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Tuning mesenchymal stem cell secretome therapeutic potential through mechanotransduction
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Abstract: Mesenchymal stem cells (MSCs) and their byproducts have been widely validated as potential therapeutic products for regenerative medicine. The therapeutic effects result mainly from the paracrine activity of MSCs, which consists of the secretion of bioactive molecules, whether dispersed in medium conditioned by cell culture or encapsulated in extracellular vesicles. The composition of the MSC secretome, which represents the set of these secreted cellular products, is crucial for the performance of the desired therapeutic functions. Different cell culture strategies have been employed to adjust the secretome composition of MSCs to obtain the best therapeutic responses for different clinical contexts. However, the manipulation of culture conditions has focused mainly on the use of different biochemical elements for the preconditioning of MSCs and less on the physical conditions of the cell culture environment. Herein, we offer our point of view regarding the importance of the physical properties of cell culture substrates and their mechanotransduction responses in preconditioning the MSCs secretome. We highlight the relevance of studying mechanotransduction events associating cell morphology and the modulation of gene expression to customize and expand the use of MSCs secretomes.
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	COX-2:	Cyclooxygenase 2
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Mesenchymal Stem Cells Secretomes

Advances in the study and application of technologies using stem cells have revolutionized the field of tissue engineering and regenerative medicine. The use of different populations of stem/progenitor cells for tissue engineering or its administration to injured tissues has allowed the construction of new functional tissues or tissue/organ repair and regeneration (Zakrzewski et al., 2019).

In recent decades, mesenchymal stem cells (MSCs) have been at the center of cell-based therapies. The reason for this lies in their ability to differentiate into mature end-stage cells but, above all, in their paracrine activity, which results in the production of a broad spectrum of bioactive signals with immunomodulatory and trophic/pro-regenerative activities (Murphy et al., 2013). These bioactive signals are conventionally defined as secretomes and have been identified in conditioned medium (CM) by cell culturing. Therefore, soluble proteins, lipid mediators, nucleic acid complexes and extracellular vesicles are secreted by cells in the extracellular environment, constituting the conditioned medium of the mesenchymal stem cells (MSCs-CM). These factors/molecules are considered to promote the pro-regenerative activity triggered by MSCs and have been observed in several biological systems, acting as modulators of the immune response (Brini et al., 2017; Legaki et al., 2016), inducing angiogenesis (De Luca et al., 2011), preventing apoptosis (Li et al., 2015), and generating healing effects (Park et al., 2018).

Due to this pro-regenerative potential, the MSCs secretome has attracted the interest of researchers, who envision their bioprocessing for use in cell-free therapies (Phelps et al., 2018). Considering that paracrine factors constitute the main mechanism of action of MSCs, the use of the MSCs secretome can be advantageous in several aspects when compared to cell therapy. First, there is no need to implant live cells, which avoids concerns about cell degeneration or senescence, as well as the risk of immune rejection, mutations and carcinogenesis. Furthermore, production and storage conditions are less demanding. Additionally, the prerogative that the secretome components can be customized through modifications in cell culture conditions—known as preconditioning—represents one of the greatest advantages of its use (Praveen Kumar et al., 2019).

Therefore, the preconditioning of MSCs has been widely explored through the application of a variety of stimuli and different culture conditions to target and enhance the therapeutic capacity of the MSCs secretomes. Over time, the manipulation of cell culture conditions has focused mainly on the incorporation of different chemical elements into the culture environment. Some of these manipulations, such as the reduction of oxygen tension, determined as hypoxia preconditioning, can increase the paracrine cytoprotective and immunomodulatory activity of MSCs (Hu et al., 2016; Lan et al., 2015). The addition of inflammatory cytokines and growth factors (mixed or individually; known as soluble factor preconditioning) to the culture medium is another widely used strategy to target the immunomodulatory and proangiogenic activity of MSCs (Gorin et al., 2016; Maffioli et al., 2017; Redondo-Castro et al., 2017). Similarly, pharmacological agents have also been used for preconditioning (Liu et al., 2015; Pourjafar et al., 2017). Please refer to (Ferreira et al., 2018) for an in-depth understanding of the various MSCs preconditioning strategies. In similar circumstances, the evaluation of biophysical aspects, such as the use of different biomaterials in cell culture for applications in tissue engineering, has also been explored as modulators of cell behavior and of the MSCs secretome.

