

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-5587-3
DOI 10.3389/978-2-8325-5587-3

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Biology of mesenchymal stromal cells -emerging new concepts to improve function and scalability

Topic editors

Tokiko Nagamura-Inoue – The University of Tokyo, Japan

Willem Fibbe – Leiden University Medical Center (LUMC), Netherlands

Keiya Ozawa – Jichi Medical University, Japan

Citation

Nagamura-Inoue, T., Fibbe, W., Ozawa, K., eds. (2024). Biology of mesenchymal stromal cells -emerging new concepts to improve function and scalability. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-5587-3





Table of Contents




Adult tissue-specific stem cell interaction: novel technologies and research advances

Xutao Luo, Ziyi Liu and Ruoshi Xu

Poly I:C-priming of adipose-derived mesenchymal stromal cells promotes a pro-tumorigenic phenotype in an immunocompetent mouse model of prostate cancer

Cosette M. Rivera-Cruz, Shreya Kumar and Marxa L. Figueiredo

Superior migration ability of umbilical cord-derived mesenchymal stromal cells (MSCs) toward activated lymphocytes in comparison with those of bone marrow and adipose-derived MSCs

Akiko Hori, Atsuko Takahashi, Yuta Miharu, Satoru Yamaguchi, Masatoshi Sugita, Takeo Mukai, Fumitaka Nagamura and Tokiko Nagamura-Inoue

Caught in action: how MSCs modulate atherosclerotic plaque

Virginia Egea

Licensing effects of inflammatory factors and TLR ligands on the regenerative capacity of adipose-derived mesenchymal stem cells

Diána Szűcs, Tamás Monostori, Vanda Miklós, Zoltán G. Páhi, Szilárd Póliska, Lajos Kemény and Zoltán Veréb

Proteomic analysis and functional validation reveal distinct therapeutic capabilities related to priming of mesenchymal stromal/stem cells with IFN-γ and hypoxia: potential implications for their clinical use

Matteo Calligaris, Giovanni Zito, Rosalia Busà, Matteo Bulati, Gioacchin Iannolo, Alessia Gallo, Anna Paola Carreca, Nicola Cuscino, Salvatore Castelbuono, Claudia Carcione, Claudio Centi, Giandomenico Amico, Alessandro Bertani, Cinzia Maria Chinnici, Pier Giulio Conaldi, Simone Dario Scilabra and Vitale Miceli

Characterization of disease-specific alterations in metabolites and effects of mesenchymal stromal cells on dystrophic muscles

Yuko Nitahara-Kasahara, Guillermo Posadas-Herrera, Kunio Hirai, Yuki Oda, Noriko Snagu-Miyamoto, Yuji Yamanashi and Takashi Okada

Role of the mesenchymal stromal cells in bone marrow failure of Fanconi Anemia patients

Josune Zubicaray, Maria Ivanova, June Iriondo, Jorge García Martínez, Rafael Muñoz-Viana, Lorea Abad, Lorena García-García, Jesús González de Pablo, Eva Gálvez, Elena Sebastián, Manuel Ramírez, Luis Madero, Miguel Ángel Díaz, África González-Murillo and Julián Sevilla

The issue of heterogeneity of MSC-based advanced therapy medicinal products–a review

Ana Bajc Česnik and Urban Švajger

Therapeutic role of extracellular vesicles from human umbilical cord mesenchymal stem cells and their wide therapeutic implications in inflammatory bowel disease and other inflammatory disorder

Muhammad Azhar Ud Din, Aijun Wan, Ying Chu, Jing Zhou, Yongmin Yan and Zhiliang Xu



		REVIEW
published: 21 September 2023
doi: 10.3389/fcell.2023.1220694


[image: image2]
Adult tissue-specific stem cell interaction: novel technologies and research advances
Xutao Luo, Ziyi Liu and Ruoshi Xu*
State Key Laboratory of Oral Diseases, National Center for Stomatology, National Clinical Research Center for Oral Diseases, Department of Cariology and Endodontics, West China Hospital of Stomatology, Sichuan University, Chengdu, China
Edited by:
Willem Fibbe, Leiden University Medical Center (LUMC), Netherlands
Reviewed by:
Marcio Alvarez-Silva, Federal University of Santa Catarina, Brazil
Mariaceleste Aragona, University of Copenhagen, Denmark
* Correspondence: Ruoshi Xu, xurs@scu.edu.cn
Received: 11 May 2023
Accepted: 11 September 2023
Published: 21 September 2023
Citation: Luo X, Liu Z and Xu R (2023) Adult tissue-specific stem cell interaction: novel technologies and research advances. Front. Cell Dev. Biol. 11:1220694. doi: 10.3389/fcell.2023.1220694

