they are free from xeno-mediated infection or immune rejection according to regulatory agencies (Cimino et al., 2017). Currently both hESC and hiPSC lines have been derived following cGMP and deposited into national cell bank from various nations including China, Japan, United States, and United Kingdom, and their efficacy and safety has been tested using standard protocol (Hawkes, 2011; Ilic et al., 2012; Baghbaderani et al., 2015; Wang et al., 2015; Azuma and Yamanaka, 2016; Catapult, 2017). However, their differentiation capability into diverse cell lineages is yet to be tested although a few cell lines have already been tested in cGMP facilities (Kajiwara et al., 2012; Löhle et al., 2012; Heslop et al., 2017; Rao et al., 2018; Blackford et al., 2019; Shafa et al., 2019). Therefore, facilitating cGMP-compliant manufacturing and establishing standard operating procedures (SOP) according to regulatory agencies is a prime concern for CBT products.

cGMP is a regulatory framework overseen at the governmental level meant to establish basic minimum standards in safety, efficacy, and standardization of many types of products. All CBTs must meet regulatory requirements to be approved for sale and marketing. This is the end goal of clinical trials, to make a therapy available for wide scale implementation, and entry into worldwide markets. One of the first considerations is to begin engaging with the national regulatory board as soon as there even a thought about potential commercialization.

Approval from two of the most stringent regulatory organizations: USFDA, and the European Medicines Agency (EMA) that allows for easy entry into virtually every other market in the world (Rehakova et al., 2020). The intended application of human cells, tissues, and cellular and tissue-based products (HCT/P) are regulated by FDA’s Center for Biologics Evaluation and Research (CBER). However, FDA is intrinsically concerned about stem cell-related therapeutic products implementation, transplantation and infusion into patient since the cells may change their cellular properties after being expanded outside of body (Reisman and Adams, 2014). The EMA is generally considered the most stringent and well defined regulatory board for CBTs, and usually, if these standards are met, it will lead to the least problems in transferring to other markets, barring other legal issues such as patents and intellectual property rights.

Without engagement with regulatory boards, the CBT products have less chance of avoiding common pitfalls that have led to efficacious products not making it to market, even with good supporting data. This is important because, as mentioned, regulatory standards can differ across national lines. As the field is relatively new and advancing at a fast pace, regulators have been left to working with companies on a case-by-case basis to establish guidelines, and best practices that are in line with the stringency of cGMP standards in other areas (Bedford et al., 2018). This has led to the publishing of various guidance documents rather than overly strict ordinances, which acknowledge the inherent variability in these products, both between types (protein, whole cell, gene, etc.), and even between lots of the same product (European Medicines Agency, 2020; U.S. Food and Drug Administration, 2020).

It is well understood that CBTs inherently carry a higher level of heterogeneity, and difficult to control factors than chemical reactions that can produce extremely homogenous batches of classic pharmaceuticals. As part of this, regulators such as, Health Canada are often eager to work with potential CBT companies and academic institutions to develop guidelines based on the best current science available, and the unique product under review, while also helping to navigate the difficult regulatory terrain to higher phase studies and commercialization.

The second most important consideration is to hire or assign a team member to focus mainly on the navigation of regulation immediately. It is advisable that this be their main task, as the beginning stages are the most important. In CBTs, it is said that “the process is the product” and if the project is taken too far without this consideration it can be virtually impossible or at least economically unlikely to be able to recover after having to go back to earlier stages because details were overlooked. The unavoidable nature of GMP in CBTs is that even sometimes a seemingly simple laboratory procedure must become a multi-page SOP document covering literally every detail of the procedure. These documents then become the trail of documentation, and the very process itself, which is to be adhered to in manufacturing and available for regulatory review.

It is very important to attempt to begin to think about cGMP-like standards as soon as even the idea of a potential commercialization begins to materialize. Often this can be as early as pre-clinical, depending on the data, though perhaps more reasonably around phase 1 trials. For example, Health Canada requires increasing GMP compliance, and increasingly stringent manufacturing controls as trials advance although a manufacturing establishment license is not required while the product is still under any phase of clinical trials (Government of Canada, 2015). The FDA also requires GMP compliance in Investigational New Drug (IND) assessments at phase 1, and stringency increases in manufacturing establishment licensing from phase 2 onwards (US FDA, 2008). Finally, the EMA requires manufacturing authorization and compliance with established GMP regulations for all stages of clinical trial development, with “inspections performed by a competent authority/qualified person (QP) of a member state” (Bedford et al., 2018).

As one can see, in the United States and Canada an early phase can be “boutique” in having each treatment individually created under standard laboratory proper conditions and very carefully controlled, whereas this is not necessarily the case in Europe. Therefore, with increasing enrolment as trials continue a GMP-like approach should be adopted in every economically and physically feasible manner throughout the process as required. This includes making changes such as using “clinical grade” versus “laboratory grade” reagents, designing a robust manufacturing pipeline, considering quality and assurance guidelines, and creating in-depth documentation to regulatory standards to name merely a few requirements. It should be considered that any change in reagent, manufacturer of said reagents, processes, etc. carries a large weight as there is absolutely a chance of a change in associated outcomes and requirements.

One of the reasons bioreactors and automated processes are extremely useful in meeting GMP standards in CBTs is that, informally, some key aspects can be summarized as: the less manipulations in the process, and the fewer hands that touch to product, the better. Let us recall the phrase “the process is the product,” this is essential to remember for CBTs. If the process is not correctly implemented in a GMP-like fashion, it does not matter if the product works as intended. It will be required to go back the drawing board to make the bio-process compliant. This increases the time and cost even further.

It may be the case that for the near-future CBTs will only be successful in smaller-scale manufacturing, and smaller lots due to the challenges with characterization and standardization associated with whole cell populations. This may require smaller, more flexible operations spread across nations rather than mega-manufacturing centers as is currently the case with standard pharmaceuticals. It is prudent to consider de-centralized models of production in order to achieve profitability and market penetration.

CBTs often require more flexibility in production as there are finer windows of effectiveness and therapeutic application, as well as, inherently less ability to control and properly assess safety and efficacy in increasing scale. This may lead to needing to find ways to adapt similar processes across multiple pipelines in order to flexibly meet supply and demand based on various ailments and treatments. The upside of this is that integrated automated processes and bioreactor technologies tend to be far easier to scale up and down as required. Further advances in computing technology, basic biomarker discovery, cell characterization, and onboard or automated monitoring equipment will be essential in decreasing costs and increasing capacity, allowing for CBTs to become more and more ubiquitous in improving human health.



CONCLUDING REMARKS AND FUTURE DIRECTIONS

Application of CBT increases day by day and several clinical studies are continuing to treat incurable diseases. Manufacturing facilities should be compatible with the growing need for cell-based products to meet market demand by providing safe and effective cell-based products. Since current production systems have several disadvantages particularly multi-stage processing, which poses a high risk of contamination, long processing times, and increased production costs, a more straightforward cGMP-compliant system is needed. Bioreactor-based cell production systems can provide cell-based products with single step, easing the practice of cGMP for CBT production. The integration of various steps in bioreactors: derivation, genetic modification, expansion, and differentiation, will pave the way for the future of CBT manufacturing. The integrated production of cell biologics in bioreactor will significantly reduce the risk of contamination, and cell-processing time providing a cost-effective platform for CBTs.
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In vitro two-dimensional (2D) and three-dimensional (3D) cultivation of mammalian cells requires supplementation with serum. Mesenchymal stem cells (MSCs) are widely used in clinical trials for bioregenerative medicine and in most cases, in vitro expansion and differentiation of these cells are required before application. Optimized expansion and differentiation protocols play a key role in the treatment outcome. 3D cell cultivation systems are more comparable to in vivo conditions and can provide both, more physiological MSC expansion and a better understanding of intercellular and cell-matrix interactions. Xeno-free cultivation conditions minimize risks of immune response after implantation. Human platelet lysate (hPL) appears to be a valuable alternative to widely used fetal calf serum (FCS) since no ethical issues are associated with its harvest, it contains a high concentration of growth factors and cytokines and it can be produced from expired platelet concentrate. In this study, we analyzed and compared proliferation, as well as osteogenic and chondrogenic differentiation of human adipose tissue-derived MSCs (hAD-MSC) using three different supplements: FCS, human serum (HS), and hPL in 2D. Furthermore, online monitoring of osteogenic differentiation under the influence of different supplements was performed in 2D. hPL-cultivated MSCs exhibited a higher proliferation and differentiation rate compared to HS- or FCS-cultivated cells. We demonstrated a fast and successful chondrogenic differentiation in the 2D system with the addition of hPL. Additionally, FCS, HS, and hPL were used to formulate Gelatin-methacryloyl (GelMA) hydrogels in order to evaluate the influence of the different supplements on the cell spreading and proliferation of cells growing in 3D culture. In addition, the hydrogel constructs were cultivated in media supplemented with three different supplements. In comparison to FCS and HS, the addition of hPL to GelMA hydrogels during the encapsulation of hAD-MSCs resulted in enhanced cell spreading and proliferation. This effect was promoted even further by cultivating the hydrogel constructs in hPL-supplemented media.

Keywords: platelet lysate, mesenchymal stem cells, differentiation, medium supplements, fetal calf serum, human serum, gelatin methacryloyl (GelMA), hydrogel


INTRODUCTION

More than half a century has passed since the first isolation and in vitro cultivation of mesenchymal stem cells (MSC) described by Friedenstein et al. (1966) and Friedenstein et al. (1970). From that point on, numerous studies about the handling of these cells have been performed. However, the development of an optimal protocol for cultivating MSCs is still in progress (Spees et al., 2016; Lavrentieva et al., 2020). The most common and most widely used cell culture medium supplement is fetal calf serum (FCS). It has been used for the cultivation of several cell types for more than 50 years (Gstraunthaler et al., 2013). To date, most cell isolation or expansion protocols for clinical studies use FCS for supplementation (Schrödel, 2007; Lindroos et al., 2009; Bieback, 2013; Hemeda et al., 2014; Burnouf et al., 2016; Monsanto et al., 2017; Motedayyen et al., 2017; Araújo et al., 2018; Lee et al., 2019; Cherian et al., 2020; Ghamari et al., 2020; Wagner et al., 2020). Even though there are various disadvantages related to FCS such as lot-to-lot variability, ethical concerns about collecting the serum from the heart of unborn calves and the risk of viral, mycoplasm or prion infections or immune responses of the recipients toward foreign factors, there are no widely accepted alternatives for FCS (Lindroos et al., 2009; Bieback, 2013; Jonsdottir-Buch et al., 2013; Hemeda et al., 2014; Burnouf et al., 2016; Monsanto et al., 2017; Motedayyen et al., 2017; Lee et al., 2019; Cherian et al., 2020; Wagner et al., 2020).

A sustained effect on the differentiation capacity and the immunophenotype of cells has been observed in different studies by using xeno-free autologous human serum (HS) as a medium supplement. Due to its promoting effect on cell expansion and its human origin, HS appears to be a potential alternative to FCS (Mannello and Tonti, 2007). However, because of high costs of its manufacture, the production of HS is actually decreasing (Müller et al., 2006; Mannello and Tonti, 2007; Aldahmash et al., 2011; Hemeda et al., 2014). Hence, the goal for the future is a completely chemically defined MSC medium. But to date, there is still no reliable, efficient, comprehensive and fully defined medium available for a broad MSCs cultivation. Moreover, most of the available defined media require additional coatings of the cell culture surface with proteins (Pijuan-Galitó et al., 2016; Salzig et al., 2016; Wu et al., 2016; Cherian et al., 2020). These, in turn are often derived from animal origin, so that in this case no truly xeno-free cultivation with these media is possible.

MSCs have a clinical potential for use in cell therapies and tissue engineering (TE) due to their immunomodulatory potential, stromal functions and their great proliferation as well as differentiation capacities in vitro (Dominici et al., 2006). MSCs can be differentiated in different cell types and the potential of controlled chondrogenic and osteogenic differentiation of these cells makes them promising candidates for cartilage and bone TE, as well as for in vitro 2D and 3D models for drug screening and disease modeling (Raic et al., 2019). Because of rising ethical, safety and scientific concerns, the World Health Organization and Good Manufacturing Practice (GMP) guidelines recommend the prohibition of the use of animal-derived supplements or supplements containing animal-sourced ingredients for stem cell cultivations or advanced therapy medicinal products (Schrödel, 2007; Lindroos et al., 2009; Bieback, 2013; Gstraunthaler et al., 2013; Hemeda et al., 2014). Hence, until a chemically defined medium is available for MSCs cultivation, it is essential to evaluate existing alternatives to FCS such as human platelet lysate (hPL).

The first attempts to use platelet-rich plasma and platelet lysates as cell culture medium supplement were already made 30 years ago (Gimbrone et al., 1969; Mavrina et al., 1986; Burnouf et al., 2016). Since that time it has been shown that hPL supports in vitro growth and osteogenic differentiation of MSCs (Doucet et al., 2005; Lange et al., 2007; Schallmoser et al., 2007; Bieback et al., 2009; Jonsdottir-Buch et al., 2013; Schallmoser and Strunk, 2013; Shih and Burnouf, 2015; Siciliano et al., 2015; Astori et al., 2016; Burnouf et al., 2016; Fernandez-Rebollo et al., 2017), as well as the proliferation of progenitor cells and endothelial colony forming progenitor cells (Schallmoser and Strunk, 2013). hPL appears to be a valuable alternative to FCS and shows several advantages, such as its easy production from human platelet concentrate in conformity with GMP guidelines (Burnouf et al., 2016). Moreover, the use of hPL combines modern social principles of ethics, sustainability, recycling and resources conservation. More than twenty percent of the platelets donated in global blood donation programs expire before they can be used for infusions. Since no difference was determined between using expired or fresh hPL as medium supplements, there is a possibility to recycle expired platelets obtained from blood banks (Jonsdottir-Buch et al., 2013). Furthermore, hPL contains many bioactive factors such as growth factors and cytokines, which act synergistically to support the cell growth, behavior and differentiation of MSCs. Moreover, hPL has demonstrated the ability to enhance the proliferation and differentiation of MSCs in 2D and 3D cultivations in various studies (Supplementary Table 1) (Bieback, 2013; Jonsdottir-Buch et al., 2013; Altaie et al., 2016; Burnouf et al., 2016; Kirsch et al., 2019, 2020). However, commercially available hPLs usually contain heparin in order to prevent hPL gelation. Heparin is a product, extracted from porcine small intestine mucosa. Thus, cell cultures grown in the presence of such hPL are no longer xeno-free (Mojica-Henshaw et al., 2013). Furthermore, Hemeda et al. showed that the heparin concentration is critical for 2D MSC cultures in hPL-supplemented medium. This group demonstrated a concentration-dependent influence of heparin on cell proliferation, the colony-forming unit frequency as well as the in vitro differentiation of MSCs (Hemeda et al., 2013). In our study, fibrinogen-depleted hPL was used without addition of heparin to the cell culture medium, in order to maintain true xeno-free cultivation conditions. Providing genuine xeno-free conditions and considering these promising aspects, the challenge is to evaluate and optimize protocols for the production and application of hPL.

Many cell cultivation protocols are still predominantly designed for 2D cultivation. However, compared to 2D-cultured MSCs, 3D cell cultivation seems to be more advantageous, because 3D growing cells reflect the in vivo environment of MSCs to a higher extent. Thus, physiological cell-cell and cell-matrix contacts can be simulated and studied only in 3D cell cultures. Moreover, considering angiogenic and immunomodulatory factors, 3D-grown cells have a higher quality (Mark et al., 1977; Cukierman et al., 2001, 2002; Abbott, 2003; Bissell et al., 2003; Schmeichel and Bissell, 2003; Lee et al., 2009; Li and Cui, 2014). Various studies have already investigated the possibility of direct 3D isolation of MSCs from bone and adipogenic tissue to prevent 2D cultivation of the cells (Papadimitropoulos et al., 2014; Egger et al., 2019). Similar to 2D cell cultivation, xeno-free alternatives to FCS are needed for 3D cell cultivation and the influence of medium supplements must be systematically evaluated.

In addition to cellular aggregates and cells growing on scaffolds, hydrogels represent a very promising 3D cultivation system. Hydrogels provide a tunable versatile platform for in vitro 3D cultivation, TE and bioprinting (Ruedinger et al., 2015; Pepelanova et al., 2018). Regular semi-synthetic hydrogels are usually stored as lyophilized proteins and are reconstituted with PBS prior cell encapsulation. Thus, they do not normally contain any additional supplements. Regarding 3D hydrogels, the addition of supplements to both, hydrogels and the medium can influence cell behavior. Only a limited number of studies have investigated the influence of direct hPL addition to hydrogels on encapsulated MSCs (Moreira Teixeira et al., 2012; Santos et al., 2018; Jooybar et al., 2019). Most of these studies cultivated the hPL-containing hydrogels in media supplemented with FCS, thus effectively not under true xeno-free conditions (Moreira Teixeira et al., 2012; Santos et al., 2018). So far, no study has shown the influence of different medium supplements on the cell behavior of encapsulated MSCs in comparison. To the best of our knowledge, no study investigating the effect of supplementation of hydrogels and medium on the encapsulated cells has been conducted to date.

In the present study, the influence of hPL (2.5% hPL) on the proliferation, as well as the osteogenic and chondrogenic differentiation of human adipose-derived mesenchymal stem cells (hAD-MSCs) obtained from four different donors was systematically investigated in a 2D cultivation system.

The influence of hPL was compared to FCS (10%) and HS (10%). Online monitoring of osteogenic differentiation in 2D under the influence of different supplements was performed and evaluated.

Recently, we published a study about the influence of formulating GelMA hydrogels with different hPL concentrations (Kirsch et al., 2019). The addition of hPL directly to the hydrogel supported not only the cells but also had a positive impact on the mechanical properties of the GelMA hydrogels. It was demonstrated that the addition of hPL to the hydrogels improves cell growth and cell adhesion. However, this beneficial effect could have been caused by the direct formulation of the hydrogel with a supplement carrying multiple bioactive factors, and must not be directly related to the superior properties of a xeno-free protocol with hPL. In order to investigate this aspect more closely, we expanded the study by formulating GelMA hydrogel with three different media supplements (FCS, HS, and hPL) and studied their influence on cell growth and adhesion. Consequently, the influence of the three supplements as direct additions to the growth media of 3D cultivated cells was also investigated under the aspects of cell spreading, cell morphology, as well as cell viability.



MATERIALS AND METHODS


MSC Cultivation

Human AD-MSCs were isolated from adipose tissue of four donors after abdominoplasty surgery. The use of human tissue from patients (after their informed consent) has been approved by the Institutional Review Board (Hannover Medical School, Ref. Nr.: 3475-2017). As described earlier, we performed surface marker analysis and functional characterization of the isolated cell populations to characterize them as MSCs (Pepelanova et al., 2018). hAD-MSCs were expanded in alpha-MEM medium (Thermo Fisher Scientific, Waltham, MA, USA) and 10% human serum (CC-pro, Oberdorla, Germany) as well as 0.5% gentamicin (Merck Millipore, Darmstadt, Germany), harvested by accutase treatment (Sigma Aldrich, Taufkirchen, Germany), and cryopreserved at passage one or two until the start of the experiment. Experiments were performed with cells of passages two to nine. Following concentrations of cell culture supplements were used for all performed experiments: 10% FCS, 10% HS and 2.5% hPL. hPL concentration of 2.5% was chosen based on preliminary experiments. The tested concentrations in preliminary experiments were 0, 1, 2.5, 5, and 10% of hPL in medium. The highest differentiation capacity and a more even distribution of Alizarin Red staining were observed at a concentration of 2.5% (Supplementary Figure 1a). Furthermore, in order to test if lower concentrated FCS or HS could also result in higher osteogenic differentiation, 2.5% of all supplements were used in preliminary experiments. The cell viability and osteogenic differentiation was significantly lower for hAD-MSCs cultivated with 2.5% FCS and 2.5% HS compared to 2.5% hPL (Supplementary Figure 1b). Due to those results the standard concentration of 10% FCS and HS was used to supplement the medium in all experiments.



Platelet Lysate Preparation

Human platelet lysates were prepared and provided by the German Red Cross Blood Service NSTOB (Springe, Germany) by freeze-thaw treatments of pooled platelets from surplus buffy coats. To prevent gelation of hPL and avoid the use of heparin, fribrinogen depletion was performed by the calcium presipitation method, followed by filtration of the platelet lysate.



Cell Proliferation Analysis

For cell proliferation studies, the hAD-MSCs were harvested at 80% of confluency by accutase treatment, counted using a hemocytometer and seeded at a density of 3,000 cells/cm2 in 25 cm2 cell culture flasks containing 4 ml medium. Alpha-MEM medium was supplemented with 10% HS, 10% FCS or 2.5% hPL. hAD-MSCs from four different donors were sub-cultivated two times per week with a seeding density of 3,000 cells/cm2 over five passages; cell number and viability were evaluated by trypan blue exclusion and cumulative cell numbers were calculated.



Osteogenic and Chondrogenic Differentiation

For differentiation experiments, cells were seeded in 24-well plates (growth area 2 cm2, Sarstedt, Germany) at a density of 10.000 to 15.000 cells/cm2 in 500 μl alpha-MEM containing 10% HS, 10% FCS or 2.5% hPL and 50 μg/ml gentamicin per well. After seeding, cells were cultivated for 24–48 h (until full confluence was achieved) in a humidified atmosphere containing 5% CO2 and 21% O2 at 37°C. Afterwards, the cell culture medium was changed to either the osteogenic or chondrogenic differentiation medium. Osteogenic differentiation medium contained 5 mM β-glycerophosphate, 0.1 μM dexamethasone, 0.2 mM L-ascorbate-2-phosphate, 0.5% gentamicin, as well as 2.5% hPL, 10% HS or 10% FCS. Serum-free chondrogenic differentiation medium was purchased from Gibco (StemPro Chondrogenic differentiation kit, Gibco, Germany) and also supplemented with 2.5% hPL, 10% HS or 10% FCS. The medium was exchanged every 3–4 days. Cells were cultured for the next 7, 14, or 21 days and then washed in PBS and fixed for 15 min at 4°C with 4% paraformaldehyde for staining. Before fixation, indirect cell viability was estimated by CellTiter-Blue® (CTB) assay according to the manufacturer's instructions (Promega, Mannheim, Germany). Briefly, CTB stock solution was diluted in alpha-MEM basal medium (1:10 v/v) and added to the cells. The fluorescence was measured after 2 h of incubation at an extinction wavelength of 544 nm and an emission wavelength of 590 nm with a microplate reader (Fluoroskan Ascent, Thermo Fisher Scientific Inc., Waltham, MA, USA).



Alizarin Red and Alcian Blue Staining

In order to determine the degree of osteogenic differentiation, Alizarin Red staining was used. The fixed cell layers were incubated in Alizarin Red solution, containing 1% Alizarin Red S (Merck KGaA, Darmstadt, Germany) in deionized H2O, for 15 min at room temperature. After washing with deionized H2O the red chelates were detected with a microscope. The accumulation of proteoglycans in the extracellular matrix during the chondrogenic differentiation was visualized by using Alcian Blue staining. Fixed cell layers were washed twice with PBS, incubated for 3 min in 3% acetic acid at room temperature, followed by 30 min incubation in Alcian Blue solution (1% Alcian Blue 8GX, Sigma Aldrich, in 3% acetic acid) at room temperature. After incubation, cell layers were washed several times with 3% acetic acid and the presence of bound Alcian Blue stain was detected using a microscope.



Alizarin Red Extraction

To quantify the degree of osteogenic differentiation, Alizarin Red was extracted with 10% hexadecylpyridinium chloride monohydrate (Sigma-Aldrich, St. Louis, WI, USA) in 1 × PBS for 20 min at 37°C. The concentration of extracted Alizarin Red was measured at 550 nm (Epoch, BioTek Instruments, Winooski, VT, USA) and calculated using a calibration curve with a regression of 0.997. If required, samples were diluted to bring Alizarin Red concentrations within the linear range of the photometer.



Online Monitoring and Evaluation of Osteogenic Differentiation by Image Analysis

During the differentiation, time-lapse microscopic pictures were taken using an IncuCyte® Live-Cell Imaging System (Sartorius, Göttingen, Germany) placed in the incubator. The osteogenic differentiation of the cells was determined and quantified by training a metric phase object confluence mask for the typical changes in the morphology of the cells toward osteocytes (Figure 5B). To add an enhanced coloring mask to the images, the software (IncuCyte® Analysis Software) provides a processing definition step to train the algorithm to highlight the correct markers on a limited representative set of images at different time points and stages of the osteogenic differentiation. This processing step can be visually inspected and adjusted to be valid for all the pictures in the limited training set. After the visual inspection, when the mask highlights the correct parts where the cells are slowly changing their morphology toward osteocytes and increasing the mineralization of the extracellular matrix, the software can automatically analyze the images of the total experiment. When the processing definition is valid for the training image set, this can be used for online monitoring of the experiment.



Alkaline Phosphatase (ALP) Assays

Next to the Alizarin Red staining and quantification, the ALP activity was also measured in the cells as well as in the supernatants (Anh et al., 1998). The fixated cells were incubated with 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) (SIGMAFAST BCIP®/NBT, B5655, Merck, Darmstadt, Germany) for 30 min at room temperature, washed with PBS and microscopically analyzed with an Olympus IX50 (Olympus Corporation, Tokyo, Japan). For the quantification of the ALP activity in the supernatant 1 day before measurement, the medium was exchanged to proliferation or differentiation medium without supplements, in order to ensure a sensitive measurement of the activity in the medium. As a standard 4-nitrophenol solution (10 mM, Sigma-Aldrich, St. Louis, WI, USA) was used and diluted in ALP buffer (one Trizma® Buffer tablet of SIGMAFAST™ p-Nitrophenyl phosphate dissolved in 20 ml ddH2O, Merck, Darmstadt, Germany) for a standard series. The five-fold concentrated substrate solution was prepared by dissolving one pNPP tablet and one Trizma® Buffer tablet of the kit in 4 ml ddH2O. Each week, the supernatant was removed 5 min centrifuged at 4°C/14.000 rpm and 250 μl were stored at −20°C until further use. At the end of the experiment, all supernatants were thawed, vortexed and 40 μl/well of each sample, control (medium) and the standard series was added in a 96-wellplate. After adding 10 μl of the substrate solution, the plate was shaked for 5 min at 37°C/450 rpm and incubated for 7 h at 37°C. After 7 h, the plate was measured at 405 nm (Epoch, BioTek Instruments, Winooski, VT, USA) and the ALP activity was calculated by using a calibration curve of the standard series with a regression of 0.999.



Quantitative Glycosaminoglycan (GAG) Assay

After 7, 14, and 21 days of culture in chondrogenic differentiation medium, the cells were harvested and digested in 500 μl/well papain solution [500 μl 0.1 M NaH2PO4/0.005 mM EDTA (pH 6), 5 μl β-mercaptoethanol, and 2.5 μl papain (10 mg/ml, Sigma-Aldrich, St. Louis, WI, USA) at 60°C and 800 rpm overnight. The papain digest solution was then used to quantify the deoxyribonucleic acid (DNA) and GAGs. A DNA standard series was prepared with DNA from calf thymus (Sigma-Aldrich, St. Louis, WI, USA). In a 96 well plate, 100 μl preparation buffer and then 100 μl of the respective sample or standard series were added. After 100 μl of bisbenzimide (Sigma-Aldrich, St. Louis, WI, USA) was added to each well, the plate was measured at 360/460 nm with a spectrophotometer (F-7000 FL Spectrophotometer, Hitachi, Tokio, Japan). Chondroitin sulfate (Sigma-Aldrich, St. Louis, WI, USA) was used as a standard and 100 μl of the samples was added to 100 μl/well ddH2O in a 96 well plate. After adding 150 μl 1,9-dimethyl-methylene blue (DMMB, Sigma-Aldrich, St. Louis, WI, USA) the plate was measured at 530 nm (Epoch, BioTek Instruments, Winooski, VT, USA) and the DNA and GAG concentration was calculated with calibration curves.



GelMA Synthesis and Hydrogel Preparation

As already described in a previous study, GelMA was synthesized according to a previously described protocol (Pepelanova et al., 2018). The degree of functionalization (DoF) of GelMA used in the experiments was of 50%. GelMA solutions were prepared at a concentration of 5% (w/v). The GelMA was dissolved in 50% of PBS and either 50% (v/v) FCS, HS, or hPL (hPL pH value 7.3, manufactured by German Red Cross, Blood Service NSTOB, Springe, Germany) was added (Figure 1). After dissolving all GelMA solutions in a water bath at 37°C, they were sterile filtered with 0.45 μm polyethersulfone (PES) filters and 0.1% (w/v) photoinitiator 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) was added prior to the encapsulation of cells.


[image: Figure 1]
FIGURE 1. Schematic representation of 3D hydrogel-based cultivation: first GelMA hydrogels were formulated with 50% FCS, 50% HS, or 50% hPL followed by cultivation in medium supplemented with 10% FCS, 10% HS, or 2.5% hPL.




Encapsulation and Cultivation of hAD-MSCs in Hydrogels

The cells were resuspended in the GelMA solutions at a concentration of 1.0 × 106 cells/mL and filled in 50-μL disks (6-mm diameter) in silicon molds. With an UV intensity of 1.2 J/cm2 (polymerization time of ~5 min) the hAD-MSCs were encapsulated in the hydrogels with the help of a cross linker (BLX-365 Bio-Link, 365 nm, Vilber Lourmat, Germany). The cells encapsulated in GelMA hydrogels formulated with PBS, FCS, HS, and hPL were further cultivated in medium supplemented with 10% FCS, 10% HS, or 2.5% hPL (Figure 1).

The preparation of the well-plates and the handling of the hydrogels is described earlier (Kirsch et al., 2019). As described in more detail in our previous study, the indirect cell viability was determined by the CellTiter-Blue® (CTB) (Promega, Mannheim, Germany) assay according to the manufacturer's specifications (Kirsch et al., 2019). For morphological analysis, encapsulated cells were cultivated for one, three or seven days, incubated in basal alpha-MEM with the addition of 4 μM calcein-acetoxymethyl (AM) (Merck, Darmstadt, Germany) for 40 min at 37°C. The hAD-MSCs were analyzed with a Cytation 5-Cell Imaging Multi-Mode Reader (Biotek Instruments, Winooski, VT, USA).



Statistical Analysis

The data are presented as mean value ± standard deviation of the multiple measurements/counts of each sample. A one-way ANOVA (OriginLab) was performed to determine the statistical significance of the measured values, defined as p-value of *p < 0.05, **p < 0.01, or ***p < 0.001.




RESULTS


hAD-MSCs Proliferation in 2D

To evaluate the influence of hPL on hAD-MSCs proliferation, cells isolated from four different donors were cultivated over five passages in alpha-MEM supplemented with 2.5% hPL and compared to the cell growth in conventional cell culture conditions: medium with 10% FCS and 10% HS. Differences in the cell growth of the various donors are caused by biological variations. Figures 2A–D, that three of the four donor cells cultivated in medium supplemented with hPL show the highest total cell number compared to FCS and HS as supplements. Especially during the first passages, the increase of cell number was highest for cells cultivated in hPL-containing medium. Cells cultivated in medium supplemented with FCS exhibited the lowest cell number and cell division for all donors.


[image: Figure 2]
FIGURE 2. The influence of cell culture supplements on the long-term cultivation of hAD-MSCs. Cells from four donors [(A) Donor 1, (B) Donor 2, (C) Donor 3 and (D) Donor 4] were cultivated over five passages in 2.5% hPL (black line), 10% HS (light gray dotted line) or 10% FCS (gray dashed line) and cumulative cell numbers were calculated. *p < 0.05, **p < 0.01, ***p < 0.001 (*, **, *** indicates significant difference to FCS); ¤p < 0.05, ¤¤p < 0.01 (¤, ¤¤ indicates significant difference to HS).


To ensure that hAD-MSCs had not changed their typical immunophenotype during the cultivation with different supplements, a flow cytometry analysis for characteristic MSC- markers was performed and revealed no changes in specific marker expression (Supplementary Table 2).

The obtained results demonstrate that medium supplemented with hPL provide a significant higher cell proliferation of hAD-MSCs for three of four donors compared to HS and in all four donors compared to FCS as a supplement. The cumulative cell number after cultivation with hPL was twice to more than five times higher than the cell number after cultivation with FCS. In a short period of time the cell number can be increased significantly, which underlines the potential of hPL-containing medium for rapid MSCs expansion.



Osteogenic Differentiation

The cells were cultivated in differentiation medium supplemented with FCS, HS, or hPL over three weeks. Despite the higher amount of supplements (10% of volume), cells cultivated in medium with conventional supplements (FCS and HS) only showed an irregular Alizarin red staining after three weeks. As illustrated in Figure 3, only MSCs differentiated in medium supplemented with hPL showed an accumulation of calcium already after 1 week of cultivation visualized by Alizarin red staining. The staining was even more intense and homogenously distributed after 3 weeks of cultivation. hAD-MSCs from all donors exhibited an osteogenic differentiation in all used supplements after 3 weeks of stimulation. These results were also confirmed by the quantification of Alizarin red staining during the whole period of differentiation (Figure 3B). Only hPL as a supplement was able to induce osteogenic differentiation during the first week of cultivation. As illustrated in Figure 3C, the indirectly measured viability of cells remained high and did not change significantly over 3 weeks with all three medium supplements. In addition to the staining and quantification of Alizarin red, the ALP activity was measured in the supernatant and in the cells (Figure 4). Only cells differentiated with hPL containing medium showed ALP -positive cells already after 1 week (Figure 4A). In comparison, fewer ALP-positive cells were observed in FCS and HS differentiated cells. The quantitative determination of ALP activity in the supernatant showed the lowest activity each week in cells differentiated in FCS (Figure 4B). In HS differentiated cells, low ALP activity could be measured after seven days of differentiation. The highest ALP activity was detectable in the supernatant of cells differentiated in hPL-supplemented medium.


[image: Figure 3]
FIGURE 3. (A) Alizarin red staining of the hAD-MSCs from four donors differentiated in the presence of 2.5% hPL, 10% HS, or 10% FCS. The influence of cell culture supplements on the calcium deposition evaluated by Alizarin red extraction, 10× objective, scale bar 100 μm. (B) and on the cell viability during the differentiation (C). Data represent the mean ± SD of a threefold determination for four donors.



[image: Figure 4]
FIGURE 4. (A) Alkaline phosphatase staining of differentiated hAD-MSCs cultivated for 7, 14, and 21 days and differentiated in medium supplemented with FCS, HS and hPL, 10× objective, scale bar 100 μm. (B) Measured ALP activity in the supernatant of hAD-MSCs cultivated with FCS, HS and hPL for 7, 14, and 21 days. Data represent the mean ± SD of a threefold determination for two donors.


Online monitoring and the evaluation of osteogenic differentiation dynamics with the help of a trained metric phase object confluence mask also revealed the superiority of hPL in terms of the onset of calcium deposition (Figure 5). However, in comparison to the Alizarin red staining in the unstained live MSCs culture, the software first recognized the deposition after day seven.


[image: Figure 5]
FIGURE 5. (A) The influence of cell culture supplements on the calcium deposition evaluated by using a trained metric phase object confluence mask for microscopic pictures analyzed by the IncuCyte Live-Cell Imaging System and Software (Essen BioScience, Ann Arbor, MI). Data represent the mean ± SD for a fourfold determination. (B) Microscopic pictures taken by an IncuCyte Live-Cell Imaging System and blended with a trained metric phase object confluence mask, which indicates typical osteogenic changes of the cells, scale bar 400 μm.




Chondrogenic Differentiation

Traditionally MSCs are only able to differentiate into chondrocytes when cultivated in pellet 3D cultures. In this study, hPL supported chondrogenic differentiation of hAD-MSCs also in 2D cultivations system (Figure 6). If media were supplemented with FCS or HS, hAD-MSCs of all tested donors did not show accumulation of proteoglycans after the chondrogenic stimulation (Figure 6A). Under FCS and HS cultivation conditions, cells started to detach from the cell culture surface and to agglomerate already after 2 weeks of differentiation. In the presence of hPL, cells from all tested donors started to accumulate proteoglycans already after 2 weeks of stimulation, as demonstrated by the positive Alcian Blue staining. After 2 weeks of stimulation, an increased GAG production was measured in the presence of hPL (Figure 6B). hAD-MSCs cultivated with hPL-supplemented differentiation medium showed the highest GAG/DNA ratios during the entire period of differentiation. These data demonstrate that the sole presence of hPL in chondrogenic medium can induce chondrogenic differentiation and accumulation of glycosaminoglycans by hAD-MSCs.


[image: Figure 6]
FIGURE 6. (A) Alcian Blue staining of the hAD-MSCs from four donors differentiated in the presence in 2.5% hPL, 10% HS, or 10% FCS. 10× objective, scale bar 100 μm. (B) Determination of the GAG deposition in cells (in μg GAG/μg DNA) differentiated for 7, 14, and 21 days under influence of FCS, HS, and hPL. Data represent the mean ± SD of two independent experiments in threefold determination for two donors.




Comparative Analysis of the Influence of Different Medium Supplements in 3D Cultivation

To compare the influence of different supplements on hAD-MSCs cultivated in hydrogels, both addition of supplements directly into hydrogels and addition of supplements to the media were investigated (Figure 1). To evaluate the cell growth and behavior, the morphology as well as the metabolic activity of the cells was measured (CTB).

In almost all GelMA hydrogels, increased cell spreading was visible from day three to day seven (Figure 7). The lowest amount of spreading after seven days was observed when hAD-MSCs were encapsulated in GelMA prepared in PBS with the addition of 50% FCS. When additionally cultivated with FCS-supplemented medium, spreading cells were rarely seen 7 days (Figure 7A) and only a few elongated cells were visible after 7 days in the HS or hPL-supplemented medium (Figures 7B,C). In contrast, the addition of HS to the hydrogel had a positive influence on the cell spreading in FCS, HS and hPL-supplemented medium (Figures 7A–C). Encapsulating the cells in GelMA with the addition of 50% hPL led to a more distinct cell spreading in all tested culture media. A few elongated cells could be observed already on day one with most cells showing extensive spreading after 7 days. In hPL-supplemented medium, cells were elongated and formed a three dimensional homogenous cell network.


[image: Figure 7]
FIGURE 7. Morphological examination (A–C) and cell viability (D) of hAD-MSCs encapsulated with a UV dose of 1.2 J/cm2 in 5% GelMA with 50% degree of functionalization (DoF) formulated with 50% PBS and 50% FCS, 50% HS, or 50% hPL. The hydrogels were cultivated in (A) FCS, (B) HS, or (C) hPL supplemented medium. After cultivating the cells for 1, 3, and 7 days, they were stained with calcein-AM; 4× objective, scale bar 500 μm. (D) The CellTiter-Blue (CTB) assay was performed on day 1, day 3, and day 7 of cultivation. Data represent the mean ± SD for a threefold determination. *p < 0.05, **p < 0.01, ***p < 0.001.


The metabolic activity in all hydrogels increased over the cultivation time (Figure 7D). Cells encapsulated in GelMA hydrogels formulated with 50% FCS showed the lowest viability in all media, cells encapsulated in GelMA hydrogels formulated with 50% hPL demonstrated the highest viability. Formulating the hydrogels with 50% hPL instead of FCS led to an almost doubled cell viability when cultivated in FCS-supplemented medium. Regarding the media supplementation, supplementation with HS led to the lowest cell viability compared to the supplementation of FCS and hPL. However, in comparison to FCS-supplemented medium, hAD-MSCs cultivated in hPL-supplemented medium did not show a cell viability increase from day three to day seven. Overall, the cultivation of cells in GelMA hydrogels formulated with 50% FCS, in combination with HS-supplemented medium, represents the worst combination. The best combination, with the highest cell viability, was shown by GelMA hydrogels dissolved in 50% hPL, when cultivated in FCS- or hPL-containing medium.




DISCUSSION

Cultivation of human cells, including MSCs, in FCS-supplemented media raises concerns since cells cultivated with animal supplements can cause xenogenic immune reactions and transmit prions or other zoonotic infections after transplantation (Bottio et al., 2003; Capelli et al., 2007; Astori et al., 2016). Moreover, the large-scale manufacturing of these cells requires large amounts of clinical grade FCS, which is in limited supply. The use of serum-free media would be the best choice, however, at the moment only few chemically defined, serum-free media are available on the market (e.g., MSCGM-CD™ media from Lonza). The term “serum-free,” however, does not always mean that the media does not contain supplements of animal or human origin. Moreover, not every chemically defined medium supports cell growth of all kind of MSCs (MSCs of different origin). For example, it has been demonstrated that Mesencult-XF supports growth of hAD-MSCs, but not of bone marrow-derived mesenchymal stem cells (Al-Saqi et al., 2014). Until efficient “real” serum-free media are developed, it is essential to establish xeno-free systems for in vitro expansion of primary human cells, including MSCs. At the moment, more than 1,100 clinical trials are listed where MSCs from different sources are involved (clinicaltrials.gov). Treatment with MSCs often requires an in vitro cell expansion step to reach clinically relevant cell numbers. For each treatment, the individual cell dosage is estimated to be 105-109 cells (Simaria et al., 2014). In addition, the expanded MSCs should retain their biological activity (e.g., immunomodulating properties, differentiation capacity and stromal/rescue function). Thus, it is indispensable to have an efficient xeno-free in vitro media to expand these cells for clinical trials and later for therapies.

An additional factor which affects the cell quality is the applied cultivation system. As shown in various studies, the chosen cultivation system influences cell behavior and cell functionality, such as the expression of specific factors (Mark et al., 1977; Cukierman et al., 2001, 2002; Abbott, 2003; Bissell et al., 2003; Schmeichel and Bissell, 2003; Lee et al., 2009; Li and Cui, 2014; Papadimitropoulos et al., 2014; Sart et al., 2014; Egger et al., 2019). Therefore, the application of xeno-free in vitro media should be combined with cell cultivation in a 3D cultivation system, in order to obtain the best possible replication of the physiological cell state.

In the present work, the influence of hPL on proliferation and differentiation of hAD-MSCs in 2D cultivation systems was investigated and the obtained results were systematically compared with cells cultivated with HS and FCS. In this study, we revealed that the 2D supplementation of cell culture medium with 2.5% hPL accelerated cell proliferation during the first 2–3 passages. Cells isolated from all four tested donors expanded in 2D faster in the presence of 2.5% hPL than in the presence of 10% HS or 10% FCS. Although differences in proliferation capacities could be observed in each donor, the application of hPL will allow each donor to reach the fastest cell expansion. These results were demonstrated earlier for MSCs isolated from human bone-marrow, umbilical cord blood and adipose tissue (Blande et al., 2009; Shih et al., 2011; Bieback, 2013; Astori et al., 2016). It is important to note that not only supplements (serum) play an essential role in the expansion efficiency, but also the basal media composition. In addition, the right combination of basal media, supplements and seeding strategy is critical to obtain optimal conditions for in vitro cell growth (Kasper et al., 2018). In our work, αMEM was used, which is more physiological than the widely used high glucose DMEM or RPMI media.

Human platelets in vivo play a major role in homeostasis and represent a rich source of survival and growth factors, which are usually released during wound healing at the site of injury (Shih and Burnouf, 2015). Therefore, hPL could provide an efficient replacement for FCS and HS (Hemeda et al., 2014). Siciliano et al. performed the isolation and successful 2D expansion of human mediastinal hAD-MSCs in virally inactivated GMP-grade hPL (Siciliano et al., 2015). They demonstrated that mediastinal hAD-MSCs cultivated in 10–20% hPL had higher growth rates than the ones cultivated in FCS. In comparison to the above-mentioned study, we could reach the same effect by cultivating the cells with only 2.5% hPL in 2D.

In this work, we also demonstrated that hPL accelerates osteogenic and chondrogenic differentiation in 2D cultures of hAD-MSCs. Cells cultured with hPL remained viable during the entire period of differentiation. The CTB assay is regarded as an indirect measure of viability and proliferation. Since proliferation rate is significantly reduced after induction of differentiation, the low CTB values within hPL supplemented cultures indicate absence of further proliferation and initiation of osteogenic differentiation.

Furthermore, cells from all four donors accumulated calcium in the extracellular matrix already after 1 week of osteogenic stimulation. Concentrations of the extracted Alizarin red were 20 times higher than those measured after cell differentiation in HS and FCS. ALP activity could be detected after the first week, when cultured with hPL-supplemented differentiation medium. In this study, we could monitor the changes in extracellular matrix morphology during osteogenic differentiation online. By training an algorithm with the software of IncuCyte® Live-Cell Imaging and Analysis, the increase of mineralization over time was detected by adding a coloring mask to the images. Using the trained mask, the software first recognized calcium deposition after seven days and evenly distributed early mineralization could be detected after only 10 days. This finding of 2D differentiated cells is in line with the results of previous studies that used hPL for 3D cell culture (Kirsch et al., 2019, 2020; Re et al., 2019). Santo et al. demonstrated that scaffolds loaded with hPL supported accelerated differentiation of hAD-MSCs (Santo et al., 2012). Another group used platelet-functionalized polycaprolactone scaffolds to enhance osteogenic differentiation of MG-63 cells (Rampichová et al., 2017). Altaie et al. reported that osteoconductive scaffolds colonized with hPL-expanded MSCs show a good capability to cure bone deficiencies in vivo in pre-clinical studies (Altaie et al., 2016). Since CTB was used, it is not possible to differentiate between the proliferation and metabolic activity directly. In further experiments, the cell proliferation and direct cell viability during differentiation could be measured, in order to distinguish directly between cell number and the metabolic activity of cells differentiating under the influence of the three different medium supplements.

In the case of chondrogenic differentiation in the 2D cultivation system, only cells cultivated in hPL-containing medium were positively stained with Alcian blue. The production of GAG could be already measured in the second week, if cultivated in the presence of hPL. In addition, hPL cultivated cells demonstrated the highest GAG/DNA ratios during the entire period of differentiation. Moreover, the Alcian blue staining was already positive after 2 weeks of stimulation. It is well-known that for most of the protocols for chondrogenic differentiation, cell pellets or 3D constructs need to be created in order to achieve a successful differentiation. In this work, the addition of hPL was sufficient for chondrogenesis in a 2D system. Merceron et al. were unable to detect any GAG production by hAD-MSCs cultured in 2D (Merceron et al., 2011). Only chondrogenic differentiated cells in 3D pellet cultures showed GAG synthesis and accumulation. In our study, we could show a clear Alcian blue staining, as well as a GAG production of cells differentiated with hPL in 2D. Earlier, Feng et al. demonstrated that 10% hPL could improve chondrogenic differentiation of umbilical cord-derived MSCs in 3D pellets (Feng et al., 2011). It is known that platelets contain numerous growth factors involved in chondrogenesis such as transforming growth factor-β1, vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), insulin-like growth factor 1 (IGF-1), and insulin-like growth factor 2 (IGF-2) (Kabiri et al., 2014). Several groups also demonstrated a positive influence of platelet-rich plasma on chondrogenesis of various MSCs in terms of increased collagen II production as well as upregulation of SOX9 and Aggrecan (Mishra et al., 2009; Xie et al., 2012; Kabiri et al., 2014). Since chondrogenic differentiation of MSCs represents a promising strategy for cartilage regeneration or replacement, application of hPL can provide good conditions for effective in vitro induction of chondrogenesis (Boeuf and Richter, 2010). 2D culture applications of osteogenic and chondrogenic differentiated MSCs may be of special interest for high-throughput screening. For instance, they could be used for drug screening in bone and cartilage disease models. Furthermore different studies have shown that osteogenic or chondrogenic pre-differentiated MSCs in 2D can produce cartilage and bone tissue in vivo in the same degree as MSCs pre-differentiated in 3D (Merceron et al., 2011).