Mechanotransduction at a Glance

Whatever the MSCs preconditioning strategy, the objective, as mentioned above, is to customize MSCs cultures and their secretome and, therefore, to regulate cell gene expression. However, few studies thus far have focused on understanding the mechanisms by which the physical properties of substrates or scaffolds can modulate gene expression to produce specific secretomes useful for different therapeutic applications.

Classically, gene activation or repression relies on a basic cellular circuit that initiates when a signaling molecule (hormone, cytokine, growth factor) binds to a specific receptor at the cell’s plasma membrane, activating a complex network of cytoplasmic proteins that ultimately flow into the cell nucleus promoting the activation or silencing of specific genes. In the early 1980s, a new proposal made independently by Donald Ingber and Mina Bissel began to gain attention through a bold and innovative postulation: physical forces of the environment applied to a cell membrane could promote changes in gene expression (Bissell et al., 1982; Ingber et al., 1981). The phenomenon was called mechanotransduction, which is the conversion of mechanical inputs into chemical signals and/or gene expression. It was a complete paradigm shift in which changes in cell morphology could influence gene activity. The discovery of the LINC (linker of nucleoskeleton and cytoskeleton) complex by the Donald Ingber group in 1997 (Maniotis et al., 1997) was the missing puzzle piece necessary to better understand the mechanism of mechanotransduction (Fig. 1). The LINC complex establishes a physical connection between the cytoplasmic cytoskeleton and the nucleoskeleton and is responsible for conducting the external physical forces generated in the cell membrane to the cell’s DNA.

With these observations in mind, in a short time, researchers began to design materials to control the behavior of cells. Thus, in 2006, the Dennis Discher group demonstrated that matrix elasticity can direct stem cell lineage specification (Engler et al., 2006). In this study, inert polyacrylamide gels were developed with different concentrations of bis-acrylamide, generating different crosslinks that defined the elasticity of the gels. Then, naive MSCs were seeded on these gels, and surprisingly, they differentiated with extreme sensitivity to tissue-level elasticity. For example, soft matrices that mimic the nervous system promoted neural differentiation, stiffer matrices that mimic muscle allowed the emergence of myogenic cells, and rigid matrices that mimic collagenous bone induced the appearance of cells of the osteogenic lineage (Engler et al., 2006). The only variable in this experiment involved gels of different rigidities so that the physical forces sensed by cells were able to modulate the entire gene network responsible for the differentiation of a specific cell type.

Yet, how is mechanotransduction able to direct stem cell fate choice? Essentially, as cells can sense differences in substrate stiffness through integrins, the mechanical stimulus can pass through the actin cytoskeleton that connects to the nuclear envelope. The nuclear envelope is physically tethered to the actin cytoskeleton via the LINC complex, which consists of KASH-domain proteins and SUN-domain proteins (Fig. 1). The latter connect to lamin proteins (part of the nucleoskeleton) that in turn anchor chromatin loops. This mechanical force can displace certain genes that were located in transcriptionally inactive regions to active regions (and vice versa). Therefore, substrates of different topologies, stiffnesses, and roughnesses can modulate gene transcription based on the spatial displacement of chromatin (Fig. 1). This must also be true in vivo, where fluids, neighboring cells, and extracellular matrices may constitute physical forces that influence cell behavior.
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Figure 1: Simplified view of Mechanotransduction and LINC complex: Physical forces promote a “pull out” of the plasma membrane through interactions between integrins and the extracellular matrix. This force is transmitted through the cell’s cytoskeleton to the nesprins, whose terminal domain (Kash) inserts itself into the outer nuclear envelope. In the perinuclear space and crossing the inner nuclear membrane we find the SUN proteins (in orange). Kash and Sun make part of the LINC complex. Finally, SUN connects with nuclear lamina proteins (white line) which in turn anchor the chromatin fibers present in specific chromosomal territories. Physical forces applied in the opposite direction (against the plasma membrane) can also displace the chromosomal territories promoting a different pattern of gene activation and repression (Wang et al., 2009).