Adult tissue-specific stem cells play a dominant role in tissue homeostasis and regeneration. Various in vivo markers of adult tissue-specific stem cells have been increasingly reported by lineage tracing in genetic mouse models, indicating that marked cells differentiation is crucial during homeostasis and regeneration. How adult tissue-specific stem cells with indicated markers contact the adjacent lineage with indicated markers is of significance to be studied. Novel methods bring future findings. Recent advances in lineage tracing, synthetic receptor systems, proximity labeling, and transcriptomics have enabled easier and more accurate cell behavior visualization and qualitative and quantitative analysis of cell-cell interactions than ever before. These technological innovations have prompted researchers to re-evaluate previous experimental results, providing increasingly compelling experimental results for understanding the mechanisms of cell-cell interactions. This review aimed to describe the recent methodological advances of dual enzyme lineage tracing system, the synthetic receptor system, proximity labeling, single-cell RNA sequencing and spatial transcriptomics in the study of adult tissue-specific stem cells interactions. An enhanced understanding of the mechanisms of adult tissue-specific stem cells interaction is important for tissue regeneration and maintenance of homeostasis in organisms.
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1 INTRODUCTION
Adult tissue-specific stem cells interactions can be viewed as communication modalities that play a central role in regulating cell behavior and function (Xin et al., 2016).
In this paper, we first discuss the methods for studying adult tissue-specific stem cells interactions in two directions: bioinformatics analysis and visualization analysis. Specifically, these techniques or methods include lineage tracing, synthetic receptor systems, proximity labeling, and transcriptome analysis. In addition, there are few systematic descriptions of the mechanisms of stem cell interactions. Therefore, this paper also combs the biological understanding of adult tissue-specific stem cells interactions. We do not provide a summary assessment of all relevant literature, and references throughout the text tend to be more illuminating examples. Based on the latest literatures, stems cells referred in this review focus on adult tissue-specific stem cells.
2 TRACKING THE TARGETS ALL THE WAY: LINEAGE TRACING
Lineage tracing is a powerful means of monitoring cells in various physiological and pathological processes, resulting in many valuable biological discoveries (Kumar et al., 2014; He et al., 2017a; Wu et al., 2021; Hou et al., 2022). Cell lineage tracing techniques have used classical fluorescent protein markers combined with microscopy to identify a few cell clones and to introduce heritable DNA barcodes into single cells to track larger numbers of more complex cell clones, the latter including Cre-mediated recombination and CRISPR-Cas9-mediated editing (Meinke et al., 2016; Baron and van Oudenaarden, 2019). Optogenetic engineering has been developed to some extent. It has been used for detailed in vivo single-cell analysis because of its efficiency and spatiotemporal specificity (Yao et al., 2020; Li et al., 2022a; Geiller et al., 2022). Here, we describe the advances in cell lineage tracing technology, with a focus on Cre/LoxP recombinase systems (Figure 1).
[image: Figure 1]FIGURE 1 | Dual enzyme lineage tracing system. (A) Cre or Dre recombinases can knock out sequences between loxP or between rox. (B) DeaLT-IR: the loxp and rox sites are arranged alternately in a sequence. DeaLT-NR: two sites of loxp are contained within two sites of rox. Inducible Recombination: the DreER was activated with the inducer tamoxifen to produce a Dre recombinase to remove the sequence between the two rox sites. Triple-cell lineage tracing (an example): On a sequence, two sites of loxp and their corresponding reporters were distributed on either side of an insulating sequence, and cells expressing different recombinant enzymes (Cre, Dre, Cre and Dre) showed three reported results.
2.1 Genetic lineage tracing has entered the era of the recombinase system
The Cre/LoxP recombinase system is widely used for in vivo tracking of stem or progenitor cell lines. Its main working principle can be briefly summarised as follows: Cre mediates the removal of transcription termination DNA sequences on the LoxP side, whereupon predesigned reporter genes are expressed in cells expressing Cre (Meinke et al., 2016). Coupled with the fact that this genetic marker can be passed on to progeny cells, this feature allows researchers to elucidate cell lineages as well as track cell fate decisions in stem or progenitor cell lines (van Berlo et al., 2014; Liu et al., 2016; Zhu et al., 2016). However, many controversies have arisen regarding the drawbacks of the Cre/LLoxP system (Liu et al., 2016). Single-spectrum tracing has been criticized for a long history (van Berlo et al., 2014). The complexity of Cre transgene expression patterns and the toxicity generated to activate Cre are of concern, and in some cases, the data obtained by applying the Cre/LoxP knock-in system have been proven incorrect (Zhu et al., 2016; Pu et al., 2018). He et al. (2017a) pioneered the Cre: Dre dual-recombinase reporter system. This system combines the Cre/LoxP system with the Dre/rox system, where the Dre/rox recombination system releases Cre from the CreER and allows Cre targeting of the LoxP allele. Determining Cre activity using two different gene promoters provides a higher gene targeting precision than was previously possible with a single gene promoter controlling Cre. Besides being used for cell lineage tracing, it can also be used to query the functions of cell subpopulations in vivo (Pu et al., 2018).
2.1.1 Improved spatial resolution
The ability of bronchioalveolar stem cells (BASCs) to regenerate the bronchoalveolar junction region after an injury has been demonstrated using dual-recombinase-activated lineage tracing (DeaLT) system, reiterating previous findings (Salwig et al., 2019; Liu et al., 2020a). Applying the same technique, one demonstrated the dominance of self-renewal of pancreatic β-cells in pancreatic β-cell regeneration (Zhao et al., 2021). The idea that pancreatic progenitor cells give rise to pancreatic β-cells was challenged. DeaLT has also been applied to bone tissues. The division of labor between chondrocytes and Lepr+ bone marrow stem cells (BMSCs) during long bone formation is clearly illustrated (Shu et al., 2021). It has also been revealed that a subpopulation of Krt14+ Ctsk+ cells involved in maxillary bone regeneration has both epithelial and mesenchymal properties (Weng et al., 2022). In lung and liver injury, it was previously thought that macrophages that are non-vascularly recruited to reach the viscera via CD44 and ATP directly promote the repair and regeneration of the injured viscera (Wang and Kubes, 2016; Deniset et al., 2019). Updated techniques have helped re-evaluate this idea, and the results of the experiments do not support the scientific validity of the idea (Jin et al., 2021a).
2.1.2 The time continuity of lineage tracing is realized
Based on the Cre: Dre dual recombinase reporter system, Lingjuan He et al. (2021) developed a cell proliferation tracer model, called “ProTracer.” Specifically, DreER-rox recombination removes the estrogen receptor DNA on the rox side, whereupon the sequence encoding CrexER is converted into constitutively active Cre gene sequences, resulting in cells of Ki67-Cre genotype. In these cells, the expression of constitutively active Cre gene sequences is triggered by the Ki67 promoter, and the transcriptional activity of Ki67 is continuously recorded by the R26-GFP reporter gene activation. This model allows the tracing of Ki67+ cells at any moment and the recording of cell proliferation over time. ProTracer combines dual recombinases to continuously document the proliferation of whole cell populations in multiple tissues and organs, thereby eliminating potential selectivity bias. The use of ProTracer allows for the sequential recording of the initial tamoxifen-triggered DreER-rox recombination initiating the Ki67- Cre gene, thus overcoming the technical dilemma of using Cre/LoxP alone, which requires prolonged CreER activation with tamoxifen (He et al., 2021). ProTracer records circulating cardiomyocytes in both dividing and non-dividing cardiomyocytes. Most circulating cardiomyocytes and dividing cardiomyocytes (approximately 13% of tracer cardiomyocytes) are highly confined to the subendocardial muscle of the left ventricle of the adult heart (Liu et al., 2021). They also assessed postnatal cardiomyocyte proliferation using ProTracer, which showed a rapid and sustained decline in the number of circulating cardiomyocytes from birth to adolescence. These results support the claim that prepubertal cardiac proliferation shows a burst (Pu et al., 2022).
2.2 Optogenetics has a promising future in genetic lineage tracing
We also note the contribution of optogenetic genetic engineering to the content of our work, which is widely used to study and control cells and has been previously described (Tan et al., 2022). Optogenetics regulates cell physiology by combining light with genetic engineering. The advantages of high spatiotemporal accuracy and single-cell resolution offered by optogenetic tools have made it a powerful technique for the precise detection of signaling and intercellular interactions (Leopold et al., 2018; Uroz et al., 2018; Gagliardi et al., 2021; Zhang et al., 2021; Kim and Schnitzer, 2022). Felker et al. (2018) described the formation of zebrafish ventricles by progenitor cells using optogenetic techniques for lineage tracing. The combination of optogenetic genetic engineering with Cre/LoxP systems has also been experimentally implemented (Taslimi et al., 2016; Morikawa et al., 2020); however, its limitations are related to the lack of specificity of the Cre/LoxP system itself (Tan et al., 2022). Optogenetic tools provide a tunable platform for studying the dose- and intensity-dependent signaling between sending cells and receiving cells (Tan et al., 2022). Moreover, current research models in optogenetics are not sufficiently rich, and we suggest that optogenetic genetic engineering can be applied to study the function of adult tissue-specific stem cells in homeostasis and regeneration. A combination of dual recombinant enzyme lineage tracer strategies and optogenetic engineering can be widely applied.
3 CUSTOMIZED CELL SIGNALING: SYNTHETIC RECEPTOR SYSTEMS
Inspired by the natural cell-signaling paradigm, researchers have implemented artificially designed synthetic receptor systems to manipulate signal translation to control cellular functions, including artificially tunable cellular sensing and subsequent transcriptional responses (Zhu et al., 2022; Roybal et al., 2016; Morsut et al., 2016; Hernandez-Lopez et al., 2021). The development of synthetic receptor systems has gradually evolved from initial modest modifications of natural proteins to the holistic design of modular technologies that increasingly approach the engineering of customized cellular functions (Manhas et al., 2022). Artificial effects on cellular activity through synthetic receptors include but are not limited to, control of pluripotent stem cells differentiation (Lee et al., 2023). And if the endpoint of intracellular signaling is set to the expression of fluorescent genes, we can clearly distinguish which cells receive the influence of the sender cells (Figure 2).
[image: Figure 2]FIGURE 2 | The working mechanism of the synthetic receptor system. (A) synNotch receptor consists of an extracellular ligand-binding domain, a native Notch receptor transmembrane core, and an intracellular domain linked to the transcriptional factor-associated intracellular domain. (B) After the ligand binds to the synthetic receptor, transcription factors located in the intracellular segment are cleaved and take effect in the nucleus. (C) Combining the Cre/loxP system with the synthetic receptor system can also be used to detect and track cells that have undergone cell-cell contact, whether sending or receiving cells.
3.1 Monitoring cell-cell contacts
The synNotch receptor system, which detects cell-cell contact, was developed during the development of synthetic receptor systems (Morsut et al., 2016). The synNotch receptor is described as a receptor that signals through intramembrane protein hydrolysis and contains an extracellular ligand-binding domain, a native Notch receptor transmembrane core, and an intracellular domain linked to transcriptional factor-associated intracellular domain (Toda et al., 2018). Both the extracellular and intracellular domains of the Notch receptor are artificially substitutable so that highly diverse cell-cell interactions can be artificially engineered (Struhl and Adachi, 1998; Gordon et al., 2015). The synNotch receptor system can potentially become a powerful tool for studying cell-cell contact by being designed in a rational way that exploits the precise spatial control of synNotch pathway activation dependent on direct cell-cell contact (Morsut et al., 2016).