In addition to the need for xeno-free 2D cell culture protocols, the demand for xeno-free cultivation protocols for 3D cell cultures is also increasing. In the case of hydrogel-based 3D cultivation systems, supplements can be added not only to the medium, but also directly during hydrogel formulation. Although 3D cell cultures with hPL as medium supplement have been studied, there are still certain areas that require further investigation. There are only a limited number of studies which investigated and compared the effect of different supplements on MSCs in general 3D cell culture systems and there are no studies about supplement addition directly to hydrogels (Santos et al., 2018; Kirsch et al., 2019; Re et al., 2019). In a recent study, we have demonstrated that the supplementation of GelMA hydrogels with different hPL concentrations had a positive effect on cell spreading, proliferation and differentiation, as well as on the material properties such as viscosity, storage modulus and swelling ratio (Kirsch et al., 2019).

With this work we have shown that not only the addition of the supplement to hydrogels, but also the supplement origin plays an important role in cell spreading and growth. Due to the direct addition of supplements to the hydrogels, proteins do not have to diffuse into the hydrogels from the media, and growth factors, adhesion factors and other bioactive proteins are directly accessible to encapsulated cells. In this work we could show that especially the addition of hPL to the hydrogel led to better cultivation conditions for the cells.

In situ formulation of hydrogels with hPL increased the cell spreading of hAD-MSCs compared to FCS- and HS-formulated hydrogels. Supporting our previous findings, hPL in hydrogels led to cell attachment and spreading after only 1 day of cultivation in 3D (Kirsch et al., 2019). In contrast, FCS and HS did not show a general positive influence on cell spreading and cell viability in hydrogels. Several studies have previously shown a hPL-dependent or hPL-supported increase of the proliferation rate and cell number of cells growing on the surface or encapsulated in hPL-containing gels (hPL gels/matrix) and hydrogels (Walenda et al., 2012; Babo et al., 2016; Fortunato et al., 2016; Egger et al., 2019; Re et al., 2019). In addition, the hPL enhanced cell spreading of cells encapsulated in hydrogels was previously observed (Fortunato et al., 2016; Santos et al., 2018; Jooybar et al., 2019). MSCs belong to the anchorage-dependent cells. Therefore, increased cell adhesion and enhanced cell spreading have a major impact on migration, proliferation and differentiation of MSCs (Lauffenburger and Horwitz, 1996; Trappmann et al., 2012; Wang et al., 2016; Yang et al., 2019). One reason for the positive effect of hPL on the cell attachment and spreading in the hydrogel could be the α-granules of platelets (Kirsch et al., 2019). The α-granules contain many different adhesion proteins, such as vitronectin, fibronectin, thrombospondin and von Willebrand factor, which are released during the platelet lysis (Sander et al., 1983; Wencel-Drake et al., 1985; Kore-Grodzicki et al., 1988; Heijnen and van der Sluijs, 2015; Burnouf et al., 2016). Another possible reason could be the different stiffness of the matrix material, which was shown to increase with higher hPL concentrations in the hydrogel (Kirsch et al., 2019). Indeed, several studies described the effect of the material stiffness from different matrices on the cell behavior of MSCs, embryonic stem cells and fibroblasts (Engler et al., 2004; Solon et al., 2007; Chowdhury et al., 2010; Park et al., 2011; Sun et al., 2018). For instance, Sun et al. demonstrated that a higher stiffness of fibronectin-coated polyacrylamide hydrogels led to greater spreading and adherence of BM-MSCs, as well as to an increased proliferation rate (Sun et al., 2018). However, the exact reason for the positive influence of hPL on cell adhesion and cell spreading in GelMA hydrogels needs to be investigated in more detail in further studies.

The most promising combinations for enhanced cell spreading and increased cell proliferation were observed by hAD-MSCs encapsulated in hydrogels formulated with 50% hPL cultivated in medium supplemented with 10% FCS or 2.5% hPL. For clinical studies and applications, however, the use of xeno-free cultivation methods is crucial. Therefore, the more suitable xeno-free 3D cultivation protocol would be the cultivation of MSCs in hydrogels formulated with 50% hPL in medium supplemented with 2.5% hPL. Since allogenic and autologous hPL can be added as a supplement to the hydrogel, but also to the medium, individualized xeno-free off-the-shelf TE constructs can be realized on the long-term using this optimized protocol. In this study, the focus of the 3D experiments was to study and compare cell behavior (morphology, cell spreading and metabolic activity) under all possible combinations of supplements added to the medium or during hydrogel formulation. In further experiments the influence of all possible supplement combinations on the differentiation of the encapsulated cells should be investigated.

The advantages of hPL compared to FCS and HS demonstrated in this work regarding the support of osteogenic and chondrogenic differentiation of MSCs in 2D in vitro cultivations must be investigated in further studies for 3D cultivation systems. For example, immunohistological staining of differentiation specific markers can be performed inside the hydrogel, as well as after the preparation of cryosections. Cryosections can be histochemically stained for osteogenic (e.g., calcium or alkaline phosphatase activity) and chondrogenic (e.g., collagen, proteoglycan, or glycosaminoglycan) specific markers. Moreover, the hydrogels can also be enzymatically digested in order to liberate encapsulated cells and allow the performance of cell analysis protocols like gene microarray analysis or flow cytometry.



CONCLUSION

Our work demonstrated that medium supplementation with 2.5% hPL is favorable for cultivation of hAD-MSCs in 2D systems and accelerates proliferation as well as osteogenic and chondrogenic differentiation of these cells. To our knowledge, the progress of osteogenic differentiation under the influence of three different supplements was monitored and evaluated in 2D for the first time. Both, osteogenic and chondrogenic differentiation was already detectable after 1 week of stimulation. In 3D systems, we could show that hAD-MSCs in hPL-supplemented hydrogels cultivated with hPL-supplemented medium adhere and spread faster and in higher numbers when compared to FCS and HS as supplement in hydrogels or medium. This indicates that hPL can be a possible xeno-free alternative to the widely used FCS not only in 2D, but also in hydrogel-based 3D cultivation protocols. Until efficient chemically defined serum-free media are established and approved for the large-scale MSCs production and differentiation, hPL can serve as a suitable supplement for xeno-free cell cultivation in 2D and 3D. Produced under optimal conditions of standardization and safety, hPL can become a key supplement for ex vivo production of MSCs and ex vivo tissue formation for applications in the field of regenerative medicine. As yet, the precise hPL composition and the reason for fast MSCs differentiation in hPL are unclear.

Further studies including hPL fractionation, protein separation and MS-analysis must be performed in order to elucidate the positive effects of individual components of hPL and for the creation of defined supplements. Taken together, the application of hPL in 2D and 3D in vitro cultivation of MSCs appears to be a promising approach for bioregenerative medicine.
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Translation of multipotent mesenchymal stromal cell (MSC)-based therapies is advancing in human and veterinary medicine. One critical issue is the in vitro culture of MSC before clinical use. Using fetal bovine serum (FBS) as supplement to the basal medium is still the gold standard for cultivation of many cell types including equine MSC. Alternatives are being explored, with substantial success using platelet lysate-supplemented media for human MSC. However, progress lags behind in the veterinary field. The aim of this study was to establish a scalable protocol for equine platelet lysate (ePL) production and to test the ePL in equine MSC culture. Whole blood was harvested into blood collection bags from 20 healthy horses. After checking sample materials for pathogen contamination, samples from 19 animals were included. Platelet concentrates were prepared using a buffy coat method. Platelets, platelet-derived growth factor BB, and transforming growth factor β1 concentrations were increased in the concentrates compared with whole blood or serum (p < 0.05), while white blood cells were reduced (p < 0.05). The concentrates were lysed using freeze/thaw cycles, which eliminated the cells while growth factor concentrations were maintained. Donor age negatively correlated with platelet and growth factor concentrations after processing (p < 0.05). Finally, all lysates were pooled and the ePL was evaluated as culture medium supplement in comparison with FBS, using adipose-derived MSC from four unrelated donor horses. MSC proliferated well in 10% FBS as well as in 10% ePL. However, using 5 or 2.5% ePL entailed highly inconsistent proliferation or loss of proliferation, with significant differences in generation times and confluencies (p < 0.05). MSC expressed the surface antigens CD90, CD44, and CD29, but CD73 and CD105 detection was low in all culture media. Adipogenic and osteogenic differentiation led to similar results in MSC from different culture media. The buffy coat method is useful to produce equine platelet concentrate with increased platelet and reduced white blood cell content in large scales. The ePL obtained supports MSC expansion similar as FBS when used at the same concentration (10%). Further investigations into equine MSC functionality in culture with ePL should follow.

Keywords: mesenchymal stromal cells, platelet concentrate, platelet lysate, fetal bovine serum, equine, cell culture


INTRODUCTION

Cell-based therapies are promising tools for regenerative treatment of human and animal diseases. While some approaches have already been successfully implemented in clinical practice, most are still in developmental stages. In horses, particularly treatment of orthopedic conditions with multipotent mesenchymal stromal cells (MSC) has a well-documented history (Smith, 2003; Pacini et al., 2007; Godwin et al., 2012; Renzi et al., 2013; Schauwer et al., 2013; Ferris et al., 2014; Mariñas-Pardo et al., 2018; Broeckx et al., 2019). One current challenge in the development of successful cell-based products, irrespective of the target species, is the implementation of manufacturing processes that comply with legal regulations and maintain cellular potency. As most research focuses on cell therapies for human patients, it remains particularly challenging to adopt suitable procedures for cells derived from large animal species. However, this is crucial with respect to the treatment of companion animals as well as for the use of large animal species in translational studies. Both, clinical application and translational aspects apply to the equine species.

The cell culture medium is a critical element in cell manufacturing processes and may strongly impact on cell quality and efficacy of therapies. To supply the cells with hormones, nutrients, and growth factors, the supplementation of basal medium with fetal bovine serum (FBS) is still the gold standard for in vitro culture of many cell types, including equine MSC (Doucet et al., 2005; van der Valk et al., 2010; Bieback, 2013; Burnouf et al., 2016). However, the use of FBS is afflicted with several problems, including an expected shortage of supply (Jayme et al., 1988; Jochems et al., 2002), the ethically critical harvesting procedures (Hodgson, 1995; Jochems et al., 2002; van der Valk et al., 2004), inconsistent quality (Gstraunthaler, 2003; Zheng et al., 2006; Baker, 2016), and its xenogeneic use with the possibility of recipient immune reactions (Sundin et al., 2007; Bieback, 2013) and transmission of bovine pathogens (Erickson et al., 1991; World Health Organization, 2006; Hawkes, 2015). For these reasons, efforts should be made to reduce or replace the use of FBS. In this line, both the European Medicines Agency (EMA) (European Medicines Agency, London, 2013) and the International Society for Cellular Therapy (ISCT) (Karnieli et al., 2017) have recommended the control of quality and safety of FBS and if possible, its replacement. Several alternatives to using FBS have been explored, with most encouraging results using chemically defined/serum-free or platelet lysate (PL)-supplemented media.

For human MSC, commercially available serum-free culture media were developed. However, when investigating the applicability of such serum-free media in equine adipose-derived MSC, we observed differences in morphology and expression of the surface marker CD90, as well as increased aggregation and spontaneous detachment of these MSC (Schubert et al., 2018). These results underlined that culture condition requirements are species-specific with regard to nutrient and growth factor supplementation. Consequently, the use of commercially available serum-free media for large animal MSC is not a consummate approach.

Production and use of human PL (hPL) for MSC cultivation was first reported in 2005 (Doucet et al., 2005). Platelets (PLT) exhibit an important role not only in primary hemostasis but also in wound healing and tissue regeneration. Their α-granules are rich in chemokines and growth factors, such as platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), insulin-like growth factor (IGF), transforming growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), adhesion factors, and enzymes (Blair and Flaumenhaft, 2009; Schallmoser et al., 2009; Astori et al., 2016; Burnouf et al., 2016). When released upon PLT activation, these factors support cell proliferation and recruitment (Golebiewska and Poole, 2015). Therefore, PL was considered as a suitable acellular culture media supplement. By now, several studies have shown that hPL is better suited for human MSC expansion than FBS (Blande et al., 2009; Mojica-Henshaw et al., 2013; Mohammadi et al., 2016; Becherucci et al., 2018; Schallmoser et al., 2020), and that the MSC cultured with hPL fulfill the definition criteria recommended by the International Society for Cellular Therapy (ISCT) in 2006 (Dominici et al., 2006; Mojica-Henshaw et al., 2013; Becherucci et al., 2018). Interestingly, it was reported that hPL already replaces FBS in 77% of the good manufacturing practice protocols for MSC production in human medicine (Trento et al., 2018), demonstrating significant progress.

In order to follow this development, first studies have already been carried out with equine PL (ePL) for equine MSC cultivation (Del Bue et al., 2007; Seo et al., 2013; Russell and Koch, 2016; Gilbertie et al., 2018; Naskou et al., 2018; Yaneselli et al., 2019). The equine MSC cultured with ePL showed similar proliferation rates, a fibroblast-like morphology, trilineage differentiation, and improved viability compared with FBS-supplemented cultures (Seo et al., 2013; Naskou et al., 2018) and maintained their immunomodulatory properties (Naskou et al., 2018; Yaneselli et al., 2019). Thus, based on the current state of knowledge, ePL is a promising alternative to FBS for the cultivation of equine MSC. However, in contrast to human blood products, availability of ePL is very limited, entailing the necessity of in-house production. So far, published ePL production procedures mainly include platelet-rich-plasma-based methods in small-scale syringe format (Del Bue et al., 2007; Seo et al., 2013; Russell and Koch, 2016; Gilbertie et al., 2018; Yaneselli et al., 2019) and a plateletpheresis-based method (Naskou et al., 2018), which is scalable but requires specialized equipment. Hence, the procedures used by different laboratories comprise highly distinct approaches, limiting the comparability between studies.

The aim of this study was to provide an ePL production protocol which does not rely on specialized equipment, could easily be adopted by other laboratories, and is scalable to production of large batches. For this purpose, we evaluated a procedure based on the most commonly used techniques in human medicine (Burnouf et al., 2016), a buffy coat-based method to obtain PLT concentrate, followed by repeated freeze/thaw cycles for PLT lysis. In a second step, we tested the obtained ePL in comparison with FBS for its suitability for MSC culture.



MATERIALS AND METHODS


Blood Collection

Whole blood for ePL preparation was collected over a period of 2 months from 20 healthy warmblood horses of similar breeds (5 geldings, 14 mares, and 1 stallion) aged 4–15 years (median: 9 years; interquartile range (IQR): 6) after approval by the local regulatory authority (i.e., regional council Giessen, A14/2019). These donor horses had not received any medication in the last 2 weeks as confirmed by their owners. Furthermore, their health status was evaluated by clinical examination and blood tests comprising complete blood counts with ethylenediaminetetraacetic acid (EDTA) whole blood, blood chemistry with Li-heparin blood and serum, as well as microbiological and virological analyses as specified below.

The whole blood was obtained aseptically from the jugular vein. One milliliter lidocaine hydrochloride 2% was administered subcutaneously at the venipuncture site. A permanent venous catheter (12 G) was inserted in cranial direction and fixed with non-resorbable sutures. First, blood samples were collected into tubes for the blood tests specified above, as well as for an erythrocyte sedimentation rate test.

A total of 2 L whole blood was then collected into four 600 ml commercial blood bags loaded with 70 ml citrate-phosphate-dextrose (CPD; Composelect, Fresenius Kabi, Bad Homburg, Germany) (500 ml whole blood in each), which had been connected via a four-way connector (LS-four-way-connector, B. Braun, Melsungen, Germany) using a sterile tube welder (Compodock, Fresenius Kabi). A blood donation scale (MW5001 electronic, Biotrans GmbH, Dreieich, Germany) was used to standardize the filling volume of the blood bags. After the blood collection was completed, the samples were placed in a CompoCool®Box (Fresenius Kabi) containing butane-1,4-diol cooling plates to cool the whole blood to 20°C within a short time and to improve temperature uniformity. The blood was left there for at least 2 h and a maximum of 3 h until processing in the laboratory. Three of the four blood bag samples per horse were processed as described in the following.



Platelet Concentrate and Lysate Preparation

The blood bags were centrifuged at 711 × g for 20 min using a commercial centrifuge designed for blood separation (Hettich Rotanta 460R, Andreas Hettich GmbH & Co.KG, Tuttlingen, Germany) with acceleration settings of 1, deceleration settings of 0, at 22°C, for blood component separation. The buffy coat was recovered by separating the plasma, and the erythrocyte concentrate by a top-bottom method with a blood-separating device (Optipress® II; Fenwal, Baxter S.A., Maurepas, France). The buffy coat was left to rest for 1 h, then 70 ml plasma were added again for resuspension. The resuspended buffy coat was then centrifuged at 159 × g for 10 min, acceleration 1, deceleration 0, at 22°C, in the same centrifuge. After that, the resulting supernatant, corresponding to the concentrate, was separated using a manual press (NPBI Holland) (Figure 1).


[image: Figure 1]
FIGURE 1. Graphical overviews of the buffy coat-based method to produce concentrate from equine whole blood in blood collection bags (A) and the freeze/thaw cycle-based lysis method to produce ePL from this concentrate (B).


The concentrates from the three separate blood collection bags from each horse were then pooled in transfer bags (R6R2021, Compoflex, Fresenius Kabi) to obtain one bag of concentrate per horse, referred to as “concentrate pooled,” and frozen at −80°C. In order to lyse the PLT, three freeze/thaw cycles were performed, in which the PLT concentrate was thawed at 37°C in a dry heating device designed to thaw frozen products intended for infusion under continuous agitation (Plasmatherm, Barkey GmbH &CO.KG, Leopoldshoehe, Germany) for 4 h and then frozen again at −80°C for 20 h. Afterwards, the bags were centrifuged at 4,000 × g for 30 min, acceleration 9, deceleration 2, in the same centrifuge described above. The supernatant, corresponding to the lysate, was filtered via gravity using Macopharma Plas4 filters (Lot 11290588BM, Macopharma, Langen, Germany) for cell debris removal. The PLT lysate from each donor was stored at −80°C, until the lysate units from all suitable horses (n = 19) were pooled under aseptic conditions (Figure 1). The lysate from the remaining horse was not included due to a positive herpes virus finding.



Microbiological and Virological Assessment

Absence of pathogens was confirmed in blood samples from the individual animals as well as in the final pooled ePL before its use in cell culture. This comprised a bacteriological analysis with Oxoid signal blood culture system (BC0100M, Oxoid Limited, Hampshire, England), incubated at 37°C for 7 days. On days 1, 2, 4, and 6, the cultured blood was streaked on blood agar (Blood Agar Base, Oxoid, Wesel, Germany) containing 5% defibrinated sheep blood and on water-blue metachrome-yellow lactose agar (Water-blue Metachrome-yellow Lactose Agar acc. to Gassner, sifin diagnostics, Berlin, Germany). The plates were incubated under aerobic conditions at 37°C for 48 h. Additionally, Brain-Heart-Infusion agar (Brain Heart Infusion Agar, Oxoid) was incubated under microaerobic conditions (10% CO2, 37°C) and analyzed after 24 and 48 h. Schaedler agar (BBL™ Schaedler Agar, Becton Dickinson GmbH, Heidelberg, Germany) and Columbia agar (Columbia Agar (base), E. Merck, Darmstadt, Germany) were incubated at 37°C for 72 h under anaerobic conditions in a jar using AnaeroGen™ gas sachets (AnaeroGen™ 2.5L, Oxoid). For selective culturing of fungi, Kimmig agar (Agar for fungi (base) acc. to Kimmig modified, E. Merck) was incubated for 72 h at 28°C under aerobic conditions. Lastly, a 16S ribosomal RNA gene polymerase chain reaction analysis for mycoplamas (van Kuppeveld et al., 1992) was performed. In addition, a virological examination for equine herpes virus 1 and 4 (virus genome detection), equine arteritis virus (antibody detection by serum neutralization test), equine infectious anemia virus (antibody detection), and virus cultivation in cell culture was commissioned.



Platelet and Leukocyte Counts

Complete blood counts were obtained from samples harvested at different processing stages using an automated flow cytometric hematology analyzer (ADVIA 2120i, Siemens Healthcare GmbH, Erlangen, Germany) with Multispecies software MS 5.9. This included EDTA blood samples, citrated whole blood samples from each blood collection bag before further processing, plasma samples from each collection bag, concentrate samples from each collection bag, pooled concentrate from each animal, lysate from each animal, and the final ePL pooled from all horses.



Growth Factor Quantification and Chemical Analyses

Growth factor concentrations were analyzed in serum, plasma, pooled concentrate, and lysate from each horse, as well as in the final pooled ePL. All samples including the concentrates had been stored at −80°C before the growth factors were measured. For comparison, the same growth factors were also measured in the FBS which was used as standard cell culture medium supplement. Specifically, platelet-derived growth factor (PDGF-BB) and transforming growth factor beta 1 (TGF-β1) were quantified using the respective Quantikine ELISA kits (catalog numbers #DBB00 and #DB100B, R&D Systems, Minneapolis, MN, USA), which have been used for equine samples in previous studies (Anderson et al., 1998; Desjardins et al., 2004; Donnelly et al., 2006; Boswell et al., 2014; McClain and McCarrel, 2019). Procedures were performed according to the product manuals, which included TGF-β1 activation with hydrochloric acid, and samples were analyzed using an Infinite F50 (Tecan) plate reader and the corresponding Magellan software (Tecan Ltd., Maennedorf, Switzerland).

Furthermore, in the same samples, according to the chemical quality analysis of FBS, electrolyte and total protein analyses were performed using a blood gas and electrolyte analyzer (Cobas b 123 POC system, Roche Diagnostics GmbH, Mannheim, Germany). The total protein and albumin content was determined using a clinical chemistry analyzer C400 (Pentra C400 Option I.S.E, HORIBA ABX SAS, Montpellier, France).



MSC Culture With FBS and ePL Media Supplements

The final pooled ePL was evaluated as cell culture supplement for equine adipose-derived MSC, in comparison with FBS. Adipose-derived MSC had been harvested from four healthy standard-bred horses (three geldings, one stallion) aged 5–9 years (median: 8 years; IQR: 1) in the framework of an unrelated previous study as approved by the respective local authority (Landesdirektion Leipzig, TV34/13). MSC had been isolated by collagenase digestion and expanded in FBS-supplemented culture medium until cryopreservation. The cells were thawed and seeded in Dulbecco's modified Eagle's medium (1 g/L glucose; Gibco®, ThermoFisher Scientific, Darmstadt, Germany) supplemented with either 10% FBS (Lot: 2078409, Gibco®, ThermoFisher Scientific) or 10, 5, and 2.5% ePL, 1% penicillin-streptomycin, and 0.1% gentamycin. When using ePL, 1 U/ml heparin-natrium (B. Braun, Melsungen, Germany) was additionally added to the culture medium. MSC were then cultured under standard conditions (humidified atmosphere, 37°C, 5% CO2) for at least one passage prior to any experiment to allow for possible adaptations to the respective culture media. All experiments were performed using the MSC from all donor horses and except for the flow cytometry experiments, mean values from technical replicates were used for further statistical analyses.



Cell Proliferation and Viability Assays

For estimation of the generation time, population doublings in passages 2 and 3 were evaluated. MSC were seeded at a density of 3,000 cells/cm2 and incubated for 5 days, with a medium change after 3 days. Phase-contrast photomicrographs were obtained at standardized settings using a Nikon Eclipse Ts2-FL microscope with a DS-Fi3 camera (Nikon GmbH, Duesseldorf, Germany) at day 5 before passaging. Cells were then trypsinized and counted using a hemocytometer and trypan blue for exclusion of dead cells. The generation times were calculated using the following formula:
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Using Fiji ImageJ software, the images obtained before passaging were uniformly enhanced in contrast, a background subtraction was done and images were binarized, with adapted thresholds for each image, and the confluent area within each image was measured. In addition, MSC metabolic activity was measured at day 1 and 5 using a tetrazolium compound (MTS) assay according to the manufacturer's instructions (CellTiter 96® AQueous One Solution Cell Proliferation Assay, Promega, Mannheim, Germany). The mean absorbance at day 5 was divided by the mean absorbance at day 1 as an indicator for metabolic activity.



Immunophenotyping

Immunophenotypic analyses were performed in passage 3 MSC to assess the presence of inclusion and exclusion marker antigens recommended for MSC characterization, based on procedures established previously for equine MSC (Paebst et al., 2014). Briefly, MSC were analyzed by flow cytometry for CD29, CD44, CD73, CD90, and CD105, as well as for CD14, CD34, CD45, CD79α, and MHC-II. First, MSC were detached in ice-cold 0.01 M EDTA using cell scrapers to prevent loss of surface molecules due to enzymatic detachment. Next, cells were successively incubated with fixable viability dye (1:1,000; eBioscience™ Fixable Viability Dye eFluor™ 780, ThermoFisher Scientific) for 20 min, the respective blocking sera (15% goat serum for CD73 staining and 5% mouse or rat serum for all other stainings, all Sigma-Aldrich, Taufkirchen, Germany), followed by the antibodies detailed in Table 1. Incubation steps were performed protected from light for 15 min at 4°C, with interjacent washing steps in staining buffer (phosphate-buffered saline (PBS) supplemented with 0.01% sodium azide and 10% FBS). Finally, all cells were fixed in 2% paraformaldehyde, washed with PBS, and stored in staining buffer overnight at 4°C. For CD79α staining, fixation and permeabilization solutions (BD Cytofix/Cytoperm™, BD Biosciences, Franklin Lakes, NJ) were used according to the manufacturer's instructions. Flow cytometric measurements of a minimum of 20,000 events per sample were performed on an LSR Fortessa II (BD) equipped with FACS Diva 6.2 software (BD). Data was analyzed using FlowJo™ v10.7 software (FlowJo, LLC, BD Biosciences, Ashland, OR, USA). Live MSC were gated as large cells after duplet exclusion and marker expression gates were set based on the corresponding isotype-, secondary antibody- or conjugate controls.


Table 1. Antibodies used for immunophenotyping.
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Trilineage Differentiation

The in vitro differentiation assays were performed in passage 2 MSC cultured in 10% FBS, 10% ePL, or 2.5% ePL. The MSC differentiation assay was not performed with 5% ePL, as previous approaches had already shown a tendency for a higher ePL concentration to be more potent and therefore the differentiation was only conducted with one low ePL concentration (2.5%).

For adipogenic differentiation, MSCs were seeded at 1,500 cells/cm2 and incubated for 3 days under standard culture conditions. Then, standard medium was replaced by StemPro™ adipogenic differentiation medium (catalog number A1007001, Gibco®, ThermoFisher Scientific) with 0.1% gentamycin and 5% rabbit serum. After 7 days of incubation, samples were fixed with 50% ethanol for 20 min and stained with Oil Red O and hematoxylin counterstain. The intensity of adipogenic differentiation was assessed by two blinded observers using a scoring system based on the percentage of differentiated cells and the size and arrangement of lipid droplets in these cells, as previously described (Gittel et al., 2013).

For osteogenic differentiation, MSC were seeded at 1,000 cells/cm2 and incubated for 3 days under standard culture conditions. Then, standard medium was replaced by StemPro™ osteogenic differentiation medium (catalog number A1007201, Gibco®, ThermoFisher Scientific) with 0.1% gentamycin. This medium was changed twice weekly for 21 days of incubation. Cells were fixed with 4% paraformaldehyde for 10 min and von Kossa staining was performed to detect extracellular mineralization. Bright field photomicrographs were obtained, and mean grayscale values were extracted using Fiji ImageJ software.

Chondrogenic differentiation of MSC was performed in pellet culture with 500,000 cells per pellet. MSC were washed in PBS before StemPro™ chondrogenic differentiation medium (catalog number A1007101, Gibco®, ThermoFisher Scientific), and 0.1% gentamycin were added, and then centrifuged at 280 × g at 4°C for 5 min to form a cell pellet. Medium was changed twice a week until day 21. Pellets were fixed with 4% paraformaldehyde for 12 h, paraffin sections prepared and stained with Alcian blue and Masson's Trichrome. Samples were evaluated by two blinded observers, based on the Grogan score (Grogan et al., 2006) adapted to the stainings used in the current study (Supplementary File 1). In addition, bright field photomicrographs were analyzed using Fiji ImageJ software (Ruifrok and Johnston, 2001). This included color deconvolution and binarization of the resulting images, followed by the measurement of the percentage areas stained with the respective staining component. Results are presented as ratios of cartilaginous matrix staining and counterstaining (i.e., turquoise to purple staining for Alcian blue and blueish to red staining for Masson's trichrome).



Statistical Analysis

Statistical analyses and graphical presentation of data were performed using IBM SPSS Statistics 26 and GraphPad Prism 8.4.3. Data obtained during blood processing (n = 19) are presented as median and 95% confidence interval. These data were additionally categorized based on donor age [4–9 years (n = 11) and 10–15 years (n = 8)] and sex [female (n = 13) and male (n = 6)] for comparisons between these groups. Data from the cell culture experiments (n = 4) are presented as scatter plots with median and interquartile range. Correlation between parameters was evaluated based on Spearman's rank correlation, and comparisons between related samples were performed using non-parametric tests for paired samples (Friedman tests with Wilcoxon post-hoc tests and Bonferroni correction for multiple testing). For age and sex group comparisons, Mann-Whitney U-tests were computed. Differences were considered significant at p < 0.05.




RESULTS


Platelet Lysate Preparation
 
Absence of Pathogen Contamination

No microbiological contamination was evident in the blood samples from the donors or in the final pooled ePL. However, one donor animal tested positive for herpes viridae. Consequently, the ePL obtained from this horse was not included in the final product and data obtained were excluded from all analyses.



Platelet Concentration and WBC Removal

A medium whole blood volume of 504.9 ml (IQR: 25.7) yielded a medium concentrate volume of 86.2 ml (IQR: 7.1) per collected blood bag, with recovery rates of 70.2% (IQR: 19.3) of the total processed PLT and 6.3% (IQR: 2.6) of the total processed WBC. As compared with the whole blood, the obtained PLT concentrates had 4.2-fold increased PLT concentrations and 0.4-fold decreased WBC concentrations (p < 0.01 and p < 0.05, respectively). The remaining plasma showed low PLT concentrations and very low WBC concentrations (p < 0.01 compared with whole blood and concentrate). After lysis of the concentrates, PLT and WBC counts in the lysates were neglectable (Figure 2).
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FIGURE 2. (A,B) Platelet (PLT; A) and white blood cell (WBC; B) counts at the different stages of blood processing; values for whole blood, plasma, and concentrate were obtained using three technical replicates (blood bags), for each horse; values for concentrate pooled and lysate were obtained after all bags from one animal had been pooled; Friedman and Wilcoxon tests for group comparisons were performed for the former (p-values are indicated); bars represent the median values, error bars the 95% confidence intervals. (C–E) PLT (C) and WBC (D) counts in whole blood vs. concentrate, and WBC vs. PLT recovery rates (E) (p < 0.05, based on Spearman's rank correlation). All data were obtained from n = 19 horses.


Whole blood and concentrate PLT concentrations correlated strongly (p < 0.001 and r = 0.743). A moderate correlation was also observed between the respective WBC concentrations (p < 0.05 and r = 0.564). Furthermore, recovery rates of PLT and WBC were correlated (p < 0.01 and r = 0.617) (Figure 2).



Growth Factor Concentration and Chemical Analyses

After storage at −80°C, growth factor concentrations were higher in the PLT concentrates (p > 0.05 for PDGF-BB and p < 0.01 for TGF-β1) as well as in the lysates (p < 0.01 for PDGF-BB and p < 0.05 for TGF-β1), as compared with the corresponding serum. The plasma showed very low growth factor concentrations (p ≤ 0.01 for all comparisons, except for serum vs. plasma TGF-β1) (Figure 3), corresponding to its low PLT content.
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FIGURE 3. (A,D) Platelet-derived growth factor (PDGF-BB; A) and transforming growth factor (TGFB1; B) concentrations at the different stages of blood processing; serum samples were directly drawn from each horse and the remaining values were obtained after pooling the replicate samples, i.e., blood bags, for each horse; samples were stored at −80°C before analysis; Friedman and Wilcoxon tests for group comparisons were performed (p-values are indicated); bars represent the median values, error bars the 95% confidence intervals. (B–F) Correlations between whole blood (B,E) or concentrate (C,F) platelet (PLT) counts and PDGF-BB (B,C) or TGFB1 (E,F) concentrations in concentrates as well as lysates (p < 0.05, based on Spearman's rank correlation). All data were obtained from n = 19 horses.


Platelet concentrations in the concentrates showed moderate to strong correlations with the growth factor concentrations in the concentrates (p < 0.01 and r = 0.599 for PDGF-BB; p < 0.001 and r = 0.785 for TGF-β1) as well as in the lysates (p < 0.05 and r = 0.526 for PDGF-BB; p < 0.01 and r = 0.626 for TGF-β1). This same trend was observed for PLT concentrations in whole blood which also correlated with the growth factor concentrations in the concentrates (p < 0.05 and r = 0.542 for PDGF-BB; p = 0.001 and r = 0.687 for TGF-β1) and in the lysates (p < 0.05 and r = 0.514 for PDGF-BB; p < 0.05 and r = 0.503 for TGF-β1) (Figure 3).

The chemical analysis of the samples from the different production steps showed a stable pH value. Electrolyte, glucose, total protein, and albumin concentrations differed between serum and the samples from lysate production as anticipated due to binding and/or dilution by the anticoagulant citrate-phosphate-dextrose used in the latter. No major changes were observed throughout blood processing. Compared with FBS, glucose and protein concentrations were higher in serum and all steps of lysate production than in FBS, while potassium and lactate concentrations were lower (Table 2).


Table 2. pH and electrolyte, glucose, lactate, total protein, and albumin concentrations at the different stages of blood processing; values for serum, plasma, concentrate, and lysate are presented as mean ± SD (n = 19).
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Donor-Related Parameters Influencing Outcome

Donor age was linked to the outcome of blood processing, despite a lack of correlation between age and whole blood PLT or serum growth factor concentrations (p > 0.05). Nevertheless, age was negatively correlated with PLT concentrations in the concentrates (p < 0.01 and r = −0.582), as well as with PDGF-BB and TGF-β1 concentrations in the concentrates (p < 0.01 and r = −0.627 for PDGF-BB; p < 0.05 and r = −0.545 for TGF-β1) and lysates (p < 0.05 and r = −0.483 for PDGF-BB; p < 0.05 and r = −0.566 for TGF-β1). When grouping the donors based on their age (4–9 vs. 10–15 years), the younger animals had higher serum PDGF-BB concentrations as well as higher PDGF-BB concentrations in the concentrates and lysates (p < 0.05). Fewer differences were found for PLT or TGF-β1 concentrations between age groups (Figure 4).
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FIGURE 4. (A–C) Negative correlation of donor age with platelet (PLT; A), platelet-derived growth factor (PDGF-BB; B) and transforming growth factor (TGFB1; C) concentrations (p < 0.05 based on Spearman's rank correlation). (D–F) PLT (D), PDGF-BB (E), and TGFB1 (F) concentrations in EDTA whole blood or serum samples drawn directly from the donor horses, as well as in samples from different processing stages (replicate blood bags pooled for each animal), obtained from younger and older donors; pairwise comparisons between the samples from younger and older animals were performed (Mann-Whitney U-test; p-values are given for significant differences compared with the respective samples from the older age group). Data were obtained from n = 11 younger and n = 8 older horses.


No differences were observed with respect to donor sex (p > 0.05 in sex group comparisons for all parameters).

Attempting to identify further attributes of suitable donor animals, parameters typically obtained by routine blood tests were also considered. EDTA whole blood PLT concentrations, similar as the respective values obtained from the blood collection bags, moderately correlated with concentrate PLT concentrations (p = 00.01 and r = 0.573), but not with the PLT recovery rate. The erythrocyte sedimentation time (median: 37 mm/30 min; IQR: 33.8) appeared to have no predictive effect at all, with no correlation observed for any relevant outcome parameter (p > 0.05).




Platelet Lysate in Equine MSC Culture
 
Growth Factors in Medium Supplements

The pooled ePL used for the cell culture experiments had a PDGF-BB concentration of 3,783 pg/ml, whereas FBS displayed a PDGF-BB concentration near or below the detection level of the assay. The concentration of TGF-β1 was 3,966 pg/ml in ePL and 3,380 pg/ml in FBS.



MSC Morphology, Proliferation, and Viability

MSC displayed the characteristic fibroblast-like morphology in all media, yet their shape tended to be more rounded in ePL-supplemented media and MSC supplemented with 10% ePL appeared to grow in more dense clusters.

The most consistent viability and proliferation was observed in medium supplemented with 10% ePL, but confluency at day 5, generation time, and metabolic activity were similar between 10% ePL MSC and 10% FBS MSC. However, proliferation was highly variable in medium supplemented with 5% ePL and insufficient in medium supplemented with 2.5% ePL. Correspondingly, confluency was lowest in 2.5% ePL medium (p < 0.05 compared with 10% ePL in passage 2), and generation time was higher in 5% ePL medium compared with FBS medium (p < 0.05 in passage 2) (Figure 5). Here, it is of note that in one out of four samples in 5% ePL and in all four samples in 2.5% ePL, generation time calculation generated negative results, thus these values had to be excluded from further comparative analyses. Yet interestingly, there were no significant differences between groups with respect to MSC metabolic activity (Figure 5).


[image: Figure 5]
FIGURE 5. (A) Representative phase-contrast photomicrographs of equine mesenchymal stromal cells (MSC) from one donor at day 5 after seeding for population doubling assays in media supplemented with fetal bovine serum (FBS) or equine platelet lysate (ePL). (B–D) Confluent area at day 5, measured using Fiji ImageJ (B), generation times calculated from cell doubling numbers (C), and metabolic activity as determined by MTS tetrazolium-based cell proliferation assay (D) for MSC in passage 2 (P2) cultured in the different media; Friedman and Wilcoxon tests for group comparisons were performed (p-values are indicated); the plots display the individual values, median, and interquartile ranges. Data were obtained from MSC from n = 4 donors. Note that missing generation time data are due to the lack of proliferation in these samples (1 out of 4 in the 5% ePL group, 4 out of 4 in the 2.5% ePL group).




MSC Immunophenotype

MSC were positive for CD90, with the most consistent expression (≥92% CD90+ cells in all samples) in MSC cultured in 10% ePL. In addition, MSC expressed CD44 and CD29. However, MSC were largely negative for CD73 and CD105 in FBS and ePL media (Figure 6).
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FIGURE 6. Flow cytometry analysis of equine mesenchymal stromal cells (MSC) cultured with 10% fetal bovine serum (FBS) or 10% equine platelet lysate (ePL) after cells were mechanically detached and stained for 10 different surface markers. (A) Gating strategy for live MSC after duplet exclusion. (B) Representative examples of overlaid histograms of the surface marker staining and the respective isotype or conjugate control for MSC from one donor, and frequencies of surface marker positive MSC as % of live MSC plotted as individual values; horizontal bars mark the median and interquartile ranges. Data were obtained from MSC from n = 4 donors.


MSC hardly expressed CD34 (<4% in FBS medium and <2% in all ePL media), CD45 (<2% in all media), and MHC II (<2% in all media). Surprisingly, small subpopulations (up to 26.1% in 10% ePL medium) appeared to be positive for CD79α (Figure 6). Furthermore, MSC CD14 staining strongly depended on the antibody used (Supplementary File 2). Using the anti-equine CD14 antibody (clone 105), the majority of MSC appeared CD14-positive (≥62% CD14+ cells in 10% FBS medium and ≥87% CD14+ cells in 10% ePL medium) (Figure 6).

No statistically significant differences of the marker expressions were found between groups. Yet due to their low yield, MSC cultured in 5 or 2.5% ePL media could not be analyzed by flow cytometry in appropriate cell numbers and with appropriate controls. The attempted analysis suggested a similar but more inconsistent marker expression as in the other media, but this result is of preliminary character (data not shown).



MSC Trilineage Differentiation

Adipogenic differentiation was evident in all samples, with a high percentage of cells containing distinct lipid vacuoles. Similarly, all samples showed extensive extracellular mineral depositions after osteogenic differentiation. Chondrogenic differentiation appeared weaker in MSC expanded in 10% ePL, with the same trend being reflected by Alcian blue and Masson's trichrome stainings, yet these differences were not statistically significant (Figure 7).
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FIGURE 7. (A) Representative brightfield photomicrographs of equine mesenchymal stromal cells (MSC) after adipogenic (A), osteogenic (B), and chondrogenic (C) differentiation and corresponding data obtained by scoring (A,C) and image analysis using Fiji ImageJ (B,C). MSC were cultured in the media indicated before differentiation was induced (FBS, fetal bovine serum; ePL, equine platelet lysate). The plots display the individual values, median, and interquartile ranges. Data were obtained from MSC from n = 4 donors.






DISCUSSION

Here, we propose a buffy coat-based protocol for equine PLT concentrate and ePL production, which could provide a basis for improved xeno-free cell culture media for equine MSC expansion. The ePL was prepared without the specific plateletpheresis equipment and with quality controls at different processing steps and can be reproduced in large scales.

PL is produced from PLT concentrate. The shelf life of human PLT concentrates prepared for transfusion medicine is limited to 5–7 days at 22 ± 2°C under permanent agitation to minimize the risk of bacterial growth (Corash, 2011; Burnouf et al., 2014). Even in well-organized blood transfusion services, 10–20% of the platelet concentrates produced have to be discarded because they were not transfused within the specified time (Schallmoser et al., 2020). Those expired PLT concentrates can be allocated for hPL production to avoid an additional donation from blood donors, because several studies showed no differences between fresh and stored PLT concentrates as a source for hPL (Bieback, 2013; Astori et al., 2016; Burnouf et al., 2016), thus a certain amount of PLT concentrate is always available for hPL production. However, in contrast to human medicine, PLT concentrates from transfusion services are not available in equine medicine and therefore, PLT concentrates must be prepared directly for ePL production.

Platelet concentrate can be obtained by three distinct procedures: Either from anticoagulated whole blood by the buffy coat-based or the platelet-rich plasma (PRP) method or directly by plateletpheresis. In the buffy coat method, PLT are harvested directly from the buffy coat after a so-called hard spin and subsequently separated from the white blood cells in a second soft spin. In the PRP method, a first soft spin centrifugation is followed by a second hard spin centrifugation, in order to first harvest the PLT together with the plasma supernatant and then pellet them, at which the second step might lead to reversible PLT aggregation (Gulliksson, 2012). In Europe, the buffy coat method and repeated freeze/thaw cycles represent the most commonly used techniques in human medicine, while the PRP method is not frequently used anymore (Gulliksson, 2012; Burnouf et al., 2016). In contrast, equine PLT concentrates have only been produced by the PRP method or plateletpheresis, with the PRP method performed in most studies, using small sample volumes only. In the present study, we propose the first buffy coat-based method to produce ePL from the donor horses' whole blood collected in commercial blood bags.

For the buffy coat as well as for the PRP method, centrifugation settings are critical for the correct separation of blood components. However, neither in human nor in equine medicine, protocols are standardized. In previous equine studies using the PRP method, the centrifugation settings for the first and second steps varied as detailed in Table 3. In human medicine, protocols are available for the buffy coat method, but they differ not only in the centrifugation settings (200–3,200 × g for the second centrifugation) but also in the PLT counts yielded in the concentrates (100–10,000 × 109/L) (Burnouf et al., 2016).


Table 3. Preparation technique for equine platelet (PLT) concentrate and PLT lysate and resulting PLT counts in the platelet concentrates in previous publications from 2007 to 2019.
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Using the buffy coat-based method to produce equine PLT concentrate in the present study, we yielded a median PLT count of 484 × 109/L. In previous equine studies, PLT counts ranged between 591 × 109/L and 1,000–2,000 × 109/L using the PRP method with multiple centrifugations (Del Bue et al., 2007; Seo et al., 2013; Russell and Koch, 2016; Gilbertie et al., 2018; Bozorgmanesh et al., 2019; Yaneselli et al., 2019) and 350 ± 106 × 109/L to 357 ± 177 × 109/L by plateletpheresis (Sumner et al., 2017; Naskou et al., 2018) (Table 3). Data regarding the buffy coat method for equine PLT concentrate production are not available for comparison. Nevertheless, the PLT concentration in the current study was in the same order of magnitude as described for the PRP method (Del Bue et al., 2007; Seo et al., 2013; Russell and Koch, 2016; Gilbertie et al., 2018; Bozorgmanesh et al., 2019; Yaneselli et al., 2019) and higher than the PLT concentrations yielded by plateletpheresis (Sumner et al., 2017; Naskou et al., 2018).

Besides PLT counts, WBC removal is a central aspect in PLT concentrate production and near-complete WBC depletion by filtration is recommended by the guidelines for transfusion procedures (Wildt-Eggen et al., 2001; European Committee (Partial Agreement) on Blood Transfusion, 2020; Schallmoser et al., 2020). Leukocytes can enhance PLT aggregation and thromboxane release, and, thus, promote further recruitment of activated PLT, as in vitro studies with human PLT have shown (Faraday et al., 2001; Hoareau et al., 2014). However, it should be differentiated between conventional intravenous PLT transfusion and other applications of PLT concentrates, such as local injections in regenerative therapies, where leukocyte removal is controversial (DeLong et al., 2012; Lana et al., 2019). With respect to concentrates for PL production as MSC culture supplement, it is unclear whether a reduction of leukocytes is necessary or whether leukocytes in the concentrate may be even useful in the sense of MSC priming. Yet, as this remains to be investigated, we aimed at a reduction of leukocytes in the present work. In a previous experiment (unpublished data), we had aimed to produce PLT concentrate by sedimentation of whole blood, followed by hard spin centrifugation of the supernatant similar to the PRP method. We had obtained higher PLT counts than with the buffy coat method presented here, but the leukocytes were also concentrated compared with the whole blood (unpublished data), which was in accordance with previous equine studies (Ionita et al., 2014; Bozorgmanesh et al., 2019). Furthermore, we did not succeed to deplete WBC using leukocyte reduction filters for the equine PLT concentrates. The filters were immediately clogged, which could be due to the different characteristics of equine PLT compared with human PLT (Roscher, 2019) or a stronger activation of the PLT in the filter and thus an increased surface activity. Therefore, to avoid increased leukocyte values, we used the buffy coat method for the preparation of ePL. In this line, it needs to be acknowledged that plateletpheresis, while requiring costly and specific equipment, has an even better outcome with respect to leukocyte reduction, with 0.15 × 109 WBC/L (Sumner et al., 2017; Naskou et al., 2019).

Lysis of PLT concentrate releases growth factors and chemokines from the PLT. Repeated freeze/thaw cycles are mainly used for this purpose, but direct PLT activation by calcium chloride (CaCl2), sonication, or solvent/detergent treatment is also feasible (Astori et al., 2016; Burnouf et al., 2016; Schallmoser et al., 2020). In contrast to the method presented here, using three freeze/thaw cycles, other equine studies used only one (Del Bue et al., 2007; Seo et al., 2013; Russell and Koch, 2016; Yaneselli et al., 2019) or two freeze/thaw cycles and three centrifugation steps (Sumner et al., 2017; Naskou et al., 2018). During the last centrifugation after lysis, again different centrifugation forces were used (Table 3). A systematic analysis determining the optimal number and conditions of the freeze/thaw cycles and centrifugation settings is still pending.

In the present study, the growth factor concentrations in the PLT concentrates were in a similar range as in the ePL, suggesting that PLT lysis is already evident after one freezing step, which was necessary to store the concentrates until the ELISA analyses were performed. However, unexpectedly, we found a discrepancy between the median TGF-β1 concentration in the individual lysates of one horse and its concentration measured in the pooled ePL. This suggests that there is TGF-β1 activation during final processing steps, possibly leading to successively less activatable TGF-β1 over a short time. This issue should be further investigated and procedures or materials used improved. In previous studies, similar (PDGF-BB: 3.5 ng/ml and TGF-β1: 6.1 ng/ml) (Sumner et al., 2017) or higher (PDGF-BB: 5.2 ng/ml and TGF-β: 24.5 ng/ml) (Russell and Koch, 2016) growth factor concentrations were found in ePL prepared from plateletpheresis- or PRP method-derived concentrates, respectively. Furthermore, corresponding to previous data (Russell and Koch, 2016), we could not detect PDGF-BB in FBS. Yet, the concentrations of growth factors measured may not only vary depending on the PL preparation process, but they are also affected by the assay specificity (Doucet et al., 2005; Textor and Tablin, 2012; Sumner et al., 2017), thus direct comparisons between studies or samples from different species are not entirely conclusive.