It is important to note that according to Tremblay et al. (2013), although the cytoskeleton is capable of force transmission from the extracellular matrix to the nuclear envelope, the forces it transmits to the nucleus is limited due to its significantly smaller cross-sectional area in comparison to the nucleus. This incapacity of the cytoskeleton to transmit all the stress to the nucleus is translated into the deformation of the cytoskeleton. Thus, it is expected that only a large microenvironmental strain is capable of inducing a deformation able to regulate the gene activity (Tremblay et al., 2013).

For this reason, mechanotransduction must currently be viewed as a multitude of coupled complex events, where application of a mechanical stimulus to the cell surface not only promotes deformation of the lipid bilayer but also triggers the activation of several types of membrane-associated signal-transduction molecules and mechanosensitive ion channels, like Piezo 1 activation, which very recently showed to be related to YAP nuclear translocation and regulation of its target genes (Liu et al., 2021).

In this line, the discovery of YAP/TAZ transcription factors that work as molecular “readers” of ECM elasticity (and geometry) added new complexities to mechanotransduction. Both proteins were shown to be relevant to mediating biological responses to mechanical inputs. The subcellular localization of these “sensors” is related to substrate stiffness and consequently to the fate adopted by MSCs. For example, YAP and TAZ are nuclear on hard substrates and translocate to cytoplasm on softer substrates. Thus, inhibition of YAP/TAZ (which mimics a soft environment) blocks osteogenic differentiation of MSCs on stiff matrices. Conversely, the knockdown of YAP/TAZ allows MSCs to differentiate into adipocytes when seeded on stiff substrates (Dupont et al., 2011). These results clearly show that YAP/TAZ are key elements that transmit important mechanical cues from the environment. They continually shuttle between the cytoplasm and nucleus, but the presence of a tense cytoskeleton promotes their nuclear retention. In the nucleus, YAP/TAZ act as coactivators for the TEAD family of DNA-binding proteins to regulate gene expression (Currey et al., 2021). Therefore, YAP/TAZ regulate gene expression by acting as dynamic sensors of mechanical forces conveyed by cytoskeletal tension.

Linking Mechanotransduction with Mesenchymal Stem Cell Secretomes

If mechanical forces can be so powerful to dictate the destiny of undifferentiated cells, could we imagine that physical forces could modulate the secretome profile of cells? The answer is affirmative, according to some works in the literature showing that stiffness, topology, and dimensionality are correlated with changes in the secretome profile produced by cells.

For example, Carter and colleagues analyzed the profile of secreted factors produced by human bone marrow-derived mesenchymal stem cells (hMSCs) as a function of their growth in 2D culture dishes and/or on 3D electrospun fiber scaffolds (composed of polycaprolactone and gelatin) (Carter et al., 2019). This 3D scaffold was optimized to mimic the mechanical properties of corneal tissue. A Luminex immunoassay showed that the concentrations of factors such as fibroblast growth factor beta (FGF-b), hepatocyte growth factor (HGF), and ICAM-1 were substantially elevated in 3D cultures compared to 2D cultures. The increase in these factors in the secretome under MSC-3D conditions may be related to the enhanced wound healing effects seen in the in vitro migration assay performed with corneal fibroblasts.