3.2 Combination of synNotch with different reporting systems
Firstly, Huang et al. used different enhancers to drive synNotch ligands and receptors to monitor neuronal and glial cell interactions and achieve long-term genetic modifications in a Drosophila model (Huang et al., 2016). He et al. (2017b) improved this idea by combining the synNotch receptor with a transcriptional stop signal and flip-flopping enzyme (FLP) recombination target sites on either side. These sequences were placed before the GFP ligand and controlled using the same promoter. The removal of gene sequences between FLP recombination target sites was achieved using FLP recombination, and the GFP ligand was expressed only in the presence of FLP, enabling the permanent labeling of cells for lineage tracing and real-time capture of intercellular contacts. This attempt led to breakthroughs in mammalian cell models, where Toda et al. (2018) used synNotch to design a modular signaling platform to enable the operation of artificial genetic programs at the tissue level. Specifically, the team used specific cell-cell contacts to induce changes in calmodulin adhesion that altered the local signals received by the cells, demonstrating the potential of artificially manipulated tissue generation. Zhang et al. (2022a) used Myc-tagged anti-GFP nanosomes (αGFP) and tetracycline (tet) trans-activator (tTA) to replace the extracellular and intracellular domains in the synNotch receptor system, respectively, and designed a genetic marker for labeling cell-cell contacts using tetO-LacZ as a reporter allele and membrane-bolted green fluorescent protein (mGFP) as a ligand. The contact of the sending cell containing the ligand with the cell containing the corresponding synNotch receptor triggers cleavage of the Notch transmembrane structural domain, releasing tTA into the nucleus, which in turn activates the reporter allele (Zhang et al., 2022a). If the Cre/LoxP system is used instead of the tetO-LacZ reporter system, it is not only possible to determine whether cell contact has occurred but also to permanently track cells that have made cell-cell contact and their progeny. SynNotch, combined with the Cre/LoxP system, can be used as a tool for genetic tracing of cell-cell contact (Zhang et al., 2022a).
4 PROXIMITY LABELING
Many proximity labeling systems have been developed to analyze protein-protein interactions, but relatively few have been applied to study cell-cell interactions (Liu et al., 2020b). Substances with catalytic effects (enzymes or photocatalysts) are bound to membrane proteins of the target cell for the production of intermediates (Ge et al., 2019; Liu et al., 2022a). The added substrate is attached by the intermediate to the cell that interacts with the target cell. This process is called proximity labeling. In certain aspects, proximity labeling offers many advantages over other techniques for studying cellular interactions. The proximity labeling approach is closer to the natural environment than synthetic receptors. The data provided by bioinformatics functions primarily as a reference, and predictions made about cellular interactions require further validation. Techniques based on imaging to study cellular interactions do not provide molecular information about cellular interactions and do not isolate the cells of interest for subsequent analysis. According to our objectives, the limitation of the present proximity labeling method is that the cells studied are mostly immune cells and tumor cells, while few descriptions involving adult tissue-specific stem cells are available. We need to further validate whether proximity labeling is applicable to stem cell studies. Proximity labeling techniques commonly used for cellular interaction studies currently include both enzyme-based and photocatalyst-based types (Figure 3).
[image: Figure 3]FIGURE 3 | Three types of proximity labeling. (A) Enzymes are expressed on the cell membrane of the decoy cell by genetic engineering or are installed on the decoy cell by mediation such as antibodies to catalyze substrate labeling of the prey cell; (B) Photocatalysts pre-installed on the decoy cell are activated using light of a certain wavelength to generate free radicals at the interaction interface, which mediates the labeling; (C) Decoy cells transfected with viruses express and secrete markers that can be absorbed by the prey cell.
4.1 Enzymatic labeling
4.1.1 Genetic manipulation
This class of proximity labeling protocols uses genetic engineering to make decoy cells express the enzymes used for proximity labeling and transfer label to prey cells. The main types of proximity marker technologies used to study cellular interactions are LIPSTIC, EXCELL and PUP-IT.
LIPSTIC uses sortase A (SrtA) genetically engineered to be expressed in decoy cells to transfer the markers to prey cells (Pasqual et al., 2018). This label can only be transferred when the cells are close enough to each other for the ligand receptor to bind to each other. This scheme provides information on the cells where the interaction occurs and quantifies this interaction. However, prior glycine placement of cells is required for the application of LIPSTIC. Recently the team described a modified version of LIPSTIC, uLIPSTIC, which is expected to enable the detection and analysis of CCIs across multiple organs (Nakandakari-Higa, 2023).In the EXCELL protocol, SrtA was improved to a variant mgSrtA, which has advantages in terms of cell labeling efficiency and signal-to-noise ratio. Compared to LIPSTIC, EXCELL does not require prepositioned glycine and also has the ability to discover unknown cell-cell interactions (Ge et al., 2019).The innovative feature of PUP-IT versus other neighboring labeling protocols is that both enzyme and substrate are proteins, and thus have better selectivity in genetic fusion strategies (Liu et al., 2018). PUP-IT2 is characterized by the minimization of fusion proteins and the virtual absence of self-labeling of enzyme (Yue et al., 2022). The relatively low labeling efficiency of the PUP-IT protocol has been reported in the literature and may not be suitable for studying cell-cell interactions (Ge et al., 2019).
4.1.2 Non-genetic manipulation
The FucoID protocol installs the glycosyltransferase directly onto the decoy cell without gene expression on the cell membrane (Liu et al., 2020b). This enzyme allows the transfer of GDP-Fuc-GF-Biotin substrate to the prey cell, thus enabling proximity labeling. The development team used FucoID to detect and isolate T cells interacting with dentritic cells in a pancreatic tumor model with new bystander T cells, driving personalized cancer therapy. The team updated the tool library of the FucoID protocol and proposed two probes, cell-sFT and Ab-sFT (Qiu et al., 2022). The former requires pre-placement of fucosyltransferase (FT) on decoy cells, while the latter does not, thus it can be applied in cases where decoy cells are difficult to isolate.
4.2 Photocatalytic labeling
Protocols using photocatalysts have greater temporal control and remote manipulation than enzymatic proximity-labeling systems (Liu et al., 2022a). These protocols typically generate reaction intermediates such as free radicals at the cell-cell interaction interface to label prey cells.
PhoXCELL is an update of the EXCELL protocol (Liu et al., 2022a). PhoXCELL introduces Dibromofluorescein as a photocatalyst that mediates the transfer of cellular labeling using singlet oxygen (radicals). The diffusion radius of oxygen radicals is smaller compared to other radicals, reducing the possibility of false positive assay results. The PhoTag protocol uses phenoxy radicals to label neighboring cells (Oslund et al., 2022). This protocol recognizes and couples to decoy cell membrane proteins via an antibody-mediated photocatalyst and is primarily used to analyze physical interactions. This study also describes the combination of PhoTag with multi-omics single-cell sequencing to provide more information about the cells involved in the interaction. μMap uses carbene as a reaction intermediate, which has a shorter half-life compared to phenoxy radicals, which contributes to the resolution (Geri et al., 2020). μMap-red uses longer wavelength red light combined with a photocatalyst to generate from aryl azides nitrogen-containing radicals, which is suitable for in situ studies of cellular interactions in animal models (Buksh et al., 2022).
4.3 Direct labeling
We also focused on the mCherry-niche labeling system (Ombrato et al., 2021). This is a labeling method for detecting cells in the tumor microenvironment that receive secreted proteins from tumor cells (O et al., 2019). Through viral transfection, tumor cells stably express mCherry, and the stronger the tumor cell secretion capacity, the more mCherry is secreted. mCherry is readily taken up by other cell types and labels the cells. Further validation of the contribution of the mCherry-niche system to the study of the paracrine secretome of MSCs is needed.
4.4 Engineered virus labeling
Engineered viral labeling in fact goes beyond the definition of proximity labeling that we presented at the beginning of this section. However, the brief logic of engineered virus labeling is applying the ligand of interest to discover the receptor that interacts with it, which is consistent with the core idea of proximity labeling to discover prey cells that interact with decoy cells. Specifically, engineered viral labeling uses lentiviruses with artificially defined ligands to engage in ligand-receptor interactions with cells that have the corresponding receptors (Yu et al., 2022a). The interacting cells endocytose the corresponding engineered viruses. Cells are labeled by the barcode of the virus, thus allowing the identification of cells interact with that ligand. In addition, when multiple engineered viruses with different ligands with barcodes are used to mix with cells of interest, it is also possible to identify which ligands the cells interact with (Yu et al., 2022a).
5 INTEGRATION AND SYSTEMATIZATION OF TRANSCRIPTOMICS ANALYSIS
Stem cell interactions and their consequences include processes such as signal transmission and transduction, the response of genetic systems, and changes in stem cell behavior, which are recorded in high-resolution omics data. To date, many tools have been developed to infer cellular interactions (Nitzan et al., 2019; Browaeys et al., 2020; Cang and Nie, 2020; Efremova et al., 2020; Ren et al., 2020; Jin et al., 2021b; Dries et al., 2021; Fang et al., 2022; Li and Yang, 2022; Shao et al., 2022; Sun et al., 2022; Cang et al., 2023; Fischer et al., 2023; Tang et al., 2023). They are mainly based on scRNA-seq and spatial transcriptome data (Figure 4; Table 1).
[image: Figure 4]FIGURE 4 | The broad landscape of stem cell interactions. (1) Stem cells act as signal senders and regulate their behavior. Effects include recruiting stem cells, maintaining the normal fate of stem cells, and influencing stem cell proliferation and differentiation. (2) (3) Stem cells communicate with non-stem cells by secreting chemicals. (4) (5) Stem cells and non-stem cells transmit mechanical or biochemical information to each other through cell-cell contact. (6) Stem cells also communicate closely with ECM. ECM regulates stem cell behavior by enriching ligands as well as by their physical properties. LEC, lymphatic endothelial cell; MSC, mesenchymal stem cell; ESC, embryonic stem cell; NSC, neural stem cell; RGL, radial glial-like neural stem cell; HFSC, hair follicle stem cell; EPC, epithelial progenitor cell; HSC, hemopoietic stem cell; hMuSC, human Muscle Stem cell; CSC, cancer stem cell; BMSC, bone marrow stromal cell; ISC, intestinal stem cell; GC, granule cell.
TABLE 1 | Tools for studying cellular interactions.
[image: Table 1]5.1 Single-cell RNA sequencing (scRNA-seq)
scRNA-seq is a mighty method for analyzing information regarding intra- and extracellular interactions using whole transcriptional profiling (Travaglini et al., 2020; Wang et al., 2020; Wang et al., 2021a). scRNA-seq is mainly used to identify different cell types and map the developmental trajectory of cells (Paik et al., 2020). In addition, scRNA-seq can be used to predict cell interactions. scRNA-seq data are used to perform computer modeling to build tissue-level models to predict intercellular interactions through ligand-receptor pairs (Del Sol and Jung, 2021).