It was previously reported that breed, sex, and age of the donors can influence the cellular and growth factor profile of equine PLT products. Female horses and horses aged <5 years showed significantly higher concentrations of PDGF-BB and TGF-β1 in blood products. For PDGF, this was also observed in pony breeds (Giraldo et al., 2013). These findings were partially reproduced in our study, in which the PLT and growth factor concentrations in the PLT concentrates and lysates were negatively correlated with the age of the horses. To overcome the individual variations, pooling of the ePL from a large number of animals is beneficial for producing uniform batches. Nevertheless, it remains recommendable to harvest the blood samples from young donor horses in uniform cohorts in order to obtain PLT concentrate and ePL of high quality.

We further compared the obtained ePL with FBS, in terms of their potential to support equine adipose-derived MSC expansion. PL is an attractive alternative to FBS, which could solve several issues related to FBS. First, it is an allogeneic product, which reduces the possibility of recipient immune reaction, and secondly, harvesting the materials for ePL production is ethically less critical. However, given that the use of MSC and other cell types in large animal models and veterinary medicine will further increase, ePL would be required in large quantities for MSC expansion. Furthermore, producing large batches of ePL according to standardized protocols would support consistent cell culture conditions. In this respect, it is a major advantage that horses tolerate regular blood collection of large amounts up to 8 L (16 ml/kg bodyweight) very well, and there are no adverse effects in the hematological variables (Malikides et al., 2000).

When analyzing the MSC proliferation kinetics, the most consistent viability and proliferation was observed in medium supplemented with 10% ePL. There were no major differences between 10% ePL MSC and 10% FBS MSC with respect to the proliferation parameters assessed. This supports the notion that ePL can be used as a replacement of FBS for equine MSC expansion. Our results are in agreement with the findings of two other studies, one using the PRP method (Seo et al., 2013) and the other using plateletpheresis (Naskou et al., 2018) to produce PLT concentrate and ePL. Furthermore, two other equine studies showed a dose-dependent proliferation of MSC in ePL medium (Del Bue et al., 2007; Russell and Koch, 2016). Yet only in one study, using supplementation with 20% ePL, MSC proliferation was actually increased as compared with FBS (Yaneselli et al., 2019). In comparison with these results, it is well-documented that hPL supplementation increases human bone marrow- and adipose-derived MSC proliferation as compared with FBS (Doucet et al., 2005; Blande et al., 2009; Cholewa et al., 2011; Becherucci et al., 2018). As already suggested earlier (Naskou et al., 2018), we also tested different concentrations of ePL for equine MSC cultivation. However, the proliferation was highly variable in medium supplemented with 5% ePL and insufficient in medium supplemented with 2.5% ePL. This is again in conflict with the findings in human medicine, where basal media supplemented with 5% hPL resulted in a significant increase in the proliferation rates of human MSCs compared with supplementation with FBS (Griffiths et al., 2013). Here, species-specific differences become evident. In contrast to an optimal growth factor content in 5% hPL for improved expansion of human MSC, the growth factor content in a medium supplemented with 5 or 2.5% ePL was not sufficient to support consistent equine MSC expansion. The different PLT concentrations in human and equine whole blood are a probable reason for this. The reference range for PLT counts in humans is 150–450 × 109/L (Burnouf et al., 2016), but only 94–232 × 109/L in horses (Stokol, 2020). Based on the resulting higher PLT count in the human PLT concentrates, it is not surprising that the growth factor concentrations reported for hPL (Klatte-Schulz et al., 2018) appear higher than in ePL, which may explain that less hPL is needed to support cell growth.

Human MSC characterization, as recommended by the ISCT, includes the evaluation of the positive marker antigens CD73, CD90, and CD105 and the exclusion marker antigens CD14, CD34, CD45, CD79α, and HLA-DR (Dominici et al., 2006). For equine MSC, it was suggested to further include CD29 and CD44 as inclusion markers (Paebst et al., 2014; Hillmann et al., 2016). Until today, the scarcity of reliable commercially available monoclonal antibodies specific for equine cells is a major drawback (Schauwer et al., 2011). The current analysis revealed that the immunophenotype of MSC cultured in media supplemented with FBS or ePL is similar. There were no significant differences in the expression of positive markers CD29, CD44, CD90, CD73, and CD105, while CD73 and CD105 were largely negative in all media. Furthermore, the MSC did not express the exclusion markers CD34, CD45, and MHC II. These observations are widely comparable with other equine and human studies, where similar expression of surface markers was observed with different media (Doucet et al., 2005; Horn et al., 2010; Mojica-Henshaw et al., 2013; Yaneselli et al., 2019). Lack of CD73 in equine MSC is also in accordance with most previous equine studies (Ranera et al., 2011; Schauwer et al., 2012; Paebst et al., 2014; Hillmann et al., 2016) while CD105 has shown both high (Braun et al., 2010) or minimal or variable expressions in previous studies (Ranera et al., 2011; Schauwer et al., 2012; Paebst et al., 2014). However, in one previous study, a CD45+ population was observed in MSC cultured with FBS as well as with ePL, and CD90 expression was found in a higher percentage of MSC cultured with FBS compared with ePL (Naskou et al., 2018). In contrast, we observed the most consistent expression of CD90 in MSC cultured with 10% ePL media and expression of CD45 was almost undetectable in all media. Furthermore, we made an interesting observation of CD14 detection on the majority of MSC when using an equine-specific antibody for CD14 (Kabithe et al., 2010; Wagner et al., 2013; Bonelli et al., 2017; Schnabel et al., 2019; Larson et al., 2020; Patel et al., 2020). According to the ISCT, CD14 should not be expressed on human MSC (Dominici et al., 2006) as it is a glycolipid anchored membrane glycoprotein expressed on monocytes and macrophages (Tesfaigzi, 2006; Braun et al., 2010) and a leukocyte-secreted molecule in response to LPS stimulation and inflammation, as demonstrated in horses (Wagner et al., 2013). Previously, we described equine MSC as CD14 negative (Paebst et al., 2014). These analyses were based on an anti-human CD14 antibody (clone 134620), which stains putative monocytes in equine peripheral mononuclear blood cells but not equine MSC (Paebst et al., 2014) (Supplementary File 2), but its exact specificity for equine CD14 has not been shown. In the current work, we used an equine-specific antibody for the flow cytometric analysis (clone 105, Kabithe et al., 2010), which discriminates the monocyte population in peripheral blood mononuclear cells more clearly (Supplementary File 2). While our current finding of equine MSC staining positive for CD14 is in accordance with previous studies (Braun et al., 2010; Hackett et al., 2011), it remains to be clarified if the cells actually express the whole functional CD14 molecule or only part of it, or if the MSC bind soluble CD14 present in FBS and ePL. On human MSC, cross-reactive epitopes have been observed, despite absence of the complete CD14 molecule (Pilz et al., 2011). The details and relevance of our finding of CD14+ equine MSC here will be subject of further research.

We finally verified MSC in vitro trilineage differentiation potential. In accordance with previous studies, the MSC expanded in ePL showed no significant differences in osteogenic and adipogenic differentiation (Doucet et al., 2005; Schallmoser et al., 2007; Ben Azouna et al., 2012; Naskou et al., 2018). Interestingly, MSC expanded in medium supplemented with 2.5% ePL differentiated into both adipocytes and osteocytes, although their proliferation had not been satisfying in this medium. In addition, we obtained unexpected results in chondrogenic differentiation, which was weaker in MSC expanded in 10% ePL medium than when expanded in FBS or 2.5% ePL medium. In contrast, others reported that chondrogenic differentiation was improved in equine and human MSC cultured with ePL (Mishra et al., 2009; Shih et al., 2011; Gottipamula et al., 2012; Naskou et al., 2018). It is widely discussed in the literature that MSC express the chondrogenic markers aggrecan and Sox 9 and extracellular cartilage matrix depending on the amount of (platelet-derived) growth factors (Mishra et al., 2009; Prins et al., 2009; Shih et al., 2011; Rubio-Azpeitia and Andia, 2014). In this context, TGF-β appeared to be crucial for chondrogenic differentiation (Grimaud et al., 2002; Chapman et al., 2020). A possible and pragmatic explanation for the discrepancy observed here could be that MSC expanded in 10% ePL medium would have needed more extensive washing steps to remove the ePL completely before being transferred to the chondrogenic differentiation medium.

The current study provides the first evaluation of a buffy coat-based protocol for ePL production. The method presented has several advantages over previously described protocols for equine PLT concentrate and ePL production and complies much better with the current state of the art in human medicine. Therefore, it can serve as a basis to improve the culture of equine MSC and other equine cell types. MSC characterization in the present study was limited in that only four MSC donor horses were investigated, and because so far, we only investigated basic properties of MSC but not their functionality in clinically relevant settings. Based on the herein obtained results, it appears highly promising to continue with the functional characterization of equine MSC in conjunction with their culture in ePL.
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The therapeutic and differentiation potential of human mesenchymal stems cells (hMSCs) makes these cells a promising candidate for cellular therapies and tissue engineering. On the path of a successful medical application of hMSC, the cultivation of cells in a three-dimensional (3D) environment was a landmark for the transition from simple two-dimensional (2D) testing platforms to complex systems that mimic physiological in vivo conditions and can improve hMSC curative potential as well as survival after implantation. A 3D arrangement of cells can be mediated by scaffold materials where cells get entrapped in pores, or by the fabrication of spheroids, scaffold-free self-organized cell aggregates that express their own extracellular matrix. Independently from the cultivation method, cells expanded in 3D experience an inhomogeneous microenvironment. Many gradients in nutrient supply, oxygen supply, and waste disposal from one hand mimic in vivo microenvironment, but also put every cell in the 3D construct in a different context. Since oxygen concentration in spheroids is compromised in a size-dependent manner, it is crucial to have a closer insight on the thresholds of hypoxic response in such systems. In this work, we want to improve our understanding of oxygen availability and consequensing hypoxia onset in hMSC spheroids. Therefore, we utilized human adipose tissue-derived MSCs (hAD-MSCs) modified with a genetical sensor construct to reveal (I) the influence of spheroid production methods and (II) hMSCs cell number per spheroid to detect the onset of hypoxia in aggregates. We could demonstrate that not only higher cell numbers of MSCs, but also spheroid formation method plays a critical role in onset of hypoxia.

Keywords: hypoxia sensor, cell spheroids, adipose tissue-derived mesenchymal stem cells, hypoxia reporter cells, oxygen concentration measurements


INTRODUCTION

Human mesenchymal stem cells (hMSC) are extensively studied in the field of regenerative medicine. Their ability of self-renewal and differentiation makes them a promising tool for biomedical applications (Dominici et al., 2006), additionally hMSCs secrete cytokines and signal hormones which convey angiogenic and anti-apoptotic effects (Teixeira et al., 2013). Another promising bioregenerative potential of hMSCs comes from their ability to produce extracellular vesicles (EVs), which contain messengerRNAs, microRNAs, enzymes, signal proteins, etc. (Harrell et al., 2019) and support the regeneration and survival of damaged cells and tissues (Ophelders et al., 2016). When cultured on two-dimensional (2D) platforms, cells lack microenvironmental features that are present in vivo, like intensive physical and biochemical intercellular interactions, accumulation of signaling molecules or naturally occurring gradients of nutrients, oxygen and metabolic waste products. Researches try to mimic this complex interplay by the use of three-dimensional (3D) cell culture systems, that either require biocompatible or bioactive scaffolds like hydrogels (Caliari and Burdick, 2016; Kirsch et al., 2019) to allow a spatial arrangement of the cells, or through the fabrication of scaffold-free cellular aggregates—spheroids. In comparison to scaffold-based platforms, which contain an exogenic compounds, cells arranged as spheroids build their own extracellular matrix to maintain their 3D organization.

For 3D cell spheroid-based in vitro models, drug screenings and spheroid production for biomedical applications, robust and reproducible methods for spheroid fabrication are required. There are many techniques to produce cell spheroids: the traditional and historically the oldest hanging drop technique is cheap and easy (Foty, 2011) while spheroid low attachment microplates allow a more standardized fabrication procedure and better handling (Howes et al., 2014). In both cases the exact cell number per spheroid can be reproducibly set. Other techniques, including liquid overlay technique (Costa et al., 2018) or spinner flask culture (Lin and Chang, 2008) produce spheroids in large scale but lack the ability to exactly control spheroid sizes. Microfluidic systems, rotating wall vessel as well as magnetic levitation are more sophisticated, but require special equipment, which is not available to every laboratory (Ryu et al., 2019). One of the newest approaches for the large scale spheroid production are microstructured plates or cultivation chambers. Using these systems, hundreds of spheroids with same size can be generated (Dou et al., 2018).

Spheroid cultures were shown to be advantageous over traditional 2D cultivation since intercellular interactions are enhanced and cells built their own extracellular matrix similar to in vivo. During spheroid formation, cadherin and integrin glycoproteins mediate the construction of an adhesive network and take a significant role in cell signaling pathways (Weber et al., 2011). As a result of biochemical and mechanotransducive effects, hMSCs organized in a spheroid show increased angiogenic (Bhang et al., 2012; Cheng et al., 2013), anti-inflammatory (Bartosh et al., 2010; Murphy et al., 2017b) and immunomodulatory potential (Follin et al., 2016; Noronha et al., 2019), as well as increased stemness compared to cells cultivated in 2D (Lee et al., 2017). Moreover, increased cell survival of spheroids applied in vivo was observed by several research groups (Liu et al., 2013; Xu et al., 2016). Amos et al. (2010) applied adipose tissue-derived hMSCs spheroids in mouse models for dermal wound treatment and could show, that the injection of suspension cells was less successful than 3D cultivated and applied cells. It is important to note that cultivation in 3D aggregates allows MSC expansion under serum-free conditions (Alimperti et al., 2014). Moreover, even if cells were cultivated in 2D in several passages and then brought to the 3D spheroid cultures, their regenerative potential was significantly improved (Cheng et al., 2013). Application of 3D spheroid culture as priming strategy for enhanced therapeutic potential of MSCs is also described by Kouroupis et al. (2019). Thus, numerous reviews on expansion methods of hMSCs indicate advantages of cultivation in 3D spheroids prior implantation (Egger et al., 2018; Mastrolia et al., 2019; Noronha et al., 2019; Lavrentieva et al., 2020).

Besides MSCs expansion for clinical applications, spheroids created from other cell types provide a suitable platform for studies of tumor growth and behavior, enabling researches to investigate the influence of the microenvironment on 3D arranged cells similar to tumors in vivo (Gilkes et al., 2014). Many researchers agreed, that cell metabolism and oxygen consumption in these 3D aggregates lead to the formation of a hypoxic core, which is closely related to altered cell response toward many tumor treatments compared to studies performed in 2D (Däster et al., 2017; Nunes et al., 2019). While application or onset of hypoxia in tumor spheroids is intensively studied, little is known about presence of hypoxia in MSCs aggregates. Tumor spheroids where shown to build a necrotic or hypoxic core (Khaitan et al., 2006; Riffle and Hegde, 2017), in contrast, hMSC spheroids seem to adapt to 3D cultivation by decreasing their packaging density and therefore enable easier oxygen diffusion (Murphy et al., 2017a). Due to different spheroid formation platforms, spheroid sizes and experimental setups, the formation of a hypoxic core and oxygen availability in non-tumor MSCs spheroids remains unclear.

Since cell response to hypoxia is mainly mediated by the stabilization of hypoxia inducible factor 1α (HIF-1α) (Majmundar et al., 2010), this key regulator serves as a great tool to detect and investigate hypoxic conditions in vitro and in vivo. Under hypoxic conditions, the protein degradation of the constitutively expressed HIF-1α is inhibited (Maxwell et al., 1999) and HIF-1α can enter the cell core, dimerise with HIF-1β and bind to the hypoxia responsive elements (Jiang et al., 1996), triggering oxygen-depended regulation of over 300 genes (Mole et al., 2009). Erapaneedi et al. (2016) utilized HIF-1α stabilization and hypoxia responsive elements to generate a genetic construct which modulates reporter protein expression, when cells are exposed to hypoxia. The system relies on the expression of fluorescent UnaG protein (Kumagai et al., 2013), whose maturation process is independent from presence of molecular oxygen. While this construct provides a great tool for hypoxia research in general, the application of hypoxia reporter cells is invaluable for 3D cell culture applications (Schmitz et al., 2020). Finally, a non-invasive hypoxia monitoring allows the live analysis of the hypoxic state of single cells within complex constructs.

In the present study, we utilized human adipose tissue-derived MSCs (hAD-MSCs) modified with genetical sensor construct to reveal (I) the influence of spheroid production methods and (II) MSCs cell number per spheroid to detect the onset of hypoxia in aggregates. Additionally, we performed oxygen concentration measurements in fabricated spheroids. We could demonstrate that not only higher cell numbers of MSCs, but also spheroid formation method plays a crucial role in onset of hypoxia.



MATERIALS AND METHODS


Reporter hAD-MSCs

Hypoxia reporter MSCs were created as described earlier (Schmitz et al., 2020). Briefly, hAD-MSC were isolated from adipose tissue after abdominoplasty applying the protocol of Zhu et al. (2008). All patients provided their informed consent, as approved by the Institutional Review Board (Hannover Medical School) with the reference number 3475-2017. The obtained cells were characterized by MSC-typical surface markers and functional properties (Dominici et al., 2006) and the presence of adipogenic, chondrogenic, and ostogenic differentation potential. hAD-MSCs were used for lentiviral transduction, to stably integrate HRE-dUnaG (Erapaneedi et al., 2016) sequence. Efficient transduction with HRE-dUnaG and oxygen-dependend UnaG expression was shown in our previous work (Schmitz et al., 2020). Surface antigen expression of hypoxia reporter modified MSCs was evaluated by flow cytometry. Cells cultivated in 2D were harvested by accutase treatment, washed with cold blocking buffer (2% human serum in PBS) and resuspended in 100 μl of cold washing buffer to a concentration of 10 × 104 cell/100 μl. Each cell solution was incubated for 20 min in the dark at room temperature with respective antibodies. Cells were tested positively for MSC specific antigens as CD73 (ecto-5′-nucleotidase) and CD105 (endoglin). Reporter MSCs were tested negatively for non MSC specific antigens CD34, CD45 and CD31 (Supplementary Figure 1). Antibodies with respective reporter dye and isotype controls: PE Mouse IgG1, κ Isotype Control was compared with PE Mouse Anti-Human CD73 and PE Mouse anti-Human CD105. FITC Mouse IgG1, κ Isotype Control was used for APC Mouse Anti-Human CD34 and FITC Mouse Anti-Human CD45 testing. PE-CF594 Mouse Anti-Human CD31 and PE-CF594 Mouse IgG1, κ Isotype were applied (all purchased from BD Bioscience, USA). Cells were cultivated in α-minimum essential medium (MEM; Thermo Fisher Scientific, USA) containing 1 g/L glucose, 2 mM l-glutamine, 10% human serum, and 50 μg/ml gentamicin (Merck KGaA) in a humidified incubator (C16, Labotect, Germany) at 37°C at 5% CO2.



Spheroid Fabrication, Imaging, and Spheroid Diameter Analysis

Cells (passage 8–10) expanded in 2D were harvested by accutase treatment. Spheroids of different cell numbers (1, 3, 7.5, 15, 30 × 104 cells) were formed using different fabrication methods. In the first technique, cells were seeded into 96-well Corning® Costar® ultra-low attachment plates in 150 μl of αMEM supplemented with 10% human serum and 0.5% gentamycin. For the hanging drop spheroid fabrication, drops of cell suspensions (30 μl) were seeded into Terasaki microassay plate wells (Greiner Bio-One, Austria). For spheroid formation in hanging drop, the plate containing the cell suspensions was turned upside down and placed on the lid. To prevent fluid evaporation 2–3 ml PBS were previously pipetted in the lid. For both methods spheroid formation time was 24 h under similar culturing conditions as mentioned above. After 24 h spheroids were transferred to 24 well lumox multiwell plates (Sarstedt, Germany) and images of at least three spheroids were taken by Cytation®5 multimode imaging reader (BioTek® Instruments, USA). To determine the spheroid diameter, the average of the length of the x-axis and the y-axis of each spheroid was measured in paint.net, using the microscopic scale to translate the length in pixel into decimal system.



Kinetic Imaging of Spheroid Fabrication

The spheroid formation process and onset of hypoxic response during formation were monitored by kinetic imaging via Cytation®5 multimode imaging reader for low attachment plates and with incubator microscope (Lumascope 600, Etaluma Inc., Carlsbad, CA, USA) for Terasaki plates and microstructured plates. For low attachment plates, magnification of 4x was used to take one bright field channel (LED intensity: 5, exposure time: 100, gain: 0.6) and one GFP channel (LED intensity: 6, exposure time: 100, gain: 0) image every 10 min for 24 h. The images were used to create videos by the integrated Gen.2.08 software. For Terasaki plates and microstructured plates, images were taken with the help of Lumaview (Etaluma Inc., Carlsbad, CA, USA) software in bright field and GFP channels every 1 min and videos were created using VideoDub software.



Spheroid Dissociation and Flow Cytometric Analysis

For the flow cytometric analysis, spheroids were washed with PBS, transferred into 2 ml reaction tubes and 200 μl TrypLE Express solution (Thermo fisher, Germany) was added for enzymatic digestion. Cells were incubated at 37°C. Additionally, every 10 min cell separation was stimulated by mechanical disruption through rough pipetting using a glass pipette. After 20 min of incubation, another 200 μl TrypLE Express solution was added to the reaction tube. This process was performed until up to 1 h, or ended earlier, if cells were already singularized. The cells were centrifuged (5 min, 200xg) and the pellet resuspended in PBS for flow cytometric analysis. The flow cytometer BD FACSAria™ Fusion (Becton Dickinson, USA) was used to evaluate single cell fluorescence. The target cell population was excited at 488 nm and fluorescence detected via FL 1 detector (533/30 nm) to analyze the cellular expression of UnaG protein.



Large Scale Spheroid Formation and Imaging in Microstructured Plates

The third studied spheroid fabrication technique was microstructured plates (Sphericalplate 5D, Kugelmeiers Ltd., Switzerland). Here, spheroids with two different cell numbers (~270 cells and 1,300 cells) were created and studied. Therefore, either 0.2 × 106 or 1 × 106 cells were plated into the microstructured plate in 1 ml cell culture medium accordingly to the manufacturer's instructions. To avoid air bubbles formation, plates were pre-incubated with warm PBS for 2 h prior cell seeding.



In situ Oxygen Measurements

For the measurement of local oxygen concentrations in spheroids OPAL Optical O2 Measurement System (Colibri Photonics GmbH, Germany) was used. The OPAL system, integrated into the fluorescent microscope, allows quantitative optical non-invasive oxygen measurements in 2D and 3D cell cultures. During spheroid formation, 0.4 μl CPOx-orange microbeads (50 μm polystyrene beads, 5 mg/ml suspension in PBS) were added in each well of low attachment plate or to each drop of Terasaki plate, resulting in 4–15 beads per spheroid. For the performed oxygen measurements, the analysis was always focused on the center of the 3D aggregate. If several beads were incorporated in the spheroid, the system evaluated an average oxygen tension for all beads in the microscopes focus area. For microstructured plates, microbeads were distributed evenly in the microwells, before cell suspension for spheroid formation was added. After spheroid formation, oxygen measurements were performed at room temperature at Ex530nm/Em600nm using OPAL system. Three spheroids per platform and per cell number were measured to obtain mean values.



Data Analysis

Data is shown as mean value of at least 3 measurements. The error bars show the positive/negative standard deviation. Statistical significance was assessed with the one way ANOVA (Microsoft Exel, Microsoft corporation, USA).




RESULTS

Three different spheroid fabrication platforms (ultra low attachment plate, hanging drop and microstructured plates) were applied to obtain spheroids of different sizes. A direct comparison between ultra low attachment plates und hanging drop method was performed in terms of fluorescent hypoxia reporter protein expression (by fluorescent microscopy and flow cytometry). Additionally, in situ oxygen measurements were executed for spheroids of different sizes and fabrication platforms. For microstructured plates, fluorescent microscopy and local oxygen measurements in cell culture medium near spheroids was performed (Figure 1).


[image: Figure 1]
FIGURE 1. Experimental planning: Spheroids of MSC reporter cells were fabricated for 24 h on three different platforms. (A) Ultra low attachment plates, (B) by hanging drop method, (C) on microstructured plates. Spheroids created on ultra low attachment plates and by hanging drop method were singularized for flow cytometry analysis to investigate the sensor cell output. For all methods oxygen sensitive microbeads were applied to determine local oxygen concentrations inside of the spheroids.



Spheroid Fabrication in Low Attachment Plates and by Hanging Drop Method

To study (1) the influence of spheroid cell number and (2) spheroid fabrication platform on the onset of hypoxia in 3D cellular aggregates, spheroids of similar cell numbers (1, 3, 7.5, 15 or 30 × 104 cells) were created in ultra low attachment plates or via hanging drop method. To lower the variance of spheroid shape due to different drop geometries, Terasaki plates were used for creation of hanging drops. Spheroids fabricated on both platforms were evaluated after 24 h (Figures 2A,B). For both, the ultra low attachment plate and the hanging drop method, expression of UnaG protein as a hypoxia reporter protein could clearly be monitored. For the spheroid formation in well plates, a strong signal was obtained from a spheroids of 3 × 104 cells and larger (Figure 2A), for the hanging drop method the reporter protein expression starts at spheroid size from 7.5 × 104 and larger (Figure 2B). Moreover, microscopically detected UnaG fluorescence was not only detected in smaller spheroids in the low attachment plates, but this fluorescence was remarkably higher in the spheroids of the same size than in the ones created with hanging drops. Hypoxic core was seen in spheroids with 3 × 104 cells in the low attachment plates and in spheroids with 7.5 × 104 and 15 × 104 cells in hanging drop plates. In low attachment plates, fluoresce of reporter cells was spheroids was even distributed all over the aggregates with 7.5 × 104 cells and larger. The largest tested spheroids (30 × 104 cells) demonstrated decrease of fluorescence and spheroid dissociation in ultra low attachment plates. Spheroids of the same size in the hanging drop plate demonstrated high fluorescence intensity, but retained integrity.


[image: Figure 2]
FIGURE 2. Spheroid formation and resulting reporter hAD-MCSs fluorescence (UnaG expression) after 24 h on (A) ultra low attachment plates and (B) via hanging drop method.




Kinetic Imaging of Spheroid Formation

The spheroid formation process and onset of sensor fluorescence was also monitored via kinetic imaging. Time-lapse videos are presented in the Supplementary Videos 1, 2. For both fabrication platforms, first signals of UnaG expression could be monitored 7 h after start of spheroid formation. Due to the different plate geometries, two different imaging platforms had to be used, which allowed detection of fluorescence but could not be directly compared in terms of fluorescence assessment.



Spheroid Dissociation and Flow Cytometric Analysis

For quantitative analysis of reporter cell fluorescence, flow cytometry was additionally performed. Spheroids were dissociated after 24 h of fabrication to allow access to single cell analysis. The average cell fluorescence for each spheroid size and the respective method is displayed in the Figure 3A. With the help of highly sensitive flow cytometry, increase of fluorescence in the low attachment plates (in comparison to hanging drops) was already detected in the smallest studied spheroids (1 × 104 cells per spheroid). Supporting the results of fluorescent microscopy significantly increased mean UnaG fluorescence was detected in aggregates formed in ultra low attachment plates if compared to hanging drop plates. For ultra low attachment plates, highest detected fluorescence was in the spheroids with 7.5 × 104 cells. For larger spheroids the mean fluorescence was decreasing. In contrast, the mean fluorescence of spheroids created by hanging drop method was much weaker, compared to the ultra low attachment plate. Moreover, a constant increase in mean UnaG fluorescence with increasing spheroid size could be detected.


[image: Figure 3]
FIGURE 3. (A) Mean single cell fluorescence determined by flow cytometry. For both fabrication platforms (ultra low attachment plate and hanging drop) hypoxia reporter hAD-MSCs were cultivated as spheroids and dissociated to facilitate single cell analysis. (B) Respective spheroid diameters as obtained by both fabrication platforms. Data represent the mean ± SD for a 3-fold determination. *p < 0.05.


To additionally study the influence of the different fabrication platforms on spheroid size, which affect oxygen diffusion inside of the 3D construct, the diameters of the undissociated spheroids were evaluated (Figure 3B). For most sizes, spheroid diameter appears to be similar for both methods. For 30 × 104 cells per spheroid, the average diameter appears to be larger, but when compared to the image in Figure 2A and the Video (Supplementary Video 1), the actual spheroid seems to dissociate causing the increase in the measured diameter.



In situ Oxygen Measurements in Cell Spheroids With Oxygen Sensitive Microbeads

In addition to the acquired fluorescent hypoxia signal output evaluation, oxygen sensitive microbeads (CpoX orange) were incorporated in spheroids of each size and fabrication platform. Evaluation of the local oxygen concentrations was consistent with fluorescent reporter cell output. With increasing spheroid size, the oxygen content in the 3D cell aggregate drops (Figure 4A). Supporting flow cytometry results, spheroids fabricated by hanging drop method show higher local oxygen tensions as spheroids created in ultra low attachment plates. Spheroids of 30 × 104 cells reach oxygen concentrations as little as <1% (v/v). Important to note that despite this system allows a local oxygen evaluation also for 3D cellular constructs, the spatial positioning of the microbeads can hardly be controlled (Figure 4B).


[image: Figure 4]
FIGURE 4. (A) In situ oxygen measurements for each spheroids size and fabrication platform. (B) Exemplary fluorescent image of microbeads (orange) incorporated in a spheroid of 7.5 × 104 hypoxia reporter hAD-MSC (green) fabricated in ultra low attachment plates. Scale bar: 200 μm.




Application of Hypoxia Reporter Cells in Large Scale Spheroid Formation in Microstructured Plates

According to the manufacturers, microstructured plates allow fast creation of large amounts of spheroids with controlled diameter and identical biological properties. Hypoxia reporter cells were applied in a microstructured plate to control the stabilization of HIF-1α and to confirm the uniformity of large scale spheroid formation. Cells were seeded in 2 different densities: 20 × 104 cells per well and 100 × 104 cells per well and incubated for 24 h. While no fluorescent signal could be monitored at 20 × 104 cell/well (~267 cells per spheroid, spheroid diameter of 100 μm), 100 × 104 cells/ well (~1,333 cells per spheroid, spheroid diameter of 180 μm) led to the hypoxia reporter signal (expression of UnaG protein) (Figure 5A). Interestingly, a gradient of fluorescence could be detected over the microstructured well, when the entire well was accessed. Spheroids at the outer edge of the microstructured well-expressed gradually more UnaG protein as spheroids formed in the center (Figure 5B). Big chunks of cells appearing in the image are a result of plate transportation to the imaging system. Due to the agitation, spheroids leave their wells and unwontedly accumulate with other spheroids. Time laps microscopy, however clearly demonstrated the absence of fluorescent spheroids in the middle of the well (Supplementary Video 3).


[image: Figure 5]
FIGURE 5. Large scale spheroid formation in microstructured wells. (A) Spheroids were monitored via Lumascope for 20 × 104 and 100 × 104 cells per well after 24 h of formation time. Larger spheroids (100 × 104 cells/multiwell) would express the hypoxia reporter protein UnaG, while low numbers (20 × 104 cells/multiwell) did not show a signal. For both studied seeded cell numbers images were taken from the outer corner of the well to guarantee comparability. (B) For 100 × 104 cell/multiwell half the well was accessed via image stitching. Time-laps video of spheroid formation and onset of fluorescence can be seen in Supplementary Video 3.




Oxygen Measurement in Medium in Microstructured Wells

Oxygen sensitive microbeads were applied in microstructured plates to measure the local oxygen content of the cell culture medium when spheroids were formed using 100 × 104 cells per well. In contrast to previous oxygen measurement experiments, microbeads could not be embedded inside of spheroids since microbead diameter was too large (50 μm) to be incorporated in small (180 μm) spheroids. Here, microbeads were either positioned at the edge of the spheroid, or underneath the 3D cell aggregate in medium (Figure 6A). The resulting oxygen concentrations were evaluated with OPAL system, starting in the center of the microstructured well (position 1) to the outer edge (position 10). A clear gradient in oxygen tension in medium could be monitored which confirmed reporter cells output (Figure 6B).


[image: Figure 6]
FIGURE 6. Oxygen measurement in microstructured wells. (A) Overview over half the microstructured well with seeded oxygen sensitive microbeads. CpoX beads (red) were placed in the microwells previously to reporter cell seeding. 100 × 104 cells/multiwell are displayed 24 h after cell seeding. (B) Accordingly oxygen concentrations in different microwells were measured. Position 1 represents microwells mostly in the center, while position 10 represents wells at the outer edge of the well. Measurements were taken in even distances in dependence of the readability of the applied microbeads. A clear gradient in oxygen availability could be monitored as confirmed by reporter cell output.





DISCUSSION

MSCs isolated from different tissues considered to be promising candidates for cell therapies and tissue engineering. In most of the cases, after isolation, MSCs must be expanded in vitro prior injection or application in tissue engineered constructs. Cultivation of MSCs in 3D cellular aggregates (spheroids) helps to preserve their biological functions and increase their therapeutic potential (Murphy et al., 2017a; Lavrentieva et al., 2020). Cultivation in spheroids enhances secretion of MSCs angiogenic, immunomodulatory, pro- and anti-inflammatory factors, as well as their differentiation potential (Cesarz and Tamama, 2016). Even if only shortly cultivated in 3D spheroids, MSCs demonstrate improved biological functions.

The reasons of higher MSCs curative properties after cultivation in 3D spheroids seems to be an increase of pluripotent gene expression via relaxation of cytoskeleton tension (Zhou et al., 2017), lower vascular obstruction via small cell size preservation (Ge et al., 2014) and increased expression and secretion of rescue factors as a sequence of hypoxia (Potapova et al., 2007).

There are several methods for in vitro spheroid formation, including centrifugation, low attachment plates, hanging drops and structured microwells (Bartosh et al., 2010; Egger et al., 2018; Lavrentieva et al., 2020). Each method has advantages and disadvantages and is usually chosen according the subsequent application or experimental set-up. With the help of hypoxia reporter cells we for the first time directly detected the onset of hypoxia in spheroids of different diameters and compared the influence on different spheroid fabrication platforms. Two fabrication platforms with different features were directly compared: (1) ultra low attachment microplates, were cells accumulate on the bottom of the wells and oxygen is mostly available through diffusion throughout the medium overlay, and (2) hanging drop in Terasaki plates, where the spheroid accumulates in the drop and the cells are almost directly exposed to the surrounded oxygen-rich atmosphere. Additionally, we applied the hypoxia reporter cells on microstructured wells for large scale spheroid formation and could demonstrate unequal hypoxia reporter protein expression if higher cell numbers were used. In the first part of our study we manufactured spheroids of 1 × 104, 3 × 104, 7.5 × 104, 15 × 104, and 30 × 104 hAD-MSCs in spheroid microplates and via hanging drops in Terasaki plates. For large cell numbers (>7.5 × 104 cells per spheroid) strong hypoxia reporter protein expression could be monitored. Interestingly, for 3 × 104 cells per spheroid fluorescent hypoxia signal was present when 3D aggregates were formed in ultra low attachment plates, but no microscopically visible fluorescence was detected for spheroids created via hanging drop method. One possible explanation could be the difference in culture medium volumes used in both methods. A maximal possible medium drop volume for hanging drop method was 30 μl (to avoid the fall of the drop), compared to 150 μl media used for ultra low attachment plates. Additionally, to the larger gas-liquid interface in hanging drops, small drop volume seems to allow a better oxygen supply by decreased oxygen diffusion distances. Disadvantageously, small media volumes can lead to the fast drop of nutrients, so ultra low attachment plates, which facilitate spheroid formation in higher medium volumes, are widely used in scientific community. However, application of hypoxia reporter MSCs demonstrated that in the ultra low attachment plates oxygen transport limitation through cell culture media can cause an earlier onset of hypoxia if compared to hanging drops. These findings were also supported by further flow cytometric analysis.

The spheroids of each fabrication method were dissociated by proteases and fluorescent reporter protein expression was quantified by flow cytometric analysis. We were able to spot a significant increase in fluorescent signal output when ultra low attachment microplates were used. The strongest difference was detected for spheroids of the size of 3 × 104 and 7.5 × 104 cells. Unexpectedly the mean fluorescence of spheroids of 15 × 104 and 30 × 104 cells decreases in ultra low attachment microplates. As shown in Figure 1A the spheroid of 30 × 104 cells has loose edges. When watched in the respective formation video (Supplementary Video 1), the spheroid fist forms and then cells start to dissociate. This indicates that cells of the two largest spheroids (15 × 104 and 30 × 104) possibly die due to strong oxygen deprivation, which in turn could explain the decrease in fluorescence.

The limitation of the flow cytometric analysis is the breakdown of spatial spheroid organization by dissociation. When the spheroids get dissociated for analysis, cells from the center of the spheroid, where strongest hypoxia is expected, and cells of the outer areas, where oxygen transport limitation are supposed to be weak, get mixed up. As a result, only mean fluorescence of the entire spheroid population can be obtained. As shown in our earlier works, the fluorescent signal of the hypoxia reporter hAD-MSCs at 2.5% O2 in 2D cultures reached an average signal of ~1.3 × 106 RFU (Schmitz et al., 2020). The detected average signal in this work is twice weaker (max. mean fluorescence of 6.6 × 105 RFU). In contrast, if looking on the highest fluorescent 1% of the cell population, the fluorescence signal intensity is similar to the highest cell fluorescence detected in 2D by 2.5% O2 for 24 h (data not shown). This indicates, that some of the cells in the studied spheroid cultures were exposed to oxygen concentrations as low as 2.5% O2. As confirmed by other researches (Groebe and Mueller-Klieser, 1991; Barisam et al., 2018) a gradient of oxygen is maintained within the spheroid, often causing hypoxia in the spheroid core (hypoxic core), while cells at the spheroid edge are not affected by oxygen diffusion limitations. Consequently, cells at the outer edge of the 3D aggregate experience less or even no oxygen deprivation and weaken the average signal intensity. Dead cells, which do not express UnaG could additionally weaken the average fluorescent signal.

The application of the OPAL system for in situ oxygen measurements confirms the findings of the previous results. Increasing spheroid sizes cause lower oxygen concentrations and ultra low attachment plates show fast drop of oxygen tension signals if compared to spheroids fabricated as hanging drops. While the used microbeads based system provides a great tool for oxygen measurements in 3D cell culture applications, the spatial incorporation of the beads could hardly be controlled and Z-axis positioning of beads could not be precisely evaluated. Nevertheless, performed measurements demonstrated the clear trend of stronger oxygen limitations in the ultra low attachment plate.

The application of different spheroid formation methods can influence the spheroid packaging density and consequently spheroid diameters. Evaluation of spheroid size demonstrated no difference between hanging drop and low attachment plate—fabricated spheroids (except for 30 × 104, as discussed before). Thus, only spheroid fabrication platform and medium volume influence the onset of hypoxia. For example, we found that for spheroids of 7.5 × 104 cells the average spheroid diameter is similar for both fabrication methods (ultra low attachment plate: 920 μm; hanging drop: 979 μm), but the hypoxia signal output is 6.5 times higher when fabrication is performed in ultra low attachment plates. It is widely accepted that spheroid size greatly influences in situ conditions and final cellular properties. For years scientists have been trying to estimate the critical sizes of various in vitro 3D constructs. Indeed, for cancer cellular aggregates it is believed that constructs with diameter between 200 and 500 μm already demonstrate gradients and exhibit oxygen limitation which leads to the necrosis of the core cells (Hirschhaeuser et al., 2010). Some attempts were earlier made to measure or model hypoxic core in MSCs spheroids, leading to controversial results demonstrating that in some spheroids with 100 μm diameter hypoxia was detected (Zhang et al., 2012), and in other experiments no hypoxia occurred in much larger spheroids up to 500 μm (Murphy et al., 2017a). Interestingly, these findings are subsequent with the outcome of our study, since Zhang et al. (2012) formed their spheroids in low attachment plates, while Murphy et al. (2017a) applied the hanging drop method. Therefore, it is questionable if a direct relation of spheroid diameter and hypoxic response in cell spheroids can be made. As presented, additionally to the cell number and spheroid size, the fabrication platform hugely influences the onset of hypoxia.

At the final step, hypoxia reporter cells were applied on microstructured wells to create high numbers of uniform spheroids as advertised by the manufacturer. By using this platform we could demonstrate that if smaller cell numbers were used to create spheroids, no hypoxia occurred in entire plate (20 × 104 cells/ well, 270 cells per spheroid, spheroid diameter of 100 μm). However, we were able to monitor a gradient in hypoxia signal over the microwells, if higher cell numbers were used (100 × 104 cells/ well, 1,350 cells per spheroid, spheroid diameter of 180 μm). Keeping in mind that over 300 genes are up- or down-regulated by HIF-1α, the resulting spheroids represent biologically heterogenic unequal aggregates, with morphologically similar appearance (spheroid sizes). In situ oxygen concentration measurements also confirmed unequal oxygen distribution with decreasing concentrations at the well edge.

Taken together, the results of this study demonstrate the influence of cell number and fabrication platform on the onset of hypoxia in hAD-MSCs spheroids. We demonstrated different thresholds for hypoxia when different fabrication platforms are used. The presence of hypoxia, however, has no necessarily negative effect on the cells. As mentioned above, one of the reasons of improved curative potential of MSCs cultivated in 3D could be the increased stromal function as a result of hypoxia (Potapova et al., 2007). Thus, in further experiments, cytokine expression from the spheroids of the same sizes created by different methods must be studied and influence of onset of hypoxia on expression profile must be evaluated. In the future, various 3D fluorescence monitoring techniques must be also applied to better understand spatial distribution of fluorescent signal inside of spheroids. Additional important platforms, where a possible hypoxic response can be studied with the help of reporter MSCs, are advanced 3D co-culture systems. Indeed, different cell types (e.g., cancer cells, endothelial cells) have different oxygen consumption rates and metabolic activities, which can lead to variations in hypoxia onset in spheroids of the same size/cell number. Since such co-cultures are widely used in basic research and drug screening, direct monitoring of hypoxia in these systems will allow a better understanding of cell behavior. If hypoxia must be avoided, spheroids up to 7.5 × 104 cells and 920 μm diameter can be used if hanging drop technique applied, and up to 3 × 104 cells and 600 μm diameter if low attachment plate is used. Nevertheless, using both platforms, non-hypoxic spheroids can be created at the sizes much higher than it was believed before. In microstructured plates also much attention must be paid to the cell numbers used. Moreover, the reason of the radial oxygen gradient from the center to the well edge must be found. The presence of this gradient can also be used to simultaneously study e.g., the influence of different compounds on 3D aggregates under different oxygen tensions.



CONCLUSION

In this study we for the first time directly demonstrated critical sizes of hAD-MSCs spheroids in terms of onset of hypoxia. We showed that not only cell numbers, but also spheroid fabrication platforms play a crucial role in the onset of hypoxia. Hypoxia-reporter MSCs detected HIF-1α stabilization in spheroids with 3 × 104 cells (600 μm) if ultra low attachment plates are used. By hanging drop technique, hypoxia can be first detected by spheroids with 7.5 × 104 cells (920 μm). In microstructured plates spheroids with 270 cells and 100 μm did not demonstrate hypoxia, but increased cell numbers (1,350 cells per spheroid and diameter of 180 μm) led to a radial oxygen gradient in the wells. This study underlines, that not only cell type, passage or spheroid diameter are crucial parameters for 3D cell aggregate research, but also the actual fabrication platform critically influences the final spheroid state. Uniform cultivation and spheroid formation platforms would help to create comparable data through different research group and increase the amount of utilizable information for 3D cell aggregate applications. Moreover, hypoxia reporter cells proved to be as an easy and reliable tool to monitor hypoxic response in such systems.
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Supplementary Figure 1. Flow cytometry analysis of surface antigens expressed by reporter MSCs (P9) after cultivation in 2D and prior to spheroid fabrication. Cells were stained with respective antibodies conjugated to fluorescent reporters. MSC typical antigens as CD 73 and CD 105 were expressed and cells were tested negatively for hematopoietic (CD34), leucocytic (CD45), and endothelial (CD31) markers.
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Mesenchymal stem/stromal cell (MSC) exist within their in vivo niches as part of heterogeneous cell populations, exhibiting variable stemness potential and supportive functionalities. Conventional extensive 2D in vitro MSC expansion, aimed at obtaining clinically relevant therapeutic cell numbers, results in detrimental effects on both cellular characteristics (e.g., phenotypic changes and senescence) and functions (e.g., differentiation capacity and immunomodulatory effects). These deleterious effects, added to the inherent inter-donor variability, negatively affect the standardization and reproducibility of MSC therapeutic potential. The resulting manufacturing challenges that drive the qualitative variability of MSC-based products is evident in various clinical trials where MSC therapeutic efficacy is moderate or, in some cases, totally insufficient. To circumvent these limitations, various in vitro/ex vivo techniques have been applied to manufacturing protocols to induce specific features, attributes, and functions in expanding cells. Exposure to inflammatory cues (cell priming) is one of them, however, with untoward effects such as transient expression of HLA-DR preventing allogeneic therapeutic schemes. MSC functionalization can be also achieved by in vitro 3D culturing techniques, in an effort to more closely recapitulate the in vivo MSC niche. The resulting spheroid structures provide spatial cell organization with increased cell–cell interactions, stable, or even enhanced phenotypic profiles, and increased trophic and immunomodulatory functionalities. In that context, MSC 3D spheroids have shown enhanced “medicinal signaling” activities and increased homing and survival capacities upon transplantation in vivo. Importantly, MSC spheroids have been applied in various preclinical animal models including wound healing, bone and osteochondral defects, and cardiovascular diseases showing safety and efficacy in vivo. Therefore, the incorporation of 3D MSC culturing approach into cell-based therapy would significantly impact the field, as more reproducible clinical outcomes may be achieved without requiring ex vivo stimulatory regimes. In the present review, we discuss the MSC functionalization in 3D settings and how this strategy can contribute to an improved MSC-based product for safer and more effective therapeutic applications.
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MSC THERAPEUTIC PROPERTIES IN CONVENTIONAL 2D CULTURES

Mesenchymal stem/stromal cells (MSC) are non-hematopoietic cells first isolated from the bone marrow tissue by Friedenstein et al. (1974), and thereafter from various other connective tissues and biological fluids including fat pad (Dragoo et al., 2003), adipose (Zuk et al., 2002), synovium (De Bari et al., 2001), synovial fluid (Jones et al., 2008), and umbilical cord (Weiss and Troyer, 2006). The perceived advantage of MSC as cell therapy is associated with their ease of isolation and high proliferative capacity while retaining their stemness in vitro, but most importantly their paracrine immunomodulatory and trophic (i.e., angiogenic, anti-fibrotic, anti-apoptotic, and mitogenic) actions in vivo. On this basis, MSC “medicinal signaling” activities (Caplan, 2017) exploit their environmental sensory capacity and by secretion of modulatory mediators induce the restoration of the distorted local homeostasis of the target tissue. The immunomodulatory effects of MSC are mediated by secreted bioactive molecules (i.e., IDO, PGE2, TGFβ, IGF, and IL-10), and by cell–cell contact affecting both innate and adaptive immunity (Waterman et al., 2010; Caplan and Correa, 2011; Singer and Caplan, 2011; Bernardo and Fibbe, 2013; Krampera et al., 2013; Uccelli and Rosbo, 2015; Kouroupis et al., 2017, 2018). The trophic effects are mediated by several bioactive molecules resulting in anti-apoptotic [VEGF, HGF, IGF-I, stanniocalcin-1 (STC-1), TGF-β, and GM-CSF] and mitotic (SCF, LIF, M-CSF, SDF-1, and angiopoietin-1) effects on tissue-intrinsic progenitors (da Silva Meirelles et al., 2009). Most importantly, MSC support the new vessel formation not only by functioning as pericytes and stabilizing newly formed vasculature (Sorrell et al., 2009) but also by secreting ECM molecules and angiogenic factors (VEGF, IGF-1, PIGF, MCP-1, bFGF, and IL-6) (da Silva Meirelles et al., 2009).