Su and colleagues correlated electrospun polycaprolactone fiber morphology and orientation with the paracrine secretion and function of rat adipose mesenchymal stem cells (rAd-MSCs) (Su et al., 2017). The scaffolds included electrospun fibers in random, aligned, and mesh organizations. The rAd-MSCs were cultured on these different scaffolds and in polystyrene microplates. They observed that all fibers enhanced the paracrine function of MSCs compared to plastic plates and that the cells exhibited differential secretome profiles that correlated with the specific fibrous topography and orientation. For example, cells cultured on aligned and mesh fibers secreted increased levels of the immunosuppressive mediators prostaglandin E2 (PGE2) and inducible nitric oxide synthase (iNOS) compared to cells cultured on random fibers. Moreover, cells cultured in mesh fibers secreted much more HGF and vascular endothelial growth factor (VEGF) than cells cultured on aligned and random fibers. In a functional assay, CM derived from cells cultured on mesh fibers showed potent effects on promoting the anti-inflammatory responses of macrophage cells compared to CM obtained from cells cultured on random fibers. The authors did not address the mechanisms by which the fibers can induce such differences in the secretome profile but they suggest that it may be related to differences in cell shape. Therefore, the authors noted that on random fibers, cells exhibited a round shape; on aligned fibers, they were fully stretched; and on mesh fibers, the cell shapes were in between. They compare their results to studies that demonstrate that stem cell differentiation can be alterable by substrates affecting cell orientation and shape.

Wan and colleagues advanced along and investigated the mechanism behind the effects of poly (L-lactic acid) (PLLA) electrospun fiber orientation on the secretory behavior of human adipose mesenchymal stem cells (hAd-MSCs) concerning immunomodulation. Here, they clearly showed the involvement of YAP/TAZ mechanotransducers in this phenomenon (Wan et al., 2018). The fibrous scaffolds were developed with two different orientations, random fibers (RF) vs. aligned fibers (AF). They observed the markedly elevated production of both TSG-6 and COX-2 in hAd-MSCs on AF. TSG-6 is considered a biomarker for predicting the immunosuppressive efficacy of MSCs. COX-2 is an essential enzyme for the synthesis of the immunosuppressive mediator PGE2. These data indicate that AF may promote the immunomodulatory efficacy of hAd-MSCs. The group observed a high immunofluorescence signal of YAP/TAZ in the nuclei of hAd-MSCs cultured on AF. Conversely, cells cultured on RF exhibited YAP/TAZ located mainly in the cytoplasm. Activated YAP/TAZ signaling was correlated with the enhanced immunomodulatory properties of hAd-MSCs on AF since specific inhibition of YAP/TAZ with verteporfin reduced the gene expression of the immunomodulatory factors COX-2, TSG-6, IL-1ra, and MCP-1. Thus, the authors suggest that aligned fibers must activate YAP/TAZ signaling, keeping hAd-MSCs in a multipotent status, which is also required for their immunomodulation properties through the secretion of immunomodulatory factors. This was the first study to demonstrate the involvement of YAP/TAZ signaling in mediating the physical cues provided by fiber orientation on the immunomodulation of hAd-MSCs.

Cadherins are cell-cell adhesion proteins that act as force transducers regulating cytoskeletal organization and signaling in response to changes in intercellular tension. The possibility of creating tailored biomaterials allowed the presentation of N-cadherin-engaging peptides, such as HAVDI, in combination with integrin-engaging ligand RGD, to modulate several cell behaviors, such as adhesion, proliferation, and differentiation. More recently, Qin and coworkers analyzed the effects of these modified substrates on the secretome profile of MSCs (Qin et al., 2020). The researchers tested three different immobilized N-cadherin-derived fragments and demonstrated that MSCs cultured on the full N-cadherin extracellular domain (EC1-5) exhibited stiffness-dependent changes in nuclear YAP/TAZ localization and significantly higher secretion of VEGF and IGF-1 compared to cells cultured on hydrogels displaying either EC1-2 or the HAVDI peptide. The increased paracrine secretion also enhanced myogenic differentiation. However, the authors did not establish a relationship between the nuclear accumulation of YAP/TAZ and paracrine secretion since N-cad EC1-2 and HAVDI bind MSCs with similar affinities and appear to elicit similar IGF-1 secretion.

Finally, in 2020, Molly Ogle and colleagues designed polyethylene glycol hydrogel substrates with tunable mechanical and biochemical properties to screen the effect of culture surfaces on the secretome profile of MSCs-CM (Ogle et al., 2020). The MSCs were cultured in two-dimensional materials with Young’s moduli spanning from 30–100 kPa (Young’s modulus measures the tensile or compressive stiffness of solid material when the force is applied lengthwise). Moreover, a variety of biochemical modifications, such as the integration of adhesive ligands (HAVDI, RGD, and the glycosaminoglycan heparin), were also accomplished on these substrates.