To systematically use transcriptome data to infer cell-cell interactions and generate potential cell-cell communication networks, many analytical tools have been developed, including NicheNet, CellPhoneDB and CellChat (Vento-Tormo et al., 2018; Browaeys et al., 2020; Centonze et al., 2020; Efremova et al., 2020; Jin et al., 2021b). These considerations have been updated using newer technologies from only one ligand-receptor gene pair used to the integrated consideration of different subunit states in receptors as multi-subunit complexes (Efremova et al., 2020). Moreover, more complete data on cellular interactions were compiled (Jin et al., 2021b). Important signaling cofactors and cellular spatial locations have also been considered (Efremova et al., 2020; Saviano et al., 2020; Jin et al., 2021b). Compared to CellPhoneDB, NicheNet can also analyze the gene expression of receiver cells (Browaeys et al., 2020). CellChat performs better in predicting strong intercellular interactions (Jin et al., 2021b). Furthermore, the developers of CellChat described the application of the tool in the pseudotime analysis of continuous cell states. But the systematic description of the application of the pseudotime analysis in improving intercellular interactions was not reflected until the development of TraSig (Li et al., 2022b). TraSig focuses on the temporal heterogeneity of gene expression in homogeneous clusters of cells by including ligand-receptor genes that are expressed at similar rates in the pseudotime in the prediction criteria for positive ligand-receptor pair interactions.
Table 1 compares in detail the differences between tools for analyzing cell-to-cell interactions using transcriptome data, including tools mentioned above. There are concerns that distant endocrine signals are difficult to capture owing to the technical limitations of scRNA-seq (Liu et al., 2022b; Dimitrov et al., 2022). CCI mediators have also been studied in a relatively homogeneous manner, and attempts have been made to investigate mediators other than proteins (Dimitrov et al., 2022).
5.2 Spatial transcriptomics (ST)
ST technologies discussed in this paper refer to technologies aimed at preserving spatial information and obtaining transcriptome information (Ståhl et al., 2016). ST provides spatial information and is used to study cell-cell contact. The technical shortcomings of ST are reflected in the lack of resolution and transcriptome coverage, but these shortcomings are being rapidly filled (Longo et al., 2021; Rao et al., 2021; Dimitrov et al., 2022; Tian et al., 2022). The ability of spatial transcriptomics to reveal the identity, extent, and spatial location of expressed genes (Kobayashi et al., 2020) links tissue biology to transcriptomics and is a powerful means of exploring the local representation of spatial patterns of cellular gene expression. For example, based on single-cell analysis of ST, Kadur Lakshminarasimha Murthy et al. (2022) revealed the fate trajectory of a bipotent progenitor cell population in the lungs during lung regeneration. This is different from the process that occurs in the lungs of mice (Choi et al., 2020; Kobayashi et al., 2020). Visual analysis based on ST has depicted the entire process from human pluripotent stem cells to hematopoietic stem cells (Calvanese et al., 2022), validating and gaining a deeper understanding of previous studies (Zhou et al., 2016). The current description of in situ cellular interactions can be achieved by sorting physically interacting cell groups using scRNA-seq (Giladi et al., 2020). This technique overcomes the limitation of missing spatial information when using scRNA-seq alone to analyze the expression of intercellular contact-dependent genes (Kim et al., 2023). An application has also been developed for the analysis of physical interactions in complex tissues, using unsupervised and high-throughput multiplex sequencing techniques that can reconstruct the spatial structure of the interactome (Andrews et al., 2021). Furthermore, the identification and labeling of intercellular contacts and ligand-receptor signaling from massively parallel single-cell sequencing data have been achieved (Ghaddar and De, 2022). Quantification of cell-cell interactions can be achieved using in situ molecular colocalization. Its advantage over chromatin immunoprecipitation sequencing or ribosome analysis is the ability to perform in situ analyses (Tian et al., 2022). Moreover, a technique has been proposed for human clinical samples without the use of genetic modification strategies, which provides sample transcript information and long-term, stable tracking of cytodynamics. It can be used as a complement to spatial omics and typical single-cell sequencing (Genshaft et al., 2021). The use of cell space maps has been proposed to improve the accuracy of inference of intercellular communication (Fischer et al., 2023). Mathematical models are developed centered on nodes to simulate ligand-receptor interactions to explain intercellular interactions and reduce the rate of misinterpretation of intercellular dependence. A recent technique based on collective optimal transport, COMMOT, was proposed for inferring and visualizing intercellular communication (Cang et al., 2023). However, the authors pointed out the possibility of false positives in the results generated by applying this technique. In addition, Zhu et al. (2023) developed a platform for simulating real ST data, which provides an efficient and low-cost data source for evaluating different spatially resolved transcriptomics techniques.
6 UPDATE ON THE STEM CELL INTERACTION MECHANISM THEORY
Adult tissue-specific stem cells receive biochemical or mechanical signals from cellular or non-cellular components of the niche, generating a series of intracellular signal transduction pathways, which in turn undergo structural or functional changes (Pinho and Frenette, 2019; Brunet et al., 2023). Biochemical signaling between cells may occur in three forms: 1) free diffusion of ligands, which includes both autocrine and paracrine mechanisms; 2) ligands are secreted and present in the extracellular matrix (ECM), and receptors bind to these ligands when cells come into contact with the ECM; 3) ligands are expressed on the cell surface, and cells expressing surface receptors and cells expressing surface ligands are transmitted through direct binding of ligand-receptor signals. In contrast, mechanical information transmission between cells is mainly related to intercellular connections and the ECM nature and structure (Humphrey et al., 2014).
6.1 Free diffusion
6.1.1 Autocrine
Initially, cellular autocrine was more often studied using cancer cells as a model, and this mechanism was found to control the growth of various cells, especially to stimulate cell proliferation (Adkins et al., 1984; Huang et al., 1984; Lang et al., 1985; Sporn and Roberts, 1985). The ability of the autocrine mechanism to stimulate cell proliferation has also been demonstrated in normal tissues under physiological conditions as well as in stem cells (Gaudio et al., 2006; Abdel-Malak et al., 2008; Gallipoli et al., 2013; Pardo-Saganta et al., 2015). Autocrine signaling, an important stem cell communication mechanism, has been studied extensively. Pathways closely related to stem cell autocrine such as TGF-β, VEGF, mTOR, SHH, and Wnt signaling pathways have been revealed (Lim et al., 2013; Chen et al., 2014; Hsu et al., 2014; Nabhan et al., 2018; Yeh et al., 2018; Zhou et al., 2018; Morinaga et al., 2021).
In the lung, alveolar type 2 cells (AT2) act as alveolar adult tissue-specific stem cells in response to injury (Nabhan et al., 2018; Zacharias et al., 2018). AT2 cells secrete Wnt to recruit more AT2 cells and prevent daughter cells from undergoing transdifferentiation. Axin2+ cells in the skin contribute significantly to wound healing, and its proliferation requires Wnt/β-catenin signaling activation (Lim et al., 2013). In turn, Axin2+ cells themselves can secrete Wnt and self-renew through an autocrine mechanism. Sustained neurogenesis in adult neural stem cells requires autocrine Mfge8 signaling (Zhou et al., 2018). Zhou et al. (2018) used single-cell transcriptome analysis to identify Mfge8 transcripts in resting radial glial-like neural stem cells (RGL). Mechanistically, Mfge8 enrichment inhibited mTOR1 signaling and prevented RGL overactivation and depletion. Additionally, RGL can autocrinologically produce endothelin-1 to promote their proliferation and maintenance (Adams et al., 2020). It has been demonstrated that maintaining transit-expanded cell populations requires autocrine SHH production, which is also necessary for the proliferation of hair follicle stem cells (Hsu et al., 2014). Morinaga et al. (2021) found that autocrine/paracrine IL-1R resulting from a high-fat diet was associated with NK-kB activation and SHH inhibition, depleting hair follicle stem cells and macroscopically accelerating hair loss. Temporal heterogeneity of thymic epithelial types was revealed by scRNA-seq, which was combined with CRISPR-Cas9 technology to characterize the changes in the thymic epithelium over time in more detail (Nusser et al., 2022). This experiment also showed that autocrine secretion of Fgf7 continues to stimulate massive proliferation of the thymic epithelium, but the pool of epithelial progenitor cells is not depleted, and the characteristics of the thymic epithelium remain unchanged (Nusser et al., 2022). In bone tissue models, the production of tumor necrosis factor (TNF-α) released by MSCs is thought to be a key factor in the maintenance of self-renewal and differentiation of MSCs and their involvement in maintaining bone homeostasis (Yu et al., 2021). Similar results were observed for jawbones. The expression and secretion of PPR by PTHrP+ MSCs in dental follicles are necessary for maintaining a normal cell fate (Takahashi et al., 2019). During embryogenesis, embryonic stem cells (ESCs) produce a cytokine-containing Wnt receptor that allows ESCs to distinguish between niche signals (Junyent et al., 2020). ESCs actively select Wnt ligands secreted by trophectodermal stem cells to promote self-renewal and synthesize more cytokines, thereby participating in accelerated embryogenesis. Post-hematopoietic stem/progenitor cells also benefit from autocrine signaling, and the mechanisms involved are the PI3K/AKT, MAPK/ERK, JAK/STAT, and NK-kB signaling pathways, which have been sorted out (Hurwitz et al., 2020; Stone et al., 2022).
6.1.2 Paracrine
Most paracrine studies on stem cells focus on the secretome of MSCs (Chang et al., 2021). This regenerative medicine branch does not focus on directly exploiting the proliferative and differentiation capacity of stem cells but rather on the regenerative and immunomodulatory potential of MSCs secretions (Kumar et al., 2019). It is worth clarifying that mesenchymal stem cell (MSC) is recently not considered a “stem cell” precisely because they lack multipotency in vivo (Caplan, 2017). The use of medicinal signaling cells as the true meaning of MSCs has gained some acceptance (de Windt et al., 2017).
Proteomics-based analyses have shown that stem cell secretomes from different ecological niches have different functions (Kumar et al., 2019). For different application contexts, we can use different tailored secretomes or even factors such as biomaterials to control efficacy (Chang et al., 2021). Given that in recent years there has been dedicated literature to identify various MSC secretome delivery options, this paper will not repeat them in this section (Chang et al., 2021; Han et al., 2022).
Chemical molecules secreted by non-stem cells have powerful and multi-effect regulatory effects on the biological behavior of stem cells. T cells in the brains of older individuals inhibit neural stem cell proliferation by secreting interferon γ (Dulken et al., 2019).
6.2 Proximity communication between cells
Interactions between cells nearby may occur by passing certain cellular substances or ligand-receptor binding. In this subsection, intercellular connections transmit biochemical signals, which are distinguished from mechanical signals in the next section.
6.2.1 Embryonic developmental stage
During embryonic development, a positive feedback loop exists between the length of intercellular contacts and the nodal signaling pathway (Barone et al., 2017). This positive feedback loop controls decisions regarding the fate of the developing embryos. Furthermore, intercellular contacts between posterior lateral plate mesodermal cells and somitic cells expressing Notch ligands allow the former to acquire the identity of a hematopoietic stem cell precursor, that is, blood-derived endothelium (Rho et al., 2019).
6.2.2 Nervous system
Experimental nervous system models illustrate that ephrin-B3 downregulation on the cell membrane of excited hippocampal dentate granule cells (GCs) triggers EphB2 signaling attenuation in adjacent radial neural stem cells (rNSCs) through direct cell contact, leading to rNSC activation and the generation of new neurons (Dong et al., 2019). Conversely, when enhanced EphB2-ephrin-B3 signaling contributes to the maintenance of the quiescent state of rNSCs. In contrast, intercellular contacts affect gene expression and fate determination in human-induced pluripotent neural stem/progenitor cells cultured in vitro (McIntyre et al., 2022). Transcriptome analysis identified the differential expression of Notch and Wnt, further suggesting that Notch and Wnt are responsible for the neurogenic cell fate of neural stem/progenitor cells.