As reviewed in Kouroupis et al. (2017), MSC therapeutic usage in vivo in both autologous and allogeneic settings is safe due to their immunoevasive characteristics, and therefore, even multiple infusions of allogeneic MSC do not elicit a strong immune response that can lead to rejection progression (Koç et al., 2002; Aggarwal and Pittenger, 2005; Ringden et al., 2006; Le Blanc et al., 2008; Pittenger et al., 2019). Over the past 30 years, the safety profile of MSC has been clearly demonstrated in clinical trials to treat multiple clinical indications, with efficacy starting to produce encouraging results in some of them. To date, more than 10,000 patients have been treated as part of clinical trials, with 188 phase 1 or phase 2 trials completed and 10 trials advanced to phase 3.1 However, to obtain clinically relevant cell numbers, therapeutic protocols usually require MSC extensive in vitro 2D expansion resulting in MSC products with limited stem cell potency and, as a result in some cases, only moderate or inconsistent effectiveness to treat various clinical indications. Also, according to previous studies, MSC isolated from different tissue sources demonstrate similar, but not identical, functional capacity (Guilak et al., 2010; Moretti et al., 2010; Hass et al., 2011). Efficacy and reproducibility of MSC therapies are not only affected by the composition of the cell preparation but also by the functionality of the infused MSC to consistently home and engraft within dysregulated tissues, and subsequently to predictably exert their therapeutic effects by inducing and/or modifying specific host responses. To circumvent these limitations, various in vitro/ex vivo techniques have been applied to manufacturing protocols to induce specific features, attributes, and functions in expanding cells. On this basis, MSC functionalization can be achieved by in vitro 3D culturing techniques, in an effort to more closely recapitulate the in vivo 3D MSC niche and therefore preserve or enhance cellular phenotypes that result in improved in vivo therapeutics.



MSC SPHEROID FORMATION AND STRUCTURE

Adult MSC possesses a remarkable ability to coalesce and assemble in tri-dimensional (3D) structures, reminiscent of their innate aggregation as limb cell precursors in the mesenchymal condensation during early skeletogenesis. In that context, 3D organoid formation in vitro closely recapitulates the in vivo MSC niche by providing spatial cell organization with increased cell–cell interactions.

According to the differential adhesion hypothesis that was first introduced in the 1960s, the cell movement and cell aggregation phenomena present in self-assembly processes are driven by differential cadherin expression levels and guided by the reduction of adhesive-free energy as cells tend to maximize their mutual binding (Foty and Steinberg, 2005). In general, cell aggregation and subsequent multicellular spheroid formation processes involve three phases (Figure 1A). Initially, cells form loose aggregates via the tight binding of extracellular matrix arginine–glycine–aspartate (RGD) motifs with membrane-bound integrin. As a result of the increased cell–cell interactions, cadherin gene expression levels are upregulated, whereas cadherin protein is accumulated on the cell membrane. During the later phase, homophilic cadherin-to-cadherin binding induce the formation of compact cell spheroids from cell aggregates. The extracellular matrix proteins and cadherin type and concentration are variable between different cell types, whereas other intercellular proteins such as connexin, pannexins, and actin cytoskeleton filaments play crucial roles in cell–cell interactions and subsequent multicellular cell spheroid formation (reviewed in Cui et al., 2017). Structurally, based on their size and abundance of nutrients and oxygen in vitro, most multicellular spheroids can be divided into three zones (Mueller-Klieser, 1984; Alvarez-Pérez et al., 2005; Curcio et al., 2007; Figure 1B). The outer asynchronously proliferative zone contains cells with intact nuclei that are proliferative with active metabolism. The intermediate zone contains cells with shrunk nuclei that are in quiescent state possessing minimum metabolic activities. Usually depending on the spheroid size, the inner necrotic zone contains cells with disintegrated nuclei that are senescent/apoptotic due to limited nutrients and oxygen influx (hypoxia) in the spheroid core. The inner necrotic zone is formed as the diffusion limitation of most molecules in spheroids is 150–200 μm, and as a result, metabolic wastes are gradually accumulating within the spheroid core. Additionally, Curcio et al. (2007) indicated that aggregates of 200-μm diameter or greater show severe oxygen limitation in the most part of their dimensions, and Alvarez-Pérez et al. (2005) related drastic intra-spheroidal pH alterations to spheroid size, with spheroids of 600-μm diameter or greater showing acidic necrotic core. Based on these findings, a three-part spheroid zonation is highly dependent on cell aggregation size and microenvironment conditions, whereas a 200-μm diameter can be putatively considered a reliable size threshold for limited/diminished inner necrotic core zone formation. Therefore, the nutrients, oxygen, and waste concentration gradients within the spheroids should be always taken into consideration when selecting the optimal technique to generate spheroids in vitro in order to achieve increased spheroid functionality in in vivo settings.
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FIGURE 1. Mesenchymal stem/stromal cell (MSC) spheroids formation process and structure. (A) Cell aggregation and spheroid formation involving three phases. Initially, cells form loose aggregates via the tight binding of extracellular matrix arginine–glycine–aspartate (RGD) motifs with membrane-bound integrin. Due to increased cell–cell interactions, cadherin gene expression levels are upregulated and cadherin protein is accumulated on the cell membrane. In the later phase, homophilic cadherin-to-cadherin binding induce the formation of compact cell spheroids from cell aggregates. (B) Methylcellulose-based technique can be used to generate viable MSC spheroids on low-attachment gas-permeable plates (left panel). Generated MSC spheroids show stable immunophenotypic profile by expressing high levels of the pericytic marker CD146 (green) and MSC-related marker CD90 (red) (middle panel) (unpublished data). Structurally, based on their size and abundance of nutrients and oxygen in vitro, MSC spheroids can be divided into zones (outer and inner). The nutrients, oxygen, and waste concentration gradients within the spheroids should be always taken into consideration when selecting the optimal technique to generate spheroids in vitro in order to achieve increased spheroid functionality in in vivo settings (right panel).


The organization of MSC in 3D spheroids result in altered cell morphology, cytoskeleton rearrangement, and polarization due to the cell–cell and cell–extracellular matrix interactions within the spheroid structure. Additionally, 3D cultures account for the established reduction in size of individual MSC (about 0.25–0.5 the volume of an average 2D cultured cell) (Bartosh et al., 2010). Specifically, studies showed that individual MSC strain is increased within the spheroid structure and equally dispersed in all cell dimensions (a Young’s Modulus of approximately 60 Pascal), whereas overall MSC tension is greater in the outer zone compared with the inner zone of spheroids. These tension differences affect MSC morphology and polarization resulting in a more flattened morphology and high integrin expression for outer zone MSC and a more irregular morphology with high cadherin expression for the inner zone MSC (Baraniak et al., 2012; Sart et al., 2014). On this basis, Lee et al. (2012) indicated E-cadherin as the main calcium-dependent adhesion molecule that plays a crucial role in MSC spheroid formation in vitro. During spheroid formation, E-cadherin activation and cell–cell interactions regulate the proliferative and paracrine activity of MSC via the ERK/AKT signaling pathway (Lee et al., 2012). Importantly, studies showed that cadherins, and especially N-cadherin and OB-cadherin, are both affecting the proliferation, migration, and differentiation potential of 2D MSC cultures (Theisen et al., 2007; Xu et al., 2013). Of note, cadherin levels may be important in mediating MSC anti-inflammatory actions as reports indicated that they are crucial in the response of synovial fibroblasts to inflammation (Agarwal and Brenner, 2006; Chang et al., 2011). To this end, engineered cadherin surfaces and engineered surface microtopology have been generated to control differentiation, and cell-to-cell adhesion and signaling of 2D cultured MSC in vitro (reviewed in Alimperti and Andreadis, 2015). However, the inherent increased cadherin levels upon MSC spheroid formation can be directly related to increased MSC spheroid functionality in vitro and in vivo, offering an advantage over 2D MSC cultures.

Interestingly, studies showed that mild hypoxia present within the inner zones of MSC spheroids positively affect MSC survival and secretory capacity. Moreover, spheroid hypoxic microenvironment upregulate the expression of hypoxia-adaptive molecules (such as CXCL12 and HIF-1α), inhibit MSC apoptosis, and increase the secretion of angiogenic and anti-apoptotic molecules including HGF, VEGF, and FGF-2 compared to 2D MSC cultures (Bhang et al., 2011). Specifically, studies showed that MSC spheroids embedded in fibrin gel secrete up to 100-fold more VEGF compared with dissociated MSC in fibrin gel (Murphy et al., 2014). Except these molecules, the angiogenic trophic enhancement is produced via the upregulation of other key angiogenic factors such as angiogenin (ANG) and angiopoietin 2 (ANGPT-2; Potapova et al., 2007; Potapova et al., 2008; Yeh et al., 2014). However, Murphy et al. (2017) reported that even though cellular metabolism decreased significantly with higher cell numbers and resultant spheroid sizes, oxygen tension show a gradient that vary less than 10% from the outer zone to the inner core even for spheroids with diameters up to 353 ± 18 μm. This indicates that increased MSC functionality within the spheroid is not oxygen gradient driven but due to increased ECM production and autocrine signaling. Overall, the advantages and disadvantages of MSC functionalization in 3D spheroids are described in Table 1.


TABLE 1. Advantages and disadvantages of MSC functionalization in 3D spheroids.
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METHODS AND BIOMATERIALS USED TO GENERATE MSC SPHEROIDS EX VIVO

Lately, standardization of MSC manufacturing has been extensively evaluated in order to translate in vitro and in vivo preclinical research into safe and effective therapeutic products. Toward this goal, the large-scale clinical-grade generation of MSC spheroids possessing enhanced functionality in vivo is an imminent need for various therapeutic applications. To date, various methods have been used to generate MSC spheroids including the “classic” hanging drop technique and other improved methods such as the application of low-adhesive substrates, the membrane-based aggregation, and the forced aggregation techniques (reviewed in Petrenko et al., 2017).



SCAFFOLD-FREE MESENCHYMAL STEM/STROMAL CELL SPHEROID CULTURE PLATFORMS

Mesenchymal stem/stromal cell spheroid culture platforms are usually trivial, rapid, and low-cost methods to generate spheroids in a non- or low-adherent environment that allows the self-organization of cells into suspended spheroids (Figures 2A–D). In the hanging drop technique, MSCs are aggregated by gravitational force but due to the absence of direct contact with solid surfaces, the composition of ECM proteins is the main factor for the regulation of spheroid microenvironment (Foty, 2011). Therefore, the hanging drop technique can generate MSC spheroids of controlled size and number; however, its main limitation is the laborious preparation of the 3D cultures that significantly limits the large-scale production of spheroids for in vivo applications. Using the hanging drop technique, Bartosh et al. indicated a 100-fold upregulation of anti-inflammatory (TSG-6) and anti-tumorigenic (IL-24 and TRAIL) genes compared to 2D MSC cultures (Bartosh et al., 2010). In addition, the hanging drop technique results in higher expression of stemness markers Oct4, Sox2, and Nanog in MSC spheroids compared to 2D MSC cultures (Lou et al., 2016). Forced aggregation technique (or pellet culture) is also used to generate scaffold-free MSC aggregates by gravitational force that are further induced toward 3D differentiation protocols such as high-density MSC chondrogenic pellet culture (Mackay et al., 1998). A less laborious and more standardized technique is the use of low-attachment surfaces. Similar to the hanging drop technique, spontaneously secreted ECM proteins are regulating the spheroid microenvironment, however, generated spheroids show increased variability in size and morphology (Redondo-Castro et al., 2018b). Interestingly, studies showed that MSC spheroids generated on low-attachment surfaces secreted more hypoxia-induced angiogenic cytokines including VEGF, SDF, and HGF, whereas phosphorylation of Akt cell survival signaling was higher and the expression of pro-apoptotic molecules lower in MSC spheroids compared with 2D MSC cultures (Lee et al., 2016). Magnetic levitation can be used to generate MSC spheroids as by diminishing gravitational force, it promotes cell–cell contact and induces cell aggregation in vitro. In detail, cells are mixed with magnetic particles in culture, and cells incorporated with them can levitate due to exogenously applied magnetic field. Although preliminary studies show spheroid formation reproducibility and stable MSC spheroid phenotype, others have reported that abnormal gravity induces classic apoptotic alterations such as cell size reduction and cell membrane blebbing, reduced cell viability, nuclear chromatin condensation and margination, and increased caspase-3/7 activity (Meng et al., 2011).
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FIGURE 2. Methods used to generate MSC spheroids ex vivo. (A) In hanging drop technique, MSCs are aggregated by gravitational force. (B) Forced aggregation technique (or pellet culture) is used to generate MSC aggregates by gravitational force that are further induced toward 3D differentiation protocols. (C) Low-attachment surfaces allow the self-organization of cells into suspended spheroids. (D) Magnetic levitation diminish gravitational force, promotes cell–cell contact and induces cell aggregation in vitro. (E) In a spinner flask bioreactor system, cells are continuously mixed by stirring. (F) Rotating wall vessel technique simulates microgravity by constant circular rotation and, therefore, cells are continuously in suspension. Both dynamic culturing techniques (spinner flask and rotating wall vessel) form viable compact MSC spheroids but with altered cell size, altered phenotypic and molecular profiles, and enhanced differentiation potential compared to 2D conventional MSC cultures.


Except the static techniques, various dynamic approaches have been investigated to generate MSC spheroids including spinner flask culture and rotating wall vessel techniques (Figures 2E,F). Spinner culture technique is based on a spinner flask bioreactor system where cells are continuously mixed by stirring, whereas rotating wall vessel technique simulates microgravity by constant circular rotation where cells are continuously in suspension. In a comparative study between dynamic and 2D MSC cultures, Frith et al. indicated that both spinner and rotating wall vessel dynamic cultures can form viable compact MSC spheroids showing altered cell size, altered phenotypic and molecular profiles, and enhanced osteogenic and adipogenic differentiation potential (Frith et al., 2010). Further studies showed that rotating wall vessel microgravity dramatically affect the molecular profile of MSC spheroids by upregulating genes related to adipogenic and downregulating genes related to osteogenic and chondrogenic differentiation potentials (Sheyn et al., 2010). MSC spheroid culturing in microgravity conditions results in reduced osteogenic differentiation due to decreased Collagen I gene expression and subsequent Collagen I/integrin signaling pathway activation (Meyers et al., 2004). Also, microgravity disrupts F-actin stress fibers, increase intracellular lipid accumulation, and significantly reduces RhoA activity (Meyers et al., 2005). Interestingly, others indicated that microgravity has a synergistic effect with chemical induction in stimulation of chondrogenesis mediated by p38 MAPK activation (Yu et al., 2011).

The abovementioned advantages of MSC spheroids over 2D MSC cultures make them a great candidate as building blocks for 3D bioprinting. For the large-scale manufacturing of spheroid-based tissue complexes in vitro, various 3D bioprinting techniques have been reported including extrusion-based bioprinting (Jakab et al., 2008; Mironov et al., 2009; Bulanova et al., 2017; Mekhileri et al., 2018), droplet-based bioprinting (Gutzweiler et al., 2017), Kenzan (Moldovan et al., 2017), and biogripper (Blakely et al., 2015; Ip et al., 2016) approaches. Studies showed that homogeneous MSC-derived cartilage spheroids with a mean diameter of 116 ± 2.8 μm can be assembled using extrusion-based bioprinting into viable cartilage constructs with stable phenotype (De Moor et al., 2020). Also, MSC-derived adipose spheroids bioprinted into a microtissue showed multilocular microvacuoles and successful differentiation toward mature adipocytes (Colle et al., 2020). However, existing 3D bioprinting techniques involve several limitations related to substantial damage to biological, structural, and mechanical spheroid properties. Recently, Ayan et al. (2020) proposed aspiration-assisted bioprinting as a novel approach for MSC spheroid assembly that causes minimal cellular damage and precisely bioprint a wide range of spheroid dimensions (ranging from 80 to 800 μm). On this basis, authors demonstrated the patterning of angiogenic sprouting spheroids and self-assembly of osteogenic spheroids. Further advancements into bioprinting field would benefit the generation of various types of MSC spheroid-derived microtissues in vitro.



SCAFFOLD-BASED MESENCHYMAL STEM/STROMAL CELL SPHEROID CULTURE PLATFORMS

In addition to the scaffold-free culture platforms, various scaffold-based MSC spheroid generation approaches have been proposed using both natural and synthetic biomaterials. As mentioned before, MSC spheroids can benefit the in vivo microenvironment primarily by their immunomodulatory and trophic actions, and secondarily (if any) by their direct differentiation toward specialized cells. The latter supports the notion that MSC spheroids should maintain their integrity in order to achieve effective cell replacement in vivo as biodegradation is a key factor in tissue engineering. Therefore, depending on the therapeutic application mode, biomaterial selection except from biological factors (cell adhesion, biocompatibility, etc.) should take into consideration physic-chemical (porosity to support nutrients/oxygen influx, biodegradation, etc.) parameters (Nikolova and Chavali, 2019). On this basis, even though scaffold’s topography allows seeded MSC to form a microstructured matrix within the 3D spheroid microenvironment, depending on the treated tissue’s nature, scaffold biodegradation rate should be controlled accordingly by the incorporation of chemical components that trigger gradual hydroytic degradation. However, to date, no specific studies have been performed to define if long-term maintenance of MSC spheroid structure is crucial for its therapeutic use.

Scaffold-based culture platforms using natural polymers such as agar/agarose, chitosan, and collagen can promote spheroid formation. Agar/agarose non-adherent surfaces have been used to promote MSC aggregation and spheroid formation in vitro (Vorwald et al., 2018). Specifically, chitosan-based substrates result in a more complex spheroid microenvironment compared to scaffold-free methods as the carbohydrate structure of chitosan is similar to the glycosaminoglycans in the ECM (Cui et al., 2017). Chitosan is a polycationic natural biocompatible polysaccharide, whereas the degree of its deacetylation can modulate the cell adhesion and spheroid formation capacity in vitro. On this basis, highly deacetylated chitosan substrate supports strongly the attachment and proliferation of fibroblasts (Seda Tığlı et al., 2007). Interestingly, Yeh et al. showed that MSC spheroid culturing on chitosan membranes results in increased intracellular calcium levels, whereas the calcium binding capacity of chitosan affect the cell–substrate and cell–cell interactions within the MSC spheroid. As a result, the chitosan-cultured MSC spheroids show significantly upregulated expression of calcium-, cell adhesion/migration-, and anti-inflammatory-associated genes compared to 2D MSC on tissue culture polystyrene plates (Yeh et al., 2012, 2014). Hsu and Huang showed that Wnt signaling is not only distinct in MSC spheroids compared to 2D MSC cultures but also substrate dependent. MSC spheroids derived on chitosan-activated Wnt3α-mediated canonical Wnt signaling is prone to osteogenesis, whereas MSC spheroids derived on hyaluronan-grafted chitosan activated Wnt5α-mediated non-canonical Wnt signaling that is prone to chondrogenesis (Hsu and Huang, 2013). On this basis, Huang et al. (2011) showed that MSC spheroids generated on chitosan and chitosan–hyaluronan substrates preserve the expression of stemness markers Oct4, Sox2, and Nanog, and increase their chondrogenic differentiation capacity. As autophagy is an important mechanism promoting cell survival, a study showed that MSC spheroids derived on chitosan respond to environmental stress (H2O2 treatment) by upregulating autophagy-related markers in a calcium-dependent manner (Yang et al., 2015). This effect is important as it may increase the MSC spheroid survival and therapeutic efficacy in in vivo settings. Interestingly, nanomagnetically levitated MSCs cultured as spheroids within type I collagen gels preserve their quiescent phenotype indicated by the expression of STRO-1 and Nestin, whereas in response to co-culture wounding, they are capable of migrating to the wound site and differentiate accordingly (Lewis et al., 2016).

Polymers and chemically modified polymers have been extensively investigated for the development of novel biomaterials with good physic-chemical properties and biocompatibility. On this basis, MSC spheroid generation has been performed on various synthesized polymer substrates such as polycaprolactone, micropatterned poly(ethylene glycol), poly(L-glutamic acid)/chitosan, and methylcellulose. In one study, Messina et al. (2017) showed that fibroblast, myoblast, and neural cell spheroids on polymeric membranes possess high biological activity in terms of oxygen uptake, whereas they undergo faster fusion and maturation on polycaprolactone than on agarose substrates. Also, Wang W. et al. (2009) showed improved adipogenic and osteogenic differentiation capacity of MSC spheroids generated on micropatterned poly(ethylene glycol) substrates. Microarray analysis indicated not only the upregulation of genes related to adipogenesis and osteogenesis but also the downregulation of genes related to MSC stemness such as the mesoderm–specific transcript (MEST) and the mesenchymal stem cell specific marker (THY1) (Wang W. et al., 2009). Similarly, Zhang et al. (2015) indicated that MSC spheroids generated on poly(L-glutamic acid)/chitosan substrate show increased chondrogenic differentiation capacity by increased GAGs and COLII, and decreased COLI deposition during in vitro chondrogenic induction.

Methylcellulose, an ether derivative of cellulose, which is synthesized by the replacement of hydrogen atoms from hydroxy groups with methyl groups, has been recently used to generate successfully MSC spheroids in vitro. Deynoux et al. (2020) showed that methylcellulose allows MSC spheroid formation within 24 h, which tends to shrink in size partially due to the balance between proliferation and cell death triggered by hypoxia and oxidative stress up to 3 weeks in vitro. Similar to methylcellulose-based technique published by Markou et al. (2020), we have generated successfully viable MSC spheroids in a gas-permeable plate system that possess stable phenotypic and molecular profiles, and increased functionality both in vitro and in vivo (Kouroupis et al., 2021). The usage of this system is aimed to ensure uniform oxygenation throughout the MSC spheroid culture, as it is based on previous reports demonstrating that in gas-permeable plates 3D cell structures efficiently receive air from both the top (after diffusion through the medium) and the bottom (after diffusion across permeable membrane) of the culture (Fraker et al., 2007, 2013; Cechin et al., 2014). These reports show that MSC spheroid generation on synthesized substrates can dramatically affect their stemness and multipotential differentiation capacities in vitro.



CULTURE MEDIUM EFFECTS ON MESENCHYMAL STEM/STROMAL CELL SPHEROIDS

With the exception of the scaffold-free or scaffold-based culture platforms, reports showed that culture medium composition strongly affect the spheroid formation progression and MSC spheroid functionality in vitro. To date, most studies use fetal bovine serum (FBS)-based media to generate spheroids in vitro. However, safety concerns have been raised regarding FBS usage for the manufacturing of MSC products for clinical applications, most of them related to prion exposure risk, toxicological risk, and immunological risk (Mendicino et al., 2014; Karnieli et al., 2017). Regulatory-complaint xeno-free media such as chemically defined formulations and human platelet lysate (hPL) are promising alternatives to generate clinically relevant cell numbers and to preserve or even enhance the MSC functionality in vitro prior to their in vivo application (Doucet et al., 2005; Centeno et al., 2008; Jung et al., 2010; Kouroupis et al.,2020a,b). On this basis, Ylostalo et al. (2014) showed that MSCs cannot condense into tight spheroids when cultured in several commercial stem cell media and only chemically defined formulation supplemented with human serum albumin (HSA) can result in compact MSC spheroids with high viability and enhanced anti-inflammatory secretory profile. Importantly, MSC spheroids generated with HAS supplementation show increased anti-inflammatory capacity when co-cultured with lipopolysaccharide-stimulated macrophages in vitro (Ylostalo et al., 2014). In contrast, another study indicated that MSC spheroids generated in FBS-based medium show low or no proliferation but increased paracrine secretory profile (PGE2 and IDO), whereas MSC spheroids generated in xeno-free medium show significant proliferative capacity but low paracrine secretory profile (Zimmermann and McDevitt, 2014).

Overall, further investigations have to be performed in order to optimize the in vitro culturing conditions for the standardization and reproducibility of MSC spheroid therapeutic potential. Most importantly, challenges still exist related to the generation of clinically relevant cell numbers in 3D cultures and the qualitative assessment of the generated MSC spheroids using conventional methods. Specifically, the less laborious dynamic approaches, such as the spinner flask culture and the rotating wall vessel techniques, offer a viable solution to generate large MSC spheroid numbers; however, novel bioreactor systems are needed to additionally monitor and control all culture environmental variables (temperature, gas exchange, pH, and metabolite levels) (de Bournonville et al., 2019). Similar to 2D MSC cultures, qualitative evaluation of MSC spheroids requires their phenotypic protein profiling using fluorescent microscopy and flow cytometry methods. Fluorescent imaging is often laborious for xyz images and represent only a fraction of MSC spheroid cultures, whereas flow cytometry requires the enzymatic/mechanical dissociation of the spheroids to a single cell, usually disrupting important sensitive phenotypic attributes (CD146 immunomodulation-related marker). Furthermore, comparative preclinical studies are needed to evaluate how different MSC spheroid generation platforms in vitro are affecting the therapeutic outcomes upon their implantation or infusion in vivo.



ANTI-INFLAMMATORY PROPERTIES OF MESENCHYMAL STEM/STROMAL CELL SPHEROIDS

In MSC spheroid settings, their enhanced anti-inflammatory effects have been mainly attributed to high expression of TGF-β1, IL-6, TSG-6, stanniocalcin (STC-1), and PGE-2 anti-inflammatory molecules (Bartosh et al., 2010; Ylöstalo et al., 2012; Zimmermann and McDevitt, 2014; Figure 3). Specifically, Bartosh et al. showed that BM-derived MSC spheroid increased secretion of anti-inflammatory TSG-6 and STC-1 results in reduced TNFα expression and secretion by LPS-stimulated macrophages in MSC spheroid/macrophages co-cultures in vitro. In a mouse zymosan-induced peritonitis model, intraperitoneal injection of 1.5 × 106 BM-derived MSC spheroids for a 6-h time-frame resulted in decreased protein content and volume of the lavage fluid, neutrophil activity, and decreased levels of TNFα, IL-1β, CXCL2/MIP-2, and PGE2. Also, MSC spheroid injection significantly decreased the serum levels of plasmin activity, an inflammation-related protease that is inhibited by secreted TSG-6 (Bartosh et al., 2010). Importantly, in vitro studies showed that BM-derived MSC spheroid conditioned medium affect LPS-stimulated macrophages not only by inhibiting the secretion of pro-inflammatory cytokines TNFα, CXCL2, IL-6, IL12-p40, and IL-23 but also by increasing the secretion of anti-inflammatory cytokines IL-10 and IL1-Ra and the expression of M2-polarization CD206 marker. The main anti-inflammatory molecule secreted in the conditioned medium was PGE2, whereas its production is dependent on caspase activity and NFkB activation in MSC spheroids (Ylöstalo et al., 2012).


[image: image]

FIGURE 3. Therapeutic properties of MSC spheroids in vivo. Upon infusion in vivo, MSC spheroid “medicinal signaling” activities are exerted by the paracrine secretion of modulatory mediators that possess immunomodulatory and trophic (i.e., angiogenic, anti-fibrotic, anti-apoptotic, and mitogenic) actions. MSC spheroids have been safely and effectively applied in various preclinical animal models for the treatment of skin wounds, myocardial infarction, vascular injury/ischemia, liver injury, kidney injury, bone and osteochondral defects, and knee synovitis.


Upon MSC homing to the target site and depending on the molecular composition of the local microenvironment, they exhibit a therapeutic responsive polarization into either anti-inflammatory (MSC-2) or pro-inflammatory (MSC-1) phenotypes. Interestingly, studies showed that except for the abovementioned secreted molecules with anti-inflammatory effects, MSC spheroids increase the secretion of pro-inflammatory cytokines (including IL-1α, IL-1β, and IL-8) and chemokines (including CCL2 and CCL7) (Potapova et al., 2007; Bartosh et al., 2010, 2013; Yeh et al., 2014) that contribute in the inflammatory cell recruitment locally and putatively in the overall inflammatory response of the host. However, Bartosh et al. showed that BM-derived MSC assembly into MSC spheroids triggers the caspase-dependent IL-1 signaling and activates the expression of IL-1 in an autocrine secretion manner, resulting in an “auto-priming” effect (Figure 3). In MSC spheroids, the increased PGE2 secretion was related to activation of both caspase-dependent IL-1 and Notch signaling pathways, whereas TSG-6 and STC-1 secretion was related only to caspase-dependent IL-1 signaling activation (Bartosh et al., 2010). Collectively, MSC priming by paracrine and/or autocrine pro-inflammatory modes is a prerequisite in order to acquire their anti-inflammatory MSC2 phenotype and exert strong anti-inflammatory effects in vivo.

As reviewed in Kouroupis et al. (2018), several studies indicate that activation of specific Toll-like receptors (TLRs) in MSC in vitro prior to infusion in vivo has a profound effect on MSC functionalization toward immunomodulatory phenotype. However, Redondo-Castro et al. (2018a) reported that IL-1 stimulation of BM-derived MSC spheroids resulted in significantly increased expression of IL1-Ra, VEGF, and G-CSF molecules without anti-inflammatory effects on LPS-treated microglial cells in co-cultures. These discrepancies of the data underline the necessity for optimization of the priming methods and culture conditions. Previous studies showed that MSC immunomodulatory factor secretion is strongly affected by the composition of the culture medium (Zimmermann and McDevitt, 2014). In 2D culture settings, BM-derived and adipose-derived MSC cultured with FBS or hPL showed differences in expression of immunomodulatory and adhesion molecules, with adipose-derived MSC being more potent functionally in inhibiting T-cell proliferation (Menard et al., 2013). Similarly, in two studies, Kouroupis et al. (2020a; 2020b) indicated that fat pad-derived (IFP) MSCs when cultured in regulatory-compliant conditions in vitro are superior functionally in Substance P degradation and T-cell proliferation inhibition compared to FBS-grown MSC. In an acute synovitis rat model, IFP-MSC intra-articular injection in vivo reversed more effectively signs of synovitis and IFP fibrosis when they were cultured under regulatory-compliant conditions (Kouroupis et al.,2020a,b). In 3-D settings, MSC spheroids cultured in serum and animal component-free chemically defined medium had less secretion of IDO, PGE2, TGF-β1, and IL-6 immunomodulatory factors compared to the typical MSC cultures supplemented with FBS (Zimmermann and McDevitt, 2014). In order to overcome these hurdles, Ylostalo et al. proposed specific protocols to efficiently prime MSCs in 3-D settings and preserve their robust anti-inflammatory properties under chemically defined xeno-free conditions (Ylostalo et al., 2017).

Overall, further studies are required to address the effects of pro-inflammatory cytokines and culturing conditions on anti-inflammatory properties of MSC spheroids in vitro and in vivo.



THERAPEUTIC PROPERTIES OF MESENCHYMAL STEM/STROMAL CELL SPHEROIDS IN PRECLINICAL ANIMAL MODELS

With exception to the therapeutic safety that most MSC clinical trials are investigating for various clinical disorders,2 crucial factors that affect the therapeutic efficiency are MSC homing to target tissues and subsequent MSC survival in vivo. It cannot be overlooked that initial outcomes from many of such studies revealed that MSC therapies show a significant degree of variability with cases of non-reproducible clinical data. The inconsistent evidence potentially relates not only to intrinsic differences in the cell-based products used but importantly related with their in vivo fate upon implantation or infusion [parameters affecting MSC functionalization in vitro and in vivo are reviewed in Kouroupis et al. (2018)]. On this basis, a pioneering study showed that 5.0 × 105 BM-MSC injected into the left ventricle of uninjured mouse heart can effectively engraft the myocardium; however, only 0.44% of the MSCs could be identified after 4 days of injection (Toma et al., 2002). In addition, Toma et al. showed that 92 ± 7% of intraarterially injected MSC in rats are entrapped in the microvasculature (Toma et al., 2009). Collectively, even though long-term engraftment seems not to be a prerequisite for MSC reparative effects in vivo, their initial homing and survival is a crucial factor affecting the therapeutic outcomes. In that context, 3D spheroid formation in vitro closely recapitulates the in vivo MSC niche by providing spatial cell organization with increased cell–cell interactions that protect MSC viability and intrinsic properties. For example, in a mouse model of hind limb ischemia, MSC spheroid transplantation improved its survival compared to MSC suspension, by suppressing a key apoptotic signaling molecule (Bax), while activating anti-apoptotic signaling (BCL-2; Bhang et al., 2012). These positive effects can also be attributed to improved resistance to oxidative stress-induced apoptosis exerted by hypoxia-induced genes (e.g., VEGF-A, HIF-1α, and MnSOD), elevated by the hypoxic conditions at the spheroid core (Potapova et al., 2007; Zhang et al., 2012).

Mesenchymal stem/stromal cell-based spheroids have been applied in various preclinical models including wound healing (Amos et al., 2009; Zhang et al., 2012; Hsu and Hsieh, 2015), bone and osteochondral defects (Ma et al., 2011; Suzuki et al., 2012; Suenaga et al., 2015), knee synovitis (Kouroupis et al., 2021), and cardiovascular diseases (Wang C.-C. et al., 2009; Emmert et al., 2013a) (Figure 3).



WOUND HEALING

To date, three separate studies applied MSC spheroids for wound healing in a model of diabetic healing impaired (leptin receptor-deficient) mice (Amos et al., 2009), in chemotherapy-induced oral mucositis (Zhang et al., 2012), and in a rat skin repair model (Hsu and Hsieh, 2015). In a pioneering study, Amos et al. investigated the applicability of MSC spheroids to treat chronic wounds such as diabetic ulcers, which remain a significant health burden for diabetic patients. In detail, full-thickness dermal wounds (approximately 78.5 mm2 area) were generated in leptin receptor-deficient mice and treated with a total of 350,000 adipose-derived MSC per wound organized in multiple separate spheroids. Interestingly, for a 12 day time-frame, MSC spheroids resulted in significantly greater rate of wound closure compared to wounds treated with MSC suspension. This outcome may be attributed to higher expression of ECM genes (tenascin C, Collagen VIα3, and fibronectin) and higher secretion of soluble factors (HGF, MMP-2, and MMP-14) in MSC spheroid compared to MSC suspension cultures in vitro (Amos et al., 2009). Zhang et al. (2012) intravenously infused 1 × 106 gingiva-derived MSC spheroids or MSC suspension to a 5-fluorouracil-induced oral mycositis mouse model. On day 7, results indicated that MSC spheroids can reverse body weight loss and promote the regeneration of damaged epithelial lining of the mucositic mouse tongues. Interestingly, authors reported that MSC spheroids are capable of increased homing/engrafting to mucositic tongues due to their enhanced CXCR4 expression and may potentially trans-differentiate into epithelial cells via mesenchymal–epithelial transition in vivo (Zhang et al., 2012). These data indicate the potential use of MSC spheroids to alleviate the oral mucositis side-effect post-chemotherapy in cancer patients. In another rat skin wound healing model, 1 × 105 adipose-derived MSC spheroids or MSC suspension were applied to 15 mm × 15 mm wounds and covered with hyaluronan gel/chitosan sponge to maintain a moist environment. On day 8, results showed that the MSC spheroid group showed faster wound closure and significantly higher ratio of angiogenesis compared with the MSC suspension group. In vivo tracking of fluorescently labeled MSCs showed close localization of MSC spheroids to microvessels, suggesting enhanced angiogenesis through paracrine effects. Moreover, MSC spheroid increased engrafting and angiogenesis effects may be attributed to the high expression of cytokine genes (FGF-1, VEGF, and CCL2) and migration-related genes (CXCR4 and MMP-1) (Hsu and Hsieh, 2015). Collectively, in all cases, MSC spheroids provide better therapeutic efficacy compared with traditional MSC suspension in wound healing.



BONE/OSTEOCHONDRAL DEFECTS AND SYNOVITIS

Studies showed that bone/osteochondral defects and knee synovitis can be treated by MSC spheroids. In a delicate study, Sekiya’s group generated a full-thickness (5 mm × 5 mm wide, 1.5 mm deep) osteochondral defect rabbit model, and defects were treated with different doses of synovium-derived MSC spheroids (containing 2.5 × 105–20 × 106 MSC/defect) (Suzuki et al., 2012). Post-implantation MSC spheroids could attach to the osteochondral defects by surface tension, whereas at 12 weeks, MSC spheroids containing 2.5 × 106 MSC showed the highest safranin-O-positive area ratio and resulted in regenerated cartilage with thickness similar to the neighboring healthy cartilage. Interestingly, authors reported that MSC spheroids with high cell densities result in failed defect repair and fibrous tissue formation possibly due to cell death and nutrient deprivation effects (Suzuki et al., 2012). In a calvarial bone defect (8 mm wide) rat model, Suenaga et al. treated the rat defects using three different conditions, 3.0 × 107 BM-MSC spheroids, β-TCP granules, or BM-MSC spheroids coated with β-TCP granules. Eight weeks post-implantation, MSC spheroids resulted in full-thickness bone formation with evident vascularization. In contrast, the other two groups had only minimal or non-uniform bone formation at the implanted sites, indicating that β-TCP restricts the bone regenerative capacity of MSC spheroids (Suenaga et al., 2015). Recently, Yanagihara et al. (2018) treated 4 mm wide femoral bone defects in rats with 2.4 × 106 Runx2-transfected MSC spheroids or Runx2-transfected MSC suspension embedded in collagen scaffolds. On day 35, MSC spheroids showed faster bone regeneration compared with MSC suspension and non-transfected MSC, whereas enhanced MSC spheroid migration to the defect sites was correlated with higher expression levels of migration-related genes CXCR4 and Integrinα2 (Yanagihara et al., 2018). Recently, in a mono-iodoacetate acute synovial/IFP inflammation rat model, Kouroupis et al. intraarticularly injected 5.0 × 105 infrapatellar fat pad MSC (IFP-MSC) spheroids. Twenty-five days post-infusion, IFP-MSC spheroids effectively degraded Substance P and resolved inflammation and fibrosis of synovial membrane and fat pad tissues in the rat knee. Interestingly, IFP-MSC intraarticular injection not only results in anti-inflammatory and anti-fibrotic effects but also showed strong anabolic/cartilage protective effects. Specifically, in the IFP-MSC spheroid cohort, cartilage integrity was preserved intact up to 28 days (Kouroupis et al., 2021). To conclude, MSC spheroids exert anti-inflammatory/anti-fibrotic effects and are effective for promoting both bone and osteochondral defect regeneration.



MYOCARDIAL INFARCTION

Intramyocardial transplantation of MSC spheroids in rat (Wang C.-C. et al., 2009; Lee et al., 2012; Liu et al., 2013) and porcine (Emmert et al., 2013b) myocardial infarction models resulted in greater heart function improvement compared with MSC suspensions. In an acute myocardial infarction rat model, Wang C.-C. et al. (2009) performed intramyocardial injection of 5.0 × 105 BM-derived MSC spheroids or MSC suspension and evaluated the echocardiography and catheterization measurements 4, 8, and 12 weeks post-operatively. The results showed superior heart function and stimulation of significant increase in vascular density for the MSC spheroid group (Wang C.-C. et al., 2009). In a delicate study, in vivo tracking of Dil-labeled UC-derived MSC spheroids showed that they can be differentiated into endothelial and cardiomyocyte cells at 4 weeks post-intramyocardial injection in a rat myocardial infarction model. At 7 weeks, the therapeutic efficacy of UC-derived MSC spheroids is superior to MSC suspension in post-infarction left ventricular remodeling (Lee et al., 2012). Importantly, Liu et al. (2013) showed that adipose-derived MSC spheroids generated on chitosan membranes show a 20-fold increase in cardiac marker gene expression (Gata4, Nkx2-5, Myh6, and Tnnt2) compared with MSC suspension cultures. In a similar approach, intramyocardial injection of 1 × 107 adipose-derived MSC spheroids in a rat myocardial infarction model showed better functional recovery compared with MSC suspensions after 12 weeks (Liu et al., 2013). Interestingly, a previous study indicated that intramyocardial injection of MSC spheroids consisting of adipose-derived MSC/human umbilical vein endothelial cells results in low arrhythmogenic potential but no further beneficial effects compared to the untreated group in a rat myocardial infarction model (Kolettis et al., 2018). In a larger animal model study, adipose-derived MSC were first labeled with micron-sized iron oxide particles, and then 2 × 107 MSC spheroids or MSC suspension were intra-myocardial injected in the porcine-infarcted myocardium. Moreover, the MSC spheroid engrafted successfully in 88.8% of animals keeping intact their micro architecture in vivo, whereas no arrhythmogenic, embolic, or neurological events occurred in the treated groups for up to 5 weeks follow-up (Emmert et al., 2013b). Therefore, preclinical studies established the feasibility, safety, and beneficial effects of intra-myocardial injected MSC spheroids in infarcted myocardium.



NEOVASCULARIZATION AND ISCHEMIA

In conjunction with the beneficial trophic effects of MSC spheroids toward infarcted myocardium, their applicability has been also investigated for neovascularization in vivo. In a mouse hind limb ischemia model, 1.0 × 107 cord-blood MSC spheroid intramuscular injection significantly increased the number of microvessels and αSMA-positive vessels, resulting in decreased fibrosis in the ischemic region, and attenuated limb loss and necrosis. In comparison, the MSC spheroid group showed a limb salvage rate of 75%, whereas the MSC suspension group resulted in limb salvage rate of only 12.5% (Bhang et al., 2012). Additionally, Lee et al. (2016) showed that intramuscular injected adipose-derived MSC spheroids showed better proliferation than MSC suspension in the ischemic region, an effect that can be attributed to an increased expression of the proliferation marker PCNA. Therefore, MSC spheroids promote vascularization through secretion of angiogenic cytokines, preservation of ECM, and regulation of apoptotic signals.



LIVER AND KIDNEY DISEASE

The potential of MSC spheroids has been also investigated in liver regeneration and kidney injury models. For liver regeneration, two animal models have been tested for hepatectomy and CCl4-induced acute liver failure. In a pioneering study, Liu and Chang (2006) injected intraperitoneally 3 × 107 BM-MSC or hepatocytes in alginate–polylysine–alginate spheroids or suspension formats to treat 90% of hepatectomized rats. Up to day 14, in the BM-MSC spheroid, hepatocyte spheroid, and hepatocyte suspension groups, most rats survived (83–100%) and showed increased liver wet weight. Interestingly, these beneficial effects could be attributed to the increased expression in MSC spheroids of hepatocyte markers cytokeratin 8, cytokeratin 18, albumin, and α-fetoprotein (Liu and Chang, 2006). In an improved approach, 3 × 107 BM-MSC spheroids or MSC suspension were intrasplenically injected to treat 90% of hepatectomized rats. On day 14, survival rate in MSC spheroid group was prolonged by almost 70% compared with the MSC suspension group via the secretion of hepatotrophic factors such as HGF and IL-6 into the liver. Of note, authors reported that implanted MSC may transdifferentiate into hepatocyte-like cells in vivo and therefore may render spleen as an ectopic functional liver support (Liu and Chang, 2009, 2012). This hypothesis has to be further investigated as MSC differentiation toward endodermal fate has not been widely established. In a CCl4-induced acute liver failure mouse model, 1 × 106 UC-MSC spheroids or MSC suspension were infused via the tail vein and, at day 2, resulted in liver injury attenuation. Specifically, MSC spheroids could promote IL-6 and IFN-γ secretion but suppress TNF-α serum levels, and therefore significantly reduce tissue necrosis and increase liver regeneration (Li et al., 2015). In a recent study, adipose-derived MSC spheroids have been used to treat an ischemia–reperfusion (I/R)-induced acute kidney injury rat model. Moreover, 2 × 106 MSC spheroids or MSC suspension were directly injected to the kidney cortex, and renal function was investigated for a 14-day follow-up. Results indicated that MSC spheroids are more beneficial to the kidney by reduction of tissue damage, increased vascularization, and amelioration of renal function compared with MSC suspensions. In detail, the MSC spheroid group showed increased levels of VEGF, HGF, and TSG-6 cytokines, and decreased levels of creatinine and blood urea nitrogen in the serum (Xu et al., 2016). Therefore, in both liver and kidney injury animal models, MSC spheroid paracrine actions result in improved therapeutic effects characterized by reduced tissue necrosis, increased tissue regeneration, and improved organ function.



FUTURE CLINICAL PERSPECTIVES

To date, only a limited number of comparative preclinical studies have been performed between MSC spheroids and MSC suspension after 2D culture, whereas no clinical trials exist to evaluate the efficacy of MSC spheroids in clinical settings. As a result, there are no specific criteria to define when MSC spheroids would be preferable over MSC suspension to treat various clinical indications. However, it has become increasingly clear that current conventional and extensive 2D MSC culturing methods, similar to the ones used in public and commercial stem cell biobanks, even though they can ensure the generation of clinically relevant cell numbers for in vivo applications, cannot guarantee the preservation of MSC qualitative characteristics and their related high functionality. To circumvent these limitations, the incorporation of 3D MSC culturing approach into cell-based therapy would significantly impact the field, as more reproducible clinical outcomes may be achieved without requiring extensive ex vivo MSC manipulation and MSC stimulatory regimes (reviewed in Kouroupis et al., 2018). Specifically, current data indicate that MSC spheroid cultures with or without the usage of biomaterials not only preserve MSC phenotypic and molecular profiles but also significantly reinforce MSC functionality related to their immunomodulatory, anti-fibrotic, angiogenic, and trophic properties. In addition, as initial MSC homing and survival are crucial factors affecting the therapeutic outcome, 3D spheroid formation closely recapitulates the in vivo MSC niche, protect MSC viability, and works as a “vehicle” for their effective homing to the affected tissues upon implantation in vivo. On this basis, the adaptation of high-throughput regulatory-compliant and reproducible methods for MSC spheroid production would allow their use in clinical settings and contribute to an improved MSC-based product for safer and more effective therapeutic applications.
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Cell culture typically employs inexpensive, disposable plasticware, and standard humidified CO2/room air incubators (5% CO2, ∼20% oxygen). These methods have historically proven adequate for the maintenance of viability, function, and proliferation of many cell types, but with broad variation in culture practices. With technological advances it is becoming increasingly clear that cell culture is not a “one size fits all” procedure. Recently, there is a shift toward comprehension of the individual physiological niches of cultured cells. As scale-up production of single cell and 3D aggregates for therapeutic applications has expanded, researchers have focused on understanding the role of many environmental metabolites/forces on cell function and viability. Oxygen, due to its role in cell processes and the requirement for adequate supply to maintain critical energy generation, is one such metabolite gaining increased focus. With the advent of improved sensing technologies and computational predictive modeling, it is becoming evident that parameters such as cell seeding density, culture media height, cellular oxygen consumption rate, and aggregate dimensions should be considered for experimental reproducibility. In this review, we will examine the role of oxygen in 3D cell culture with particular emphasis on primary islets of Langerhans and stem cell-derived insulin-producing SC-β cells, both known for their high metabolic demands. We will implement finite element modeling (FEM) to simulate historical and current culture methods in referenced manuscripts and innovations focusing on oxygen distribution. Our group and others have shown that oxygen plays a key role in proliferation, differentiation, and function of these 3D aggregates. Their culture in plastic consistently results in core regions of hypoxia/anoxia exacerbated by increased media height, aggregate dimensions, and oxygen consumption rates. Static gas permeable systems ameliorate this problem. The use of rotational culture and other dynamic culture systems also have advantages in terms of oxygen supply but come with the caveat that these endocrine aggregates are also exquisitely sensitive to mechanical perturbation. As recent work demonstrates, there is a strong rationale for the use of alternate in vitro systems to maintain physio-normal environments for cell growth and function for better phenotypic approximation of in vivo counterparts.
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INTRODUCTION

Biomedical research of 3D cell culture has been ongoing for decades, increasing dramatically with the recent boom in stem cell research and associated cellular therapies (Moscona A., 1961; Knisely et al., 1969; Bruland et al., 1985; Li et al., 1992; De Moor et al., 2018; Gargotti et al., 2018; Jokinen et al., 2020; Qadir et al., 2020). Early seminal research focused on tumor spheroids and the generation of in vitro models to test therapies against the malignant cells (Inch et al., 1970; Bruland et al., 1985; Vescio et al., 1987). These early works spawned expansive research into basic biological mechanisms such as proliferation, differentiation, cell death, and nutrient/metabolite requirements in culture (Moscona A.A., 1961; Knisely et al., 1969; Carlsson et al., 1979; Gille and Joenje, 1992; Matta et al., 1994; Singhvi et al., 1994; Bader et al., 1996; Gassmann et al., 1996; Groebe, 1996).