Importantly, the authors observed that the substrate stiffness exerted a greater impact on MSC secretory profiles than the biochemical composition of the biomaterial. Hydrogels of 30 kPa stiffness halted MSC proliferation but broadly enhanced the level of immunomodulatory factors versus either 100-kPa hydrogels or polystyrene/plastic culture dishes that were several orders of magnitude stiffer (GPa range). Despite changes in some individual factors (i.e., iMCP-1 and IL-6), MSCs cultured on 100-kPa hydrogels did not exhibit a broad distinct secretory profile from those cultured on plastic dishes. Moreover, 100-kPa gels promoted MSC proliferation with reduced replicative senescence compared to cells cultured on plastic dishes. Very importantly, unlike cells cultured on plastic dishes, MSCs serially passaged on 100-kPa RGD hydrogels are able to retain the ability to secrete many growth factors, cytokines, and chemokines when transferred to 30-kPa hydrogels (Ogle et al., 2020).

The group also performed functional assays to compare the effects of CM obtained from MSCs cultured on hydrogels of different stiffnesses. The CM from 30-kPa surfaces enhanced HUVEC network formation compared with 100-kPa surfaces. Therefore, CM from 30-kPa surfaces exhibited increased angiogenic potency. These results corroborated other studies showing that substrates promoting MSC aggregation and surfaces with stiffness of approximately 40 kPa enhanced VEGF secretion, improving proangiogenic signaling (Abdeen et al., 2014; Lee et al., 2012).

Conclusion

Our aim was not to perform an extensive review of the subject, and we apologize for the many scientific articles that were potentially left out. Our objective was to show that there are already some works, the vast majority of them very recent, that seek to correlate the physical properties of substrates influencing the secretome profile of cells. Unfortunately, to date, few studies have associated or addressed the real mechanism behind the effects observed. The evidence is that the vast majority of the studies described here did not perform a simple comparative analysis of the cell morphology cultured under different substrates.

Therefore, we propose that mechanotransduction must be the key mechanism that can explain why cells cultured under specific substrates produce different secretome profiles. Furthermore, we suggest that the possibility of creating substrates with different physical properties aiming at the production of specific secretome profiles should be the next step in biotechnological research for application in regenerative medicine using the secretome of MSCs.

For example, Fig. 2 exemplifies the main steps by which substrates with different rigidities can be employed to pre-conditionate MSCs to produce pro-angiogenic secretomes. Ideally, future studies should initially work with single cells placed on substrates with different physical properties. These single cells must undergo a rigorous and thorough imaging process that can correlate their morphology with the cytoplasmic cytoskeletal conformation and the consequent arrangement adopted by specific chromatin territories in the nucleus. This correlation between cellular morphology and chromatin territories, in turn, must be correlated to specific elicited gene transcription and inhibition events (transcriptomic profile). Finally, this should be correlated with a detailed proteomic analysis of the secretome produced by cells. In this sense, we envisage that different substrates using the same type of MSC (a strain or lineage) can allow the creation of a secretome bank, the profile of which can be standardized and used for specific therapeutic situations (i.e., angiogenesis, immunomodulation, tissue regeneration, etc.). Doubtless, it is increasingly necessary that single-cell analyses continue to progress, especially concerning the possibility of carrying out in-depth studies from small samples.
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Figure 2: Using mechanotransduction to produce customized secretomes.

Recent studies, including those of our group, show the benefits of employing the harvested secreted products from cells compared to cell infusion/transplantation (Robert et al., 2019; Rode et al., 2018). The use of the cell secretome allows more convenient control of the dosage and storage of the therapeutic substance and avoids important immunological concerns. However, it is absolutely necessary to establish regulatory policies to address the quality, safety, and efficacy of this new category of therapeutics containing highly heterogeneous components. Effectively, a deep comprehension of the mechanism behind the generation of a specific secretome profile can not only give us the possibility to customize and expand the use of conditioned medium from cells but also facilitate reproducibility and consistency to ensure the quality of the products produced and, hopefully, affordable prices for public health systems.
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