6.2.3 Immune system
6.2.3.1 The biological behavior of stem cells is modulated
Interactions between immune cells and stem cells have also been reported. The fate of intestinal stem cells (ISC) is regulated by adhesion signals from immune cells (Chen et al., 2021). Binding of integrin αEβ7 expressed by T cells to E-cadherin on ISC cell membranes triggers Wnt signaling promotion and inhibition of Notch signaling, thus maintaining normal ISC differentiation. Biton et al. detected MHC II enrichment in Lgr5 ISC using scRNA-seq, revealing the influence of the interactions between Th cells and Lgr5 ISC on stem cell renewal and differentiation. Pro-inflammatory signals can promote intestinal stem cell differentiation (Biton et al., 2018). The mechanism of aplastic anemia is also related to the interaction between T cells and hematopoietic stem/progenitor cells, leading to their destruction (Zhu et al., 2021).
The paracrine effects of stem cells are also influenced by the cell-cell contact between stem cells and other cells. For example, the immunomodulatory effects of MSCs are enhanced upon contact with pro-inflammatory macrophages (Li et al., 2019). Additionally, macrophages can direct muscle stem cells to repair skeletal muscles by secreting stem cell niche signals (Ratnayake et al., 2021). Vascular cells and lymphatic vessel cells can be considered as components of stem cell niche (Kusumbe et al., 2014; Itkin et al., 2016; Biswas et al., 2023). Lymphatic vessels influence the proliferation and differentiation of hemopoietic stem cells and bone progenitor cells through the secretion of CXCL12.
6.2.3.2 The biological behavior of cells in contact with stem cells is modulated
Moreover, immune cell function is affected by intercellular contact between stem cells and immune cells. This may be due to the secretion of cytokines that affect stem cells (Alunno et al., 2018). There are other cases; for example, the transfer of active mitochondrial and plasma membrane fragments to Tregs occurs during intercellular contact between MSCs and Treg cells dependent on HLA, allowing for enhanced Treg immunosuppression (Piekarska et al., 2022). MSCs enhance Treg immunosuppression through contact-dependent interactions that are partly mediated by MSC-expressed CD80 (Mittal et al., 2022). Myogenic hMuStem cells suppress T cell activity and promote Treg production through paracrine or intercellular contacts (Charrier et al., 2022). Thus, hMuStem cells are potent immunomodulators. Particularly, cancer-initiation stem cells expressing CD4 inhibit the activity of cytotoxic T cells through direct contact with the latter (Miao et al., 2019).
Stem cells can also regulate immune cell functions through paracrine and intercellular contacts (Lynch et al., 2020). TGF-β MSC enhanced immune suppression is Smad2/3 dependent as well as intercellular contact-dependent. In contrast, TGF-β MSC promotes Treg expansion and T cell activation through paracrine secretion when PGE2 is the main mediator.
6.2.4 Bone
In bone marrow tissue, bone marrow regeneration after radiation clearance is inseparable from the transfer of mitochondria from hematopoietic stem cells to bone marrow mesenchymal stromal cells through intercellular contacts (Golan et al., 2020). Hematopoietic stem/progenitor cells are extensively polarised after contact with bone marrow stromal cells specifically via SDF1 (Bessy et al., 2021). Specific interactions between developing neutrophils and megakaryocytes are also observed in the bone marrow (Boisset et al., 2018). Their interaction is enhanced under certain pathological conditions because neutrophils can survive inside megakaryocytes. This study also revealed an interaction between Lgr5+ stem cells and Tac1+ enteroendocrine cells. The experiment leaves room for improvement in judging whether the interaction occurs or not, as the authors mention that “the expected interaction needs to be verified in situ.”
6.3 Mechanical regulation
6.3.1 Perception and transmission of mechanical information by stem cells
Mechanical signals include both the structure and properties of the ECM and forces generated by the cell through various connections (Humphrey et al., 2014). This information is translated through mechanotransduction into information that affects gene expression, linking upstream and downstream biological responses (Zanconato et al., 2016; Panciera et al., 2017). Mechanotransduction initiation is associated with the recognition of external mechanical information by various membrane proteins, such as cell-expressed adhesion molecules, and the feedback of mechanical forces by the cytoskeletal structure within the cell (Totaro et al., 2018). Recent studies revealed the contribution of transcription factors Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) to mechanical information input (Meng et al., 2018; Totaro et al., 2018; Zanconato et al., 2019). The work of Totaro et al. (2018) showed that the ECM-integrin-, F-actin-, Hippo-, Wnt-, and G protein-coupled receptor-YAP/TAZ pathways, providing essential information on how YAP/TAZ acts as a transcription factor in response to upstream signals and regulates downstream pathways. Mechanoreceptive information via focal adhesions is the main source of information received by YAP/TAZ (Vining and Mooney, 2017). Wang et al. (2021b) identified cerebral cavernous malformation 3 (CCM3), an upstream molecule that regulates YAP/TAZ, and demonstrated that MSC differentiation is influenced by this pathway. CCM3 is localized at focal adhesion sites in cancer-associated fibroblasts and MSCs and controls mechanotransduction and YAP/TAZ activity. Meng et al. (2018) identified another upstream molecule of the Hippo pathway, Ras-related GTPase 2(RAP2), which mediates the ECM rigidity-YAP/TAZ-nucleus signaling pathway. RAP2 specifically transmits ECM rigidity signals and inhibits YAP/TAZ through a series of reactions after activation under low-rigidity conditions. Chang et al. (2018) complemented the inhibitory effect of the SWI/SNF complex on YAP/TAZ and proposed that increased nuclear YAP/TAZ accumulation and SWI/SNF complex inhibition were two necessary conditions for obtaining a YAP/TAZ response. In addition, two actin cytoskeleton regulators upstream of YAP1 have been reported (Aragona et al., 2020). Changes in gap junctions in the human papilla stem can also mediate stem cell interactions with the external physical microenvironment (Zhou et al., 2020). Primary cilia are also involved in the mechanical regulation of human tissues and can play a role in promoting the differentiation of different stem cell populations (Chen et al., 2016; Li et al., 2022c; Palla et al., 2022).
6.3.2 Mechanically informed stem cell self-renewal regulation and proliferation
Mechanically gated Piezo1 channels are expressed in both neural stem cells and astrocytes and regulate adult neurogenesis (Pathak et al., 2014; Chi et al., 2022). In Drosophila, the proliferation and differentiation of all stem cells that ectopically express Piezo are promoted by a mechanism that is inseparable from calcium signaling (He et al., 2018). Piezo1 is also expressed in muscle stem cells (MuSCs), where it transmits mechanical signals that help maintain MuSC quiescence and prevent senescence (Peng et al., 2022). Furthermore, Piezo1 mediates changes in MuSC status, which promotes skeletal muscle regeneration (Ma et al., 2022). During increased muscle loading, MSCs promote muscle stem cell proliferation through the Yap1/Taz-Thbs1-CD47 pathway (Kaneshige et al., 2022). When there is muscle sclerosis due to injury, etc., this change in physical information is transmitted to the nucleus via YAP/TAZ to maintain muscle stem cell activation and proliferation (Silver et al., 2021). Adult muscle stem cells maintain quiescence through the interaction of calcitonin receptors with secreted collagen (Baghdadi et al., 2018). The Notch–collagen V-calcitonin receptor signaling cascade may play similar roles in different stem cell populations.
Wnt and Src-YAP signaling cooperate to drive intestinal regeneration (Guillermin et al., 2021). Additionally, intracellular crowding due to compressive mechanical information enhances Wnt/β-catenin signaling and promotes ISC self-renewal (Li et al., 2021).
6.3.3 Mechanical information regulates the fate decision of stem cells
Physical signaling with tunable properties that act immediately and locally is an object of interest to regulate the differentiation of stem cells into specific lineages (Kong et al., 2021). The ECM-integrin α5-F-actin-YAP1-Notch signaling way regulates the fate decisions of bipotent pancreatic progenitor cells, especially the first half, i.e., the integrity of extracellular matrix-integrin α5 promotes ductal lineage fate and vice versa in favor of endocrine cell fate (Mamidi et al., 2018). MSCs are often used in bone regeneration engineering. The mechanical signal of reduced collagen alignment in the ECM is captured by MSCs, causing MSCs to prefer the adipose to osteogenic fate (Huber et al., 2020). Smaller differences in mechanical force information can determine whether MSCs choose an osteogenic or lipogenic fate via the myosin II, Rac1, Src, FAK, YAP, and TAZ signaling pathways (Han et al., 2019). The integrin/N-calmucin-cofilin-actin-YAP pathway leads to the osteogenic differentiation of human MSCs (Zhang et al., 2022b). Moreover, osteogenic differentiation of periodontal ligament stem cells can be promoted by enhanced Tet2/HDAC1/E-calmodulin/β-linked protein signaling (Yu et al., 2022b). The intercalated disc-mediated mechanosensory pathway between cardiac myocytes eventually activates the ectopic adipogenic program, which partly explains why cardiac adipocytes share a common precursor with some cardiac myocytes (Dorn et al., 2018).
Indeed, numerous researchers have shed a light on how mechanical information affects cell behavior. Chaudhuri et al. (2020) previously focused on the effects of the ECM on cell behavior, providing insights. Kong et al. (2021) elucidated the mechanisms by which nanomaterials applied in stem cell research transmit physical signals that affect the fate of stem cells. Valet et al. (2022) focused on the vertebrate embryogenesis stage and described how mechanical signaling regulates key developmental processes during this period. A recent study systematically organized the mechanisms by which biomechanics regulate cell fate, with a focus on mechanical transduction, intracellular signaling, and cell surface mechanics (De Belly et al., 2022). Methods and tools with higher spatial and temporal resolutions are still required.
7 OVERVIEW AND PERSPECTIVES
We are currently studying the mechanisms underlying stem cell interactions to improve the application of stem cells in regenerative medicine. To systematically and precisely elucidate these mechanisms, technologies with higher spatial and temporal resolutions, more realistic simulations of the stem cell microenvironment, and more specific stem cell population differentiation and tracing are required. This demand has led to many powerful technologies that elucidate the mechanisms of stem cell interactions. We discuss how lineage tracing, synthetic receptors, proximity labeling and transcriptome data analysis tools can be applied in the study of CCI. The techniques presented in this paper include but are not limited to using stem cells as research models, and using non-stem cells as research models has complementary and reference significance. In addition, we note some other techniques. For example, SPEAC-seq based on CRISPR-Cas9 with microfluidic microarrays to identify cell signaling pathways (Wheeler et al., 2023). It provides a demonstration of CRISPR-Cas9 applied to CCI studies.
The study of stem cell interactions is in a rapidly evolving stage, especially in the context of rapid iterative updates in biotechnology. Although, the biological understanding of stem cell interactions sorted out in this paper is not sufficient to elaborate a comprehensive picture of stem cell behavior during mammalian development or injury repair, it contributes to a complete description of stem cell interaction mechanisms in the future.
AUTHOR CONTRIBUTIONS