Resoundingly, the majority of early research found dramatic improvements with 3D culture compared with 2D culture of the same cells. Simultaneous molecular and functional analysis of 2D and 3D cultures led to the discovery that 3D cultures tend to more accurately recapitulate the in vivo environment in cell shape/structure and environment. This, in turn, influences gene/protein expression and cell function. As a result, 3D cultures traditionally behave more like their in vivo counterparts. Despite dramatic improvements in expression and function, a substantial gap exists between 3D aggregates/spheroids and the in vivo organoids they are meant to model. We posit that one potential explanation for these observed differences is the variability in employed culture methods, particularly related to tissue oxygenation. Through years of foundational research and technological advances, the limitations of tissue oxygenation in culture methods have been described and the critical importance of variables such as cell seeding density, oxygen consumption rate (OCR), growth rate, and media height have been described (Carlsson et al., 1979; Mueller-Klieser and Sutherland, 1982; Heacock and Sutherland, 1986; Mueller-Klieser et al., 1986; Freyer et al., 1991; Gassmann et al., 1996; Groebe and Mueller-Klieser, 1996; Papas et al., 2005; Grayson et al., 2006; Fehrer et al., 2007). Due to the urgency with which all living cells require oxygen for the maintenance of metabolic processes, much focus has shifted to addressing insufficiencies in cell culture either through the design of culture systems based on convective flow and improved oxygen transfer through culture surfaces or by tissue engineering approaches to improve vasculogenesis.

For years, static culture has been performed in gas impermeable systems where steep oxygen and nutrient gradients form, shifting cells/aggregates down alternate pathways of metabolism, growth, and differentiation. Recent work from many groups, including our own, demonstrates that proper oxygenation can dramatically alter the viability and function of cell cultures, particularly of 3D tissues, resulting in an even more physio-normal approximation of their in vivo counterparts (Carlsson et al., 1979; Tuncay et al., 1994; Saini and Wick, 2004; Wang et al., 2005; Fraker et al., 2007, 2009, 2013; Powers et al., 2008, 2010; Simon and Keith, 2008; Anada et al., 2012; Cechin et al., 2014). This article will examine the role of oxygen in the growing area of 3D culture for therapeutic cell-based applications as it pertains to both primary endocrine cell aggregates (islets of Langerhans) and endocrine stem cell aggregates (SC-β). The utility of finite element modeling (FEM) as a way of optimizing culture settings to target physiologically relevant tissue oxygen concentration/partial pressures (pO2 in millimeters of mercury, relative to atmospheric pressure, 760 mmHg) will be highlighted. Particularly, we will examine alternate culture methods utilized historically, prior to the advent of efficient computational modeling, and will examine by retrospective FEM the oxygen profiles in these systems to determine the role of tissue oxygenation in some of the experimental outcomes. FEM can also dramatically reduce experimental waste in terms of materials and labor hours making it an efficient method for designing and validating experiments.

Importantly, tissue oxygenation in both 2D and 3D culture in various devices has been well-studied but the majority of these studies have been focused on conventional oxygen concentrations (95% RA) or extremely hypoxic conditions <4% O2 and primarily in gas impermeable plastic systems (Knisely et al., 1969; Mueller-Klieser and Sutherland, 1982, 1984; Mueller-Klieser, 1984; Mueller-Klieser et al., 1986; Acker et al., 1987; Deshpande and Heinzle, 2009; Murphy et al., 2017). The conclusions of many such studies in 3D culture demonstrate the steep gradient formation and tissue volume anoxia that is expected in plastic systems. The advent of membrane-based culture systems and methods for improving oxygen delivery to the cell culture surface has created a paradigm shift where historical studies are being repeated under more physiological oxygenation with pronounced differences in cellular viability and function.



CELLULAR OXYGEN DEMAND

Mammalian development occurs at a partial pressure of oxygen (pO2) governed by mass transfer prior to tissue vascularization (Simon and Keith, 2008). Mass transfer limitations dictate that ∼ 0.5–1 mm3 is the maximal volume that can be adequately oxygenated by simple diffusive permeability, dependent on the tissue specific OCR and the local niche pO2 (Colen et al., 1999; McGrath et al., 2003). Therefore, much tissue development occurs at a pO2 approximating anoxia and this is the time period when much of the characteristic tissue proliferation is observed. With the advent of blood flow, pO2 increases to tissue specific ranges from 3.8 to 100 mmHg with little variation across much larger, perfused regions.

Cellular OCR in the literature ranges between <1 and 350 × 10–18 mol/s. This is in line with the oxygen requirements needed for the metabolism of 2,500 kcal per day which requires approximately 22 mols of oxygen or 2.5 × 10–4 mol/s. Assuming the commonly accepted number of cells in the adult human body of 37.2 trillion, this equates to an average 6.72 × 10–18 mol/cell s–1 with variation due to metabolic demand and cell function. Based on an average human cell diameter of 20 μm, this translates to an average rate of 1.6 × 10–3 mol/m3 of tissue s–1 (Wagner et al., 2011).

Historically, both 2D and 3D cell culture protocols have utilized gas-impermeable plastics kept within humidified incubators containing 95% room air (RA) and 5% carbon dioxide (CO2). Accounting for vapor pressure differences, the standard incubator oxygen partial pressure is approximately 142 mmHg. However, there is much variability in utilized methods related to cell seeding density and media height, further exacerbated by the range of OCR associated with mammalian cells. Particularly, different culture platform geometries necessitate variations in media height to prevent evaporation and provide adequate nutrients. These variations, exhibited in Table 1, can be detrimental to cultured cells, especially those with higher OCR.


TABLE 1. Inherent variations in oxygen diffusion distances (culture medium height) due to the dimensions of typically utilized plastic cell culture systems.
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2D VS. 3D CULTURE: ENDOCRINE CELLS AND CLUSTERS AS AN EXAMPLE

The above variables can affect both 2D monolayer cultures and, more so, 3D aggregates resulting in prolonged exposure to elevated oxygen levels that can serve as a substrate for the formation of toxic free radical species on one extreme and pronounced hypoxia/anoxia, necrosis and impaired function on the other extreme (Kazzaz et al., 1999; Martens et al., 2005). Particularly, the high OCR and 3D geometry of endocrine aggregates (islets of Langerhans, stem cell-derived beta cells) restrict them to a low seeding density and culture medium height of ∼1.3 mm. These cells and clusters have reported OCR most often ranging from 1 to 5.0 × 10–2 mol/m3 s–1, more than an order of magnitude higher than the cellular average. This is not surprising given the critical role they play in the production and storage of multiple hormones and the tight regulation of glucose homeostasis (Papas et al., 2000; Murray et al., 2005; Pi et al., 2007; Buchwald, 2009, 2011; Fraker et al., 2013; Suszynski et al., 2014b; Qadir et al., 2020).

Figure 1 is finite element modeling (FEM) of 2D monolayer cultures showing the pO2 at the core region across a parametric sweep of OCR relevant to endocrine cells and clusters examining the effect of culture media height on tissue pO2.
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FIGURE 1. Core tissue oxygen profile of 2D monolayer (20 μm cell diameter) as a factor of culture media height (three different line plots) and increasing OCR (along the x-axis). The decrease in core pO2 corresponds to an increase in OCR along the x-axis and the downward shift in core pO2 is a result of increased media height. The OCR are representative of the published range of most primary endocrine somatic cells and cell lines. The dashed line shows the accepted theoretical cutoff for tissue anoxia and eventual necrotic death in endocrine aggregates.


From the model, 2D monolayer culture with 100% confluence is not prone to anoxia. In fact, at oxygen consumption rates at the lower end of the presented range, the pO2 experienced by the cells is “supra-physiological.” This could explain reports with culture at reduced environmental pO2 that results in improved proliferation and viability, as the lower external pO2 better represents the physiological niche of the cells (Fraker et al., 2007; Powers et al., 2008, 2010; Millman et al., 2009; Cechin et al., 2014). Using an oxygen consumption rate of 3.0 × 10–2 mol/m3 s–1 as a reference value, simply changing the media height by ∼1 mm shifts the core tissue pO2 nearly 30 mmHg (27 mmHg at 1.11 mm height to 0.9 mmHg at 2.28 mm height). As diffusion distances in vascularized tissues are typically not more than 5–10 μm, there are limited gradients that form in vivo related to not only oxygen but also most metabolites and waste products. The extent to which the gradients in culture affects cell function and viability, on the other hand, is not fully known.

In 3D cultures, core anoxia is common due to increased diffusion distances. This is evident in islets and islet-like clusters with sizes typically ranging from 50 to 400 μm. Islets above 100 μm cultured on plasticware experience increasing anoxia and loss of secretory capacity dependent primarily on oxygen consumption rate and media height and less so, related to seeding density. With a typical oxygen consumption range of 1.0–5.0 × 10–2 mol/m3 s–1, islets are limited to a seeding density that is well-established in the literature of about 3% of the culture surface area and a media depth not more than 1.1–1.3 mm (Papas et al., 2005; Avgoustiniatos et al., 2008; Kitzmann et al., 2014). As islet/endocrine spheroid viability and function are exquisitely dependent on tissue pO2, deviations from the culture recommendations can result in pronounced islet/endocrine cluster loss during culture. In fact, it has been demonstrated in the literature that apoptosis in cultured islets directly correlates with expression of HIF-1a (Moritz et al., 2002). This results in increased costs related to islet culture as a typical human islet preparation of approximately 250,000 islet equivalents (islet size scale correction to mean diameter of 150 μm; IEQ) requires 10–12 T175 flasks. Early work by the group of and Colton, Papas, Avgoustiniatos, and Dionne utilized computational modeling to investigate the oxygenation limitations in conventional culture methods for islets of Langerhans (Dionne et al., 1989, 1991, 1993, 1996; Papas et al., 2005). Through their detailed study of OCR in endocrine cells and spheroids, they identified the Km value associated with islet OCR (0.4 mmHg), and pO2 values associated with anoxia (∼0.1 mmHg and below) and impaired insulin secretion (∼2.5 mmHg and below). They continued this important work with further in-depth study of (a) the use of OCR as a metric of islet potency, (b) limitations in encapsulation devices and in vivo cellular replacement therapies in Type 1 Diabetes Mellitus (T1D), and (c) the development of gas permeable culture systems to address oxygen limitations (Avgoustiniatos et al., 2008; Kitzmann et al., 2014; Suszynski et al., 2014a, 2016; Papas et al., 2016; Cao et al., 2020). In one seminal paper by the group, FEM was performed assuming the standard IEQ diameter of 150 μm cultured in a square array and varying the culture density and culture medium volume to maintain the 1,000 IEQ/mL culture standard. Three different oxygen consumption rates were evaluated. In addition to plastic, culture was also simulated on 275 μm silicone membranes. They observed precipitous increases in anoxia on plastic culture platforms relative to OCR and the combined effect of culture density/medium depth (Papas et al., 2005).

The equivalent scaling originated from hand-counts of numerous islet preparations (rodent, dog, non-human primate, porcine, and human) demonstrating that the size bin with the largest tissue volume percentage was ∼150 μm. Our group confirmed this in studies comparing automated counters with hand counting protocols (Buchwald et al., 2009). Table 2 shows representative tissue volume distributions across size bins from 184 human islet preparation hand-counts.


TABLE 2. Tissue volume percentages from 184 human islet preparations broken into IEQ counting size bins.

[image: Table 2]The rationale behind the IEQ standardization is clear from the ∼37% of the tissue volume represented by the bins centered around 150 μm. However, over 60% of the tissue volume is above 150 μm which leads to underestimation in anoxic volume in the tissue preparations. To better represent this, our group generated FEM models to represent anoxia in the full islet preparation volume. After solving, anoxic volume percentages were calculated for each size range and then total anoxic tissue volume percentage was determined by the following equation:
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where, %Atotal is total volume percentage of anoxic tissue, %Asize is the percentage of anoxic tissue volume determined by FEM for each islet size bin (Table 2) and %Vsize is the mean volume percentage of tissue for each islet size bin (Table 2).

Figure 2 summarizes the effects of the oxygen consumption rate range, three conventional medium height variations (20, 30, 50 mL in a T-175 flask; 1.11, 1.71, and 2.28 mm, respectively) and three seeding densities (20, 30, and 50,000 IEQ in a T-175 flask; 2.76%, 3.67%, and 5.05%, respectively) on islet/islet-like cluster anoxia on standard plastic culture devices.
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FIGURE 2. FEM results of islet spheroids in standard culture (95% RA/5% CO2; plastic surface; 37°C) with varied seeding density and culture medium height across the range of reported islet oxygen consumption rate. Tissue anoxia is observed, primarily in IEQ sizes >100 μm, even at low oxygen consumption rates and is significantly affected by culture medium height (∼Δ20% min to max) and increased OCR (∼Δ50% min to max) and less so by seeding density (∼Δ7% min to max).


The models confirm the observed and previously modeled deficiencies of islet/endocrine spheroid culture on plastic systems. Tissue anoxia is observed in IEQ > 100 μm heavily dependent on OCR and culture medium height and less so on seeding density, albeit still a factor.

Despite well-documented culture suggestions and supportive FEM studies from multiple groups, there are still broad deviations in the literature in both islet/endocrine spheroid seeding density and culture medium height that could explain reported variations in pre/post-transplant function and viability. There is a clear need for culture standardization and cost-effective methods for improving culture oxygenation. Recent work has focused on addressing these challenges for the scale-up and implementation of clinical cell-based therapies.



METHODS TO IMPROVE OXYGENATION IN 3D CULTURE: ENDOCRINE CLUSTERS AS AN EXAMPLE

Early islet research groups including those of Colton, Kevin Lafferty and islet isolation pioneer, Paul Lacy, understood the importance of oxygen limitations in culture from early modeling and observed loss of function and viability (Bowen et al., 1980; Dionne et al., 1989, 1991). They explored various methods to improve oxygenation ranging from increasing incubator oxygen concentration to levels as high as 95%, low temperature culture, perfusion systems, and gyroscopic/rotational culture (Scharp et al., 1978; Ono et al., 1979; Lacy et al., 1982). All of these methods ameliorated tissue hypoxia/anoxia but had associated challenges and beneficial unexpected findings.


Increasing External Oxygen Concentration

In studies first by the group of Lafferty and then by Lacy et al. (1982) culture in elevated incubator pO2 resulted in a stark depletion of tissue-resident immune cells present in islets. These cells surveil and relay information about islet well-being to immune response elements. Additionally, the extended culture resulted in aggregation of individual IEQ into “mega-islets.” The depletion of the tissue-resident immune cells in elevated oxygen resulted in significantly prolonged islet engraftment in allogeneic and concordant xenogeneic transplant settings (Bowen et al., 1980).

In one paper by Bowen et al. (1980), they cultured 50 IEQ in 35 mm dishes with 2 mL of culture medium, initially, moving to 0.75 mL after the first of three culture medium changes in the 4–7 days culture period. Incubator gas concentration was 95% O2 and 5% CO2. After the first change of culture medium, they also began to observe aggregation of the IEQ into one large “mega-islet.” Interestingly, IEQ that failed to aggregate did not survive the culture at elevated oxygen concentrations suggesting that the aggregation may result in a “mega-islet” pO2 that better approximates standard culture or in vivo levels.

In another paper by Lacy et al. (1982), they modified the 2-stage protocol of Lafferty by first culturing 50 IEQ/well in U-bottom 96-well plates with 200 μL of culture medium. This significantly increased the culture medium height from ∼2 mm in the Lafferty protocol to ∼6.2 mm for the first stage of the culture progressing to culture on a 35 mm dish with 0.75 mL of culture medium, as in the Lafferty protocol.

In Figure 3, using the culture parameters described in the papers of Lafferty and Lacy, we performed FEM of the estimated anoxia during 2-stage mega-islet culture in order to better understand the effects of culture oxygenation on the experimental observations.
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FIGURE 3. FEM anoxia results of two stage mega-islet cultures (95% O2/5% CO2; plastic surface; 37°C) from the group of Lafferty and Lacy, respectively. Prior to aggregation (Stage 1), the tissue anoxia is lower at all oxygen consumption rates but with aggregation, anoxia become significantly higher throughout the tissue given the increase in tissue geometry. The elevated pO2 maintains non-anoxic tissue at levels approximating culture of IEQs of standard size range (50–400 μm) and seeding density. At the same time, the supra-physiological pO2 depletes the tissue resident immune cells.


The increased pO2 sustains the larger tissue dimensions at a level of hypoxia/anoxia approximating the culture of IEQ of standard size range and seeding density. There is no apparent oxygenation benefit but the elevated pO2 allows for IEQ aggregation and reduction of tissue-resident immune cells. The thought of both groups was that increased oxygen was responsible for the loss of tissue-resident cells, but the presence, indicated by FEM, of similar anoxic tissue volumes to standard 95% RA/5% CO2 cultures suggests that hypoxia/anoxia may also play a role. In both research efforts, when these mega-islets were utilized in sub-renal capsule transplants in chemically induced diabetic recipients, they improved allogeneic/concordant xenogeneic graft longevity without concurrent immunosuppression. This suggests that potentially (1) the tissue-resident cells play a critical role in graft rejection signaling recipient immune responses and (2) extended culture reduces antigen shedding and thereby, proinflammatory immune responses.

Our group also implemented increased oxygen levels in standard islet culture examining islet function and viability. FEM of this approach is shown in Figure 4. The modeled reduction in tissue anoxia was 30–50% compared to conventional 20% O2. This did not translate to significant in vitro functional improvements. This could be the result of supra-physiological concentrations in smaller islets (100, 150 μm) resulting in increased oxidant concentration and potentially, free-radical mediated damage to secretory capacity. These high oxygen levels were not experienced by seeded IEQ in the prior mega-islet experiments due either to increased media depth or closer IEQ seeding proximity. Clearly, there is a balance of proper oxygenation where both too much and too little are detrimental, and the multiple variables involved further complicate efforts to adequately maintain endocrine clusters.
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FIGURE 4. FEM of standard islet culture on plastic with an external oxygen concentration of 35%. The modeled anoxia was ∼50–70% relative to culture at 20% O2.




Culture on Liquid Permeable Transwell Devices

Another approach that has been increasingly implemented in the culture of 3D aggregates, including islets and endocrine precursors/pancreatic progenitors is the use of transwell devices. These come ready to use in most plate well geometries. 3D aggregates are suspended on a liquid permeable membrane raised off of the basal plastic surface of the culture well ∼1 mm. Simply elevating the culture above the gas impermeable surface and allowing for mass transfer on both the basal and apical surface of the tissue improves the oxygen profiles. The apical surface is covered by a minimal height of culture medium reducing oxygen mass transfer distances but requiring frequent changes to prevent tissue drying due to evaporative loss (Bigas et al., 1995; Uroic et al., 2010).

As can be seen in FEM (Figure 5), the elevation of the tissue above the gas impermeable plastic and closer proximity to the liquid/gas interface causes a significant reduction in tissue hypoxia. Limited device geometries, however, evaporative losses/tissue dehydration at the apical surface and improved culture alternatives have made this approach recently less utilized.
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FIGURE 5. FEM of islet culture on transwell surfaces. The reduction of culture medium height due to closer proximity of the islets to the liquid/gas interface and the imposed distance from the gas impermeable basal surface (plastic) results in significant drops in tissue hypoxia/anoxia at all oxygen consumption rates.




Low Temperature Culture

Another early and continued approach to prevent post-isolation IEQ loss and anoxia is low temperature culture (20–25°C). Started in the late 1970s by the research groups of Lacy, Talmage and others, low temperature culture was observed to reduce antigenicity and immune response, improve function and viability and prevent anoxia and culture losses (Chase et al., 1979; Ono et al., 1979). The benefit of the low temperature culture comes from the reduction in oxygen consumption and metabolic activity of the endocrine clusters, which follow an Arrhenius behavior. These reaction rates display an exponential relationship to temperature described by the equation:
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where, Rate0 is a pre-exponential reaction factor, EA is the activation energy for the metabolic reaction, R, the universal gas constant (8.314 mol⋅kJ–1 K–1) and T, the temperature in degrees Kelvin. For reactions such as oxygen diffusion in the system, this also results in an exponential decrease in diffusivity. This drop is countered by an increase in dissolved oxygen content (solubility) resulting in a minimal change in oxygen transfer, overall. The exponential drop in oxygen consumption rate (60–70%), however, has a pronounced effect on the tissue oxygen distribution and this significantly reduces the volume of tissue affected by hypoxia/anoxia. This can be seen in the FEM analysis in Figure 6.
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FIGURE 6. FEM of low temperature islet culture on conventional plastic culture systems. The reduction of temperature significantly reduces tissue anoxia due to the relative Arrhenius drop in oxygen consumption rate (68%) indicated along the x-axis (0.32 × standard islet OCR values, 1.0–5.0 × 10−2 mol/m3 s−1). Tissue anoxia was 20–35% less in low temperature culture relative to standard culture settings and dependent on seeding density and culture medium height.


Overall, tissue anoxia was reduced by 20–35% in low temperature culture relative to standard culture settings and dependent on seeding density and culture medium height. It is not surprising that this reduction in tissue loss would translate to improved function and viability upon return to physiological temperature and would result in reduced antigen shedding and recipient immune response, as was observed when transplanted.



Bioreactors, Gyrotational Culture and Convective-Flow Culture Systems

It is clear from the FEM of various static culture settings that oxygen consumption rate, plating density and tissue diameter are critical variables that are often disregarded in culture design. Additionally, pO2 gradients range from surface to core values that are non-physiological and this can adversely affect tissue function and viability. This is more prevalent in 3D cell aggregates and presents a substantial obstacle to scale-up and implementation for therapeutic cell replacement applications. Given that most historical research has been performed using plastic culture systems and using immortalized cell lines, oxygen limitations have been frequently overlooked. Recently, as culture is moving toward physiologically relevant 3D aggregates, the limitations of oxygenation in plasticware have become apparent and there is a growing body of engineering work in the development of alternative culture systems for enhanced oxygenation.

Initially used in scale-up production of fermentation processes and the production/synthesis of medicinal substances from biological reactions (e.g., insulin production from recombinant DNA), bioreactors have been further engineered for a multitude of applications. Newer systems have varied device geometries and real-time controllers for atmospheric gas concentrations, fluidics, and temperature. The advantage of these systems is that they have the potential to eliminate pO2 gradients within the culture medium either by continued supply of fresh medium or through constant mixing in contact with the liquid/air interface.

In the context of islets and endocrine aggregates/SC-β, flow systems have long been in use. Early work in the laboratory of Paul Lacy utilized gyrotational culture devices to preserve isolated islets in collaborations with NASA and McDonnell Douglas examining the effects of rotation and microgravity on islet isolation, function, and viability (Buitrago et al., 1977; Scharp et al., 1978; Britt et al., 1981). These devices employed rotation along multiple axes to prevent islet settling onto basal, gas-impermeable culture surfaces and to continuously bathe the islets in well-mixed culture medium. These and further studies in microgravity culture systems with isolated islets demonstrated reduced immunogenicity and improved viability and function over long-term culture periods (Rutzky et al., 2001, 2002; Tobin et al., 2001; Luca et al., 2006).

Spinner flasks aid in the formation of 3D aggregates from single cells by maintaining rotational flow driven by magnetic stirrers. Many systems come with ports for easy gas exchange and media sampling/replacement. Dependent on cell density, rotational speed and time of culture, uniform clusters of a desired spherical geometry can be readily formed. These systems have been utilized in the generation of 3D islet-like spheroids from immortalized beta-cell insulinoma lines (MIN-6) exhibiting improved viability, proliferation and insulin secretion (Lock et al., 2011).

As SC-β production has scaled for pre-clinical and clinical work, high-throughput and large volume culture has dictated the transition from inefficient static culture systems to flow systems, primarily spinner flasks/bioreactors. The groups of Doug Melton and Semma Therapeutics along with former lab members, such as Jeffrey Millman, have established differentiation culture protocols implementing rotational devices to successfully generate reproducible large-scale batches of SC-β (Hrvatin et al., 2014; Pagliuca et al., 2014; Millman et al., 2016; Vegas et al., 2016; Peterson et al., 2020; Helman and Melton, 2021). Of note, until the recent paper by the group of Yoshihara et al. (2020) these aggregates relied on steps of in vivo terminal differentiation and a delayed function greater than the 5 days reported in the recent paper (Yoshihara et al., 2020). This delayed response has been attributed by Davis and Melton to a lack of anaplerotic cycling resulting in inefficient glucose responsiveness. This was reversed by exposing the SC-β to metabolites from late glycolysis and intermediate stages of the citric acid cycle (Davis et al., 2020). The SC-β generated by Yoshihara et al. (2020) displayed increased oxidative metabolism with oxygen consumption rates similar to healthy primary islets indicating, perhaps, that the early in vivo function was due to proper anaplerotic cycling not observed in the work of Davis and Melton. It should be noted that the entire differentiation procedure of the Evans group was performed on gas-impermeable plastic systems with a basal methylcellulose layer while the Davis and Melton paper utilized planar followed by suspension rotational culture, per their standard protocols.

Culture bags on mechanical rockers can also be used for 3D aggregates, but typically of pre-formed aggregates. In this case, the cells are bathed in culture media that is gently agitated in a rocking motion across the cells (Singh, 1999; Tsai et al., 2017). Their utilization with islets and endocrine spheroids has been limited, however (Schmied et al., 2000). As with spinner flasks, the more advanced systems come with controllers for gas concentration, temperature, fluidics, and contain ports for easy addition and sampling of culture media. Additionally, more advanced spinner flask and rocker systems come with a variety of sensors measuring not only dissolved gas concentration, but also glucose consumption, lactate production and pH of the culture medium.

As would be expected, these systems are ideal for oxygenation throughout the culture environment external to cell clusters/tissue maintaining a uniform tissue surface pO2. This system completely prevents anoxia in the relevant size range of islets (50–400 μm) across the range of typical oxygen consumption rates (1.0–5.0 mol/m3 s–1). In fact, even at tissue geometries approaching 750–1000 μm, anoxia is less than experienced by islets of standard size range (50–450 μm) in standard plastic culture.

While ideal for preventing hypoxia/anoxia, bioreactor systems are often cumbersome, require additional equipment, such as magnetic stir plates and interfaces for sensors and gas lines and can increase reagent utilization. Importantly, bioreactors and their associated convective-flow devices can increase the chance for contamination due to needed manipulation and additional component interfaces. The systems have also been shown to generate undesirable shear forces and bubbles that can have adverse effects on cells/tissues. The critical scalar factor related to adverse effects of shear is energy dissipation rate (EDR) expressed in units of W/m3. In a paper by Shenkman et al. (2009) shear forces on islets of Langerhans in flow culture systems appeared to have minimal effect on viability and function as measured by Caspase activity and oxygen consumption rate (Shenkman et al., 2009). This was observed up to a volumetric flow rate of 50 mL/min translating to an EDR of 9,600 W/m3. As reference, a spinner flask at a maximal rotation of 200 rpm has an EDR of about 1,500 W/m3 while bubble rupture or passage through a 200 μL pipette tip in 0.2 s have an EDR of approximately 1 × 105 W/m3. This paper did not examine secretory function, however, which could be more informative in understanding the subtleties of shear effects as most papers in the field examine endpoints like flow induced necrosis or lysis and not functional effects.

More recent publications utilizing microfluidic systems have demonstrated that shear forces with EDR well below the levels of spinner flasks impair calcium channel mediated insulin secretion in surface cells of islets (Sankar et al., 2011; Silva et al., 2013). The lack of definitive understanding of the effects of fluidic shear on islet/endocrine spheroid function and viability could explain some of the unexpected outcomes in large-scale SC-β culture protocols, such as delays in terminal differentiation and function. Given the near-clinical stage of this cellular replacement research, there is a need for further detailed study into the range of effects of shear forces on endocrine spheroid viability and function.



Microfluidic Culture Platforms

A recent trend in islet/SC-β culture is the use of microfluidic or lab-on-a-chip culture systems. These platforms assimilate multiple functions into a single unit utilizing flow-based culture. They typically have geometries on the order of square millimeters to centimeters and due to reduced reagent consumption, they can dramatically shrink experimental costs. They are also typically designed with an array of sensors for longitudinal monitoring of temperature, fluid flow/pressure, gas concentration and other pertinent parameters to a specific cell type. They can be used to monitor cellular feedback, for imaging analysis and for biochemical assays, like glucose-stimulated insulin release with islets. The fluidic inputs allow for the introduction of an unlimited array of compounds making the platform useful for pharmaceutical studies and the development of differentiation/culture protocols. Importantly, these platforms allow for the study of compartmentalized cells and tissues to better understand the physiological interactions of, for example, vascular or immune cells with other specific somatic tissues, like islets.

In the context of islet/SC-β research, lab-on-a-chip platforms have been used in select studies examining the prevention of endothelial cell loss in islets post-isolation, dynamic imaging studies, insulin/glucagon/somatostatin secretion studies, differentiation of human embryonic stem cells into SC-β and endocrine spheroid microencapsulation (Sankar et al., 2011; Silva et al., 2013; McMillan et al., 2016; Nourmohammadzadeh et al., 2016; Lenguito et al., 2017; Sharma et al., 2017; Lee G. et al., 2018; Jun et al., 2019). These novel systems are remarkable for small-scale discovery research but one stark omission in most studies has been a comparison to conventional culture methods to see if these systems improve endocrine spheroid viability or function. Additionally, scale-up of these fluidic systems to manage whole islet preparations or batches of SC-β would likely be costly and difficult relative to existing large-scale systems unless merited by significant metabolic improvement in the endocrine spheroids.



GAS-PERMEABLE CULTURE PLATFORMS: PREVENTING ANOXIA IN ENDOCRINE SPHEROID STATIC CULTURE

A simple and cost-effective solution to providing adequate oxygen in the culture of endocrine and other 3D spheroids while eliminating any effects of shear forces is the use of polydimethylsiloxane culture systems (PDMS). Utilized previously in cell culture, primarily as a hydrophobic and non-adherent substrate, PDMS has recently gained favor due to its improved permeability to gasses, including oxygen and carbon dioxide relevant to cell culture (Harris, 1984; Rosdy et al., 1991; Singhvi et al., 1994; Wang and Deen, 2003). Our group and others have implemented gas permeable static culture systems using PDMS as the basal culture surface for the culture of primary islets of Langerhans and endocrine spheroids derived from stem cells (Papas et al., 2005; Fraker et al., 2007, 2013; Avgoustiniatos et al., 2008; Cechin et al., 2014; Kitzmann et al., 2014). PDMS has reported oxygen permeabilities 100–500 times that of polystyrene (Papas et al., 2005; Zhang, 2006). It is also an inert and biocompatible material that is FDA approved for numerous in vivo applications and devices making it ideal for in vitro cell culture use.

Early PDMS culture work related to islets was done by the group of Papas, Avgoustiniatos, and Colton. They utilized FEM to interrogate oxygen limitations in conventional islet culture methods for islets of Langerhans (Papas et al., 2005). Their results, confirmed by OCR as a measure of islet viability post-culture, demonstrated that culture on silicone rubber devices completely abrogated islet anoxia at culture densities up to ∼4,400 IEQ/cm2, nearly 25 times the standard culture density. One hundred cm2 prototypes from Wilson Wolf Manufacturing were implemented with a membrane thickness of 275 μm filled with 500 mL of culture medium. It should be noted that these studies were performed at an incubator pO2 corresponding to a fully humidified 95% RA/5% CO2 system (142 mmHg) and that the models assumed an IEQ diameter of 150 μm and did not examine the size range distribution of IEQ. This early prototype was the basis for the G-RexTM technology now broadly implemented in therapeutic immune and stem cell expansion (Bajgain et al., 2014).

One added benefit of the gas permeable basal surface is that the majority of the oxygen is delivered in close proximity to the cells and this eliminates reliance on oxygen diffusion from the apical liquid/air interface. This dependence on diffusion in plastic culture systems limits the amount of culture medium and therefore, the nutrient supply, that can be added without limiting oxygen supply. In PDMS systems, nutrient supply is not limited by this height restriction. While the devices have a higher per unit cost, culture using the PDMS systems is more efficient and cost-effective by reducing the number of needed flasks, the amount of culture medium and labor involved with maintaining cell cultures.

Our group developed a perfluorosilane-impregnated PDMS 275 μm membrane with a honeycomb support structure designed to maximize surface area for gas transport with support sufficient to prevent membrane damage. Given the high affinity of perfluoro-compounds for oxygen, the inclusion of perfluorosilane further improved oxygen mass transfer. Figure 7 shows FEM of the anoxic tissue volume percentage of endocrine clusters of representative size range and OCR cultured on the perfluorosilane/PDMS constructs. FEM was performed, as above, using three different seeding densities and three relevant culture medium heights.
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FIGURE 7. Anoxic tissue volume percentages of endocrine spheroids (representative size range and OCR) cultured on perfluorosilane/PDMS constructs. Anoxia is eliminated in all but the largest aggregate size at the highest oxygen consumption rates. FEM was performed using three seeding densities (2.76–5.05%) and three culture medium heights (1.11, 1.71, and 2.28 mm).


Of note, culture on these platforms all but eliminates anoxia in all spheroid geometries except at elevated OCR. In agreement with the earlier findings of Avgoustiniatos et al. (2008), there is virtually no effect from either seeding density or culture medium height at these settings typically utilized in culture on plastic, where both variables have a significant effect.

Recent advances using PDMS surfaces in the culture of endocrine spheroids include the development of printed microwells for controlled seeding of aggregates in a 96 and 384 well format. These devices have the added benefit of providing oxygen from an increased surface area surrounding the 3D clusters in the wells. These concave wells have been successfully used in the formation of pancreatic clusters from purified beta cells (Lee S.H. et al., 2018).


Gas-Permeable Platforms Improve Culture and Terminal Differentiation of Murine Pancreatic Buds

Studies performed in the laboratory of Clark Colton using culture of mouse embryonic stem cells on plastic examined the effect of external oxygen concentrations from 0 to 285 mmHg on proliferative capacity and differentiation either +/− the differentiation inhibiting factor, LIF. They observed that oxygen had minimal effect on undifferentiated cell growth and phenotype (+LIF) and posited that it was likely to have a more pronounced effect on cells undergoing differentiation, as we observed (Powers et al., 2008).

In another paper by the same group, they studied the effect of low oxygen culture on murine ES cells, again demonstrating the reduction of spontaneous differentiation but also the loss of pluripotent gene expression. Importantly, they noted that the oxygen level in the gas phase is often quite different from the oxygen level in the microenvironment of the cells and this is neglected in the vast majority of the literature, until recently, making interpretation of results difficult. This can be seen in the FEM models presented above for 2D and 3D culture. They emphasize the importance of tools like FEM to better understand culture conditions (Millman et al., 2009).

Our group examined the role of oxygen in pancreatic development using pancreatic buds from mouse embryoid bodies (Fraker et al., 2007). In our comparison of pancreatic buds cultured on plastic, both at standard (20%) and elevated concentration (35%) to buds cultured on the perfluoro/PDMS composites, the data supported our models. There was both improved proliferation and differentiation in the buds cultured on the perfluoro/PDMS, as well as absence of tissue hypoxia, in contrast with our immunohistochemical observations in samples cultured at either 20% and 35% incubator oxygen concentration. Gene and protein expression of important pancreatic/endocrine/β-cell developmental markers were significantly elevated in the buds cultured on the perfluoro/PDMS constructs as opposed to both normoxic (20%) and hyperoxic (35%) culture on plastic. Most notably, when compared to the in vivo endpoint of terminal differentiation in the pancreatic buds, e16.5, gene and protein expression of key pancreatic markers was non-significantly different between the perfluoro/PDMS culture and the in vivo counterparts, further confirming the importance of oxygenation in the final stages of pancreatic development, as hypothesized. Also, in examining the expression of pancreatic exocrine markers in this setting, oxygenation promoted endocrine over exocrine differentiation. It should be noted that the size of the buds cultured in higher oxygen levels reached 1 mm and there was no evidence of tissue hypoxia by immune staining indicating that their oxygen consumption rate was likely lower than that of conventional islets of Langerhans.



Too Much or Too Little: The Goldilocks Paradox of Oxygen Supply

The supply of oxygen to cultured cells/tissues is a delicate balance between anoxia/hypoxia (too little) and oxidant/radical formation from culture medium substrates (too much). While conventional culture occurs at pO2 of ∼142 mmHg, vascularized cells in the human body do not typically experience a pO2 greater than 100 mmHg and are supplied with sufficient oxygen to avoid sustained hypoxia due to short vascular diffusion distances. With 3D islets/endocrine spheroids, it becomes immediately clear from the above FEM why culture of these aggregates is difficult. Their high metabolic rate and large geometries make it difficult to maintain adequate oxygen supply and impossible to do so without non-physiological pO2 gradients across the path of oxygen transfer (surface to core). In vivo, islets are thought to experience a nearly uniform tissue pO2 of approximately 20–40 mmHg. Therefore, even culture at standard incubator pO2 results in apical endocrine spheroid surface exposure to supra-physiological levels and basal surface/core anoxia except in the smallest endocrine spheroid dimensions (50–100 μm). In gas permeable culture platforms in standard incubator settings (142 mmHg), the tissue exposure to supra-physiological levels is even greater.

There is evidence in the literature that islets are uniquely susceptible to free-radical/oxidant damage due to glucose sensing suppression of superoxide dismutase and therefore prolonged exposure to elevated pO2 could be sub-optimal (Gille and Joenje, 1992; Kazzaz et al., 1999; Martens et al., 2005; Pi et al., 2007; Maddalena et al., 2017). For all these reasons, optimizing endocrine spheroid culture requires devices that allow for the maintenance of tissue specific oxygen profiles where core pO2 is (1) above the anoxic and functional cutoff noted by Avgoustiniatos and others and (2) below arterial concentrations of ∼100 mmHg (Papas et al., 2005; Buchwald, 2009, 2011). To that end, our group and others have examined the effect of physiologically relevant culture pO2 on endocrine spheroid function and viability utilizing gas permeable platforms demonstrating that culturing at more physiologically relevant pO2 improves in vitro and in vivo islet function and viability (Fraker et al., 2013). Culture incubator pO2 was set guided by FEM to target a maximum tissue volume maintained within a physiological range of 5–95 mmHg, minimizing “hyperoxia” and anoxia. Figure 8 details the FEM and the subsequent anoxic tissue volume percentage. The models used three seeding densities and culture medium heights, as in prior models, above.
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FIGURE 8. Anoxic tissue volume percentages of endocrine spheroids (representative size range and OCR) cultured on perfluorosilane/PDMS constructs in the presence of physiological pO2 (95 mmHg). Anoxia is minimal in all but the largest aggregate size at the highest oxygen consumption rates. FEM was performed using three seeding densities (2.76–5.05%) and three culture medium heights (1.11, 1.71, and 2.28 mm).




Gas-Permeable Platforms Improve Human Embryonic Stem (hES) Cell Specification Into Endocrine Fates

As shown in an increasing number of studies, oxygen in culture is recognized as a factor driving both stem cell proliferation and terminal differentiation into endocrine clusters. In 3D aggregates where oxygen gradients are prevalent, lower pO2 is associated with proliferative capacity and higher pO2 drives terminal differentiation through Notch and HIF-1. As shown from the FEM models, above, it is not feasible to successfully modulate oxygen supply to 3D tissues in plastic culture systems, so gas permeable platforms present a useful tool for the tight control of pO2 experienced by culture spheroids.

A paper by Powers et al. (2010) from 2010 described the historical disconnect between ambient incubator pO2, pO2gas, and the pO2 experienced by cells in culture, pO2cell, using FEM and mouse embryonic stem cell differentiation into cardiomyocytes on plastic and PDMS culture surfaces to demonstrate how critical cellular oxygen supply is to desired outcome. They used monolayer cultures on polystyrene and functionalized PDMS surfaces implementing FEM to target specific ranges of pO2cell to determine the effect of standard (142 mmHg), physiological (37 mmHg), and hypoxic (7 mmHg) culture on function and viability. Only on PDMS membranes, where pO2cell is equivalent to pO2gas due to the proximity of the gas supply at the basal surface, were functional cardiomyocytes observed. As reported in other cell culture studies on PDMS, including our own, they frequently observed spontaneous aggregation of single cells into larger spheroids. They noted that this resulted in the formation of pO2 gradients that had minimal effect on the tissue anoxia of the PDMS group but would have resulted in ∼80% anoxia in spheroids cultured on polystyrene at the highest pO2 of 142 mmHg. Unfortunately, the only functional assessment was the observation of spontaneous contraction of the cells, which was observed only on PDMS and polystyrene with a PDMS membrane. The largest number of spontaneously contracting cells were observed on the PDMS surface at a pO2gas of 36 mmHg. This demonstrates the importance of physio-normal pO2 (36 vs. 142 mmHg) in terminal differentiation.

During our work with an early group in the SC-β field, BetaLogics, we postulated that the use of gas permeable culture systems to tailor core tissue pO2 to that of the physiological niche of pancreatic endocrine tissue (∼20–40 mmHg core tissue pO2; 80–100 mmHg incubator pO2) would significantly improve terminal differentiation of hES spheroid progenitor clusters into endocrine fates (Cechin et al., 2014). As these clusters were typically in the size range of IEQ (50–400 μm), the culture on PDMS was designed to maintain maximal tissue volume percentage within a physiological range (∼2.7–100 mmHg). Introducing the PDMS culture systems at the last stage of standard differentiation protocols, after they were formed into spheroids, resulted in significantly improved differentiation into insulin and other endocrine hormone positive cells. Analysis by qRT-PCR showed significantly elevated pancreatic gene expression in hES clusters cultured in gas permeable systems relative to controls. In vitro production of insulin in response to glucose, improved engraftment and reversal of diabetes in vivo, were also observed. Notably, culture in these systems at physiological pO2 resulted in dramatically improved segregation of α and β cells, eliminating the challenge of single cell bi-hormonal expression that had plagued other protocols up to that point. This data again confirmed the role of oxygen in endocrine development and function. Given the low oxygen levels (relative to standard oxygen pO2) present in the in vivo niches of most cell types, it is not surprising that mechanisms such as proliferation, terminal differentiation, and pleiotropic function are increasingly being tied to bioenergetic shifts dependent on oxygen.



CONCLUSION AND FUTURE DIRECTIONS

As 3D culture increasingly becomes a preferred mode of physio-mimetic culture, historical culture methods on plastics need to be re-evaluated. Particularly related to tissue oxygenation, the steep gradients that develop from apical to basal surface, both in the culture milieu and in the 3D organoids, lead to hypoxic and anoxic regions, inefficient nutrient metabolism and potentially, shifts in viability, function and gene expression that may deviate in comparison to the same tissue in vivo. There is a critical need and a recent surge in device/method research to improve metabolite/nutrient delivery and waste removal in 3D cell cultures. With the emergent data coming from this area of research, it is clear that other variables besides oxygen, such as mechanical forces, growth factors and supportive matrices also play an important role in the culture of organoid systems but metabolic gas exchange has been one of the most challenging obstacles in 3D cell/spheroid research. Given the growing number of therapeutic applications for 3D spheroids, there is a critical need to revisit expansion and differentiation protocols in order to optimize them for their desired end product and application. Much like personalized medicine, individual cell/tissue types have different metabolic and physiological characteristics that are difficult to recapitulate in general culture practices. Like oxygen in the data presented in this work and others, tailoring environmental factors to address the physiological demands of the cultured spheroids can result in a much better in vitro model/approximation of the in vivo organoid counterpart.

Related to the clinical application of endocrine spheroids, there is much ongoing work to improve/maintain function and viability prior to transplant in an attempt to minimize immune response and accelerate engraftment. Strategies focused on revascularization and co-cultures with supportive mesenchymal stem cells (MSCs) and endothelial precursors (ECs) are making great strides in minimizing post-transplant loss and time to reversal of hyperglycemia. In terms of culture, there is still work to be done to fully understand the role of oxygen in differentiation and function/viability, in vitro. Building on past work, minimizing tissue anoxia has a clear effect on transplant immunogenicity and function. With that in mind, combinatorial approaches that slow cellular metabolism (OCR) and maintain tight control of pO2cell could move endocrine spheroid research one-step closer to clinical impact. This could be achieved, as an example, by the use of low temperature culture on gas permeable systems.

Clearly, oxygen is only one of many culture metabolites that plays a role in the viability and function of 2D and 3D cultures. It could be argued that it is the most important given that it has an immediate effect on cell metabolism and the lack of oxygen can rapidly progress to cellular dysfunction and death. A lack of oxygen in cell systems also results in a build-up of toxic waste products that while largely unnoticeable in the larger culture milieu, might have a pronounced detrimental effect in the cell microenvironment. For example, a shift to anaerobic metabolism and glycolysis increases production of acidic byproducts to compensate for loss of the efficiency of energy production using aerobic respiration. This, in turn, can affect both cellular and environmental pH leading to damage beyond the immediate apoptosis/necrosis caused by anoxia. While not the only participant in the viability of cultured cell/tissue biology, oxygen has an undeniably important role in culture approximation of in vivo cell/tissue counterparts.
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An increasing need toward a more efficient expansion of adherent progenitor cell types arises with the advancements of cell therapy. The use of a dynamic expansion instead of a static planar expansion could be one way to tackle the challenges of expanding adherent cells at a large scale. Microcarriers are often reported as a biomaterial for culturing cells in suspension. However, the type of microcarrier has an effect on the cell expansion. In order to find an efficient expansion process for a specific adherent progenitor cell type, it is important to investigate the effect of the type of microcarrier on the cell expansion. Human periosteum-derived progenitor cells are extensively used in skeletal tissue engineering for the regeneration of bone defects. Therefore, we evaluated the use of different microcarriers on human periosteum-derived progenitor cells. In order to assess the potency, identity and viability of these cells after being cultured in the spinner flasks, this study performed several in vitro and in vivo analyses. The novelty of this work lies in the combination of screening different microcarriers for human periosteum-derived progenitor cells with in vivo assessments of the cells’ potency using the microcarrier that was selected as the most promising one. The results showed that expanding human periosteum-derived progenitor cells in spinner flasks using xeno-free medium and Star-Plus microcarriers, does not affect the potency, identity or viability of the cells. The potency of the cells was assured with an in vivo evaluation, where bone formation was achieved. In summary, this expansion method has the potential to be used for large scale cell expansion with clinical relevance.

Keywords: human periosteum-derived progenitor cells, microcarrier, star-plus, human platelet lysate, spinner flask cell culture


INTRODUCTION

The rising amount of research toward cell therapies is translated in the increasing amount of registered clinical trials on ClinicalTrials.gov of which currently 1409 trials use adult mesenchymal stem/stromal cells (MSC) as a therapeutic cell source. Therapies using these cells target a wide range of diseases including bone disorders, cartilage damage or inflammatory diseases (Durand and Charbord, 2015). This work focusses on specific adult mesenchymal progenitor cells derived from the human periosteum due to their benefits in skeletal tissue engineering. This periosteum is a thin vascular membrane around most bones, situated between the cortical bone and the covering soft tissue and consists of an outer fibrous layer and an inner cambium layer containing adult mesenchymal progenitor cells (Allen et al., 2004). These human periosteum-derived cells (hPDCs) have similar characteristics as adult mesenchymal stromal cells (MSCs). Both cell types, MSCs and hPDCs, possess self-renewal capacity, express a specific set of MSC markers and are capable of differentiating into a variety of cell types, such as chondrocytes, osteoblasts and adipocytes, as well as myoblasts. The benefits of hPDCs are on the one hand the relatively easy accessibility and on the other hand their high bone regenerative potential (de Bari et al., 2006). They even have a higher growth and differentiation potential than bone marrow stromal/stem cells (BMSCs) (Duchamp de Lageneste et al., 2018). More specifically, hPDCs are valuable in skeletal tissue engineering for the regeneration of defects in long bones, as the periosteum is the main source of the cells involved in the callus formation during facture healing (Nilsson Hall et al., 2020). Treating critical size long bone defects using skeletal tissue engineering has the potential to repair large bone defects as well as joint surface defects. These critical defects were otherwise too large for the body to heal by itself and when left untreated, it could even result in the loss of a limb. Current treatments consist of bone void fillers, which can be natural, synthetic or a combination. However, the outcomes of these commercial bone void fillers remain unpredictable (Slevin et al., 2016).

In order to provide such cell therapies, there is a need to scale-up the expansion of cells since only a small fraction of the required amount of cells can be harvested from a single donor. A therapeutic dose of MSCs requires between 107 and 109 cells (Jung et al., 2012), while only 104 to 105 MSCs can be harvested from a single biopsy depending on the source of acquisition (Beitzel et al., 2013). Interesting strategies for large-scale expansion of MSC’s are investigated in the review of García-Fernández et al. (2020). Their article describes the importance of choosing the right bioprocess design, such as the culture medium formulation and addresses the different scale-up strategies (García-Fernández et al., 2020). Depending on the type of stem cell used during the therapy, different cell culture vessels are preferred (dos Santos et al., 2013). This work focussed on human periosteum-derived cells (hPDCs), which are an adherent progenitor cell type similar to MSCs. Adherent cells require a surface to attach to, which is typically the bottom of a flask, but could also be hollow fibers or small microcarriers in suspension. Since scale-up is essential to fulfill the demand for MSCs or other cell types used in regenerative medicine products (Olsen et al., 2018), it is important to select the most efficient production process toward large scale productions. MSCs and hPDCs have been expanded in multistack (Lambrechts et al., 2016b) and hollow fiber bioreactors (Jones et al., 2013; Nold et al., 2013; Rojewski et al., 2013; Hanley et al., 2014; Lambrechts et al., 2016a). However, certain challenges mostly related to sub-optimal cell harvest efficiency or lack of process flexibility have established suspension culture as an efficient and flexible set-up for adult progenitor cell expansion. Therefore, dynamic systems with microcarriers were investigated instead of the traditional planar culture systems thanks to the increased surface area to volume ratio.

The selection of an appropriate microcarrier for each cell type is crucial, since it influences the seeding efficiency, proliferation rate and harvest efficiency (Schnitzler et al., 2016). An overview of the most common used microcarriers in cell expansion is given in Table 1. Commercial microcarriers differ in core material, coating material, ionic surface charge, porosity, swelling upon hydration and size resulting in different seeding, proliferating or harvesting efficiency for a specific cell type. Important research into the full 3D morphologic characterization of microcarriers using a combination of microfocus X-ray computed tomography (microCT) and contrast-enhanced microCT (CE-CT) is recently reported by our group (de Bournonville et al., 2021).


TABLE 1. Manufacturing information of commercially available microcarriers, screened in this study.
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A clear comparison of the expansion of MSC’s using the different microcarriers Cytodex-1, Star-Plus, Plastic, Plastic-Plus and HillexII is given in Loubière et al. (2019). Here, Star-Plus and Plastic-Plus are chosen as the best microcarriers for the cell culture of MSC’s derived from umbilical cord based on the criteria of cell attachment, expansion and detachment (Loubière et al., 2019). Health authorities are in favor of avoiding the use of animal components due to safety reasons and animal welfare (Cimino et al., 2017). Hence, the use of human platelet lysate (hPL) as a xeno-free alternative for fetal bovine serum (FBS) supplement has been suggested and evaluated in many studies (Xia et al., 2011; Gottipamula et al., 2012; Oikonomopoulos et al., 2015; Heathman et al., 2016). hPL is a xeno-free medium, containing platelet derived growth factor (PDGF), transforming growth factor beta 1 (TGF-b1), insulin like growth factor (IGF-1), and basic fibroblast growth factor (bFGF) (Gottipamula et al., 2012; Oikonomopoulos et al., 2015; Heathman et al., 2016). The abundance of these growth factors in combination with an environment more closely related to the physiological human body might explain the consistently higher proliferation and culture expansion rate of MSC in hPL media in comparison to FBS (Lohmann et al., 2012). In this study, we investigated the influence of commercial microcarrier types for the expansion of hPDCs in an hPL supplemented medium composition. We strived to verify expansion and harvest efficiency, while simultaneously evaluating the bone forming capacity of the dynamically expanded cells.

The goal of this work was to select the appropriate microcarrier for scalable expansion of hPDCs in a xeno-free medium. In order to do this, different commercial microcarriers were screened based on standard characteristics of seeding, proliferation and harvesting efficiency. Most microcarrier research uses in vitro techniques to assess the quality of the cells after expansion. However, this is not a guarantee for in vivo success (Nilsson Hall et al., 2020), especially when evaluating progenitor cells derived from different sources. Therefore, this work also evaluated the functionality of the dynamically expanded hPDCs grown on Star-Plus microcarriers by subcutaneous implantations in nude mice.



MATERIALS AND METHODS


Experimental Set-Up

Three different types of experiments were performed for the microcarrier screening of ten different commercial microcarriers, shown in Table 1. The three experiments are briefly described hereafter and in more detail in the following sections. A scheme of all three experiments is represented in Figure 1.
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FIGURE 1. General scheme of the experiments, starting with a static microcarrier screening of 8 microcarriers and followed by a dynamic microcarrier screening of 5 microcarriers. The final experiment evaluated the hPDCs, which were dynamically expanded on the chosen microcarrier Star-Plus, in vitro as well as in vivo.


The first experiment consisted of a broad static screening in well plates using eight microcarriers (Plastic, Plastic-Plus, Star-Plus, FactIII, HillexII, Collagen; Cytodex-1, and Corning untreated). A cell pool was seeded for each of the microcarriers in six individual wells of a 24-well plate for the evaluation of seeding efficiency and proliferation rate. 24 h after seeding, three wells were sacrificed for measuring the DNA content of the cells attached to the beads and the DNA of the cells in the supernatant. After 6 days of cell culture, the three other wells of each type of microcarrier were sacrificed to measure the total content of DNA on the cells attached to the microcarriers.

The second experiment selected three microcarriers (Plastic-Plus, Star-Plus, Cytodex-1) from the static screening and added Cultispher-S and Synthemax II dissolvable to perform a dynamic microcarrier screening experiment. The same cell pool as previous screening experiment was used in combination with the five microcarriers in a dynamic expansion. Each microcarrier type was cultured in duplicates in spinner flaks of 100 mL for 8 days. The DNA and metabolites were sampled daily at the same time, before medium replacement.

The third and final experiment evaluated the dynamic expansion of cells from two different donors using one specific microcarrier, Star-Plus. The cells of these two donors were cultured in triplicate spinner flasks resulting in a total of six spinner flasks for the duration of 8 days. After the dynamic culture, the quality of the cells was extensively evaluated.



Static Microcarrier Screening Experiment


Human Periosteum-Derived Progenitor Cells

Human periosteum-derived progenitor cells (hPDCs), used throughout this study, were obtained from periosteal biopsies acquired in the university hospital of KU Leuven at Pellenberg, Belgium (Eyckmans et al., 2010). All patients filled-in the informed consent form of the clinical study, which was approved by the KU Leuven medical ethics committee. The screening experiments were performed with pooled cells from five female donors between the age of 10 and 17. After isolation, the cells were cultured for multiple passages at a seeding density of 5500 cells/cm2 in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) containing 1% sodium pyruvate, supplemented with 1% antibiotic-antimyotic (AA) and 10% serum. The serum added at biopsy for the screening experiments was fetal bovine serum (FBS). After several passages, the cells were frozen in liquid nitrogen until the start of the experiment.

The experiment started with thawing cells and expanding them for two passages in tissue flasks at a seeding density of 5500 cells/cm2. The decision of taking pooled cells cultured in FBS from biopsy for both microcarrier screening experiments was a practical choice, due to availability of cells. However, hPL was preferred and therefore the cells, which were prior to being frozen cultured in FBS, were deprived from FBS and changed to hPL. During the first passage after thawing at the start of the experiment, the cells were subjected to a serum starvation protocol. This protocol started by culturing the cells in 10% FBS. At confluency, the cells were washed with PBS and the media was replaced with 0.1% FBS. After 24 h of serum deprivation, the cells were harvested and subcultured in 7.5% hPL for at least one passage before the start of an experiment to give the cells time to adapt to the different serum. The choice of using 7.5% of hPL in the media at the start of each experiment was based on previous experiments, indicating that it is economically the best ratio for clinical grade hPL, which is also suggested in literature (Xia et al., 2011; Gupta et al., 2019).



Preparation Culture Vessels and Microcarriers

The vessels used for the static microcarrier screening were CoStar ultra-low attachment 24-well plates (Corning). Each of the eight types of commercial microcarriers (Plastic, Plastic-Plus, Star-Plus, FactIII, HillexII, Collagen; Cytodex-1 and Corning untreated) were seeded in six wells. All microcarriers were weighed to achieve a ratio of 6 cm2/mL, which is equal to 6 cm2 for each well. After weighing, if required according to manufacturing instructions, the microcarriers were hydrated in MiliQ water or PBS, and sterilized through autoclaving. The water or PBS from the microcarriers was replaced with complete DMEM, consisting of DMEM+AA+7.5% hPL, and incubated in the wells in 1 mL, 24 h prior to use.



Seeding Protocol

Cells were seeded at a density of 5500 cells/cm2, resulting in 33,000 cells per well. The pooled cells were added to the well plates while manually stirring the microcarrier suspension, to ensure a homogeneous dispersion. After seeding, the well plates were kept static in the incubators. Besides the six wells seeded with cells for each microcarrier, three additional control wells were seeded with cells but without microcarriers.



Harvesting Protocol

Tissue flasks and well plates were harvested according to the standard protocol of washing with PBS and incubating with TrypLE for 10 min. Followed by removing the cells from the bottom or microcarriers by force, either tapping the sides of the flask or pipetting the medium in the well up and down. The cell suspension was transferred to a falcon tube and medium was added to neutralize the enzymes. To separate the cells from the microcarriers, a 60μm filter was used on top of the falcon tube. The cell suspension was centrifuged at 1300 rpm for 10 min or 160G (Hettich Universal 320/320R centrifuge).



Cell Quantification

Cell counts were performed using 0.25% trypan blue and a Bürker hemacytometer. DNA samples were collected by sacrificing three whole wells, once after 24 h and a second time at the end of the culture period of 6 days. The DNA samples were collected in Eppendorf’s and washed twice with PBS by centrifuging the samples for 5 min and removing the supernatant. After removing the excess PBS, RTL buffer with 1% β-mercaptoethanol was added. This mixture was vortexed for 15 s and stored in −80°C. The DNA content in the sample was measured by following the manufactures protocol of the qubit fluorometer where Quant-iTTM dsDNA HS reagent, Quant-iTTM dsDNA HS buffer and Quant-iTTM standard were used.

To measure the seeding efficiency, the DNA of the supernatant as well as the DNA on the microcarriers was measured separately. The seeding efficiency was calculated by dividing the DNA on day 1 attached to the microcarriers by the total amount of DNA found in the well on day 1, as presented in equation 1. The fold increase of the expansion was calculated by dividing the DNA on day 6 by the DNA on day 1, as represented in equation 2.
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Live-Dead Cell Viability Assay on Microcarriers

A 0.5 mL homogenous sample of microcarriers was taken on day 6 of the well plate culture period. This sample was placed in a suspension well plate and stained with calcein AM an ethidium homodimer-1(Invitrogen). Live cells have intracellular esterase activity that convert cell-permeant calcein AM to fluorescent calcein. Dead cells have damaged membranes, to which ethidium can enter and bind to nucleic acids. After staining, the samples were visualized using an inverted fluorescence microscope (IX83, Olympus). The live cells appear as green, while dead cells appear as red during imaging.



Actin and Nucleus Staining

A whole 1 mL well containing cells on microcarriers was used for actin and nucleus visualization. The medium was removed from the settled microcarriers and washed with 0.5 mL PBS. After removal of the PBS, the cells were fixated using 0.5 mL of 4% paraformaldehyde (PFA powder diluted in PBS), which was pipetted up and down. The cells with microcarriers were incubated in this fixation solution for 1 h at room temperature, while occasionally stirred. After the incubation period, the PFA was removed and the samples were washed with 0.5 mL PBS. This PBS was then removed and replaced by 0.5 mL of 0.1 M Glycine. After an incubation period of 15 min at room temperature, the samples were washed with PBS and stored in PBS at 4°C until staining.

1 mL staining solution was prepared with 1 μL 4′,6-Diamidino-2-Phenylindole (DAPI, 2.5 mg/mL stock solution, Invitrogen), 4 μL Alexa Fluor 488 Phalloidin (Phalloidin, 200 U/mL stock solution, Life technologies), 20 μL Triton X100 and 975μL PBS. The PBS from the fixated samples was removed and 0.5 mL staining solution was mixed in the sample by pipetting up and down. The samples were covered with aluminum foil and incubated at room temperature on a shaker platform for 1 h. After the staining incubation period, the samples are washed with PBS twice and kept in 0.2 mL PBS. The samples were visualized using an inverted fluorescence microscope (IX83, Olympus) or a confocal laser scanning microscope (LSM 880, Zeiss). DAPI stains the nuclei and appears as blue on the imaging, while Phalloidin will stain actin as green.




Dynamic Microcarrier Screening Experiment


Human Periosteum-Derived Progenitor Cells

The same hPDCs pool of five young female donors as previous static screening experiment was used during this dynamic screening experiment.



Preparation Culture Vessels and Microcarriers

The vessels used for the dynamic expansion were 100 mL spinner flasks (Bellco Glass Cat. Number 1965-00100) with a diameter of 65 mm, a height of 135 mm, a center neck of 70 mm and two side arms of 32 mm. Before use, the spinner flasks were coated with Sigmacote (Sigma-Aldrich) by pipetting up and down 25mL sigmacote over all inner surfaces of the spinner flasks. After a night of air drying in the hood, the coating was verified by visual inspection of perfectly formed water droplets on the coated surface. The coated spinner flasks were then sterilized through autoclaving.

All five microcarriers (Cytodex-1, Star-Plus, Plastic-Plus, Cultispher-S, SynthemaxII dissolvable) were weighed to achieve a ratio of 6 cm2/mL, which is equal to 480 cm2 for each spinner flask with a working volume of 80 mL. After weighing, if required according to manufacturing instructions, the microcarriers were hydrated in MiliQ water or PBS, and sterilized through autoclaving. The water or PBS from the microcarriers was replaced with pure human platelet lysate (hPL) and placed inside the spinner flasks and in the incubator set at 37°C, 5% CO2, and 95% relative humidity. 2 h before the inoculation, the pure hPL was replaced by complete medium (DMEM-C), consisting of DMEM+AA+7.5% hPL (Loubière et al., 2019).



Seeding Protocol

Cells were seeded at a density of 5500 cells/cm2, resulting in 2.64×106 cells per spinner flask. The pooled cells were seeded while the spinner flasks were positioned on the magnetic plate at a stirring speed of 30 rpm with 20 mL of DMEM-C to ensure a homogeneous seeding. 5 min after seeding, the stirring speed was set to 0 rpm for 2 h after which 20 mL of DMEM-C was added. This 5 min ON and 2 h OFF protocol was repeated during 8 h. After these initial 8 h, the stirring speed was set at 30 rpm during the next 16 h (overnight). 24 h after seeding, the volume was topped-up from 40 to 80 mL and the stirring speed was increased from 30 to 50 rpm.



Harvesting Protocol

After 8 days of the expansion process, the cells were harvested inside the spinner flasks (Nienow et al., 2014; Rodrigues et al., 2019). The decision to end the culture period after 8 days was based on average hPDC cell growth data cultured in hPL and in tissue flask, unrelated to the type of microcarrier in order to compare all cell culture experiments over the same culture period. The stirring was stopped to let the microcarriers settle inside the spinner flasks, followed by removing as much medium as possible. The microcarriers were washed with PBS until most of the medium was washed out. As much PBS as possible was removed before adding TrypLE and incubating it for 15 min at a stirring speed of 50 rpm, using the manufacturing protocol. To separate the cells from the microcarriers, the suspension was filtered with a steriflip (60 μm). The filter was washed with medium, to get as much cells, which were stuck between the microcarriers, through the filter and to balance the enzymatic reaction of TrypLE. To remove the TrypLE and medium mixture, the cell suspension was centrifuged at 1300 rpm for 10 min.



Cell Quantification

Cell counts were performed using 0.25% trypan blue and a Bürker hemacytometer. The metabolites were sampled daily at the same time, before medium replacement. The glucose, lactate and lactate dehydrogenase (LDH) in the sampled medium were measured using the Cedex Bio Analyser (Roche).

The DNA samples were collected and measured according to the previously described methods. In order to translate the DNA value to cell numbers, an additional experiment was performed to achieve a standard curve with nine values of known cell numbers ranging from 0 to 55000 cells/mL. The DNA of each cell sample was measured according to the method described above, resulting in a relation between known cell number and measured DNA content as described in equation 3 (Supplementary Figure 1, R2 = 0.998). A similar validation on the same cell type has been done in a previous study by Chen et al. (2012).
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Dynamic Microcarrier Evaluation Experiment

The final experiment evaluated the dynamic expansion of cells from two different donors using one specific microcarrier, Star-Plus. The cells of these two donors were cultured in triplicate spinner flasks resulting in a total of six spinner flasks for the duration of 8 days.


Human Periosteum-Derived Progenitor Cells

The dynamic evaluation experiment was not performed on a cell pool, but on two different male donors, where donor 1 was 22 years old at the time of biopsy and donor 2 was 37 years old. The serum added at biopsy also differs from previous experiments. For the static and dynamic screening experiment, the added serum was fetal bovine serum (FBS), while for the dynamic evaluation, it was human platelet lysate (hPL). Therefore, there was no need for a starvation protocol in this experiment.



Preparation Culture Vessels and Microcarriers

The six spinner flasks and the Star-Plus microcarriers used for the expansion of the two donors in triplicates were prepared as described above.



Seeding Protocol

Spinner flask 1, 2, and 3 were seeded with cells from donor 1 and spinner flasks 4, 5 and 6 with cells from donor 2. The cells were seeded at a density of 5500 cells/cm2 in 80 mL medium as described above.



Harvesting Protocol

The cells were harvested inside the spinner flasks, similar to the previous described method. The differences between the harvesting of the screening experiment were the increased stirring speed and incubation time. Instead of incubating for 15 min at a stirring speed of 50 rpm, the cells were incubated for 20 min at a stirring speed of 150 rpm. The stirring speed was increased for the last 5 s to 200 rpm to mimic the tapping on the side of standard tissue flaks, which breaks up all cell agglomerates and detaches the cells from the microcarriers. A suspension sample is visually inspected under a bright field microscope to ensure the detachment of the cells. The same separation method was used as previously described to separate the cells from the microcarriers.




Cell Quantification

Cell counts were performed using 0.25% trypan blue and a Bürker hemacytometer. The glucose, lactate, ammonium and pyruvate concentrations in the sampled medium were measured using the Cedex Bio Analyser. The DNA samples were collected and measured as described above.


Live-Dead Cell Viability Assay on Microcarriers

A 0.5 mL homogenous sample of microcarriers was taken on day 1, day 4, and day 6 of the spinner flask culture, while stirring the spinner flasks, to use for live-dead visualization as previously described.



FACS Analysis

Cells from both spinner flasks, after a cell culture period of 8 days, and from confluent tissue flasks were harvested to assess the presence of typical MSC immunophenotypic cluster of differentiation (CD) markers as well as the lack of hematopoietic markers. Flow cytometry was therefore performed using the human antibodies CD73-APC, CD-90-FITC, CD105-PE, CD-14- PerCP, CD20- PerCP, CD34- PerCP and CD45-PerCP (Miltenyi Biotec). Dead cell exclusion was performed using a viability dye (Zombie Aqua, BioLegend). An initial antibody titration to avoid nonspecific antibody biding was achieved following the protocol of Hulspas (2010). The BD Canto II was used for the flow cytometry analysis together with the software BD FACSDiva.

The full compensation setup contained control samples, Fluorescence Minus One (FMO) samples, negative control, dead cell exclusion and the condition samples. The control samples were performed using compensation beads (UltraComp eBeads Affymetrix eBioscience), which were only stained for one of the antibody colors: FITC, PE, APC, or PerCP control. All other samples used half a million cells from tissue flasks each. The FMO samples were stained with all antibodies, except for one. The negative control contained cells without any antibody, and the dead cell exclusion sample was stained only with the viability dye. The cells for the dead cell exclusion contained 50% live and 50% dead cells, achieved by placing the cells 5 min on ice and 5 min in a 60°C water bath. The interested condition samples, either with cells from tissue flasks or spinner flasks, were stained with all antibodies. RNA extraction, cDNA synthesis, and quantitative PCR

The DNA of 1 million cells was sampled at day 0 (before seeding) and day 8 (after harvesting). The DNA sample was centrifuged, the medium was removed and 600μL of RTL buffer with 1% β-mercaptoethanol was added. This mixture was vortexed and stored in −80°C. The RNeasy Mini kit (qiagen) was used to extract the RNA, followed by using the NanoDrop ND-2000 to quantify the amount of RNA. Synthesizing the cDNA was performed using PrimeScript RT reagent kit, Perfect Real Time (TaKaRa). The final concentration of 5 ng/μL was stored at −20°C until further analysis. QPCR was performed using a 9μL of the mastermix of RNA free water, reverse primer, forward primer and Fast SYBR green (Thermo Fisher Scientific) and 1μL cDNA of the sample. All samples were processed using a rotor gene in duplicates as well as the control sample with RNA free water for each primer. The settings used were a hold of 2 min at 45°C, a second hold of 95°C for 30 s and cycles at 95°C for 3 s and 60°C for 20 s. The results were analyzed using relative quantification (2–ΔΔCt) where the fold change of a specific gene of each sample minus the endogenous control was compared to that specific gene on day 0 of the same donor minus the endogenous control.



In vitro Trilineage Differentiation

Human periosteum-derived progenitor cells can potentially differentiate in vitro into chondrocytes, adipocytes and osteoblasts. This differentiation was induced with specific differentiation media, while control samples only receive basal medium.

Chondrogenic differentiation started with seeding 400,000 cells in 20μL DMEM-C with 7,5% hPL in 24-well plates, after 2 h 0.5 mL medium was added. After 24 h, the medium was replaced by chondrogenic differentiation medium containing basal medium, consisting of low glucose DMEM supplemented (Life Technologies) with 1% antibiotic-antimycotic, and a mix of 1X ITS+ Premix (Corning), 100 nM dexamethasone (Sigma), 20 μM Y-27632 inhibitor (Axon medchem), 1 mM ascorbic acid-phosphate (Sigma), 40 μg/mL proline (Sigma), 10 ng/mL TGF β1 (peprotech), 100 ng/mL GDF5 (peprotech), 100 ng/mL BMP2 (peprotech), 0.1 ng/mL BMP6 (peprotech) and 0.2 ng/mL FGF2 (peprotech). This medium was replaced every 2 or 3 days during a culture period of 21 days. At the end of the culture period, the trilineage differentiation was evaluated using alcian blue staining.

For Adipogenic differentiation, a density of 10 000 cells/cm2 was seeded in a 24-well plate in 0.5 mL DMEM-C. After 24 h, the medium was replaced by adipogenic differentiation medium, where the basal medium consisted of αMEM (Life technologies) supplemented with 1% antibiotic-antimycotic and 10% hPL. The adipogenic differentiation medium also contained 1μM dexamethasone, 10 μg/ml human insulin (Sigma), 100 μM indomethacin (Sigma) and 25 μM 3-Isobutyl-1-methylcanthine (IBMX) (Sigma). This medium was replaced every 2 or 3 days during a culture period of 14 days. The evaluation after the differentiation period was performed using oil red o staining.

Osteogenic differentiation was performed with a seeding density of 4500 cells/cm2 in a 24 well plate and 0.5 mL DMEM-C. After 48 h, the medium was replaced with osteogenic differentiation medium, which contained basal medium with 100 nM dexamethasone, 50 μg/ml ascorbic acid-phosphate and 10 mM β-glycerolphosphate (Sigma). The basal medium was DMEM-C supplemented with 10% hPL. The culture period was 21 days and the medium was replaced every 2 or 3 days. The osteogenic differentiation was evaluated using alizarin red staining.



In vivo Ectopic Implantation and Analysis

After 8 days of cell culture expansion, 1⋅106 cells of each spinner flask after harvesting was seeded on NuOss scaffolds in a volume of 30μL separately. In total, six scaffolds were seeded and left overnight in 12-well plates in DMEM-C for the cells to adhere before implantation the day after. The implantation was performed ectopically on the back of 8 weeks old nude mice (Jackson Laboratory). After 8 weeks, the scaffolds were explanted and fixated overnight in 4% PFA before being switched to PBS.



Nano Computed Tomography Scans

To evaluate the amount of mineralized tissue, the scaffolds were scanned after explantation, on a Phoenix NanoTom M (GE Measurement and control) system using the following scanning parameters: x-ray voltage of 60 kV, current of 170 μA, tube mode 0, filter 0.2 mm Al, target diamond/tungsten. The acquisition parameters used were: fast scans of 15 min with exposure time of 500 ms, averaging of 1, skip 0, detector calibration 2 points, an average voxel size of 2.72 μm and 1800 images.



Histology

Following the nanoCT scans, the scaffolds were decalcified 10 times with at least 24 h in between using EDTA, paraffin embedded, sectioned (5μm) and stained for histologic analysis. The first staining was hematoxylin and eosin (H&E) to visualize the general structure and location of cells in between the left-over scaffolds. The other staining used was Masson’s trichrome, which visualized the connective tissue from the cells.




Statistical Analysis

Results are presented as mean ± standard deviation. All statistical analysis were performed with a 95% confidence level for a one or two-sample t-test using Matlab version 2018b. The one-sample t-test was used when comparing gene expression data to day zero, the null hypothesis. This null hypothesis states that the data has a normal distribution with mean equal to zero and an unknown variance. A two-sample t-test is used with a null hypothesis of the two data sets being independent random samples from normal distributions with equal means and equal but unknown variances. In this work, this was used to verify if the data of a specific cell characteristic is significantly different between two donors.




RESULTS AND DISCUSSION

Both microcarrier screening experiments explored together a total of ten different commercial microcarriers, shown in Table 1, based on the following criteria: (a) the seeding efficiency, (b) the proliferation efficiency, (c) the harvest efficiency, (d) the quality of the cells after expansion, and (e) if the microcarrier is made of xenogeneic free material.


Static Microcarrier Screening Experiment

Each of the eight types of commercial microcarriers (Plastic, Plastic-Plus, Star-Plus, FactIII, HillexII, Collagen; Cytodex-1, and Corning untreated) was evaluated in a 24-well plate for seeding efficiency and proliferation rate. Although the objective is to use a xeno-free microcarrier, this selection does include animal protein containing microcarriers to evaluate the difference in performance between the desired xeno-free microcarriers and the animal protein containing microcarriers.

Using light microscopy, it was visible that the control wells without microcarriers contained agglomerates of cells after 3 days without the cells being attached to the bottom of the wells. This indicates that the ultra-low attachment coating of the well was sufficient to avoid competition with the microcarriers. Live-dead staining on the microcarriers showed that the cells attach to one or more microcarriers, leading to the formation of clumps as visualized in Figure 2, starting with a static microcarrier screening of 8 microcarriers and followed by a dynamic microcarrier screening of 5 microcarriers. The final experiment evaluated the hPDCs, which were dynamically expanded on the chosen microcarrier Star-Plus, in vitro as well as in vivo.
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FIGURE 2. Live dead imaging of the microcarriers Collagen, FACTIII, HillexII, Plastic, Star-Plus, Plastic-Plus, Cytodex-1, and Corning untreated. The figures in row 1 and 3 represent the live-dead stainings, where live cells are stained green and dead cells are stained red. The figures in row 2 and 4 represent the merged images of bright field images combined with the live dead stainings to visualize the cells with respect to the microcarriers.


Figure 2 these live-dead stainings (starting with a static microcarrier screening of 8 microcarriers and followed by a dynamic microcarrier screening of 5 microcarriers. The final experiment evaluated the hPDCs, which were dynamically expanded on the chosen microcarrier Star-Plus, in vitro as well as in vivo. Figure 2 first and third row) are also merged with bright field imaging resulting in simultaneous live-dead as well as bright field imaging of the cells on the microcarriers (starting with a static microcarrier screening of 8 microcarriers and followed by a dynamic microcarrier screening of 5 microcarriers. The final experiment evaluated the hPDCs, which were dynamically expanded on the chosen microcarrier Star-Plus, in vitro as well as in vivo, Figure 2 second and fourth row). Additional DAPI stained samples of these eight microcarriers as well as the microcarriers Synthemax II dissolvable and Cultispher-S are shown in Figure 3.
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FIGURE 3. DAPI imaging of the microcarriers Collagen, FACTIII, HillexII, Plastic, Cultispher-S, Star-Plus, Plastic-Plus, Cytodex-1, Corning untreated, and Synthemax II dissolvable. The nucleus is stained blue, the actine is stained green and each picture has a width of 550 μm.


In order to decide which microcarrier is best suited for a certain cell type, the interaction between the microcarrier and the cells could be studied. An important aspect in this regard is whether the cells spread homogenously over the microcarrier, or if they clump together and not use all the available surface area efficiently. Depending on the cell type, the morphological characteristics of the microcarriers could also increase the available surface area. For example, the Cultispher-S microcarriers are macro-porous and cells smaller than 10 μm could use the surface area inside the pores to adhere to de Bournonville et al. (2021). Another factor influencing the available surface area is the swelling factor of the microcarriers that require hydration, such as Cultispher-S, Cytodex-1 and Synthemax II dissolvable. Furthermore, the interaction between the cell and microcarrier will be influenced by the surface characteristics of the microcarrier, such as the coating material or ionic charge, which can be positively charged (Hillex II, Star-Plus, Plastic-Plus and FACT III, Cytodex-1), negatively charged (Synthemax II dissolvable) or neutral (Corning Untreated, Collagen, Cultispher-S and Plastic).

Future work could analyze the cell spreading objectively based on the amount of cells per microcarrier and the distance between the cells on each microcarrier, using 3D image analysis of a large dataset. However, initial observations in this work on cell spreading indicate that Hillex II performs worse than all other microcarriers based on the heterogenous distribution and the large clumping of cells and microcarriers. Counting the amount of nuclei on each microcarrier in the DAPI stained samples in Figure 3, results in a standard deviation of cells per microcarrier, which is biggest for Hillex II and smallest for microcarriers Cultispher-S, Star-Plus, and Plastic-Plus. Therefore it seems that these microcarriers allow a more homogenous spreading of the hPDCs, which is favorable in choosing the best microcarrier.

From six wells of each condition, three whole wells were sacrificed on day 1 to measure all DNA present on the microcarriers as well as in the supernatant. The comparison between the DNA on the microcarriers and the DNA in the supernatant of day 1 gives an indication of the seeding efficiency as presented in Figure 4A. The other three wells were sacrificed after a cell culture period of 6 days to measure all DNA on the microcarriers. The DNA on the microcarriers of day 6 is compared to the DNA of day 1 to measure the proliferation of the cells on each type of microcarrier, which is shown in Figure 4B, where both DNA measures are converted to cell densities based on the relation explained by equation 3.
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FIGURE 4. Static screening experiments of the microcarriers Collagen, FACTIII, HillexII, Plastic, Plastic-Plus, Star-Plus, Cytodex-1, Corning untreated. (A) The seeding efficiency is presented as the amount of DNA attached to the microcarriers after 24 h compared to the time of seeding. (B) The proliferation capacity of the cells is visualized as the amount of cells on day 1 compared to day 6. These cell counts are based on DNA calculations converted to cell counts.


Statistical analysis of the seeding efficiencies with a significance level of 95% indicates several significant difference between microcarriers. The Plastic microcarrier has a significant lower seeding efficiency compared to HillexII, Cytodex-1, Corning untreated and collagen coated. In addition, HillexII has a significantly higher seeding efficiency compared to the collagen coated ones. Due to the high variations between the DNA on day 6 of the same microcarrier, there were no significant differences in the fold increase between the different microcarriers.

The three best performing microcarriers based on the average seeding efficiency are HillexII, Cytodex-1 and Plastic-Plus. For the average proliferation, the best performing microcarriers are Cytodex-1, Corning untreated and Star-Plus. Cytodex-1 is therefore the best overall performing microcarrier based on seeding efficiency and proliferation rate, which is in line with other work. A similar preference for Cytodex-1 compared to Hillex II, Plastic, Collagen and Plastic-Plus, was found by Schop et al. (2010) who focused on seeding efficiency as a selection criteria for the expansion of human bone marrow derived MSCs. Our study achieved a seeding efficiency in static culture of 89% (Figure 4) compared to a seeding efficiency of 57% by Schop et al. (2010), 80% by Frauenschuh et al. (2007), and 85% by Malda et al. (2003) (Malda et al., 2003; Frauenschuh et al., 2007; Schop et al., 2010).

This static screening is only an indication of how the cells perform on the microcarriers and is not representative for a dynamic cell culture expansion. Therefore this work used the most promising microcarriers based of this screening combined with information in literature to make a selection of microcarriers to be assessed in a dynamic environment.

HillexII was not selected due to the high amount of clumping, the heterogenous spreading of the cells and the fact that it absorbs phenol red from the DMEM-C media and is heavier than other microcarriers. Being heavier would mean that the speed of the impeller in a dynamic environment needs to be increased to assure suspension, which is not favorable for the cells due to shear stress (Betrachtungen, 1968). Gupta et al. (2018) described the effect of an initial culture period at a higher speed 60 rpm compared to 30 rpm, which resulted in a high accumulation of LDH. Therefore they hypothesized the relation of increase culture speed with cell death in the spinner flask system (Gupta et al., 2018). Plastic was also excluded for the following experiments due to the significant lower seeding efficiency compared to other microcarriers. FactII and Collagen did not perform significantly better than the xeno-free microcarriers, therefore we could exclude these animal protein containing microcarriers. The last microcarrier that was excluded for following experiments was Corning untreated, since preliminary results indicated difficulties in harvesting the cells. In addition, there was no specific coating attached to the microcarriers to facilitate the cells to attach to the microcarriers compared to Star-Plus and Plastic-Plus.

The final selection from these eight microcarriers that was assessed in a dynamic expansion are Cytodex-1, Star-Plus and Plastic-Plus.



Dynamic Microcarrier Screening Experiment

The microcarrier screening experiment in a dynamic expansion used the three chosen microcarriers from the first static screening experiment (Star-Plus, Plastic-Plus, and Cytodex-1) and added two interesting extra microcarriers (CultiSpher-S and Synthemax II dissolvable), which are both dissolvable. These were not yet included in the first screening experiment due to availability. However, since they have such an interesting characteristic of being dissolvable, they would have been included in the dynamic screening experiment regardless of their static performance.

These five microcarriers were all cultured in spinner flaks of 80 mL working volume in duplicates for 8 days. Although duplicates are not statistically valid data, there is still interesting information we can deduct from the metabolic results of the dynamic screening of the five microcarriers (Star-Plus, Plastic-Plus, Cytodex-1, CultiSpher-S and Synthemax II dissolvable), which are represented in Figure 5 and Table 3. What is immediately noticeable is the lack of cell growth in the second spinner flask with Cytodex-1 microcarriers. There was no lactate production, there was almost no glucose consumption and the LDH values spiked in the first metabolite sample after 24 h of cell culture. Therefore we will exclude the second spinner flask of Cytodex-1 in further discussions. Overall, the lowest glucose concentration was 13.12 mM and the highest lactate concentration was 17.35 mM indicating that there was no glucose limitation or lactate inhibition.
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FIGURE 5. Metabolic profiles for the dynamic screening experiments of the microcarriers Star-Plus, SynthemaxII dissolvable, Plastic-Plus, Cytodex1, and Cultispher-S. The experiments were performed in duplicates for each of the microcarriers. (A) Cumulative lactate measurements, (B) cumulative glucose measurements and (C) Lactate Dehydrogenase (LDH) measurements.



TABLE 2. Fold increase data for hPDCs expanded during dynamic screening experiment of 8 days.
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TABLE 3. Metabolites data for hPDCs expanded during dynamic screening experiment of 8 days.
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The metabolic readouts collected in this experiment are used as a ‘surrogate marker’ for cell proliferation. The first indication of cell growth is a low minimum glucose concentration or high glucose consumption, since an increase in cells would require an increase in nutrient consumption. A second and similar cell growth indication is based on lactate, where an increase in cells would result in an increase of waste products (Schop et al., 2009). And finally, high LDH concentration are used to indicate cell death (Lobner, 2000). Based on these assumptions, both spinner flaks with Star-Plus microcarriers have the best metabolic profiles in relation to cell growth. They combine a high glucose consumption, intermediate lactate production and low LDH values. On the other hand, both Cultispher-S spinner flasks indicate a low amount of cell proliferation based on the lowest glucose consumption, rather low lactate production and rather high LDH concentrations. Cytodex-1 is similar to Cultispher-S but performs slightly better based on the metabolite indications. Both Plastic-Plus and SynthemaxII have contradicting metabolic profiles. Plastic-Plus (1) and SynthemaxII (2) have high values for glucose consumption and lactate production but also a high LDH value, which might indicate a high cell growth combined with a high cell death. For Plastic-Plus (2) and SynthemaxII (1), the glucose consumption and lactate production are lower as well as the LDH values indicating a slower cell growth with lower cell death.

The cell quantity of the experiment was only measured at seeding and at harvesting since intermediate sampling of only 250μL was not representative for the whole spinner flask due to heterogenous sampling. In an effort to measure the cell growth during cell culture, daily DNA samples were taken but there was too much clumping, especially for Cultispher-S, to be representative for the whole spinner flask. Increasing the sample volume would make the sample more representative, but it would also influence the cell growth number. An alternative would be to harvest whole spinner flasks every day. However, the metabolites data described above gives an indication of cell growth or cell death through the cell culture period.

The cell number estimate before harvest was performed by sampling 4 mL of the cell culture and measuring the DNA content. This DNA content was translated to cell number using equation 3, the result is visualized in Figure 6 and Table 2. However, the harvesting protocol used to obtain these results was the one suggested by the manufacturer. These experiments were performed before investigating more optimal harvesting protocols, since optimizing the harvesting of all possible microcarriers was not in the scope of this project. Once a microcarrier was chosen, it was valuable to investigate the harvesting protocol of that specific microcarrier. Ideally this screening experiment could be repeated in case the harvesting protocol of all microcarriers is optimized. Using the manufacturing protocol means that the cells were harvested using a low stirring speed of 50 rpm for 15 min instead of the optimized protocol used in final dynamic microcarrier evaluation experiment, where the stirring speed is increasing toward 150 rpm with an additional 5 s at 200 rpm.
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FIGURE 6. Cell quantity observations for the dynamic screening experiments of the microcarriers Star-Plus, SynthemaxII dissolvable, Plastic-Plus, Cytodex1, and Cultispher-S. The experiments were performed in duplicates for each of the microcarriers. (A) The DNA amount of the cells attached to the microcarriers on day 8 before harvest was measured and converted to a cell quantity. (B) The cells after harvest were measured for each spinner flask and (C) the harvest efficiency was calculated based on the comparison of the cells before harvest with the cells after harvest.


The dynamic microcarrier screening experiment in this work shows proliferation results for hPDCs seeded at 33000 cells/mL and cultured for 8 days to reach a fold increase before harvesting of 8.0 for Cytodex-1, 7.5 ± 0.2 for Plastic-Plus, 4.9 ± 1.8 for Synthemax II dissolvable, 4.4 ± 0.4 for Star-Plus and 3.3 ± 0.7 for Cultispher-S (Table 2). Data from Gupta et al. (2018), also working on the expansion of hPDC in spinner flasks, presented a fold increase of 3.2 ± 0.64 after 12 days of hPDCs expansion on Cultispher-S in Fetal Bovine Serum (FBS) based medium (Gupta et al., 2018). However, it is important to be able to harvest the cells from the microcarriers to be used in cell therapies. Since the harvesting in the dynamic microcarrier screening experiment was performed using the manufacturer’s protocol without optimization, this was rather low. The final fold increase of the cells after harvesting was therefore almost zero for Cytodex-1, 1.5 ± 1.1 for Plastic-Plus and CultiSpher-S, 1.6 0.3 ± for Star-Plus and 4.0 ± 1.4 for Synthemax II dissolvable (Table 2).

From the results of both static and dynamic screening, we selected Star-Plus as an interesting xeno-free microcarrier for the expansion of hPDC to be evaluated in the third experiment. Synthemax II dissolvable was initially the preferred microcarrier for the follow-up experiment due to the simplicity of harvesting, but the microcarrier was discontinued and could not be re-ordered at that time. Similar preferences for Synthemax II dissolvable were reported by Rodrigues et al. (2019), who investigated the expansion of human induced pluripotent stem cells (hiPSCs) on microcarriers. Synthemax II dissolvable resulted in a fold expansion of 4.0 ± 0.8 after 5 days of cell culture (Rodrigues et al., 2019). The reason for not selecting Cytodex-1, was due to the extreme low harvest efficiency, which was also reported in previous research. For example, Kehoe et al. (2012) published harvest efficiency data of 12% for Cytodex-1, whereas we only recovered 1%. Loubière et al. (2019) presents similar findings for the expansion of umbilical cord derived wharton’s jelly MSCs, where cells remain attached to Cytodex-1 and Star-Plus and Plastic-Plus are the preferred microcarriers. Plastic-Plus is also preferred in the work of Petry et al. (2016) where fold expansions of 16.4 and 13.8 are achieved after 7 and 6 days of culturing human Umbilical Cord MSCs (Petry et al., 2016). However, they did not compare with Star-Plus, probably because Star-Plus is the newest microcarrier of the SoloHill microcarriers (Sartorius), released at the end of 2015.



Quality Assessment After Star-Plus Expansion

After the initial screening experiments, this work investigated the potential of Star-Plus microcarriers for the expansion of hPDCs. Six different spinner flasks were used, where two donors were expanded in triplicates for 8 days. The quality of the cells after cell expansion on Star-Plus microcarriers was assessed. Donor 1 was 22 years old during biopsy, while donor 2 was 37 years old. Based on literature, we suspect that this age difference could cause differences between the donors regarding their in vitro and in vivo potential (De Bari et al., 2001). After 8 days of cell culture, the cells were harvested using an improved harvesting method compared to the screening experiments, where the manufacturer’s protocol was followed. This improved protocol was based on the work of Nienow et al. (2014), where the cells were incubated for more than 15 min in an enzymatic detachment solution while being stirred at 150 rpm instead of the suggested 40 rpm of the manufacturer, with an additional 5 s at 200 rpm. Their work increased the harvest efficiency of Plastic microcarriers from less than 5 % to higher than 95% (Nienow et al., 2014). In our work, the harvesting efficiency for Star-Plus increased from 37% in the dynamic screening experiment up to 97% in dynamic evaluation experiment. This method was also used in the microcarrier screening work of Rafiq et al. (2016).

The cells harvested after 8 days of cell culture in spinner flasks are visualized in Figure 7. The average final cell number, cell density and fold increase after harvesting is shown in Table 4. This fold increase of 3.56 for donor 1 is similar to the 2D control of the tissue flask expansion previous to the start of the spinner flask expansion. When extrapolation the cell counts after a 5 day expansion in the tissue flask to 8 days, the fold increase would be 3.22. Due to the high variations in cells harvested from donor 1, there is no statistical difference between the two donors. This variation could be caused by the order of harvesting, where donor 1, spinner flask 1 was harvested first, followed by spinner flask 2 and 3, after which donor 2 was harvested in the same sequence. Increasing knowledge about harvesting the cells throughout the process could result in increased numbers of cells harvested according to the sequence of the three spinner flasks. Besides cell counts, the following evaluations indicate a visible difference between donor 1 and 2. However, cells from both donors expanded on Star-Plus retain their chondrogenic potential, in vitro as well as in vivo.


[image: image]

FIGURE 7. Cell counts of the dynamic Star-Plus evaluation for each of the triplicate spinners of each donor.



TABLE 4. Cell quantity after harvesting the cells cultured for 8 days in 6 different spinner flasks.

[image: Table 4]
All cumulative metabolite concentrations were significantly different on day 8 between donor 1 and donor 2, using a two-sample t-test with 95% confidence level. The metabolic activity of the cells is visualized in Figure 8. According to the findings of Schop et al. (2009), growth inhibition for human MSC’s occurs at 35.4mM for lactate concentrations and 2.4 mM for ammonia (Schop et al., 2009). The medium in the spinner flasks of donor 1 reached a maximum lactate level of 25.39 mM at day 7, while the spinner flasks of donor 2 reached a maximum lactate level of 11.84 mM at day 7. Highest ammonium levels for donor 1 were reached on day 5 with a value of 1.75 mM, whereas the culture medium reached a maximum of 1.61 mM at day 7. Due to the high glucose concentration of 25 mM in the medium, the concentration never dropped below 10 mM during the whole cell culture expansion. In addition, the pyruvate concentration starting at 0.95 mM never drops below 0.20 mM. Therefore we can assume there were no inhibitory effects due to glucose or pyruvate depletion or due to a high accumulation of lactate or ammonia.
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FIGURE 8. Metabolic profiles for the dynamic Star-Plus evaluation for an average of the triplicate spinners for each of the donors. (A) Cumulative glucose measurements, (B) cumulative lactate measurements, (C) pyruvate measurements, and (D) ammonium measurements.


The live-dead staining of the cells on day 1, 4, and 6 of the cells on microcarriers are shown in Figure 9. On day 4, the amount of cells per microcarrier from donor 2 were visibly lower than the density of cells per microcarrier from donor 1. In addition, agglomeration is visible early on in the cell culture expansion, which could limit the cell growth. One method to decrease the agglomeration size is to add more microcarriers to increase the surface area (Ferrari et al., 2012). Another method is to increase the impeller speed in order to reduce the agglomerate size (Jossen et al., 2018). However, increasing the speed of the impeller should be properly investigated, because it could cause unwanted shear stress on the cells (Hewitt et al., 2011).
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FIGURE 9. Live dead stainings for the dynamic Star-Plus evaluation on day 1, 4, and 8 for both donor 1 and donor 2. Live cells are stained green by calcein and dead cells are stained red by ethidium.