XL, ZL, and RX contributed to conception and design of this study. XL and ZL contributed to the literature searching and analysis. XL, ZL, and RX organized and draw the figures. XL, ZL, and RX wrote the draft of the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by the National Natural Science Foundation of China (82001001), National Postdoctoral Program for Innovation Talents (BX20190224), Natural Science Foundation of Sichuan Province (2022NSFSC1431), Postdoctoral Foundation of Sichuan University (2020SCU12018), Research Funding of West China Hospital of Stomatology (RD-02-202101 and RCDWJS 2023-18), and National College Students’ innovation and entrepreneurship training program (202310611508, 202310611492). The schematics were created using Biorender.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdel-Malak, N. A., Srikant, C. B., Kristof, A. S., Magder, S. A., Di Battista, J. A., and Hussain, S. N. A. (2008). Angiopoietin-1 promotes endothelial cell proliferation and migration through AP-1-dependent autocrine production of interleukin-8. Blood 111 (8), 4145–4154. doi:10.1182/blood-2007-08-110338
 Adams, K. L., Riparini, G., Banerjee, P., Breur, M., Bugiani, M., and Gallo, V. (2020). Endothelin-1 signaling maintains glial progenitor proliferation in the postnatal subventricular zone. Nat. Commun. 11 (1), 2138. doi:10.1038/s41467-020-16028-8
 Adkins, B., Leutz, A., and Graf, T. (1984). Autocrine growth induced by src-related oncogenes in transformed chicken myeloid cells. Cell 39 (2), 439–445. doi:10.1016/0092-8674(84)90451-3
 Alunno, A., Bistoni, O., Montanucci, P., Basta, G., Calafiore, R., and Gerli, R. (2018). Umbilical cord mesenchymal stem cells for the treatment of autoimmune diseases: beware of cell-to-cell contact. Ann. Rheum. Dis. 77 (3), e14. doi:10.1136/annrheumdis-2017-211790
 Andrews, N., Serviss, J. T., Geyer, N., Andersson, A. B., Dzwonkowska, E., Šutevski, I., et al. (2021). An unsupervised method for physical cell interaction profiling of complex tissues. Nat. Methods 18 (8), 912–920. doi:10.1038/s41592-021-01196-2
 Aragona, M., Sifrim, A., Malfait, M., Song, Y., Van Herck, J., Dekoninck, S., et al. (2020). Mechanisms of stretch-mediated skin expansion at single-cell resolution. Nature 584 (7820), 268–273. doi:10.1038/s41586-020-2555-7
 Baccin, C., Al-Sabah, J., Velten, L., Helbling, P. M., Grünschläger, F., Hernández-Malmierca, P., et al. (2020). Combined single-cell and spatial transcriptomics reveal the molecular, cellular and spatial bone marrow niche organization. Nat. Cell Biol. 22 (1), 38–48. doi:10.1038/s41556-019-0439-6
 Baghdadi, M. B., Castel, D., Machado, L., Fukada, S. I., Birk, D. E., Relaix, F., et al. (2018). Reciprocal signalling by Notch-Collagen V-CALCR retains muscle stem cells in their niche. Nature 557 (7707), 714–718. doi:10.1038/s41586-018-0144-9
 Baron, C. S., and van Oudenaarden, A. (2019). Unravelling cellular relationships during development and regeneration using genetic lineage tracing. Nat. Rev. Mol. Cell Biol. 20 (12), 753–765. doi:10.1038/s41580-019-0186-3
 Barone, V., Lang, M., Krens, S. F. G., Pradhan, S. J., Shamipour, S., Sako, K., et al. (2017). An effective feedback loop between cell-cell contact duration and morphogen signaling determines cell fate. Dev. Cell 43 (2), 198–211. doi:10.1016/j.devcel.2017.09.014
 Bessy, T., Candelas, A., Souquet, B., Saadallah, K., Schaeffer, A., Vianay, B., et al. (2021). Hematopoietic progenitors polarize in contact with bone marrow stromal cells in response to SDF1. J. Cell Biol. 220 (11), e202005085. doi:10.1083/jcb.202005085
 Biswas, L., Chen, J., De Angelis, J., Singh, A., Owen-Woods, C., Ding, Z., et al. (2023). Lymphatic vessels in bone support regeneration after injury. Cell 186 (2), 382–397.e24. doi:10.1016/j.cell.2022.12.031
 Biton, M., Haber, A. L., Rogel, N., Burgin, G., Beyaz, S., Schnell, A., et al. (2018). T helper cell cytokines modulate intestinal stem cell renewal and differentiation. Cell 175 (5), 1307–1320. doi:10.1016/j.cell.2018.10.008
 Boisset, J. C., Vivié, J., Grün, D., Muraro, M. J., Lyubimova, A., and van Oudenaarden, A. (2018). Mapping the physical network of cellular interactions. Nat. Methods 15 (7), 547–553. doi:10.1038/s41592-018-0009-z
 Browaeys, R., Saelens, W., and Saeys, Y. (2020). NicheNet: modeling intercellular communication by linking ligands to target genes. Nat. Methods 17 (2), 159–162. doi:10.1038/s41592-019-0667-5
 Brunet, A., Goodell, M. A., and Rando, T. A. (2023). Ageing and rejuvenation of tissue stem cells and their niches. Nat. Rev. Mol. Cell Biol. 24 (1), 45–62. doi:10.1038/s41580-022-00510-w
 Buksh, B. F., Knutson, S. D., Oakley, J. V., Bissonnette, N. B., Oblinsky, D. G., Schwoerer, M. P., et al. (2022). μMap-red: proximity labeling by red light photocatalysis. J. Am. Chem. Soc. 144 (14), 6154–6162. doi:10.1021/jacs.2c01384
 Cabello-Aguilar, S., Alame, M., Kon-Sun-Tack, F., Fau, C., Lacroix, M., and Colinge, J. (2020). SingleCellSignalR: inference of intercellular networks from single-cell transcriptomics. Nucleic Acids Res. 48 (10), e55. doi:10.1093/nar/gkaa183
 Calvanese, V., Capellera-Garcia, S., Ma, F., Fares, I., Liebscher, S., Ng, E. S., et al. (2022). Mapping human haematopoietic stem cells from haemogenic endothelium to birth. Nature 604 (7906), 534–540. doi:10.1038/s41586-022-04571-x
 Cang, Z., and Nie, Q. (2020). Inferring spatial and signaling relationships between cells from single cell transcriptomic data. Nat. Commun. 11 (1), 2084. doi:10.1038/s41467-020-15968-5
 Cang, Z., Zhao, Y., Almet, A. A., Stabell, A., Ramos, R., Plikus, M. V., et al. (2023). Screening cell-cell communication in spatial transcriptomics via collective optimal transport. Nat. Methods 20 (2), 218–228. doi:10.1038/s41592-022-01728-4
 Caplan, A. I. (2017). Mesenchymal stem cells: time to change the name!. Stem Cells Transl. Med. 6 (6), 1445–1451. doi:10.1002/sctm.17-0051
 Centonze, A., Lin, S., Tika, E., Sifrim, A., Fioramonti, M., Malfait, M., et al. (2020). Heterotypic cell-cell communication regulates glandular stem cell multipotency. Nature 584 (7822), 608–613. doi:10.1038/s41586-020-2632-y
 Chang, C., Yan, J., Yao, Z., Zhang, C., Li, X., and Mao, H. Q. (2021). Effects of mesenchymal stem cell-derived paracrine signals and their delivery strategies. Adv. Healthc. Mater 10 (7), e2001689. doi:10.1002/adhm.202001689
 Chang, L., Azzolin, L., Di Biagio, D., Zanconato, F., Battilana, G., Lucon Xiccato, R., et al. (2018). The SWI/SNF complex is a mechanoregulated inhibitor of YAP and TAZ. Nature 563 (7730), 265–269. doi:10.1038/s41586-018-0658-1
 Charrier, M., Lorant, J., Contreras-Lopez, R., Téjédor, G., Blanquart, C., Lieubeau, B., et al. (2022). Human MuStem cells repress T-cell proliferation and cytotoxicity through both paracrine and contact-dependent pathways. Stem Cell Res. Ther. 13 (1), 7. doi:10.1186/s13287-021-02681-3
 Chaudhuri, O., Cooper-White, J., Janmey, P. A., Mooney, D. J., and Shenoy, V. B. (2020). Effects of extracellular matrix viscoelasticity on cellular behaviour. Nature 584 (7822), 535–546. doi:10.1038/s41586-020-2612-2
 Chen, G., Xu, X., Zhang, L., Fu, Y., Wang, M., Gu, H., et al. (2014). Blocking autocrine VEGF signaling by sunitinib, an anti-cancer drug, promotes embryonic stem cell self-renewal and somatic cell reprogramming. Cell Res. 24 (9), 1121–1136. doi:10.1038/cr.2014.112
 Chen, J. C., Hoey, D. A., Chua, M., Bellon, R., and Jacobs, C. R. (2016). Mechanical signals promote osteogenic fate through a primary cilia-mediated mechanism. Faseb J. 30 (4), 1504–1511. doi:10.1096/fj.15-276402
 Chen, S., Zheng, Y., Ran, X., Du, H., Feng, H., Yang, L., et al. (2021). Integrin αEβ7(+) T cells direct intestinal stem cell fate decisions via adhesion signaling. Cell Res. 31 (12), 1291–1307. doi:10.1038/s41422-021-00561-2
 Chi, S., Cui, Y., Wang, H., Jiang, J., Zhang, T., Sun, S., et al. (2022). Astrocytic Piezo1-mediated mechanotransduction determines adult neurogenesis and cognitive functions. Neuron 110 (18), 2984–2999.e8. doi:10.1016/j.neuron.2022.07.010
 Choi, J., Park, J. E., Tsagkogeorga, G., Yanagita, M., Koo, B. K., Han, N., et al. (2020). Inflammatory signals induce AT2 cell-derived damage-associated transient progenitors that mediate alveolar regeneration. Cell Stem Cell 27 (3), 366–382. doi:10.1016/j.stem.2020.06.020
 De Belly, H., Paluch, E. K., and Chalut, K. J. (2022). Interplay between mechanics and signalling in regulating cell fate. Nat. Rev. Mol. Cell Biol. 23 (7), 465–480. doi:10.1038/s41580-022-00472-z
 de Windt, T. S., Vonk, L. A., and Saris, D. B. F. (2017). Response to: mesenchymal stem cells: time to change the name!. Stem Cells Transl. Med. 6 (8), 1747–1748. doi:10.1002/sctm.17-0120
 Del Sol, A., and Jung, S. (2021). The importance of computational modeling in stem cell research. Trends Biotechnol. 39 (2), 126–136. doi:10.1016/j.tibtech.2020.07.006
 Deniset, J. F., Belke, D., Lee, W. Y., Jorch, S. K., Deppermann, C., Hassanabad, A. F., et al. (2019). Gata6(+) pericardial cavity macrophages relocate to the injured heart and prevent cardiac fibrosis. Immunity 51 (1), 131–140. doi:10.1016/j.immuni.2019.06.010
 Dimitrov, D., Türei, D., Garrido-Rodriguez, M., Burmedi, P. L., Nagai, J. S., Boys, C., et al. (2022). Comparison of methods and resources for cell-cell communication inference from single-cell RNA-Seq data. Nat. Commun. 13 (1), 3224. doi:10.1038/s41467-022-30755-0
 Dong, J., Pan, Y. B., Wu, X. R., He, L. N., Liu, X. D., Feng, D. F., et al. (2019). A neuronal molecular switch through cell-cell contact that regulates quiescent neural stem cells. Sci. Adv. 5 (2), eaav4416. doi:10.1126/sciadv.aav4416
 Dorn, T., Kornherr, J., Parrotta, E. I., Zawada, D., Ayetey, H., Santamaria, G., et al. (2018). Interplay of cell-cell contacts and RhoA/MRTF-A signaling regulates cardiomyocyte identity. Embo J. 37 (12), e98133. doi:10.15252/embj.201798133
 Dries, R., Zhu, Q., Dong, R., Eng, C. H. L., Li, H., Liu, K., et al. (2021). Giotto: a toolbox for integrative analysis and visualization of spatial expression data. Genome Biol. 22 (1), 78. doi:10.1186/s13059-021-02286-2
 Dulken, B. W., Buckley, M. T., Navarro Negredo, P., Saligrama, N., Cayrol, R., Leeman, D. S., et al. (2019). Single-cell analysis reveals T cell infiltration in old neurogenic niches. Nature 571 (7764), 205–210. doi:10.1038/s41586-019-1362-5
 Efremova, M., Vento-Tormo, M., Teichmann, S. A., and Vento-Tormo, R. (2020). CellPhoneDB: inferring cell-cell communication from combined expression of multi-subunit ligand-receptor complexes. Nat. Protoc. 15 (4), 1484–1506. doi:10.1038/s41596-020-0292-x
 Fang, R., Xia, C., Close, J. L., Zhang, M., He, J., Huang, Z., et al. (2022). Conservation and divergence of cortical cell organization in human and mouse revealed by MERFISH. Science 377 (6601), 56–62. doi:10.1126/science.abm1741
 Felker, A., Prummel, K. D., Merks, A. M., Mickoleit, M., Brombacher, E. C., Huisken, J., et al. (2018). Continuous addition of progenitors forms the cardiac ventricle in zebrafish. Nat. Commun. 9 (1), 2001. doi:10.1038/s41467-018-04402-6
 Fischer, D. S., Schaar, A. C., and Theis, F. J. (2023). Modeling intercellular communication in tissues using spatial graphs of cells. Nat. Biotechnol. 41 (3), 332–336. doi:10.1038/s41587-022-01467-z
 Gagliardi, P. A., Dobrzyński, M., Jacques, M. A., Dessauges, C., Ender, P., Blum, Y., et al. (2021). Collective ERK/Akt activity waves orchestrate epithelial homeostasis by driving apoptosis-induced survival. Dev. Cell 56 (12), 1712–1726.e6. doi:10.1016/j.devcel.2021.05.007
 Gallipoli, P., Pellicano, F., Morrison, H., Laidlaw, K., Allan, E. K., Bhatia, R., et al. (2013). Autocrine TNF-α production supports CML stem and progenitor cell survival and enhances their proliferation. Blood 122 (19), 3335–3339. doi:10.1182/blood-2013-02-485607
 Gaudio, E., Barbaro, B., Alvaro, D., Glaser, S., Francis, H., Ueno, Y., et al. (2006). Vascular endothelial growth factor stimulates rat cholangiocyte proliferation via an autocrine mechanism. Gastroenterology 130 (4), 1270–1282. doi:10.1053/j.gastro.2005.12.034
 Ge, Y., Chen, L., Liu, S., Zhao, J., Zhang, H., and Chen, P. R. (2019). Enzyme-mediated intercellular proximity labeling for detecting cell-cell interactions. J. Am. Chem. Soc. 141 (5), 1833–1837. doi:10.1021/jacs.8b10286
 Geiller, T., Sadeh, S., Rolotti, S. V., Blockus, H., Vancura, B., Negrean, A., et al. (2022). Local circuit amplification of spatial selectivity in the hippocampus. Nature 601 (7891), 105–109. doi:10.1038/s41586-021-04169-9
 Genshaft, A. S., Ziegler, C. G. K., Tzouanas, C. N., Mead, B. E., Jaeger, A. M., Navia, A. W., et al. (2021). Live cell tagging tracking and isolation for spatial transcriptomics using photoactivatable cell dyes. Nat. Commun. 12 (1), 4995. doi:10.1038/s41467-021-25279-y
 Geri, J. B., Oakley, J. V., Reyes-Robles, T., Wang, T., McCarver, S. J., White, C. H., et al. (2020). Microenvironment mapping via Dexter energy transfer on immune cells. Science 367 (6482), 1091–1097. doi:10.1126/science.aay4106
 Ghaddar, B., and De, S. (2022). Reconstructing physical cell interaction networks from single-cell data using Neighbor-seq. Nucleic Acids Res. 50 (14), e82. doi:10.1093/nar/gkac333
 Giladi, A., Cohen, M., Medaglia, C., Baran, Y., Li, B., Zada, M., et al. (2020). Dissecting cellular crosstalk by sequencing physically interacting cells. Nat. Biotechnol. 38 (5), 629–637. doi:10.1038/s41587-020-0442-2
 Golan, K., Singh, A. K., Kollet, O., Bertagna, M., Althoff, M. J., Khatib-Massalha, E., et al. (2020). Bone marrow regeneration requires mitochondrial transfer from donor Cx43-expressing hematopoietic progenitors to stroma. Blood 136 (23), 2607–2619. doi:10.1182/blood.2020005399
 Gordon, W. R., Zimmerman, B., He, L., Miles, L. J., Huang, J., Tiyanont, K., et al. (2015). Mechanical allostery: evidence for a force requirement in the proteolytic activation of notch. Dev. Cell 33 (6), 729–736. doi:10.1016/j.devcel.2015.05.004
 Guillermin, O., Angelis, N., Sidor, C. M., Ridgway, R., Baulies, A., Kucharska, A., et al. (2021). Wnt and Src signals converge on YAP-TEAD to drive intestinal regeneration. Embo J. 40 (13), e105770. doi:10.15252/embj.2020105770
 Han, P., Frith, J. E., Gomez, G. A., Yap, A. S., O'Neill, G. M., and Cooper-White, J. J. (2019). Five piconewtons: the difference between osteogenic and adipogenic fate choice in human mesenchymal stem cells. ACS Nano 13 (10), 11129–11143. doi:10.1021/acsnano.9b03914
 Han, Y., Yang, J., Fang, J., Zhou, Y., Candi, E., Wang, J., et al. (2022). The secretion profile of mesenchymal stem cells and potential applications in treating human diseases. Signal Transduct. Target Ther. 7 (1), 92. doi:10.1038/s41392-022-00932-0
 He, L., Huang, J., and Perrimon, N. (2017b). Development of an optimized synthetic Notch receptor as an in vivo cell-cell contact sensor. Proc. Natl. Acad. Sci. U. S. A. 114 (21), 5467–5472. doi:10.1073/pnas.1703205114
 He, L., Li, Y., Li, Y., Pu, W., Huang, X., Tian, X., et al. (2017a). Enhancing the precision of genetic lineage tracing using dual recombinases. Nat. Med. 23 (12), 1488–1498. doi:10.1038/nm.4437
 He, L., Pu, W., Liu, X., Zhang, Z., Han, M., Li, Y., et al. (2021). Proliferation tracing reveals regional hepatocyte generation in liver homeostasis and repair. Science 371 (6532), 371. doi:10.1126/science.abc4346
 He, L., Si, G., Huang, J., Samuel, A. D. T., and Perrimon, N. (2018). Mechanical regulation of stem-cell differentiation by the stretch-activated Piezo channel. Nature 555 (7694), 103–106. doi:10.1038/nature25744
 Hernandez-Lopez, R. A., Yu, W., Cabral, K. A., Creasey, O. A., Lopez Pazmino, M. D. P., Tonai, Y., et al. (2021). T cell circuits that sense antigen density with an ultrasensitive threshold. Science 371 (6534), 1166–1171. doi:10.1126/science.abc1855
 Hou, R., Denisenko, E., Ong, H. T., Ramilowski, J. A., and Forrest, A. R. R. (2020). Predicting cell-to-cell communication networks using NATMI. Nat. Commun. 11 (1), 5011. doi:10.1038/s41467-020-18873-z
 Hou, S., Dong, J., Gao, Y., Chang, Z., and Ding, X. (2022). Heterogeneity in endothelial cells and widespread venous arterialization during early vascular development in mammals. Cell Res. 32 (4), 333–348. doi:10.1038/s41422-022-00615-z
 Hsu, Y. C., Li, L., and Fuchs, E. (2014). Transit-amplifying cells orchestrate stem cell activity and tissue regeneration. Cell 157 (4), 935–949. doi:10.1016/j.cell.2014.02.057
 Huang, J. S., Huang, S. S., and Deuel, T. F. (1984). Transforming protein of simian sarcoma virus stimulates autocrine growth of SSV-transformed cells through PDGF cell-surface receptors. Cell 39 (1), 79–87. doi:10.1016/0092-8674(84)90193-4
 Huang, T. H., Velho, T., and Lois, C. (2016). Monitoring cell-cell contacts in vivo in transgenic animals. Development 143 (21), 4073–4084. doi:10.1242/dev.142406
 Huber, A. K., Patel, N., Pagani, C. A., Marini, S., Padmanabhan, K. R., Matera, D. L., et al. (2020). Immobilization after injury alters extracellular matrix and stem cell fate. J. Clin. Invest. 130 (10), 5444–5460. doi:10.1172/JCI136142
 Humphrey, J. D., Dufresne, E. R., and Schwartz, M. A. (2014). Mechanotransduction and extracellular matrix homeostasis. Nat. Rev. Mol. Cell Biol. 15 (12), 802–812. doi:10.1038/nrm3896
 Hurwitz, S. N., Jung, S. K., and Kurre, P. (2020). Hematopoietic stem and progenitor cell signaling in the niche. Leukemia 34 (12), 3136–3148. doi:10.1038/s41375-020-01062-8
 Itkin, T., Gur-Cohen, S., Spencer, J. A., Schajnovitz, A., Ramasamy, S. K., Kusumbe, A. P., et al. (2016). Distinct bone marrow blood vessels differentially regulate haematopoiesis. Nature 532 (7599), 323–328. doi:10.1038/nature17624
 Jin, H., Liu, K., Tang, J., Huang, X., Wang, H., Zhang, Q., et al. (2021a). Genetic fate-mapping reveals surface accumulation but not deep organ invasion of pleural and peritoneal cavity macrophages following injury. Nat. Commun. 12 (1), 2863. doi:10.1038/s41467-021-23197-7
 Jin, S., Guerrero-Juarez, C. F., Zhang, L., Chang, I., Ramos, R., Kuan, C. H., et al. (2021b). Inference and analysis of cell-cell communication using CellChat. Nat. Commun. 12 (1), 1088. doi:10.1038/s41467-021-21246-9
 Junyent, S., Garcin, C. L., Szczerkowski, J. L. A., Trieu, T. J., Reeves, J., and Habib, S. J. (2020). Specialized cytonemes induce self-organization of stem cells. Proc. Natl. Acad. Sci. U. S. A. 117 (13), 7236–7244. doi:10.1073/pnas.1920837117
 Kadur Lakshminarasimha Murthy, P., Sontake, V., Tata, A., Kobayashi, Y., Macadlo, L., Okuda, K., et al. (2022). Human distal lung maps and lineage hierarchies reveal a bipotent progenitor. Nature 604 (7904), 111–119. doi:10.1038/s41586-022-04541-3
 Kaneshige, A., Kaji, T., Zhang, L., Saito, H., Nakamura, A., Kurosawa, T., et al. (2022). Relayed signaling between mesenchymal progenitors and muscle stem cells ensures adaptive stem cell response to increased mechanical load. Cell Stem Cell 29 (2), 265–280.e6. doi:10.1016/j.stem.2021.11.003
 Kim, J., Rothová, M. M., Madan, E., Rhee, S., Weng, G., Palma, A. M., et al. (2023). Neighbor-specific gene expression revealed from physically interacting cells during mouse embryonic development. Proc. Natl. Acad. Sci. U. S. A. 120 (2), e2205371120. doi:10.1073/pnas.2205371120
 Kim, T. H., and Schnitzer, M. J. (2022). Fluorescence imaging of large-scale neural ensemble dynamics. Cell 185 (1), 9–41. doi:10.1016/j.cell.2021.12.007
 Kobayashi, Y., Tata, A., Konkimalla, A., Katsura, H., Lee, R. F., Ou, J., et al. (2020). Persistence of a regeneration-associated, transitional alveolar epithelial cell state in pulmonary fibrosis. Nat. Cell Biol. 22 (8), 934–946. doi:10.1038/s41556-020-0542-8
 Kong, Y., Duan, J., Liu, F., Han, L., Li, G., Sun, C., et al. (2021). Regulation of stem cell fate using nanostructure-mediated physical signals. Chem. Soc. Rev. 50 (22), 12828–12872. doi:10.1039/d1cs00572c
 Kumar, M. E., Bogard, P. E., Espinoza, F. H., Menke, D. B., Kingsley, D. M., and Krasnow, M. A. (2014). Mesenchymal cells. Defining a mesenchymal progenitor niche at single-cell resolution. Science 346 (6211), 1258810. doi:10.1126/science.1258810
 Kumar, P., Kandoi, S., Misra, R., S, V., K, R., and Verma, R. S. (2019). The mesenchymal stem cell secretome: A new paradigm towards cell-free therapeutic mode in regenerative medicine. Cytokine Growth Factor Rev. 46, 1–9. doi:10.1016/j.cytogfr.2019.04.002
 Kusumbe, A. P., Ramasamy, S. K., and Adams, R. H. (2014). Coupling of angiogenesis and osteogenesis by a specific vessel subtype in bone. Nature 507 (7492), 323–328. doi:10.1038/nature13145
 Lang, R. A., Metcalf, D., Gough, N. M., Dunn, A. R., and Gonda, T. J. (1985). Expression of a hemopoietic growth factor cDNA in a factor-dependent cell line results in autonomous growth and tumorigenicity. Cell 43 (1), 531–542. doi:10.1016/0092-8674(85)90182-5
 Lee, J. C., Brien, H. J., Walton, B. L., Eidman, Z. M., Toda, S., Lim, W. A., et al. (2023). Instructional materials that control cellular activity through synthetic Notch receptors. Biomaterials 297, 122099. doi:10.1016/j.biomaterials.2023.122099
 Leopold, A. V., Chernov, K. G., and Verkhusha, V. V. (2018). Optogenetically controlled protein kinases for regulation of cellular signaling. Chem. Soc. Rev. 47 (7), 2454–2484. doi:10.1039/c7cs00404d
 Li, D., Velazquez, J. J., Ding, J., Hislop, J., Ebrahimkhani, M. R., and Bar-Joseph, Z. (2022b). TraSig: inferring cell-cell interactions from pseudotime ordering of scRNA-seq data. Genome Biol. 23 (1), 73. doi:10.1186/s13059-022-02629-7
 Li, H., Wu, Y., Qiu, Y., Li, X., Guan, Y., Cao, X., et al. (2022a). Stable transgenic mouse strain with enhanced photoactivatable Cre recombinase for spatiotemporal genome manipulation. Adv. Sci. (Weinh) 9 (34), e2201352. doi:10.1002/advs.202201352
 Li, R., and Yang, X. (2022). De novo reconstruction of cell interaction landscapes from single-cell spatial transcriptome data with DeepLinc. Genome Biol. 23 (1), 124. doi:10.1186/s13059-022-02692-0
 Li, W., Zhu, Z., He, K., Ma, X., Pignolo, R. J., Sieck, G. C., et al. (2022c). Primary cilia in satellite cells are the mechanical sensors for muscle hypertrophy. Proc. Natl. Acad. Sci. U. S. A. 119 (24), e2103615119. doi:10.1073/pnas.2103615119
 Li, Y., Chen, M., Hu, J., Sheng, R., Lin, Q., He, X., et al. (2021). Volumetric compression induces intracellular crowding to control intestinal organoid growth via wnt/β-catenin signaling. Cell Stem Cell 28 (1), 170–172. doi:10.1016/j.stem.2020.12.003
 Li, Y., Zhang, D., Xu, L., Dong, L., Zheng, J., Lin, Y., et al. (2019). Cell-cell contact with proinflammatory macrophages enhances the immunotherapeutic effect of mesenchymal stem cells in two abortion models. Cell Mol. Immunol. 16 (12), 908–920. doi:10.1038/s41423-019-0204-6
 Lim, X., Tan, S. H., Koh, W. L. C., Chau, R. M. W., Yan, K. S., Kuo, C. J., et al. (2013). Interfollicular epidermal stem cells self-renew via autocrine Wnt signaling. Science 342 (6163), 1226–1230. doi:10.1126/science.1239730
 Liu, H., Luo, H., Xue, Q., Qin, S., Qiu, S., Liu, S., et al. (2022a). Antigen-specific T cell detection via photocatalytic proximity cell labeling (PhoXCELL). J. Am. Chem. Soc. 144 (12), 5517–5526. doi:10.1021/jacs.2c00159
 Liu, K., Tang, M., Jin, H., Liu, Q., and Zhu, H. (2020a). Triple-cell lineage tracing by a dual reporter on a single allele. J. Biol. Chem. 295 (3), 690–700. doi:10.1074/jbc.RA119.011349
 Liu, Q., Yang, R., Huang, X., Zhang, H., He, L., Zhang, L., et al. (2016). Genetic lineage tracing identifies in situ Kit-expressing cardiomyocytes. Cell Res. 26 (1), 119–130. doi:10.1038/cr.2015.143
 Liu, Q., Zheng, J., Sun, W., Huo, Y., Zhang, L., Hao, P., et al. (2018). A proximity-tagging system to identify membrane protein-protein interactions. Nat. Methods 15 (9), 715–722. doi:10.1038/s41592-018-0100-5
 Liu, X., Pu, W., He, L., Li, Y., Zhao, H., Li, Y., et al. (2021). Cell proliferation fate mapping reveals regional cardiomyocyte cell-cycle activity in subendocardial muscle of left ventricle. Nat. Commun. 12 (1), 5784. doi:10.1038/s41467-021-25933-5
 Liu, Z., Li, J. P., Chen, M., Wu, M., Shi, Y., Li, W., et al. (2020b). Detecting tumor antigen-specific T cells via interaction-dependent fucosyl-biotinylation. Cell 183 (4), 1117–1133. doi:10.1016/j.cell.2020.09.048
 Liu, Z., Sun, D., and Wang, C. (2022b). Evaluation of cell-cell interaction methods by integrating single-cell RNA sequencing data with spatial information. Genome Biol. 23 (1), 218. doi:10.1186/s13059-022-02783-y
 Longo, S. K., Guo, M. G., Ji, A. L., and Khavari, P. A. (2021). Integrating single-cell and spatial transcriptomics to elucidate intercellular tissue dynamics. Nat. Rev. Genet. 22 (10), 627–644. doi:10.1038/s41576-021-00370-8
 Lynch, K., Treacy, O., Chen, X., Murphy, N., Lohan, P., Islam, M. N., et al. (2020). TGF-β1-Licensed murine MSCs show superior therapeutic efficacy in modulating corneal allograft immune rejection in vivo. Mol. Ther. 28 (9), 2023–2043. doi:10.1016/j.ymthe.2020.05.023
 Ma, N., Chen, D., Lee, J. H., Kuri, P., Hernandez, E. B., Kocan, J., et al. (2022). Piezo1 regulates the regenerative capacity of skeletal muscles via orchestration of stem cell morphological states. Sci. Adv. 8 (11), eabn0485. doi:10.1126/sciadv.abn0485
 Mamidi, A., Prawiro, C., Seymour, P. A., de Lichtenberg, K. H., Jackson, A., Serup, P., et al. (2018). Mechanosignalling via integrins directs fate decisions of pancreatic progenitors. Nature 564 (7734), 114–118. doi:10.1038/s41586-018-0762-2
 Manhas, J., Edelstein, H. I., Leonard, J. N., and Morsut, L. (2022). The evolution of synthetic receptor systems. Nat. Chem. Biol. 18 (3), 244–255. doi:10.1038/s41589-021-00926-z
 McIntyre, W. B., Karimzadeh, M., Riazalhosseini, Y., Khazaei, M., and Fehlings, M. G. (2022). Cell-cell contact mediates gene expression and fate choice of human neural stem/progenitor cells. Cells 11 (11), 1741. doi:10.3390/cells11111741
 Meinke, G., Bohm, A., Hauber, J., Pisabarro, M. T., and Buchholz, F. (2016). Cre recombinase and other tyrosine recombinases. Chem. Rev. 116 (20), 12785–12820. doi:10.1021/acs.chemrev.6b00077
 Meng, Z., Qiu, Y., Lin, K. C., Kumar, A., Placone, J. K., Fang, C., et al. (2018). RAP2 mediates mechanoresponses of the Hippo pathway. Nature 560 (7720), 655–660. doi:10.1038/s41586-018-0444-0
 Miao, Y., Yang, H., Levorse, J., Yuan, S., Polak, L., Sribour, M., et al. (2019). Adaptive immune resistance emerges from tumor-initiating stem cells. Cell 177 (5), 1172–1186. doi:10.1016/j.cell.2019.03.025