The International Society for Cellular Therapy (ISCT) proposes as a minimal criteria for MSCs that the markers CD73, CD90, and CD105 should be higher than 95% and the hematopoietic markers (CD14, CD20, CD34, and CD45) should be lower than 2% (Dominici et al., 2006). The FACS results for the cells cultured in spinner flaks compared to tissue flasks are represented in the Supplementary Figure 2, where the average expression of CD73 and CD90 are both higher than 95% and the hematopoietic markers are lower than 2%, while the expression of CD105 is reduced to an average of 90%. However, the reduced expression of CD105 has been observed in other literature using dynamic 3D cultures and is reported to be reversible when replating on 2D plastic tissue culture. The causes suggested in literature for the decrease are a too long detachment period, high concentrations of harvesting agent or high agitation rates (Brown et al., 2007; Potapova et al., 2008; Frith et al., 2010; dos Santos et al., 2011). Similar results for both a decrease in CD90 and CD105 were observed by Gupta et al. (2018, 2019) after the expansion of hPDCs on Cultispher-S in spinner flasks, which were described as non-significant. To conclude from these results, the hPDCs immunophenotypic markers were not permanently altered due to the spinner flask culture period and the following in vivo experiments will give a better inside in the impact of spinner flasks on the potency of the cells. The gene expressions visualized in Figure 10 are averaged over the three spinner flasks for each donor. These gene expressions on day 8 of the cell culture are compared to day 0 for bone morphogenetic protein 2 (BMP2), collagen I (COL1A1), RUNX family transcription factor 2 (Runx2), osterix (SP7), sex determining region box 9 (Sox9), collagen 2 (COL2A1), and aggrecan (ACAN). The significant difference between each donor with the control on day 0 or the difference between the donors is calculated using the means and standard deviations of the biological triplicates and indicated by the symbol (∗). In case a donor is significantly different from 0, the symbol is presented above the graph of that donor and in case the donors are significantly different from each other, the symbol is indicated besides the graph title from that gene. These results indicate that none of all the genes are simultaneously significantly different for both donors in the same direction. What is visible, is that for Col1a1 both donors are significantly different from the control on day 0, but for donor 1 this is a significant increase, while for donor 2 this is a significant decrease. The effect on gene expression of using Star-Plus in the expansion of the hPDCs is inconsistent between the two donors, which suggests that the influence is more related to donor variability than the expansion on microcarriers.
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FIGURE 10. The graphs represent the average gene expressions from hPDCs cultured on Star-Plus in triplicate spinner flasks for two different donors after 8 days compared to day 0. The analyzed genes were bone morphogenetic protein 2 (BMP2), collagen I (COL1A1), RUNX family transcription factor 2 (Runx2), osterix (SP7), 573 sex determining region box 9 (Sox9), collagen 2 (COL2A1), and aggrecan (ACAN). The test uses a significance level of 95%, where (*) placed besides the gene name indicates a significant difference between donor 1 and 2 and (*) placed at the value of a donor indicates the significant difference between that donor on day 8 compared to day 0.


Sox9, a transcription factor indicative of chondroprogenitor cells, is upregulated for donor 2 and the potent bone inducer BMP2 for donor 1, indicative for genes related to differentiation via the osteogenic lineage (Ikeda et al., 2005; Ji et al., 2017). Although both Sox9 and BMP2 show a distinct upregulated trend, the fold change in both cases is rather low. The down regulation of collagen related cells in the case of donor 2 might suggest that cells are still in a proliferative state and have not yet reached confluency, which would allow secretion of collagen-based extracellular matrix (Tucker et al., 2020). This discrepancy in potency between donors is an integral challenge of the autologous cell therapy field but the qualitative match between in vitro measured quality attributes and subtle in vivo differences provides hope that markers for evaluating this difference could be develop in the future.

The chondrogenic, osteogenic and adipogenic differentiation after 2 weeks or 3 weeks of differentiation for the cells culture during 8 days in spinner flasks are visualized in Figure 11. The trilineage differentiation after expansion in spinner flasks of both donors compared to the control of a 2D expansion on tissue flasks, confirm that the cells retain their initial bone and cartilage forming potency.
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FIGURE 11. Trilineage differentiation of the dynamic Star-Plus evaluation for a control sample without differentiation medium, a 2D sample from cells cultured in tissue flasks and 3D samples from cells of two different donors cultured in spinner flasks on Star-Plus microcarriers.


Analysis of the CT scans from the scaffolds, seeded with cells after 8 days of spinner flask expansion and after 8 weeks of implantation in nude mice are shown in Table 5. The same table also represents the control scaffolds, which were implanted with cells cultured statically in 2D tissue flasks. These results show that no matter what culture system is used, there is a significant difference between donor 1 and 2 when looking at the bone formation. What is also important to notice is that there is no significant difference in bone formation between the two culture systems. This suggests that the cells cultured in spinner flasks with Star-Plus microcarriers achieve similar bone volume formation as the cells cultured in the standard used tissue flasks. In addition, donor 1 has a significant higher bone formation compared to donor 2, both after the 2D as well as 3D expansion. For donor 1, a more developed bone domain has been developed within the CaP scaffolds with a clear presence of bone marrow compartment, suggesting a more rapid process of bone tissue formation. This same trend is visible in the hematoxylin-eosin (H&E) as well as Masson’s trichrome stainings, which are presented together with the CT scans in Figure 12 for donor 1 and Figure 13 for donor 2.


TABLE 5. Bone percentages analyzed from CT scans of cells implanted on NuOss scaffolds after 8 days of expansion on spinner flasks compared to cells only expanded in tissue flasks.
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FIGURE 12. Visualization of explant donor1 spinner flask1 results. (A–C) Masson’s Trichrome staining. (D–F) H&E staining. (G–I) nanoCT scans 2D sections in all 3 planes.



[image: image]

FIGURE 13. Visualization of explant donor 2 spinner flask1 results. (A,B) Masson’s Trichrome staining. (C,D) H&E staining. (E–G) nanoCT scans 2D sections in all 3 planes.


Besides these in vitro methods, which are mainly used in other research on microcarriers, this work also uses in vivo bone forming experiments to assess the potency of the cells. The same conclusion for in vivo as the in vitro methods can be made, namely that both cell batches after the spinner flask expansion of the two different donors have no significant difference in bone formation compared to their 2D control.

Such in vivo bone forming experiments are used in other research, also to assess the quality of cells after a cell expansion process under specific conditions (Weiss et al., 2012). The work of Gupta et al. (2019) used this type of experiments to validate the positive effect of hPL on the in vivo bone forming potential of hPDCs expanded on Cultispher-S microcarriers in spinner flaks (Gupta et al., 2019). Indications of bone volume percentages achieved of other studies using hPDCs are shown in Table 6. Studies where bone volume percentage of a specific culture system is compared to the standard tissue flask system are interesting to compare with. Although the results of the multiplate bioreactor and the hollow fiber are slightly higher than the results of this work, they are not significantly different from their tissue flask control. This indicates that the variation between the systems is due to donor variability and not the cell culture system. The other bone percentage results from literature show that the cell-carrier combination of hPDC and NuOss is superior compared to Bio-Oss, Collagraft and Vitoss.


TABLE 6. Bone percentages after ectopic implantation of hPDCs on scaffolds in mice for 8 weeks. Data gathered from literature.
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These results demonstrated that using spinner flasks with Star-Plus microcarriers has no significant difference in cell potency compared to tissue flask cultures. Besides comparing the results of this work with the standard used tissue flasks, other cell culture systems are also interesting to compare to. hPDCs have also been evaluated in a multiplate bioreactor (Xpansion, Pall life sciences) (Lambrechts et al., 2016b) and a hollow fiber bioreactor (Quantum, Terumo) (Lambrechts et al., 2016a), which both conclude that the cells retain their bone forming potency. The main differences and tradeoffs in cell culture systems are the price of the culture system, whether the system is re-usable or disposable, the efficiency of the downstream processes and how well the system can be automated to reduce variations and increase process efficiency.




CONCLUSION

In conclusion, this work demonstrates that Star-Plus is a suitable microcarrier for the expansion of hPDCs in suspension culture. During this expansion process a xeno-free medium was used in 100 mL spinner flasks on different donors. Both in vitro assessment, but more importantly also in vivo assessments of the expanded hPDCs were carried out. The results of this work showed no significant difference in bone forming potential between the dynamic expansion and the standard tissue flask expansion. Therefore, this work presents a scalable production process of hPDCs using Star-Plus microcarriers in spinner flasks, where the cells maintain their bone forming potential in vivo. In this work we demonstrate that expansion efficiency, while safeguarding potency and cell functionality, can be obtained in a clinically relevant context.
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A Chemically Defined, Xeno- and Blood-Free Culture Medium Sustains Increased Production of Small Extracellular Vesicles From Mesenchymal Stem Cells
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Cell therapy is witnessing a notable shift toward cell-free treatments based on paracrine factors, in particular, towards small extracellular vesicles (sEV), that mimic the functional effect of the parental cells. While numerous sEV-based applications are currently in advanced preclinical stages, their promised translation depends on overcoming the manufacturing hurdles posed by the large-scale production of purified sEV. Unquestionably, the culture medium used with the parental cells plays a key role in the sEV’s secretion rate and content. An essential requisite is the use of a serum-, xeno-, and blood-free medium to meet the regulatory entity requirements of clinical-grade sEV’s production. Here, we evaluated OxiumTMEXO, a regulatory complying medium, with respect to production capacity and conservation of the EV’s characteristics and functionality and the parental cell’s phenotype and viability. A comparative study was established with standard DMEM and a commercially available culture medium developed specifically for sEV production. Under similar conditions, OxiumTMEXO displayed a three-fold increase of sEV secretion, with an enrichment of particles ranging between 51 and 200 nm. These results were obtained through direct quantification from the conditioned medium to avoid the isolation method’s interference and variability and were compared to the two culture media under evaluation. The higher yield obtained was consistent with several harvest time points (2, 4, and 6 days) and different cell sources, incluiding umbilical cord-, menstrual blood-derived mesenchymal stromal cells and fibroblasts. Additionally, the stem cell phenotype and viability of the parental cell remained unchanged. Furthermore, OxiumTMEXO-sEV showed a similar expression pattern of the vesicular markers CD63, CD9, and CD81, with respect to sEV derived from the other conditions. The in vitro internalization assays in different target cell types and the pharmacokinetic profile of intraperitoneally administered sEV in vivo indicated that the higher EV production rate did not affect the uptake kinetics or the systemic biodistribution in healthy mice. In conclusion, the OxiumTMEXO medium sustains an efficient and robust production of large quantities of sEV, conserving the classic functional properties of internalization into acceptor target cells and biodistribution in vivo, supplying the amount and quality of EVs for the development of cell-free therapies.

Keywords: small extracellular vesicle, exosome, culture medium, xeno-free cell culture, blood-free cell culture, serum-free cell culture, chemically defined, mesenchymal stem (stromal) cells


INTRODUCTION

The therapeutic effects of mesenchymal stem/stromal cells (MSCs) are predominantly based on their secretome, consisting of bioactive secretion of factors and, notably, extracellular vesicles (EV) (Camussi et al., 2013; Pegtel and Gould, 2019; Witwer et al., 2019). Currently, about 1,175 MSC-related clinical trials are listed in the NIH clinical trial database (search carried out in September 2020)1. A few dozen cell-based therapies have obtained market authorization in several countries (Cuende et al., 2018), and at least another dozen of approved MSC-based therapies are expected to reach the market by the year 2030 (Olsen et al., 2018). We have recently demonstrated (Kurte et al., 2020) that MSC’s high immunoplasticity depends on the exposure duration with the inflammatory milieu, leading into either an enhanced or an impairment therapeutic activity, a matter of great concern for their clinical use. Both the translational advances and the limitation of the use of MSC in some clinical applications have pushed the field toward exploring their therapeutic potential without the need for cell transplantation.

Small extracellular vesicles (sEV) are non-self-replicative lipid-based vesicles secreted by virtually all types of cells under both physiological and pathological conditions (Kalluri and LeBleu, 2020). Unlike cell-based therapy, the use of sEV therapeutics is free of safety concerns related to uncontrolled cell division and immune rejection (Alcayaga-Miranda et al., 2016; Baharlooi et al., 2020). sEV are characterized by bodies smaller than 200 nm in diameter with tetraspanins CD63, CD81, and CD9 present in their membrane (Théry et al., 2018; Witwer et al., 2019). The innovative cell-free strategy based on the application of EV provides the functional effect of the parental stem cell without the negative influence of the pathological environment on their secretion profile. Their role in regenerative medicine is based on the fact that they could “mediate most of beneficial regenerative effects of MSCs without possible side effects of using MSCs themselves” (Sagaradze et al., 2018), showing similar or even superior therapeutic capacity than the treatment with their parental MSCs (Willis et al., 2017). Considering the burst of interest in their biological effects, the use of sEV as cell-free therapy is widely under investigation with promissory preclinical results (Lener et al., 2015; Alcayaga-Miranda et al., 2016; Rosenberger et al., 2019). Moreover, the choice of using sEV over liposomes and other artificial nanoparticles such as nanocarriers has been backed by their higher stability (Askenase, 2020). Currently, only a handful of sEV-based therapeutics have evolved to a state that is mature enough for clinical evaluation (Zipkin, 2019). When products retain uncertainties regarding early steps of development and manufacturing validation, such as reagent use and procedures, their clinical application is faced by regulatory hurdles and reluctant sponsors, hindering their translational pathway (Mastrolia et al., 2019).

The cell culture industry, considered as the main pillar of the biopharmaceutical market, is witnessing a drift away from fetal bovine serum (FBS)-based formulations, favoring the development of chemically defined media, especially for clinical-grade cultures (Kalorama Information, 2018). According to regulatory agencies, manufacturers of human biological medicinal products must favor the use of non-ruminant material in order to avoid the risky use of potentially infectious materials (United States Food and Drug Administration, 2020). Their guidelines propose the use of human platelet lysate (hPL) as an alternative to FBS (European Medicines Agency, 2013; Guiotto et al., 2020). Therefore, new media formulations containing xeno- and blood-free components are required to circumvent the regulatory restrictions, ensuring at the same time the performance consistency in cell culture media. Amidst the cells with therapeutic potential, MSCs are considered as “a critical raw material for regenerative medicine products, including cell-based therapies, engineered tissues, or combinations products” (Olsen et al., 2018).

Since FBS or hPL are supplements rich in their own sEV, the production of both research and clinical-grade sEV must be carried out in exogenous sEV-free medium in order to avoid the contamination of the produced and the exogenous sEV. The use of a serum-depleted medium or medium without FBS (often called “serum starvation”) provides an undesired stress environment, which is suboptimal for cell growth and viability, and therefore an undesirable reduction in the secretory rate of sEV to the supernatant (Lehrich et al., 2018; Haraszti et al., 2019). Furthermore, the generated oxidative-stress products can be shuttled within the sEV cargo, leading to important concerns for functional changes and adverse effects. In order to reduce time and resources needed to produce a therapeutic dose, new compliant media are required as the central part of the GMP-compliant manufacturing strategy for increased and reproducible sEV production. A defined and consistent protocol devoid from contaminant and oxidative stress agents will fulfill the quality-control requirements necessary for batch releases, regulation fulfillment, and the taking of sEV’s advantages, such as low toxicity, biocompatibility, biological permeability/distribution, ease of handling and storage, and the possibility of loading them in order to use them as drug-delivery vehicles (Roura and Bayes-Genis, 2019; Zipkin, 2019).

Here, we report the use of a new serum-, xeno-, and blood-free medium (OxiumTMEXO), tested for the production of extracellular vesicles from umbilical cord-derived human MSCs (UC-MSCs), menstrual blood-derived human MSCs (Mens-MSCs), and fibroblasts. UC-MSCs were chosen because previous work in our laboratory showed that these cells exhibit higher clonogenic, proliferative, and migration potential than bone marrow-derived MSCs (BM-MSCs) and enhanced the secretion of chondrogenic factors (González et al., 2015; Bartolucci et al., 2017). The latter led to probe and demonstrate their safety and efficacy as cell therapy for knee osteoarthritis treatment (Park et al., 2017; Matas et al., 2019). In a similar way, our laboratory and others had demonstrated several therapeutic effects of Mens-MSCs, including antitumor properties (Alcayaga-Miranda et al., 2016; Chen et al., 2019; Rosenberger et al., 2019), and their superiority with respect to several functional aspects in comparison with BM-MSCs (Alcayaga-Miranda et al., 2015a), making them interesting candidates for research in cell-based or cell-free cancer treatments, research that is still ongoing today in our lab. Finally, fibroblasts were used as a non-MSC cell lineage control. Compared to standard (DMEM) and commercially available medium, the cell culture in OxiumTMEXO showed a superior performance in terms of sEV-production numbers while maintaining MSCs and sEV characteristics in vitro and in vivo. OxiumTMEXO can represent an alternative to produce sEV from tissue-derived human MSCs, applicable from the bench to a large-scale platform, while maintaining cell phenotype and multipotency potential of the sEV cell source.



MATERIALS AND METHODS


Ethics Statement

Menstrual blood and umbilical cord were collected from healthy donors, and osteoarthritis (OA) cartilage was obtained from patients undergoing hip surgery. All tissue samples were collected after written informed consent following institutional guidelines and ethical committee approval. All animal studies were performed at the Cells for Cells Animal Facility in accordance with protocols revised and approved by the Institutional Animal Care and Use Committee of Universidad de los Andes.



Cell Culture, MSC Characterization, and hPL Preparation

Mesenchymal stromal cells (MSCs) were isolated, characterized, cultured, and expanded as we previously described (Alcayaga-Miranda et al., 2015a,b; Bartolucci et al., 2017; Matas et al., 2019) and cryopreserved at low passage (<5) until use. Briefly, cells were cultured in a maintenance medium composed of Dulbecco’s modified Eagle’s medium (DMEM), high glucose, supplemented with 1% penicillin/streptomycin solution (10,000 U/mL and 10,000 μg/mL, respectively), 1% L-glutamine (200 mM) (all from Gibco, Paisley, United Kingdom), and 5% human platelet lysate (hPL).

All MSCs were characterized according to the guidelines of the International Society for Cell and Gene Therapy (ISCT) (Dominici et al., 2006). The trilineage differentiation capacity of UC-MSCs cultured for 6 days in DMEM, OxiumTMEXO, or commercial medium was evaluated using the StemProTM differentiation kits (Gibco, Life Technologies, New York, NY, United States) in accordance with the manufacturer’s instructions with some modifications. In brief, to induce osteogenic differentiation, cells were grown at 5 × 104 cells/cm2 with StemProTM Osteogenesis Differentiation Kit (Cat. #A1007201). After 14 days, calcium deposits were detected by Alizarin Red staining (Sigma-Aldrich, Merck, St. Louis, MO, United States, Cat. #A3757). To induce adipogenic differentiation, cells were incubated with StemProTM Adipogenesis differentiation kit (Cat. #A1007001) medium at 1 × 104 cells/cm2. After 14 days, cell differentiation into adipocytes was confirmed by Oil Red O staining of lipidic vacuoles (Sigma-Aldrich, Merck, St. Louis, MO, United States, Cat. #O0625). For chondrogenic differentiation, cells were incubated at 1.7 × 105 cells/μL in 10 μL of culture medium for 1 h to favor micromass formation. Then, cells were cultured in StemProTM Chondrogenesis differentiation kit (Cat. #A1007101) differentiation medium according to the manufacturer’s instructions for 21 days, assessing chondrogenic differentiation with Safranin O staining (Sigma-Aldrich, Merck, St. Louis, MO, United States, Cat. #S2255). Immunophenotyping of MSCs was performed by staining with monoclonal antibodies against CD105 (Cat. #560819), CD90 (Cat. #555596), CD73 (Cat. #561258), HLA-DR-DP-DQ (Cat. #555558), CD34 (Cat. #555824), CD19 (Cat. #644491), CD14 (Cat. #555398), and CD45 (Cat. #5554829) (all from BD Pharmingen, San Diego, CA, United States) using standard protocol. The staining was performed for 20 min at 4°C in darkness, and the dead cells were discarded using Live/Dead fixable yellow stain (Life Technologies, Carlsbad, CA, United States, Cat. #L34968). The analysis was performed by flow cytometry using a FACSCantoTM II cytometer (BD Biosciences, San Jose, CA, United States). The data acquired were analyzed using the FlowJo software V10 (Tree Star, Ashland, OR, United States). The analysis was performed on a minimum of three different cell cultures with cells at passage 5.

To prepare hPL, human-donor platelets (n = 20) were obtained from a blood bank using the platelet apheresis method. hPL was prepared in accordance with a previously described method with some modifications (Burnouf et al., 2016). Briefly, 20-donor pooled groups of platelets were thawed at 37°C for 3 h and then frozen at −80°C overnight. The thaw-and-freeze steps were repeated two times. To remove membrane fragments, the lysate was centrifuged at 13,000 g at 4°C for 20 min and the supernatant was filtered through a 40-μm cell strainer (Falcon, Corning, Tewksbury, MA, United States, Cat. #352340). For the depletion of fibrinogen, 10% w/v sterile CaCl2 (Laboratorio Sanderson, Santiago, Chile, Sanitary Registration #F13540/14) was added to a final concentration of 10 mM. The solution was incubated at 37°C for 2 h to allow the formation of fibrinogen clot, then vortexed for the disruption of the clot and centrifuged at 13,000 g for 15 min at 4°C. The supernatant was filtered in a 40-μm cell strainer, mixed, and aliquoted to freeze at −80°C until use.

Chondrocytes were isolated, characterized, cultured, and expanded as previously described (Rackwitz et al., 2014). Human MSCs and human chondrocytes were donated by Cells for Cells (Las Condes, Santiago, Chile)2. Normal human dermal fibroblasts were purchased from Lonza (Walkersville, MD, United States, Cat. #CC-2511), and the metastatic human breast cancer MD-MB-231 cell line was obtained from the American Type Culture Collection (Manassas, VA, United States, Cat. #HTB-26TM) and cultured according to the manufacturer’s protocol. All cells were maintained in a humidified incubator (37°C; 5% CO2) and regularly tested for mycoplasma contamination using a PCR detection kit (Applied Biological Materials Inc., Richmond, BC, Canada, Cat. #G238) according to manufacturer’s instructions.



Apoptosis Assay

The cellular apoptosis was evaluated following the protocol as previously described by our group (Rosenberger et al., 2019). Briefly, 6,250 cells/cm2 were seeded in 100 mm plates (Falcon, Franklin Lakes, NJ, United States, Cat. #353003) in maintenance medium. After 48 h, the culture medium was removed, and the cells were washed three times with phosphate-buffered saline (PBS 1×) before starting the culture in the different induction medium: (a) DMEM high glucose + 1% L-glutamine; (b) OxiumTMEXO (Consorcio Regenero S.A., Las Condes, Santiago, Chile; patent No. PCT/CL2019/100175, Tapia-Limonchi et al., 2019); or (c) commercial medium (RoosterBio Inc., Frederick, MD, United States, Cat. #M2001). After 6 days, cell supernatants were mixed with the trypsinized cells in order to include detached dead cells in the analysis. Then, cells were stained with Annexin V-APC (BioLegend, San Diego, CA, United States, Cat. #640920) and 7-aminoactinomycin D (7-AAD) (BioLegend, San Diego, CA, United States, Cat. #420403) in Annexin V binding buffer (BioLegend, San Diego, CA, United States, Cat. #422201). The analysis was performed by flow cytometry using a FACSCantoTM II cytometer (BD Biosciences, San Jose, CA, United States). The data acquired were analyzed using the FlowJo software V10 (Tree Star, Ashland, OR, United States).



Small Extracellular Vesicle Production, Isolation, Characterization, and Staining

Small extracellular vesicles were produced and purified as previously described by our group with some modifications (Alcayaga-Miranda et al., 2016; Lopez-Verrilli et al., 2016; Rosenberger et al., 2019). Briefly, UC-MSC cells in passage 5 were seeded and expanded in a maintenance medium on three 10-layer NuncTM EasyFillTM Cell FactoryTM systems (Thermo Fisher Scientific, Waltham, MA, United States, Cat. #140400) with a density of 6,250 cells/cm2. After cells reached ∼70% confluence, the maintenance medium was discarded and cells were washed three times with PBS 1× before addition of the induction media for sEV production: (a) DMEM high glucose + 1% L-Glutamine; (b) OxiumTMEXO (patent No. PCT/CL2019/100175); or (c) commercial medium (RoosterBio Inc., Frederick, MD, United States, Cat. #M2001). After 6 days, supernatants were collected and divided into two (in order to achieve two independent sEV’s isolations per medium), subjected to serial centrifugations of 600 and 2,000 g for 10 min at 4°C and sequential filtration with 0.45- and 0.22-μm pore-size PVDF membranes, to later be subjected to ultracentrifugation (Thermo Electron LED GmbH, Langenselbold, Germany, model Sorvall WX+) at 100,000 g for 70 min at 4°C in a swinging bucket rotor (Thermo Fisher Scientific, Waltham, MA, United States, Model TH-641). The pellet obtained was resuspended in approximately 100 μl of PBS 1× and stored at −80°C until use. A diagram of the protocol for cell cultures for sEV production and isolation is shown in Supplementary Figure 1.

Nanoparticle tracking analysis (NTA) was performed on a NanoSight NS300 system (Malvern Instruments Limited, Worcestershire, United Kingdom) to determine particle concentration and size distribution following the manufacturer’s instructions. Briefly, sEV fractions were processed in duplicate and diluted with PBS 1× over a range of concentration to obtain between 10 and 100 particles per image. sEV samples were mixed before the analysis. Five videos of 60 s each per sample were captured (camera level = 8), processed (detection threshold = 3), and analyzed to give the mean and mode of the particle’s size, together with a total particle concentration. Further analyses of the collected data allowed the determination of particle concentration according to different size ranges of interest: 0–50 nm; 51–200 nm; 201–300 nm, and those over 301 nm.

Small extracellular vesicles characterization was performed following the International Society for Extracellular Vesicles guidelines (Théry et al., 2018). The evaluation of surface markers of isolated sEV was done as described previously with some modifications (Suárez et al., 2017; Mendt et al., 2018). Briefly, 1.4 × 109 particles resuspended in PBS 1× (400 μL) were incubated with Aldehyde/Sulfate Latex beads (1 μL) (Molecular Probes, Eugene, OR, United States, Cat. #A37304) in a rotatory mixer for 10 min at room temperature (RT). After the addition of PBS 1× (final volume of 800 μL), samples were incubated overnight in a rotatory mixer at 4°C. Four hundred microliters of 1 M glycine (0.33 M final concentration; United States Biological, Salem, MA, United States, Cat. #G8160) was added to the samples and incubated through continuous mixing for 1 h at RT. The samples were centrifuged at 8,000 g for 2 min at 4°C, and the pellet was resuspended in 100 μL 10% w/v Bovine Serum Albumin (BSA; Winkler Ltda., Santiago, Chile, Cat. #BM-0150) prepared in PBS 1× and incubated with continuous mixing for 45 min at RT. Then, the pellet was resuspended in 10 μL of 2% BSA solution containing separately the primary antibodies (0.5 μL) mouse α-human CD63 (Cat. #556019), CD81 (Cat. #555675), and CD9 (Cat. #555370) (all from BD Pharmingen San Diego, CA, United States) or containing the isotype control (5 μL) mouse IgG1 (BD Biosciences, San Jose, CA, United States, Cat. #349040); the incubations were performed under continuous mixing for 30 min at RT. The immunolabeled particle-coupled beads were washed once with PBS 1× and incubated with 25 μL of 10% BSA solution for 30 min at RT, to carry out a second wash step with PBS 1×. The pellet was resuspended in 10 μL solution containing 2% BSA and 0.5 μL of secondary antibody α-mouse IgG1 Alexa Fluor 488 (BioLegend, San Diego, CA, United States, Cat. #406626) and incubated for 30 min at RT. Finally, the sample was washed three times with PBS 1× and the pellet was resuspended in 100 μL of PBS 1× for the acquisition on the cytometer. The samples were analyzed on the cytometer FACSCantoTM II cytometer (BD Biosciences, San Jose, CA, United States) and were recorded with at least 1 × 105 events of beads. The data were analyzed using FlowJo software V10 (Tree Star, Ashland, OR, United States).

For western blot analyses, whole UC-MSC (obtained after 6 days of culture in DMEM, OxiumTMEXO or commercial medium) and isolated sEV lysates were obtained with RIPA 1× buffer containing 1% w/v of protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany, Cat. #118735800001). Total protein concentrations were determined with Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, United States, Cat. #23225), and 2.5 μg of each cell lysate or its corresponding sEV-lysate sample was mixed with Laemmli buffer 5×, heated for 5 min at 95°C, separated on 4–20% gels by SDS-PAGE, and transferred to PVDF membranes (GE Healthcare Limited, Chicago, IL, United States, Cat. #RPN303F). Membranes were blocked for 1 h at RT in Odyssey® Blocking Buffer (LI-COR Biosciences, Lincoln, NE, United States, Cat. #927-400000). Primary antibodies used were Syntenin-1 (1:1000; Novus Biologicals, Centennial, CO, United States, Cat. #NBP2-76873), Flotillin-1 (1:2000; Abcam Inc., Cambridge, MA, United States, Cat. #ab133497), Calnexin (1:2,000; Abcam Inc., Cambridge, MA, United States Cat. #ab22595), and TOMM20 (1:1,000; Novus Biologicals, Centennial, CO, United States, Cat. #NBP2-67501). For fluorescence detection of proteins, InvitrogenTM Goat anti-Rabbit (H + L) Highly Cross-Adsorbed secondary antibody, Alexa Fluor Plus 800, was used (1:25,000; Thermo Fisher Scientific, Waltham, MA, United States, Cat. #A32735). Protein signals were captured using a LI-COR Odyssey® imaging system (LI-COR Biosciences, Lincoln, NE, United States). For probing of other proteins on the same membrane, the membranes were washed three times for 10 min before re-incubation of the next primary antibody.

To verify the sEV structure, isolated sEV samples were visualized using transmission electron microscopy (TEM) as previously described (Zavala et al., 2020). Briefly, solutions of 2 × 109 particles in 12 μL final volume (completed with filtered PBS 1×) for each sample were prepared and deposited on formvar/carbon-coated copper meshes (Electron Microscopy Sciences, Hatfield, PA, United States, Cat. #FCF300-CU) for 1 min, followed by negative staining with 15 μL of 2% w/v uranyl acetate solution for 1 min and dried at RT for 15 min. Imaging was performed at the Advanced Microscopy Facility UMA UC on a Tecnai 12 BioTwin transmission electron microscope (operated at 80 kV; FEI Company, Eindhoven, Netherlands) with iTEM software (Olympus Soft Imaging Solutions GmbH, Münster, Germany). Representative images of each sample were taken at 6,000× and 20,500× magnifications.

Staining of sEV for in vitro and in vivo tracking was performed with the lipophilic near-infrared fluorescent cyanine dye DiR (Biotium, Fremont, CA, United States, Cat. #60017) as previously described by our group (Rosenberger et al., 2019). Briefly, purified sEV were incubated in the dark for 1 h at 37°C with DiR at a concentration of 71 μM and then washed using MW 3000 size-exclusion exosome spin columns (Invitrogen, Carlsbad, CA, United States, Cat. #4484449) according to the manufacturer’s instructions. After the spin column, the stained particles were analyzed to determine the concentration through NTA as described above. Note that the same volume of incubation was used in the case of PBS + dye controls.



Secretion Rate of Cell Culture–Derived sEV

Cells were seeded at a density of 6,250 cells/cm2 in a six-well plate in a maintenance medium (1 mL/well). Once ∼70% confluence was reached, the culture medium was discarded, and the cells were washed three times with PBS 1× before addition of the induction medium (DMEM or OxiumTMEXO or commercial) for sEV secretion. At different time points (2, 4, and 6 days), the supernatant (1 mL) was collected and evaluated directly through NTA to quantify the particles and to determine the mean and mode of particle size, as described above. The particle yield was calculated by dividing the number of particles by the number of seeded cells following the Minimal Information for Studies of Extracellular Vesicles (MISEV) guidelines (Théry et al., 2018).



Cellular Uptake of sEV

The evaluation of the uptake of isolated sEV generated in the different induction media was carried out as previously described by our group (Alcayaga-Miranda et al., 2016; Rosenberger et al., 2019). In brief, cells were seeded at a density of 10,000 cells/well in a 24-well format. After 24 h, cells were incubated with DiR-stained sEV (3.8 × 103 part/cell) for 6 h at 37°C. As negative controls of the internalization, the experiment was performed at 4°C, and one well at each temperature was incubated with PBS + DiR solution without sEV. To quantitatively measure the exosome uptake, the cells were trypsinized, washed with PBS 1×, and analyzed for DiR signal on the cytometer FACSCantoTM II cytometer (BD Biosciences, San Jose, CA, United States). The data was analyzed using FlowJo software V10 (Tree Star, Ashland, OR, United States).



In vivo Biodistribution Study

C57Bl/6j mice were purchased from Jackson Laboratories (Bar Harbor, ME, United States, Cat. #000664) and maintained at the Cells for Cells animal facility in accordance with protocols revised and approved by the Institutional Animal Care under American Association for Laboratory Animal Science (AALS) training and certification programs. To evaluate in vivo the biodistribution pattern of sEV produced in the different culture media, mice (20-week-old male/female) were intraperitoneally (IP) injected with a 100-μL PBS 1× solution containing ∼1 × 108 particles of freshly purified DiR-stained sEV and non-stained sEV (auto-fluorescence control) (n = 3 per group). Six hours postinjection, sEV’s fluorescence intensities were assessed using a LI-COR Odyssey imaging system (LI-COR Biosciences, Lincoln, NE, United States) for the entire animal and excised organs, according to the manufacturer’s instructions. As control of the sEV staining procedure, DiR was diluted in 100 μL PBS 1× (at a concentration of 71 μM) and then washed using size-exclusion exosome spin columns.



Statistical Analysis

Results were expressed as the mean ± SEM values. For in vitro data, two-way ANOVA followed by Tukey’s posttest was used for analysis of multiple-comparison groups and two-tailed Student’s unpaired t-test to compare two groups. For in vivo data, non-parametric tests were used dependently of each case (Kruskal–Wallis or Mann–Whitney). Statistical significance was shown as ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ****p < 0.0001. Error bars represent the standard error of the mean (SEM). The number of data used for the statistical analyses is indicated in the figure legends and corresponds to independent experiments.



RESULTS


Proliferation, Cell Surface Markers, and Multipotentiality of UC-MSCs Grown in OxiumTMEXO

In order to determine whether xeno-free media for sEV production alter the UC-MSC characteristics, we evaluated their proliferation rate, the expression of cell surface markers, and the tri-differentiation capacity. As displayed in Figure 1A, following 2, 4, or 6 days of culture, we found that at day 4 there is a change in the cell’s morphology only seen in OxiumTMEXO, forming a network which continues at least until day 6. Interestingly, from day 4 there is a significant increase in the proliferation of the cells maintained in OxiumTMEXO (Figure 1B), reaching at day 6 a mean of 1.36 × 105 live cells, three-fold more in comparison to DMEM (4.13 × 104 live cells) and the commercial medium (4.12 × 104 live cells).
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FIGURE 1. Characterization of UC-MSCs cultured in DMEM, OxiumTMEXO, and commercial medium for sEV production. Umbilical cord-derived mesenchymal stromal cells (UC-MSCs) were evaluated at 2, 4, or 6 days post-induction of sEV secretion with DMEM, OxiumTMEXO, and commercial medium. (A) Microscope images showing cell morphology at the different days post-induction, acquired with an Olympus CKX41 microscope using 10× magnification (scale bar 100 μm). (B) After 2, 4, and 6 days post-induction, live cells were counted with the Neubauer chamber. **P < 0.01, ****P < 0.0001, two-way ANOVA, followed by Tukey’s comparison test. (C) Flow cytometry analysis of MSCs’ classical surface and purity-control antigens at 6 days post-induction. Histograms of fluorescence intensity for each marker assayed are shown; gray histograms correspond to unstained cell control for each marker. Quantification of positive events for each marker is shown in terms of percentage of total events. (D) Multilineage differentiation capacity of UC-MSCs previously cultured for 6 days in the different induction media. Representative images are shown. (E) Detection of apoptosis and cell death according to Annexin V/7-AAD staining and its quantification 6 days post-induction. A representative dot plot is shown for each condition. The graphs show mean ± SEM, n = 6. *P < 0.05, One tailed t-student.


An important aspect of MSCs’ compatible culture condition is the maintenance of their stem features. Through the expression analyses of typical MSC surface antigens such as CD73, CD90, and CD105, the absence of CD14, CD19, CD34, CD45, and HLA-DR (as a MSC culture-purity assessment), plus a multi-lineage differentiation potential assay to osteoblasts, adipocytes, and chondrocytes, we were able to determine the stemness of UC-MSCs after being cultured for 6 days in the different media tested for sEV production. According to flow cytometry analyses, all UC-MSCs showed MSC-proper profiles for the expression of CD73 (>95%) and CD90 (>95%). Meanwhile, CD105 expression was moderately low in all conditions (>50%). As expected, cells grown in the different media showed a very low expression of CD14, CD19, CD34, CD45, and HLA-DR (<2%) (Figure 1C). Next, through a gold standard mesenchymal lineage differentiation protocol, UC-MSCs cultured for sEV production for 6 days in DMEM, OxiumTMEXO and a commercial medium retained the ability to differentiate into osteoblasts, adipocytes, and chondroblasts as seen by the morphology and positive staining by Alizarin Red for calcium deposits, by Oil Red O staining for lipid vacuoles and by Safranin O staining for matrix proteoglycans, respectively (Figure 1D). Negative controls for each type of differentiation are shown in Supplementary Figure 2. The present data commensurate the use of OxiumTMEXO as a compatible medium for sustaining MSCs’ growth while maintaining their stem cell characteristics ex vivo.



UC-MSCs Cultured in OxiumTMEXO Exhibit a Greater Viability Level Following sEV Production Cycle

To verify the viability status of the sEV-producing cells, a flow cytometry analysis of Annexin V and 7-AAD staining was performed (Figure 1E). The cells cultured for 6 days in OxiumTMEXO show significantly higher viability (74 ± 13%) and presented less apoptotic and cell death levels (22 ± 14%) in comparison with cells cultured in DMEM (viability = 58 ± 15%; apoptotic and death = 32 ± 17%) or in the commercial medium (viability = 67 ± 10%; apoptotic and death = 28 ± 11%).



OxiumTMEXO Sustains Higher Amounts of Secreted Particles

The key of this study is to set a comparative study, assessing the cell’s sEV secretion rate using different available media. The secreted particles were analyzed directly in the conditioned medium at day 2 (Figure 2A), day 4 (Figure 2B), and day 6 (Figure 2C) post-induction using the Nanoparticle Tracking Analysis (NTA). As displayed in Figures 2A–D, OxiumTMEXO induces a greater secretion of particles to the conditioned medium with respect to DMEM and the commercial medium at the different time points evaluated. Specifically, as shown in Figure 2D, at day 2 the cells cultured in OxiumTMEXO produced 60% more particles (1.36 × 109 ± 3.49 × 108) than in the commercial medium (8.48 × 108 ± 7.95 × 107), but there was no difference in comparison to DMEM (1.14 × 109 ± 2.47 × 108); at day 4 post-induction, there was a higher particle concentration, over three-fold, in the OxiumTMEXO conditioned medium (4.60 × 109 ± 6.80 × 108), which is different from that obtained in DMEM (1.40 × 109 ± 4.31 × 108), and in the commercial medium (1.30 × 109 ± 1.66 × 108); finally, at day 6, the particle concentration continued to increase to almost four-fold in OxiumTMEXO (5.96 × 109 ± 7.11 × 108), while no significant particle concentration differences between DMEM (1.51 × 109 ± 3.25 × 108) and commercial conditioned medium (1.54 × 109 ± 2.45 × 108) were observed at this point.
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FIGURE 2. Comparative particle secretion assessment in UC-MSCs cultured in DMEM, OxiumTMEXO, and commercial medium for sEV production. Conditioned media were collected at 2, 4, and 6 days post-induction and analyzed by NTA to assess the particle secretion capacity of cells cultured in DMEM, OxiumTMEXO, and commercial medium. The graphs show the particles’ concentrations according to their size after (A) 2 days, (B) 4 days, and (C) 6 days post-induction. (D) Total particles’ concentration found after 2, 4, and 6 days post-induction with the different media. (E) Percentage distribution of particles’ concentrations according to their size: 0–50 nm, 51–200 nm, 201–300 nm, and >301 nm. (F) Concentrations of particles in the size range of 51–200 nm. ****P < 0.0001, two-way ANOVA, followed by Tukey’s comparison test. (G) Number of particles produced by cells in the different media at 2, 4, and 6 days, respectively. (H) Particle size’s mean and mode obtained in the different media at 2, 4, and 6 days, respectively. **P < 0.01, ****P < 0.0001, two-way ANOVA, followed by Tukey’s comparison test. (A–C) Graphs show the mean of particle concentrations of five independent-recorded NTA videos. (D–H) Graphs show mean ± SEM, n = 3.


Since the expected size range for sEV varies between 50 and 200 nm, we analyzed further the number of particles that fall under this range (Théry et al., 2018). As seen in Figure 2E, as early as day 2, OxiumTMEXO promotes the secretion of particles within the 51–200-nm size range (69 ± 4.6%), enrichment that is maintained through days 4 (72 ± 5.1%) and 6 (74 ± 2.8%) post-induction. In terms of particle concentration, OxiumTMEXO induces a higher concentration of particles within the 51–200-nm size range at day 4 (3.82 × 109 ± 9.05 × 108) and day 6 (4.95 × 109 ± 5.33 × 108) in comparison to DMEM (day 4 = 1.09 × 109 ± 6.47 × 108; day 6 = 1.22 × 109 ± 5.01 × 108) and commercial medium (day 4 = 9.61 × 108 ± 4.10 × 108; day 6 = 1.15 × 109 ± 5.19 × 108), as it is shown in Figure 2F. In line with the latter results, the yield of particles per cell was higher in OxiumTMEXO (day 2 = 22,765 ± 5,825; day 4 = 76,673 ± 11,344; day 6 = 99,403 ± 11,850) compared to DMEM (day 2 = 19,077 ± 4,124; day 4 = 23,432 ± 7,189; day 6 = 25,203 ± 5,419) and commercial medium (day 2 = 14,137 ± 1,325; day 4 = 21,702 ± 2,781; day 6 = 25,766 ± 4,085), Figure 2G. Interestingly, the overall particles produced in OxiumTMEXO showed a smaller size, as seen in both size mean and size mode (Figure 2H). Importantly, these OxiumTMEXO advantages are also observed in other types of cells, such as menstrual blood-derived MSCs (Mens-MSCs; Supplementary Figures 3, 5) and fibroblasts (Supplementary Figures 4, 5), as well as in other UC-MSC donors (Supplementary Figure 5), reinforcing the performance of OxiumTMEXO.



OxiumTMEXO-Derived Particles Exhibited Standard sEV Characteristics

With the purpose of characterizing and comparing the quality of sEV produced in the three different culture conditions, we isolated sEV by differential centrifugation, with an additional filtration step of the supernatant prior to ultracentrifugation. This protocol was selected as it represents one of the most widely followed procedures for EV isolation (Théry et al., 2006; Momen-Heravi et al., 2013). The mentioned method allowed the isolation of particles from all three conditioned media, obtaining total particle concentrations in the same order of magnitude of 11 (Supplementary Table 1). The NTA analysis revealed a low concentration of particles obtained from OxiumTMEXO (2.96 × 1011 ± 1.32 × 1011) in comparison to DMEM (4.69 × 1011 ± 4.84 × 1010), but higher in comparison to the commercial medium (2.73 × 1011 ± 5.63 × 109) (Figure 3A), while the size’s mean and mode were similar among the particles obtained in the three media (Figure 3B). It should be noted that the sizes of the particles secreted in OxiumTMEXO were more homogeneous than the sizes of those isolated from DMEM or commercial conditioned medium, according to the size’s modes and standard deviation obtained from the NTA video’s analyses (Figure 3C), showing particle size modes ranging from 131.0 to 204.1 nm for DMEM, 136.2 to 179.1 nm for OxiumTMEXO, and 135.2 to 191.1 nm for the commercial medium. In contrast to the enrichment of particles in the size range of 51–200 nm observed previously in the analyses performed over those particles present in the non-purified conditioned media, once having applied the isolation method we were not able to distinguish a significant enrichment of particles in the size range of 50–200 nm in the processed OxiumTMEXO conditioned medium (Figure 3D). Since the chosen isolation method depends on the operator, we believe that a large-scale, fully automated sEV isolation technique could take full advantage of the OxiumTMEXO’s high-quantity and homogeneous-size sEV production, while avoiding particle loss and heterogeneity.


[image: image]

FIGURE 3. Characterization of isolated UC-MSC-derived sEV produced in DMEM, OxiumTMEXO, and commercial medium. The sEV isolated from the different conditioned media were evaluated in terms of particle concentration, size, classical surface/interior markers, and morphology. (A) Histogram showing the particles’ concentrations according to their size. Violet line = DMEM-derived sEV; orange line = OxiumTMEXO-derived sEV; light blue line = commercial medium-derived sEV. The mean concentration obtained through NTA of five videos for each type of sEV is shown. (B) Size’s mean and mode obtained for each type of sEV. (C) Size’s mode (left panel) and standard deviation data (right panel) dispersion. (D) Percentage distribution of isolated particles’ concentrations according to their size: 0–50 nm, 51–200 nm, 201–300 nm, and >301 nm. (E) Representative histograms of median fluorescence intensity (MFI) obtained by flow cytometry of classical sEV surface markers. Gray = isotype control; violet = DMEM; orange = OxiumTMEXO, light blue = commercial medium. (F) Western blot, illustrating the presence of the sEV’s membrane-associated protein Flotillin-1 and the sEV’s luminal-scaffold protein Syntenin-1 (involved in sEV’s biogenesis). Note that in the isolated sEV there is minimal or no detectable contamination by Calnexin (endoplasmic reticulum) or TOMM20 (mitochondria), respectively. (G) Transmission electron microscopy (TEM) by uranyl acetate negative staining of isolated sEV from ultracentrifuge. The graphs show mean ± SEM. n = 2.


Taking into consideration the International Society for Extracellular Vesicles (ISEV) criteria for EV characterization (Théry et al., 2018), a bead-based flow cytometry analysis of the classical CD63, CD81, and CD9 sEV-surface proteins was performed on the isolated particles. As expected, DMEM-, OxiumTMEXO-, and commercial conditioned medium-derived particles presented all of the three sEV typical surface markers CD63 (>90%), CD81 (>90%), and CD9 (>40%) (Figure 3E). Moreover, these particles contained other established sEV markers, such as Flotillin-1 and Syntenin-1 (Figure 3F). Finally, isolated samples contained cup-shaped vesicles of size and morphology consistent with sEV (Figure 3G and Supplementary Figure 6), confirming the EV and exosome nature of the three types of sEV isolated in this work.



OxiumTMEXO-Derived sEV Are Internalized by Target Cells

To investigate the cellular uptake level of sEV produced under different media, sEV were stained with DiR, a lipophilic dye that fluoresces intensely when inserted into a lipid membrane. Taking into account the promissory use of sEV as therapeutic agents or as drug-delivery vehicles to treat different pathologies but mainly in cancer and osteoarthritis, the MDA-MB-231 cancer cell line and chondrocytes were selected to be incubated with DiR-stained sEV. The stained sEV isolated from DMEM, OxiumTMEXO, and commercial conditioned medium were found in all cells, forasmuch as the flow cytometry analyses showed that over 95% of the MDA-MB-231-cultured cells were positive for DiR, implying the cell uptake and internalization of the sEV (Figure 4A, solid lines). As previously described (Rosenberger et al., 2019), a negative control of sEV internalization was done at 4°C, showing no DiR-positive cells neither for DMEM nor for OxiumTMEXO or commercial DiR-stained sEV (Figure 4A, dotted lines). The same experimental setup was done using chondrocytes isolated from patients with osteoarthrosis, showing similar results (Supplementary Figure 7). Overall, this result shows that OxiumTMEXO-produced sEV maintain their internalization potential by target cells.
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FIGURE 4. Cellular internalization and in vivo biodistribution profile of isolated sEV produced in DMEM, OxiumTMEXO, and commercial medium. (A) Flow cytometry analysis of MDA-MB-231 cancer cells incubated for 6 h with DiR-stained isolated sEV. Dotted lines = incubation performed at 4°C; solid lines = incubation performed at 37°C; gray histogram = no sEV-incubation control (PBS + DiR); violet histogram = DMEM-derived sEV uptake; orange histogram = OxiumTMEXO-derived sEV uptake; light blue histogram = commercial medium-derived sEV uptake. (B) Six hours post-injection distribution of DiR-stained isolated-sEV administrated intraperitoneally in mice. (C) Fluorescence intensity-fold change observed for each analyzed organ. The fluorescence intensity of DiR-stained sEV-treated mouse organs was normalized with the fluorescence intensity of those organs coming from mice treated with the respective unstained sEV. The graph shows mean ± SEM. n = 3 mice for each condition.




OxiumTMEXO-Produced sEV Maintain Their Biodistribution Profile in vivo

To assess the sEV biodistribution for determining the main target organs, mice were injected intraperitoneally (IP) with DiR-stained sEV derived from DMEM, OxiumTMEXO, or commercial conditioned medium. Once euthanized at 6 h postinjection, the brain, heart, lungs, liver, kidneys, spleen, and pancreas were collected and imaged ex vivo (Figures 4B,C). To subtract the possible background noise due to autofluorescence, non-DiR-labeled sEV were administered as a negative control. In addition, to discard the possibility of unspecific staining due to free dye, 100 μl of 1 × PBS was subjected to the DiR-labeling procedure and injected into mice. For both negative controls, no tissue fluorescence was detected, which suggests a reliable signal from tracking DiR-stained sEV and not merely free dye accumulation in the organ’s tissues. Overall, our results show clearly that sEV, independent of their culture condition, display a similar biodistribution pattern. They are able to enter the mouse bloodstream and accumulate after 6 h of IP administration mainly in the liver, spleen, and pancreas, which is in good agreement to previously human sEV biodistribution assays performed in mice (Wiklander et al., 2015).



DISCUSSION

The potential clinical applications of sEV in regenerative medicine and tissue engineering have gained worldwide interest, which is evident from the number of clinical trials under development. As has been previously reported (Zhao et al., 2020), there are 190 and 56 studies registered in the United States National Institutes of Health clinical trials database1 involving exosomes or extracellular vesicles, respectively. Undoubtedly, to meet the clinical expectations of sEV-based therapies, it is essential to resolve the current limitations of low production efficiency and batch inconsistency of clinical-grade sEV. Along these lines, the use of the adequate culture medium for the generation of sEV can stimulate their secretion, hence improving the production process efficiency. Additionally, for clinical-grade production of sEV, it is essential that the culture medium used is xeno- and blood-free of components to comply the regulatory framework, which seeks to avoid the risk of transmission of infectious agents or the elicitation of an immune response in the patient who will receive a sEV-based therapy (United States Food and Drug Administration, 2020).

The results presented here show that the OxiumTMEXO medium can support the growth of MSCs to a greater degree than that observed in DMEM or in a commercially available medium that was developed specifically for the collection of sEV. Previous reports showed that xeno-free media can alter the proliferative capacity of human MSCs (Gerby et al., 2017), impacting in their secretory and immunomodulatory properties (Yoshida et al., 2018), or even maintain the MSC characteristics but only when grown imbedded in an extracellular matrix (Rakian et al., 2015). In this work, we assayed for basic cellular functional studies as OxiumTMEXO was primarily developed to produce sEV and not as a cell expansion culture medium. Certainly, it has been stated that the metabolic change from FBS-supplemented medium to a xeno-free culture medium impacts the molecular composition including protein, lipid, and miRNA profile changes of purified sEV. This can be explained by the lack of FBS (Li et al., 2015; Haraszti et al., 2019) or by contaminants present in the supplements of the xeno-free medium, altering, for example, the RNA-seq outcomes (Auber et al., 2019). Furthermore, the use of the FBS-depleted medium has also shown altered cellular programs, mainly reducing cell growth and viability (Eitan et al., 2015; Liao et al., 2017; Witwer et al., 2019). Taking into consideration the aforementioned observations, validation studies are required when changing between the cell expansion and sEV production media. The significance and impact of the presumable changes will ultimately depend on the application of interest and in accordance with the expected or desired composition and functionality of the sEV (Witwer et al., 2019). The lower expression observed of CD105 could be attributed to the lack of serum or platelet lysate in the media, which is consistent with previous results (Mark et al., 2013). Notably, the CD105 data dispersion among the replicates was lower in those cells cultured in OxiumTMEXO. Also, since sEV are composed of complex macromolecular structures that may induce pleiotropic activities, each specific sEV-based application requires its own functional and potency assays. For instance, some applications are looking for MSC-derived sEV with anti-angiogenic activity, while other sources of MSCs can deliver sEV with pro-angiogenic effects (Alcayaga-Miranda et al., 2016). sEV derived from DMEM, OxiumTMEXO, or the commercial medium might not be “one fit for all,” and to avoid data misinterpretation, further tests are required for each of the intended application. The key objective of this comparative study is to determine the advantage of using OxiumTMEXO on enhancing the secretion rate of sEV, without modifying its structural, biochemical, and classical properties. This positive impact was determined mainly by the internalization capacity of OxiumTMEXO-produced sEV in variable target cells in vitro and by the biodistribution profile in vivo.

In the current study, the secretion rate of sEV to the supernatant using DMEM, OxiumTMEXO, and a commercial medium revealed significant differences in terms of particle accumulation through cell culture days. OxiumTMEXO allowed a higher accumulation of particles within the 51- to 200-nm size range, and at least a four-fold increase was measured in comparison to the benchmarked medium. While some authors have suggested that the xeno-free medium positively modulates the secretion rate of sEV (Palamà et al., 2020), achieving a two-fold increase, the comparison was performed by growing the cells in the FBS-free or xeno-free medium, and then sEV production was accomplished by medium changes and maintaining the cells for 72 h in the α-MEM medium until supernatant collection. The supposed FBS-free medium was in fact supplemented with a sEV-depleted FBS, which is still susceptible to be contaminated with FBS-derived sEV, as previously have been demonstrated (Shelke et al., 2014; Lehrich et al., 2018). In the present study, the cells were grown first for 48 h in the hPL-supplemented DMEM and then put through a supplement starvation period of 2, 4, and 6 days before supernatant collection for particle analyses or sEV isolation, achieving with OxiumTMEXO the mentioned four-fold increase.

The ultracentrifugation method used here has been reported to have limitations related to upscaling and reproducibility between laboratories, mainly due to the type of rotor (tilting or fixed angle) and its specific parameters (like rotation radius or sedimentation path length) (Livshts et al., 2015). Differences have even been reported at the same laboratory level. Mendt et al. (2018) performed several GMP-compliant sEV isolates for clinical use by ultracentrifugation, obtaining a range of 9.8–15.6 billion exosomes per bioreactor cycle. We believe that the use of other types of sEV isolation techniques, such as ultrafiltration or tangential flow filtration, is recommended to evaluate with greater precision and reproducibility the effect that OxiumTMEXO has robustly demonstrated in different cell types prior to isolation. Both ultrafiltration and tangential flow filtration have shown higher sEV isolation efficiency of up to four orders of magnitude over the ultracentrifugation method, maintaining the sEV size and morphology while improving sEV sample purity (Watson et al., 2018; Shu et al., 2020; Tian et al., 2020). These size-based, more automated, and less user-dependent isolation techniques minimize sEV losses, maximize sEV throughput, and allow processing of larger amounts of the conditioned medium.

Also, the sEV may exert their therapeutic or delivery-desired function through the interaction with the acceptor target cells. Herein, isolated and stained sEV from DMEM, OxiumTMEXO, and commercially available conditioned media were able to be taken up by human cancer and cartilage cells at 37°C, in accordance with what has been established by the EV community (Russell et al., 2019). Furthermore, these sEV distributed systemically in a healthy mouse model, reaching the liver, spleen, and pancreas, in agreement with previous work in the field (Wiklander et al., 2015; Russell et al., 2019), with no differences at the distribution level among the three types of sEV tested. Taking together, our results imply that the surface markers, cell uptake, and biodistribution pattern of the sEV are not affected by the type of medium used for their production, leaving the quantity of secreted sEV to the supernatant as the essential criterion for favoring the use of one medium over the another, along with the final user’s desired sEV functional potency test.

Finally, clinical translation cannot be achieved without considering investor expectations with regard to the product therapeutic potential, conceivable market authorization, and viability. For this reason, economic factors have been also influencing the field and most importantly the accessibility and affordability of these advanced therapies. Hence, a selection of reagents and procedures that may be applied from preclinical to clinical developments aiming to maintain cell consistency and ultimately reduce manufacturing costs is much needed.
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The growing application of cell and gene therapies in humans leads to a need for cell type-optimized culture media. Design of Experiments (DoE) is a successful and well known tool for the development and optimization of cell culture media for bioprocessing. When optimizing culture media for primary cells used in cell and gene therapy, traditional DoE approaches that depend on interpretable models will not always provide reliable predictions due to high donor variability. Here we present the implementation of a machine learning pipeline into the DoE-based design of cell culture media to optimize T cell cultures in one experimental step (one-time optimization). We applied a definitive screening design from the DoE toolbox to screen 12 major media components, resulting in 25 (2k + 1) media formulations. T cells purified from a set of four human donors were cultured for 6 days and cell viability on day 3 and cell expansion on day 6 were recorded as response variables. These data were used as a training set in the machine learning pipeline. In the first step, individual models were created for each donor, evaluated and selected for each response variable, resulting in eight final statistical models (R2 > 0.92, RMSE < 1.5). These statistical models were used to predict T cell viability and expansion for 105 random in silico-generated media formulations for each donor in a grid search approach. With the aim of identifying similar formulations in all donors, the 40 best performing media formulations of each response variable were pooled from all donors (n = 320) and subjected to unsupervised clustering using the k-means algorithm. The median of each media component in each cluster was defined as the cluster media formulation. When these formulations were tested in a new set of donor cells, they not only showed a higher T cell expansion than the reference medium, but also precisely matched the average expansion predicted from the donor models of the training set. In summary, we have shown that the introduction of a machine learning pipeline resulted in a one-time optimized T cell culture medium and is advantageous when working with heterogeneous biological material.

Keywords: T cells, culture media design, machine learning, design of experiment, screening, cell culture, cell and gene therapy, donor variability


INTRODUCTION

In autologous cell therapy approaches, cells from a given patient are isolated, may be genetically modified to fulfill a therapeutic purpose and expanded in order to provide a sufficient dose of the cell product (Kazmi et al., 2009; June et al., 2018). In case of T cell therapy, the donor material is isolated from peripheral blood and consists of T cells and multiple other cell types. Even when T cells are purified by their common surface marker CD3, they differ in each donor in expression of other surface markers as well as in their metabolic and functional capacity (Mahnke et al., 2013; Klein Geltink et al., 2018). In the manufacturing process, these cells are typically activated by ligation of the T cell co-receptors CD3 and CD28 to trigger expansion of T cells and are cultured for several days in culture media supplemented with appropriate cytokines (Trickett and Kwan, 2003; Xu et al., 2014). In this process, an efficient and robust expansion of T cells from any donor regardless of the heterogeneity of cell populations is essential not only to meet the specifications of good manufacturing practice but also because timely manufacturing of the cell product can be critical to patient treatment (Gee, 2018). This can be achieved with an optimized cell culture medium formulation that supports the expansion of each donor’s T cells.

Cell culture media are complex mixtures of substances such as nutrients, salts, trace elements, buffers, hormones, carrier proteins, etc. (Yao and Asayama, 2017). For each cell type, the optimal composition and amounts of these components must be determined by suitable experimental setups.

For decades, the Design of Experiments (DoE) has been used for the development of cell culture media (Yao and Asayama, 2017). Sequential strategies, such as screening of several components followed by characterization of the relationships between the variables and finally their optimization, have proven to be particularly successful in bioprocessing (Castro et al., 1992; Kim et al., 1998; Liu et al., 2001). Recently, high-throughput technology in combination with exhaustive experimental designs has enabled rapid optimization of the medium for fed-batch cultures within a short time (Jordan et al., 2013; Rouiller et al., 2013; Bayer et al., 2020). While these strategies can be easily implemented using established cell lines such as Chinese hamster ovarian cells, the design of cell culture media for primary T cells is of greater challenge. The heterogeneous populations of cells purified from different human donors show a high degree of variability in cell expansion and viability, which leads to donor-dependent effect sizes of the screened media components and therefore makes sequential strategies with different donors in succession difficult.

To meet these challenges, we present in this study the extension of traditional experimental design with machine learning to optimize a cell culture medium for T cell expansion in one step. We applied a definitive screening design (Jones and Nachtsheim, 2011) with a minimum number of tested formulations, which allowed screening of a maximum number of different components in a given experimental system. In traditional workflows (Figure 1A) scientists focus on inference using interpretable model architectures such as ordinary least squares regression (OLS) to select significant features based on cell biological understanding. In contrast, we used competitive machine learning algorithms such as elastic net regularized general linear models (Zou and Hastie, 2005) and random forest (Breiman and Schapire, 2001). These complex model architechtures generate highly complex models which are less interpretable than traditional OLS models but have better prediction accuracy (Figure 1B). These algorithms were used to build individual high-performance statistical models, to predict cell expansion and viability of random in silico generated media formulations. We aimed to identify media compositions that encompass different media requirements of cells from individual donors. For this purpose, we pooled the top 40-predicted media formulations from each donor and used k-means clustering to identify clusters across donors with similar compositions. Using the median component level of each cluster we defined a cluster medium formulation that would potentially support expansion of cells from all donors. Finally, we demonstrated the enhanced performance of the selected cluster medium formulations in a confirmation experiment against other test and reference media for T cell expansion on a new test set of four different donors. The evaluation of model performances on the test set showed that our machine learning models were able to predict T cell expansion with higher precision than a single response linear regression model based on pooled data (traditional approach).
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FIGURE 1. Overview of the traditional Design of Experiment (DoE) approach (A) and of a machine learning pipeline (B). Both approaches include a screening step for data collection, in this case from expansion of T cells from four different healthy donors in a definitive screening design. Traditional DoE uses interpretable model architectures across all donors such as ordinary least squares regression (OLS) to select significant features (Characterization I). A second experimental step is applied to screen for optimal parameter levels (Optimization II). In a second modeling step using OLS the optimal parameter levels are determined for an optimal media formulation (Characterization II) that is experimentally confirmed (Confirmation). The machine learning pipeline (B) uses competitive machine learning algorithms to generate complex models for every response variable in every donor, which allow high prediction accuracy but are less interpretable (Supervised machine learning). After cross-validation these models are used to select the top 40 media formulations for every donor and every response variable from a random set of 105 in silico media formulations (Grid search). The top 40 formulations of all donors and responses are clustered by formulation similarity and a cluster formulation was defined by the median component level of all formulations in a cluster (Unsupervised Clustering). Back evaluation of cluster formulations in the donor models for every response allows selection of the media formulation with the best response across all donors and responses, which again is experimentally confirmed (Confirmation).




MATERIALS AND METHODS


Cell Culture

CD3+ T cells were purified from healthy human donor blood preparations by negative magnetic bead isolation (EasySepTM Human T Cell Isolation Kit, Stemcell Technologies) and cryopreserved. Thawed cells were activated using Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher) at a ratio of 1:1 bead:cell in test media or reference media in the presence of IL-7 (10 ng/ml, CellGenix) and IL-15 (10 ng/ml, CellGenix). Cells were cultured at 37 °C in a humidified incubator at 5% CO2 in 96-well U bottom plates with two to three repeats per condition. On day 3 cells were splitted and reseeded with cytokine-containing media. To determine cell viability, cells were labeled with 7-Amino-Actinomycin D (7-AAD, BD-Pharmingen) and analyzed by flow cytometry. Cell count was determined using an Attune Nxt Flow Cytometer (Thermo Fisher).



Culture Media

Test media were prepared from a common base medium with the 12 test components added at the appropriate amounts according to the DoE levels. To control for media preparation, a reference medium with defined expansion properties was prepared in parallel. All media were adjusted to pH = 7.2 and osmolality = 300 mOsm/Kg H2O.



Data Processing and Modeling

All statistical analysis were carried out with the statistical software R v3.6.0 (R Core Team, 2020) and RStudio v1.1.463 (2009–2018 RStudio, Inc.). Data processing and visualization was carried out with package tidyverse v1.2.1. Design of Experiments was carried out with package daewr v1.1-7 and rsm v2.1.0. Modeling and feature selection was carried out with package caret (using the integrated ranger package v4.6-7, glmnet package v2.0.18 and MASS package v7.3-51.4). Cluster analysis was carried out with package cluster v2.1.0 and clustertend v1.4, visualization of multivariate data analysis was carried out with package factoextra v1.0.6.

As statistical tests in sections “Clustering and Selection of in silico Formulations”, “Evaluation of Selected Cluster Medium Formulation on a New Set of Donors”, and “Evaluation of Model Performance” an ANOVA followed by Tukey post hoc test at a significance level <0.05 was performed.



RESULTS


Strategy Outline

We aimed to improve a proprietary base medium formulation for the expansion of primary human T cells. In contrast to a traditional optimization strategy based on sequential screening, characterization and optimization (sco) steps (Anderson, 2019) (Figure 1A), we carried out a one-time media optimization using a machine learning pipeline. We reasoned that cell viability at an early stage of cell culture might be influenced by an independent set of components than the T cell expansion at the end of culture, which could additionally contribute to overall expansion. Therefore, we selected T cell viability on day 3 and T cell expansion on day 6 as response variables. To account for the donor variability, we included cells from four human donors into the analysis as independent experimental blocks. This data served as our training set for the modeling steps. Our strategy consisted of following steps (Figure 1B) which are described in detail in sections “Data Collection,” “Data Modeling,” “Prediction of In Silico Formulations,” “Clustering and Selection of High-Performance In Silico Formulations,” and “Evaluation of Selected Cluster Medium Formulations on a New Set of Donors.”



Data Collection

We selected 12 cell culture media components (c01–c12), which might impact the performance of the base medium formulation in terms of T cell viability on day 3 and T cell expansion on day 6 of cell culture. These components belong to different categories, such as buffer substances, metabolically active components, proteins or trace elements. The diversity of selected components makes it difficult to draw conclusions about potential main effects of single components and synergistic effects of multiple components, so that an experimental design with high resolution was required. We decided on a 2k + 1 definitive screening design (Jones and Nachtsheim, 2011) in three levels (in scaled notation, -1, 0, and 1) to investigate main effects, curvature and interactions of the screened components with a minimum number of runs. One experimental block resulted in a total of 26 runs, consisting of 25 formulations and the reference medium with known performance (Supplementary Table 1). T cells isolated from four different donors were investigated in separate experimental blocks, resulting in four randomized complete blocks and a total of 104 runs. T cell viability on day 3 and T cell expansion on day 6 were recorded. The data was processed and served as our training set for the model building process.

The screening results of T cell viability on day 3 showed two categories of test media with low (<75% viable cells) and high performance (>75% viable cells) (Figure 2, upper panel). In terms of T cell expansion on day 6, each test combination showed a lower performance (median expansion units < 26) than the reference medium (Figure 2, lower panel).
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FIGURE 2. Cryopreserved CD3+ T cells purified from human donors (n = 4) were thawed and activated using anti-CD3/anti-CD28-coupled magnetic beads in test media or reference media in the presence of IL-7 and IL-15 (10 ng/ml, CellGenix) in three technical replicates. On day 3 cells were labeled with 7-AAD and cell viability was determined (upper panel). On day 6 cell counts were determined by flow cytometry and expansion was calculated (lower panel). Symbols indicate replicate values of individual donors.




Data Modeling

To meet the challenge of the high response variability introduced by using cells from different donors, we first built statistical models with the training set of four donors for each experimental block and each response variable separately. Centered and scaled data were used for this step.

First, we defined three different initial model equations (Supplementary Table 2) to account for different possible constellations of main, quadratic and two-way interaction terms of the 12 media components.

Next, we selected three different model algorithms for the statistical modeling: ordinary least squares regression (OLS) with stepwise AIC feature selection, random forest and elastic net regularized general linear models (glmnet) with automated multiple feature selection. To evaluate the model performance on the training set, we performed a tenfold cross-validation and automated hyperparameter tuning during the modeling step. Details of the model hyperparameter tuning of all final models are outlined in Supplementary Table 5.

In this way, nine independent statistical models were generated for each donor and each response variable, resulting in 72 final models. The statistical models were ranked by root mean squared error (RMSE) and coefficient of determination (R2) and one final model with highest R2 and lowest RSME was selected for each donor and response variable.

Due to a higher robustness toward overfitting of the data (Zou and Hastie, 2005), we selected best performing glmnet and random forest models over linear regression models for predictions of in silico formulations. The eight selected models showed high prediction power on the training set, with R2 > 0.92 and RMSE less than 1.5 units (Table 1).


TABLE 1. Final model and its performance on the train set for each response and each donor.
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Prediction of in silico Formulations

Predictions of T cell viability and expansion were carried out via grid search. Component c02 was expensive and sought to be reduced in the final media formulation. Therefore, a constraint of component c02 to medium level was introduced.

We generated 105 random formulations over the experimental space of the 12 screened components and used these as input data for prediction of expansion and viability in the previously selected models for each donor. The formulations were ranked and the top 40 performing formulations for T cell viability or expansion from each of the eight models were pooled, resulting in 320 formulations. These formulations were used for the following clustering step.



Clustering and Selection of High-Performance in silico Formulations

First, the clustering tendency of the 320 formulations was assessed by means of the hopkings test (0.423), revealing weak structures. Next, the k-means algorithm was used for clustering of the centered and scaled data. To find the optimal number of clusters, the average within-cluster distance to the centroid using the “elbow” method was determined (Figure 3, upper panel). Here we selected six clusters for further analysis. The cluster integrity was examined based on the silhouette width. The average silhouette width was scored 0.15, confirming weak structures (Figure 3, lower panel). For cluster visualization, dimensionality reduction (principal component) was performed and 6 partially overlapping clusters could be identified by plotting the two highest dimensions on X- and Y-axis, exploring 30% of the variation (Figure 4).
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FIGURE 3. Evaluation of optimal number of clusters by the “elbow” method using the total within Sum of Squares (upper panel). Evaluation of cluster integrity by calculation of Silhouette width of each cluster (lower panel).
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FIGURE 4. Visualization of clusters 1–6 of 320 media formulations by dimensionality reduction. Dimensions with highest contribution are set on X and Y axis.


While cluster 2 and 6 consisted mainly of formulations of the viability response (92 and 98.44%), formulations in cluster 1 and cluster 4 were mainly from the expansion response (82.69 and 76.12%). Cluster 3 consisted of nearly equal distribution of formulations from viability (53.19%) and expansion response (46.81%), which might explain the overlap on clusters 1 and 4 (Table 2). This data revealed that favorable formulation characteristics differ depending on the response variable, resulting in inhomogeneous clusters.


TABLE 2. Number and proportion of media formulations within the clusters.

[image: Table 2]The median of each component of the observations within the six cluster was calculated to obtain a prototypic formulation of each cluster (Figure 5). These cluster medium formulations were “back-evaluated” by predicting the expansion and viability in the selected models for each donor. Data were grouped by cluster and summarized by median of expansion and viability. While the predicted values of viability were very similar for all clusters, the predicted expansion varied markedly (Supplementary Table 3). We therefore selected the medium formulation of cluster 1 and 4 for further experimental evaluation, as both formulations showed higher predicted median values of T cell expansion than the formulations of cluster 2, 3, and 6, respectively. The in-depth evaluation of the clusters revealed that clusters 1, 4, and 5 contained formulations of all donors for the expansion response which correlated with the higher predicted median expansion across all donors. On the contrary, clusters 2, 3, and 6 contained only formulations of three donors (Cluster 3), two donors (Cluster 2) or only one donor (Cluster 6), which in any case correlated with lower predicted median expansion across all donors (Supplementary Figure 1A and Supplementary Table 3). In addition, cluster medium formulation 1 and 4 differed significantly in their characteristics by relative concentrations of component c05 and c08. A weak difference could be identified for components c04, c07, and c010 (Figure 5).
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FIGURE 5. Visualization of relative concentrations of each component in the identified Cluster medium formulations. Dots are representing each individual formulation, while boxes represent the median and spread of the data.




Evaluation of Selected Cluster Medium Formulations on a New Set of Donors

Cluster medium formulations 1 and 4 were used in a confirmation experiment against six test media obtained by a traditional optimization strategy using a single response ordinary least squares regression model that is based on pooled expansion data from the definitive screening design. For the linear regression model, the training data of T cell expansion at day 6 were pooled and a single linear regression model was built to obtain a medium formulation that is characterized by enhanced robustness against donor variability. As expected, the final model performance was lower when compared to the individual models obtained from the machine learning approach (R2 = 0.85, RMSE = 1.79). Six media formulations from the single response linear regression model that differed in the concentration of the screened components were selected and used for the confirmation experiment (Supplementary Table 4).

To evaluate the performance of the identified media formulation, T cells from a test set of four new donors were expanded in a randomized complete block design, resulting in a total of 36 confirmation runs.

Both cluster medium formulations showed significantly higher T cell expansion (median > 30 expansion units) compared to all test media from the single response linear regression model as well as to the reference medium (Figure 6, lower panel and Tables 3A,B). T cell viability after culture in cluster medium formulation 1 was significant lower on day 3 in comparison to cluster medium formulation 4 or the reference medium, yet viability was in a very narrow range across all media (>75%) (Figure 6, upper panel).
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FIGURE 6. Cryopreserved CD3+ T cells purified from human donors (n = 4) were thawed and activated using anti-CD3/anti-CD28-coupled magnetic beads in test media or reference media in the presence of IL-7 and IL-15 (10 ng/ml, CellGenix) in three technical replicates. On day 3 cells were labeled with 7-AAD and cell viability was determined (upper panel). On day 6 cell counts were determined by flow cytometry. T cell expansion is expressed in expansion units (lower panel). Symbols indicate replicate values of individual donors.



TABLE 3. Comparison of predicted vs. experimental values of the test set for the individual models (median of n = 4 models) (A) and the single regression model of pooled data (B).
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Evaluation of Model Performance

To reveal the performance of the statistical models, we compared the experimental values for T cell viability and expansion of the test set with the predicted counterparts from the final statistical models of the training set. Using the individual models, the prediction of the T cell expansion averaged over all donors was highly accurate. For cluster medium formulation 1, 30.54 expansion units with an IQR of 2.16 were predicted compared to the experimental value of 30.53 with an IQR of 4.31 expansion units. For cluster medium formulation 4, 31.65 expansion units with an IQR of 4.87 were predicted compared to 30.36 with an IQR of 3.94 experimental expansion units (Table 3A).

The model performance for the viability response on day 3 was less accurate. While the predicted values for both cluster medium formulations were estimated at 85% viability with an IQR of 4.31 and 3.94, the viability in the confirmation experiment was 78.55% with an IQR of 2.67% for Cluster 1 and 80.85% with an IQR of 1.62% for Cluster 4 (Table 3A). The prediction of T cell expansion with the single response regression model for expansion at day 6 was not that accurate compared to the individual models. Four of the six test media formulations showed a significant deviation of the predictions from their experimental values (Table 3B).

To evaluate the benefit of the clustering step, we performed an in silico experiment, where only the component-wise median of the best performing formulations from all donor-specific regression models were simulated. This simple ensembling method generated a medium formulation with a predicted expansion of 27.65 units with an IQR of 0.36 and a viability of 83.28% with an IQR of 1.55% averaged over all donors. While the result was very similar in terms of the viability response, the predicted expansion was lower compared to cluster medium formulations 1 and 4, respectively. Taken together our new one-time media optimization approach was able to predict a culture media formulation based on a training set of human donors, that significantly improved expansion of T cells from a new set of human donors in a confirmation experiment.



DISCUSSION

The biggest challenge in the development of cell culture media for cell therapies is the high variability of biological material obtained from different human donors. This fact complicates a conventional DoE-based sequential optimization strategy consisting of screening, characterization and optimization blocks due to donor-dependent effect sizes of the screened components.

In this work we present the implementation of a machine learning pipeline into DoE-based development of cell culture media, resulting in a one-time media optimization strategy that combines component screening with component level optimization in one experiment by using statistical models that focus on prediction rather than on inference.

The use of competitive modeling algorithms such as random forest or elastic net and cross-validation to assess model performance enabled us to extract extensive statistical information to build individual models for every donor of the training set with improved predictive power. In comparison, predictions made by an interpretable single response regression model based on pooled data of all donors were less accurate due to variability introduced by donor-dependent effect sizes of the screened components.

Instead of aggregating donor data for modeling, which is commonly preferred in a sco strategy when operating with high variance of the data, we pooled high performance predictions from each donor model and used unsupervised clustering to identify formulations with similar characteristics. The formulations in each clusters contained in silico formulations from all input models suggesting that a prototypic cluster medium formulation could be beneficial for each donor and would subsequently yield a cell culture medium with high robustness for all donors. This clustering step turned out to be more efficient than a more basal ensembling method that was not supported by unsupervised machine learning. Of note, the small sample size of n = 4 donors resulted in weak overlapping cluster structures and a certain risk of under-representation of the population, which could decrease the robustness of the final medium. We evaluated the cluster composition according to the proportion of different donor formulations and selected cluster 1 and 4, which represented all four donors, for the confirmation experiment. Using the median value of each component within the cluster, we were able to confirm a robust expansion reaction for the selected cluster medium formulations in all four donors of the test set.

For the selected cluster media formulations, the predictions for T cell expansion made with the individual donor models precisely matched with the median expansion response observed experimentally for a test set of new donors. Having reliable models that allow predictions of experimental outcomes opens further perspectives for media optimization and characterization. For example, inspection of the mathematical model terms may uncover the contributions of individual media components. One may further modify the formulation by eliminating undesired factors from the formulation in silico and re-evaluate manual adjustments of the formulation in the original model. Here, again, component effects that only apply to specific donors can be monitored by back evaluation in the different donor models.

Notably, the predictions for the viability response were less precise than for the expansion response. The spread of the viability over the four donors of the test data set was higher than in the training data set and was likely not in the response space covered by our initial models. This highlights the requirement to use donors in the training data set that reflect the distribution of all observed responses in the donor population as good as possible to improve the predictive power of the models.

Although the viability on day three was not improved in Cluster1 formulation, compared to cluster 4 formulation, both formulations achieved similar T cell expansion on day 6. This suggests that moderate differences in cell viability at the beginning of the culture do not necessarily affect the degree of cell expansion observed later in the culture. Apart from that, a culture medium that confers high cell viability early in culture is always favorable in shorter protocols that rely more on cell viability and substitute exponential expansion of cells by increased starting cell numbers or in vivo expansion of cells.

In summary, we have shown that the extension of the traditional DoE-based strategy with a machine learning pipeline allows the generation of statistical models with excellent predictive power for T cell expansion. This new approach might be a competitive alternative to a more traditional strategy in which model interpretation is highly desired in the optimization process. Our pipeline facilitates the discovery of high-performance cell culture media formulations in a one-time optimization approach that achieved high media performance across donors from one training data set without the need for sequential experiments. This applies to primary culture media development as well as to other applications, where responses of individual donors to a specific input vary due to biologic variance, for example in biotechnological process development for T cell therapies with the need to optimize seeding cell density, incubation times, media feed or perfusion regimens, gene transfection procedures etc. The described experimentation strategy can lead to a major reduction of the experimental effort and can shorten development times substantially and thereby help to optimize robust autologous cell products for viable therapies for every particular patient.
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bone volume bone volume
(%) (%)

Lambrechts Multiplate Nuoss 11.6 £ 8.1 128 +3.3

et al., 2016b

Lambrechts Hollow Fiber ~ Nuoss 10.3 £ 3.7 11.0+3.8

et al., 2016a

Kerckhofs Tissue flask ~ Chronos 13.13 £3.82

etal., 2016

Roberts et al., Tissue flask ~ Nuoss 13.08 £3.57

2011

Roberts et al., Tissue flask  Bio-Oss 513+ 2.49

2011

Roberts et al., Tissue flask  Collagraft 1.884+1.35

2011

Roberts et al., Tissue flask  Vitoss 3.21 +£2.04

2011
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Size bin 50-100 100-150 150-200 200-250 250-300 300-350 350-400 >400

Mean 7.34% 156.23% 21.1% 16.27% 14.47% 12.40% 9.1% 4.07%
SEM 0.50% 0.70% 0.70% 0.70% 0.90% 0.90% 0.90% 0.70%

The bins centered around 150 wm account for nearly 37% of the total preparation volume, the rationale behind the 150 wm IEQ size.
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Drug Source of MSCs Tumor cells Antitumor effect (ref)

Doxorubicin GinPa-MSCs CFPAC-1 Cell cycle arrest (Cocce et al., 2017)
SCC154
Gemcitabine hBM-MSCs CFPAC-1 Cell cycle arrest (Pessina et al., 2015)
GinPa-MSCs CFPAC-1 Cell cycle arrest (Cocce et al., 2017)
SCC154
Pancreas-derived MSCs CFPAC-1 Cell cycle arrest (Pessina et al., 2015)
Paclitaxel hBM-MSCs DU145 Cell cycle arrest, cytokine mediate, cytotoxicity, and antiangiogenesis (Pessina
T98G etal., 2011, 2013, 2015; Bonomi et al., 2017b)
MOLT-4
L1210
MPM
RPMI8226
B16
hAD-MSCs SK-ES-1 Cell cycle arrest and cytotoxicity (Bonomi et al., 2013; Pacioni et al., 2017)
DU145
GI-LI-N
SH-SY5Y (+)
MOLT-4
Us7MG
GinPa-MSCs CFPAC-1 Cell cycle arrest (Cocce et al., 2017, 2019)
SCC154
DPSCs MCF-7 Cell cycle arrest (Salehi et al., 2018)
Hu-OBNSCs ug7GM Cell cycle arrest (Marei et al., 2019)
CFPAC-1
AM-MSCs CFPAC-1 Cell cycle arrest (Bonomi et al., 2015a)
SR4987(murine bone MOLT-4 Cell cycle arrest and antiangiogenesis (Pessina et al., 2011; Pascucci et al.,
marrow-derived MSCs) ug7MG 2014; Pacioni et al., 2015; Bonomi et al., 2017a)
CFPAC-1
J3T
T98G
Sorafenib hBM-MSCs us7MG Cytotoxic in vitro and antiangiogenesis in vivo (Clavreul et al., 2017)

CFPAC-1, ductal pancreatic adenocarcinoma; SCC154, squamous cell carcinoma of the tongue; MPM, malignant pleural mesothelioma; DU145, human prostate cancer;
T98G, glioblastoma cell line; MOLT-4, acute lymphoblastic leukemia; L1210, mouse lymphocytic leukemia; B16, murine melanoma, RPMIS226, multiple myeloma, SK-
ES-1, human Ewing sarcoma; SH-SY5Y (+), human neuroblastoma; GI-LI-N, human blastoma; MCF-7, breast cancer; J3T, canine glioma; U87MG, glioblastoma.
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Culture system Culture Typical Culture

surface area culture medium
(cm?) medium height range
volume range (mm)
(mL)

96-well 0.32 0.1-0.2 3.12-6.25
24-well 1.9 0.5-1 2.63-5.26
6-well 9.6 1-3 1.04-3.13
T-75 flask 75 8-15 1.07-2
T-175 flask 175 35-53 2-3.03

1D oxygen diffusion from the air/liquid interface varies from 1.04 to 6.25 mm
depending on dimensions and culture medium volume.
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First centrifugation
350 x g, 10min
230 x g, 10min, 10°C
200 x g, 15min

200 x g, 10min

Second centrifugation
510 x g, 10min

900 x g, 15min, 10°C
400 x g, 15min

1,600 x g, 20min

1,000 x g, 5min 455 2,000 x g, 8min
250 x g, 15min 1,500 x g, 15 min
Plateletpheresis

Final PLT concentration
1,000-2,000 x 109
1,000 x 10°/L

1,000 x 1091

591 x 1091

713,333 x 109/L
1,226.38 x 109/L

857 £ 177 x 109/L

Lysis

Single freeze/thaw cycle
+ centrifugation (20,000 x g, 10min)
Single freeze/thaw cycle

-+ centrifugation (1,600 x g, 30min, 10°C)
Single freeze/thaw cycle

-+ centrifugation (4,000 x g, 15min)
Single freeze/thaw cycle

-+ centrifugation (1,600 x g, 30 min)

5 freoze/thaw cycles
+ centrifugation (20,000 x g, 20min)

2 freeze/thaw cycles + 3 centrifugation cycles
(4,800 x g, 1.60min and 2./3. 30min)

-+ centrifugation (3,485 x g, 10min, 4°C)
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Subset Antibody Hostspecies, Clone  Reactivity Company References Dilution
isotype
CD29-A488 Mouse IgG1 TS2/16 Anti-human  Biolegend, San Diego, CA Schauwer et al. (2012) and Paebst et al. 1:20
(2014)
CD44-APC Rat IgG2b IM7 Anti-mouse  BD, Frankiin Lakes, NJ Schauwer et al. (2012) and Paebst et al. 1:100
(2014)
Y co73 MouselgGi  10f1 Anti-human  Abcam, Cambridge, UK Schauwer et al. (2012) and Pacbst et al. 15
(2014)
n CD90-APC Mouse IgG1 5E10 Anti-human  BD, Frankiin Lakes, NJ Hillmann et al. (2016) 1:100
[ CD105-PE MouselgGi  SN6 Anti-human  Bio-Rad, Hercules, GA/ Schauwer et al. (2012) and Pacbst etal.  1:10
Serotec, Kidiington, UK (2014)
[ CD14-APC MouselgGi 134620  Anti-human R8D, Minneapolis, MN Braun et al. (2010) and Paebst et al. 1:50
(2014)
v CD14 Mouse IgG1 105 Anti-equine  Cornell University, Dr. Bettina Wagner Kabithe et al. (2010) 1:1,500
biotinylated
n CD34-FITC MouselgG3  43A1  Anti-human AdipoGen Lifesciences, San Diego, CA  Pacbst et al. (2014) 1:25
] CD45-A488 Mouse lgG2a F10-89-4 Anti-human Bio-Rad, Hercules, CA/ Schauwer et al. (2012) and Paebst et al. 1:5
Serotec, Kidington, UK (2014)
v CD79a-PE MouselgGi  HMS7  Anti-human  Bio-Rad, Hercules, CA/ Schauwer et al. (2012) and Pacbst etal.  1:50
Serotec, Kidlington, UK (2014)
| MHCIl (equine), ~ MouselgG1 ~ CVS20  Antiequine Bio-Rad, Hercules, CA/ Kydd etal. (1994) and Lunn etal. (1998),  1:25
PE Serotec, Kidington, UK Schauwer et al. (2012), and Paebst et al
(2014)
v Goat anti-mouse  Polyclonal IgG Anti-mouse  Santa Cruz Biotechnology, Dallas, 1:100
1g3, FITC Toxas
v SAV-APC APC Biolegend, San Diego, CA 1:250
streptavidin
Isotyp control Corresponding antibody Host species Company Dilution
1gG1k, A488 cD29 Mouse Biolegend, San Diego, CA 1:20
19G2bx, APC cDa4 Rat Biolegend, San Diego, CA 1:100
IgG2ax, APC cD%o Mouse Biolegend, San Diego, CA 1:100
19G1x, PE CD105 Mouse Biolegend, San Diego, CA 1:10
1gG1x, APC CD14 (Clone: 134620) Mouse Biolegend, San Diego, CA 1:50
19G3k, FITC cp34 Mouse Biolegend, San Diego, CA 1:25
IgG2ax, A483 cDas Mouse Biolegend, San Diego, CA 15
IgG1x, PE CD79% Mouse Biolegend, San Diego, CA 1:50
IgG1k, PE MHCIl Mouse Biolegend, San Diego, CA 1:50
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Sample

Serum

Plasma
Concentrate

Lysate

Lysate pooled (ePL)
Fetal bovine serum

pH

7.54 £0.03
7.53+0.03
7.47 +0.04
7.50 £ 0.05
7.52
7.45

Na* (mmol/L)

141.38 £ 2.01
148.71 + 1.79
147.88 +1.54
148.00 £ 1.46
147.80
138.60

K+ (mmol/L)

426 £ 0.49
316+ 025
3,62+ 0.29
3.69 + 0.30
3.68
1121

Ca?+ (mmol/L)

1.79£0.07
<0.10
<0.10
<0.10
<0.10
1.27

CI~ (mmol/L)

10531 £2.58
84.04 + 2,64
84.57 £ 1.73
84.74 £1.68
84.50
106.60

HCO; (mmol/L)

28.06 + 1.39
19.08 £ 1.22
18.44 £ 1.63
17.06 £ 1.19
16.7
12.7

Glucose (mmol/L)

4.63 £ 0.49
2392+ 1.23
22,62+ 1.37
23.01 £ 1.30
23.10
220

Lactate (mmol/L)

2.09£0.39
1.55+0.24
2.70 +0.63
2.87 £0.66
2.90
17.70

Total protein (g/L)

59.69 £2.25
51.66 4 1.83
5339+ 1.756
53.57 £2.08
54.10
36.80

Albumin (g/L)

3226 + 1.44
2733+ 1.18
28.11+1.10
27.99 = 1.10
27.90
23.00





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fbioe-09-634403/fbioe-09-634403-e000.jpg
>400

Whrgar = D WBAsize X %Veize
50—100





OPS/images/fbioe-09-634403/fbioe-09-634403-e001.jpg
Ep
Rate = Ratege @





OPS/images/fbioe-09-634403/fbioe-09-634403-g001.jpg
Core Tissue pO, (mmHg)

-
(=]
?

—
2

—
1

- 1.11 mm
= 1.71 mm

4 2.28 mm
--- Anoxia

>
-

0.01





OPS/images/fbioe-09-621748/fbioe-09-621748-g002.jpg
Hanging-drop

Static culture

]
m
Magnetic levitation

B Forced
aggregation

S———

Static
@/ culture

Spinner flask

Cc

Low-attachment surfaces

Rotating wall vessel

ewew |






OPS/images/fbioe-09-621748/fbioe-09-621748-g003.jpg
Myocardial Infarction

Wound Healing

Increased chemokine,
cytokine growth

Bone/Osgééchondral %4 e :
factor secretion

defects & Knee .~ . .
.. Vascular

‘Synovitis

3 ' o " Injury/Ischemia
° N 2

Anti-inflammatory ° ¢ ° 8= * o ° ° Angiogenicand \

properties via . *e.® o, . 3 anti-apoptotic

secreted TGF-B1 & Wik . ) properties via :

IL-6, TSG-6 e e, * Ta secreted VEGF, ’

2 ot . o A * HGF, FGF-2, SDF, !

STC-1,andPGE2  , "' % , FGF-2, SDF, ;

. ANG, and ANGPT-2

‘auto-priming' effect via
secreted IL-1q, IL-1B,
IL-8, CCL2, and CCL7






OPS/images/fbioe-09-621748/fbioe-09-621748-t001.jpg
Advantages

e Increased stability of MSC
immunophenotypic and molecular
profiles

e Enhanced stemness features and

differentiation potential

e Upon infusion, enhanced survival and
homing in vivo

e Enhanced secretory profile exerting
mitogenic, anti-apoptotic,
angiogenic, anti-fibrotic and
anti-inflammatory properties

Disadvantages

e Size variability depending on the
technique used to generate spheroids

e Depending on spheroid size, nutrients,
oxygen, and waste concentration
gradients within the spheroids

e Depending on spheroid size, necrotic
spheroid core formation

e Depending on the clinical needs,
development of reproducible, simple
and cost-effective techniques are
needed for large-scale production of
MSC spheroids
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(A)

Response Formulation Predicted IQR Experimental IQR
ID values values
(median) (median)
Expansion Cluster 1 30.54 2.16 30.53 4.31
Cluster 4 31.65 4.87 30.36 3.94
Viability Cluster 1 85.23 4.31 78.55 2.67
Cluster 4 85.86 3.94 80.58 1.62
(B)
Response Formulation Predicted Experimental IQR
ID values values
(median)
Expansion TO1 20.30 24.60 417
T02 19.99 25.74 2.72
TO5 19.87 19.86 3.60
TO9 19.76 27.22 2.59
T10 19.74 28.95 3.47
T13 19.63 19.90 3.38
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Donor ID Response Model ID Method Train RMSE Train R?

014 Expansion  b1.model7e Gimnet 1.16 0.93
016 Expansion  b2.model9e Gimnet 0.97 0.96
020 Expansion  b3.model8e Gimnet 1.44 0.92
448 Expansion  b4.model9e Gimnet 1.06 0.96
014 Viability b1.model4dv  Random forest 1.10 0.98
016 Viability b2.model9v  Gimnet 0.82 0.99
020 Viability b3.model9v  Glmnet 1.05 299

448 Viability b4.model9v  Gimnet 1.18 0.99
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Cultures Pros

Adherent e Easy to handling

o Easy for cell visualization
e Easy for genetic manipulation

Bioreactor e High final cell density

e Low medium consumption
e Unlimited growth surface area
e Single vessel is enough

e Online sampling
o Flexible labor
o High scalability

e Easy for harvesting (ready to

use as aggregate)

e Suitable for automation

Cons

o Low final cell density

e High medium consumption

o Limited growth surface area

e Large numbers of culture vessels
are required

e Online sampling is not possible

e Labor intensive

o Low scalability

o Difficulties in cell harvesting (need
to detach from culture surface)

o Difficult for automation because
of cell detachment step

e Handling requires expertise

o Cell visualization requires an
extra step

o Difficulties in genetic
manipulation
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Characteristics

Operational
considerations

Economic
considerations

Considerations for
quality and safety

What to consider

e Culture system (2D/3D)

e Manual or automatic operation

e Process control and monitoring (online/offline)

e Culture environment (temperature, pH, DO, pCO» etc.)
o Scalability (scale-up/scale-out)

e Culture time

o Culture vessel (single/multi-use)

o Target final cell density (cells/mL)

e Medium feeding regimen (once/twice in a day)

e Prediction model

o Medium

e Resources (devices, labor, etc.)
o Cell storage (cryopreservation)
o Efficient cell lines

o Indirect utilities

e Quality control

e cCGMP compliant

e Efficacy (in vitro and in vivo)

e Harvest purity
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Cell types Seeding density, Final density, Culture time Medium Bioreactor types References
(cells/mL, 105) (cells/mL, 105) (day) volume, (mL)

hESC 3.3 7.9 4 100 Bioreactor Kempf et al., 2015
(DASGIP/Eppendorf)

hESC 0.7 7 5 200 Gas permeable single use Otsuii et al., 2014
bag (Nipro)

hiPSC 3 10 6 100 Spinner flask (Cellspin, Haraguchi et al., 2015
Integra Biosciences)

hiPSC 4 16 ! 50 Spinner flasks (Cellspin, Wang et al., 2013
Integra Bio-sciences)

hESC 25 20 6 60 Spinner flasks (50119114, Chen et al., 2011
Thermo Scientific)

hiPSC 4 15 7 100 Bioreactor Olmer et al., 2012
(DASGIP/Eppendorf)

hiPSC 3 12 7 100 Bioreactor (Cellspin, Abbasalizadeh et al.,
Integra Biosciences) 2012

hESC 18 20 7 100 Spinner flask (IBS Integra Zweigerdt et al., 2011
Biosciences)

hESC il 18 6 50 Spinner flasks (Integra Amit et al., 2011
Biosciences)

hESC 10 20 7 50 Spinner flask (Cellspin, Singh et al., 2010
IBS Integra Biosciences)

hESC 0.2 5 6 100 Bioreactor (NDS Krawetz et al., 2010
Technologies)

hESC 6 360 28 B5 Slow-turning lateral vessel Gerecht-Nir et al., 2004
(Synthecon)

hiPSC 5 36 7 125 DASbox mini bioreactor Kropp et al., 2016
system (Eppendorf AG,
Hamburg, Germany)

hiPSC 2 12 7 100 Spinner flask (Corning) Kwok et al., 2018

hESC 6 35 5 100 Spinner flask, Bellco Oh et al., 2009

hESC 25 3 10 125 Spinner flask (Croning) Silva et al., 2015

hiPSC & 5 & 100 Bioreactor (NDS Meng et al., 2017
Technologies)

hiPSC 1 45 8 100 Bioreactor (Able) Nath et al., 2018
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