 Mittal, S. K., Cho, W., Elbasiony, E., Guan, Y., Foulsham, W., and Chauhan, S. K. (2022). Mesenchymal stem cells augment regulatory T cell function via CD80-mediated interactions and promote allograft survival. Am. J. Transpl. 22 (6), 1564–1577. doi:10.1111/ajt.17001
 Morikawa, K., Furuhashi, K., de Sena-Tomas, C., Garcia-Garcia, A. L., Bekdash, R., Klein, A. D., et al. (2020). Photoactivatable Cre recombinase 3.0 for in vivo mouse applications. Nat. Commun. 11 (1), 2141. doi:10.1038/s41467-020-16030-0
 Morinaga, H., Mohri, Y., Grachtchouk, M., Asakawa, K., Matsumura, H., Oshima, M., et al. (2021). Obesity accelerates hair thinning by stem cell-centric converging mechanisms. Nature 595 (7866), 266–271. doi:10.1038/s41586-021-03624-x
 Morsut, L., Roybal, K. T., Xiong, X., Gordley, R. M., Coyle, S. M., Thomson, M., et al. (2016). Engineering customized cell sensing and response behaviors using synthetic notch receptors. Cell 164 (4), 780–791. doi:10.1016/j.cell.2016.01.012
 Nabhan, A. N., Brownfield, D. G., Harbury, P. B., Krasnow, M. A., and Desai, T. J. (2018). Single-cell Wnt signaling niches maintain stemness of alveolar type 2 cells. Science 359 (6380), 1118–1123. doi:10.1126/science.aam6603
 Nakandakari-Higa, S. (2023). Universal recording of cell-cell contacts in vivo for interaction-based transcriptomics. bioRxiv. 
 Nitzan, M., Karaiskos, N., Friedman, N., and Rajewsky, N. (2019). Gene expression cartography. Nature 576 (7785), 132–137. doi:10.1038/s41586-019-1773-3
 Noël, F., Massenet-Regad, L., Carmi-Levy, I., Cappuccio, A., Grandclaudon, M., Trichot, C., et al. (2021). Dissection of intercellular communication using the transcriptome-based framework ICELLNET. Nat. Commun. 12 (1), 1089. doi:10.1038/s41467-021-21244-x
 Nusser, A., Sagar, , Swann, J. B., Krauth, B., Diekhoff, D., Calderon, L., et al. (2022). Developmental dynamics of two bipotent thymic epithelial progenitor types. Nature 606 (7912), 165–171. doi:10.1038/s41586-022-04752-8
 Ombrato, L., Nolan, E., Kurelac, I., Mavousian, A., Bridgeman, V. L., Heinze, I., et al. (2019). Metastatic-niche labelling reveals parenchymal cells with stem features. Nature 572 (7771), 603–608. doi:10.1038/s41586-019-1487-6
 Ombrato, L., Nolan, E., Passaro, D., Kurelac, I., Bridgeman, V. L., Waclawiczek, A., et al. (2021). Generation of neighbor-labeling cells to study intercellular interactions in vivo. Nat. Protoc. 16 (2), 872–892. doi:10.1038/s41596-020-00438-5
 Oslund, R. C., Reyes-Robles, T., White, C. H., Tomlinson, J. H., Crotty, K. A., Bowman, E. P., et al. (2022). Detection of cell-cell interactions via photocatalytic cell tagging. Nat. Chem. Biol. 18 (8), 850–858. doi:10.1038/s41589-022-01044-0
 Paik, D. T., Cho, S., Tian, L., Chang, H. Y., and Wu, J. C. (2020). Single-cell RNA sequencing in cardiovascular development, disease and medicine. Nat. Rev. Cardiol. 17 (8), 457–473. doi:10.1038/s41569-020-0359-y
 Palla, A. R., Hilgendorf, K. I., Yang, A. V., Kerr, J. P., Hinken, A. C., Demeter, J., et al. (2022). Primary cilia on muscle stem cells are critical to maintain regenerative capacity and are lost during aging. Nat. Commun. 13 (1), 1439. doi:10.1038/s41467-022-29150-6
 Panciera, T., Azzolin, L., Cordenonsi, M., and Piccolo, S. (2017). Mechanobiology of YAP and TAZ in physiology and disease. Nat. Rev. Mol. Cell Biol. 18 (12), 758–770. doi:10.1038/nrm.2017.87
 Pardo-Saganta, A., Tata, P. R., Law, B. M., Saez, B., Chow, R. D. W., Prabhu, M., et al. (2015). Parent stem cells can serve as niches for their daughter cells. Nature 523 (7562), 597–601. doi:10.1038/nature14553
 Pasqual, G., Chudnovskiy, A., Tas, J. M. J., Agudelo, M., Schweitzer, L. D., Cui, A., et al. (2018). Monitoring T cell-dendritic cell interactions in vivo by intercellular enzymatic labelling. Nature 553 (7689), 496–500. doi:10.1038/nature25442
 Pathak, M. M., Nourse, J. L., Tran, T., Hwe, J., Arulmoli, J., Le, D. T. T., et al. (2014). Stretch-activated ion channel Piezo1 directs lineage choice in human neural stem cells. Proc. Natl. Acad. Sci. U. S. A. 111 (45), 16148–16153. doi:10.1073/pnas.1409802111
 Peng, Y., Du, J., Günther, S., Guo, X., Wang, S., Schneider, A., et al. (2022). Mechano-signaling via Piezo1 prevents activation and p53-mediated senescence of muscle stem cells. Redox Biol. 52, 102309. doi:10.1016/j.redox.2022.102309
 Piekarska, K., Urban-Wójciuk, Z., Kurkowiak, M., Pelikant-Małecka, I., Schumacher, A., Sakowska, J., et al. (2022). Mesenchymal stem cells transfer mitochondria to allogeneic Tregs in an HLA-dependent manner improving their immunosuppressive activity. Nat. Commun. 13 (1), 856. doi:10.1038/s41467-022-28338-0
 Pinho, S., and Frenette, P. S. (2019). Haematopoietic stem cell activity and interactions with the niche. Nat. Rev. Mol. Cell Biol. 20 (5), 303–320. doi:10.1038/s41580-019-0103-9
 Pu, W., He, L., Han, X., Tian, X., Li, Y., Zhang, H., et al. (2018). Genetic targeting of organ-specific blood vessels. Circ. Res. 123 (1), 86–99. doi:10.1161/CIRCRESAHA.118.312981
 Pu, W., Zhang, M., Liu, X., He, L., Li, J., Han, X., et al. (2022). Genetic proliferation tracing reveals a rapid cell cycle withdrawal in preadolescent cardiomyocytes. Circulation 145 (5), 410–412. doi:10.1161/CIRCULATIONAHA.121.057019
 Qiu, S., Zhao, Z., Wu, M., Xue, Q., Yang, Y., Ouyang, S., et al. (2022). Use of intercellular proximity labeling to quantify and decipher cell-cell interactions directed by diversified molecular pairs. Sci. Adv. 8 (51), eadd2337. doi:10.1126/sciadv.add2337
 Rao, A., Barkley, D., França, G. S., and Yanai, I. (2021). Exploring tissue architecture using spatial transcriptomics. Nature 596 (7871), 211–220. doi:10.1038/s41586-021-03634-9
 Ratnayake, D., Nguyen, P. D., Rossello, F. J., Wimmer, V. C., Tan, J. L., Galvis, L. A., et al. (2021). Macrophages provide a transient muscle stem cell niche via NAMPT secretion. Nature 591 (7849), 281–287. doi:10.1038/s41586-021-03199-7
 Ren, X., Zhong, G., Zhang, Q., Zhang, L., Sun, Y., and Zhang, Z. (2020). Reconstruction of cell spatial organization from single-cell RNA sequencing data based on ligand-receptor mediated self-assembly. Cell Res. 30 (9), 763–778. doi:10.1038/s41422-020-0353-2
 Rho, S. S., Kobayashi, I., Oguri-Nakamura, E., Ando, K., Fujiwara, M., Kamimura, N., et al. (2019). Rap1b promotes notch-signal-mediated hematopoietic stem cell development by enhancing integrin-mediated cell adhesion. Dev. Cell 49 (5), 681–696. doi:10.1016/j.devcel.2019.03.023
 Roybal, K. T., Williams, J. Z., Morsut, L., Rupp, L. J., Kolinko, I., Choe, J. H., et al. (2016). Engineering T cells with customized therapeutic response programs using synthetic notch receptors. Cell 167 (2), 419–432. doi:10.1016/j.cell.2016.09.011
 Salwig, I., Spitznagel, B., Vazquez-Armendariz, A. I., Khalooghi, K., Guenther, S., Herold, S., et al. (2019). Bronchioalveolar stem cells are a main source for regeneration of distal lung epithelia in vivo. Embo J. 38 (12), e102099. doi:10.15252/embj.2019102099
 Saviano, A., Henderson, N. C., and Baumert, T. F. (2020). Single-cell genomics and spatial transcriptomics: discovery of novel cell states and cellular interactions in liver physiology and disease biology. J. Hepatol. 73 (5), 1219–1230. doi:10.1016/j.jhep.2020.06.004
 Shao, X., Li, C., Yang, H., Lu, X., Liao, J., Qian, J., et al. (2022). Knowledge-graph-based cell-cell communication inference for spatially resolved transcriptomic data with SpaTalk. Nat. Commun. 13 (1), 4429. doi:10.1038/s41467-022-32111-8
 Shu, H. S., Liu, Y. L., Tang, X. T., Zhang, X. S., Zhou, B., Zou, W., et al. (2021). Tracing the skeletal progenitor transition during postnatal bone formation. Cell Stem Cell 28 (12), 2122–2136.e3. doi:10.1016/j.stem.2021.08.010
 Silver, J. S., Günay, K. A., Cutler, A. A., Vogler, T. O., Brown, T. E., Pawlikowski, B. T., et al. (2021). Injury-mediated stiffening persistently activates muscle stem cells through YAP and TAZ mechanotransduction. Sci. Adv. 7 (11), eabe4501. doi:10.1126/sciadv.abe4501
 Sporn, M. B., and Roberts, A. B. (1985). Autocrine growth factors and cancer. Nature 313 (6005), 745–747. doi:10.1038/313745a0
 Ståhl, P. L., Salmén, F., Vickovic, S., Lundmark, A., Navarro, J. F., Magnusson, J., et al. (2016). Visualization and analysis of gene expression in tissue sections by spatial transcriptomics. Science 353 (6294), 78–82. doi:10.1126/science.aaf2403
 Stone, A. P., Nascimento, T. F., and Barrachina, M. N. (2022). The bone marrow niche from the inside out: how megakaryocytes are shaped by and shape hematopoiesis. Blood 139 (4), 483–491. doi:10.1182/blood.2021012827
 Struhl, G., and Adachi, A. (1998). Nuclear access and action of notch in vivo. Cell 93 (4), 649–660. doi:10.1016/s0092-8674(00)81193-9
 Sun, D., Liu, Z., Li, T., Wu, Q., and Wang, C. (2022). STRIDE: accurately decomposing and integrating spatial transcriptomics using single-cell RNA sequencing. Nucleic Acids Res. 50 (7), e42. doi:10.1093/nar/gkac150
 Takahashi, A., Nagata, M., Gupta, A., Matsushita, Y., Yamaguchi, T., Mizuhashi, K., et al. (2019). Autocrine regulation of mesenchymal progenitor cell fates orchestrates tooth eruption. Proc. Natl. Acad. Sci. U. S. A. 116 (2), 575–580. doi:10.1073/pnas.1810200115
 Tan, P., He, L., Huang, Y., and Zhou, Y. (2022). Optophysiology: illuminating cell physiology with optogenetics. Physiol. Rev. 102 (3), 1263–1325. doi:10.1152/physrev.00021.2021
 Tang, Z., Zhang, T., Yang, B., Su, J., and Song, Q. (2023). spaCI: deciphering spatial cellular communications through adaptive graph model. Brief. Bioinform 24 (1), bbac563. doi:10.1093/bib/bbac563
 Taslimi, A., Zoltowski, B., Miranda, J. G., Pathak, G. P., Hughes, R. M., and Tucker, C. L. (2016). Optimized second-generation CRY2-CIB dimerizers and photoactivatable Cre recombinase. Nat. Chem. Biol. 12 (6), 425–430. doi:10.1038/nchembio.2063
 Tian, L., Chen, F., and Macosko, E. Z. (2022). The expanding vistas of spatial transcriptomics. Nat. Biotechnol. 41, 773–782. doi:10.1038/s41587-022-01448-2
 Toda, S., Blauch, L. R., Tang, S. K. Y., Morsut, L., and Lim, W. A. (2018). Programming self-organizing multicellular structures with synthetic cell-cell signaling. Science 361 (6398), 156–162. doi:10.1126/science.aat0271
 Totaro, A., Panciera, T., and Piccolo, S. (2018). YAP/TAZ upstream signals and downstream responses. Nat. Cell Biol. 20 (8), 888–899. doi:10.1038/s41556-018-0142-z
 Travaglini, K. J., Nabhan, A. N., Penland, L., Sinha, R., Gillich, A., Sit, R. V., et al. (2020). A molecular cell atlas of the human lung from single-cell RNA sequencing. Nature 587 (7835), 619–625. doi:10.1038/s41586-020-2922-4
 Uroz, M., Wistorf, S., Serra-Picamal, X., Conte, V., Sales-Pardo, M., Roca-Cusachs, P., et al. (2018). Regulation of cell cycle progression by cell-cell and cell-matrix forces. Nat. Cell Biol. 20 (6), 646–654. doi:10.1038/s41556-018-0107-2
 Valet, M., Siggia, E. D., and Brivanlou, A. H. (2022). Mechanical regulation of early vertebrate embryogenesis. Nat. Rev. Mol. Cell Biol. 23 (3), 169–184. doi:10.1038/s41580-021-00424-z
 van Berlo, J. H., Kanisicak, O., Maillet, M., Vagnozzi, R. J., Karch, J., Lin, S. C. J., et al. (2014). c-kit+ cells minimally contribute cardiomyocytes to the heart. Nature 509 (7500), 337–341. doi:10.1038/nature13309
 Vento-Tormo, R., Efremova, M., Botting, R. A., Turco, M. Y., Vento-Tormo, M., Meyer, K. B., et al. (2018). Single-cell reconstruction of the early maternal-fetal interface in humans. Nature 563 (7731), 347–353. doi:10.1038/s41586-018-0698-6
 Vining, K. H., and Mooney, D. J. (2017). Mechanical forces direct stem cell behaviour in development and regeneration. Nat. Rev. Mol. Cell Biol. 18 (12), 728–742. doi:10.1038/nrm.2017.108
 Wang, J., and Kubes, P. (2016). A reservoir of mature cavity macrophages that can rapidly invade visceral organs to affect tissue repair. Cell 165 (3), 668–678. doi:10.1016/j.cell.2016.03.009
 Wang, S., Drummond, M. L., Guerrero-Juarez, C. F., Tarapore, E., MacLean, A. L., Stabell, A. R., et al. (2020). Single cell transcriptomics of human epidermis identifies basal stem cell transition states. Nat. Commun. 11 (1), 4239. doi:10.1038/s41467-020-18075-7
 Wang, S., Englund, E., Kjellman, P., Li, Z., Ahnlide, J. K., Rodriguez-Cupello, C., et al. (2021b). CCM3 is a gatekeeper in focal adhesions regulating mechanotransduction and YAP/TAZ signalling. Nat. Cell Biol. 23 (7), 758–770. doi:10.1038/s41556-021-00702-0
 Wang, S., Karikomi, M., MacLean, A. L., and Nie, Q. (2019). Cell lineage and communication network inference via optimization for single-cell transcriptomics. Nucleic Acids Res. 47 (11), e66. doi:10.1093/nar/gkz204
 Wang, Y., Wang, J. Y., Schnieke, A., and Fischer, K. (2021a). Advances in single-cell sequencing: insights from organ transplantation. Mil. Med. Res. 8 (1), 45. doi:10.1186/s40779-021-00336-1
 Weng, Y., Wang, H., Wu, D., Xu, S., Chen, X., Huang, J., et al. (2022). A novel lineage of osteoprogenitor cells with dual epithelial and mesenchymal properties govern maxillofacial bone homeostasis and regeneration after MSFL. Cell Res. 32 (9), 814–830. doi:10.1038/s41422-022-00687-x
 Wheeler, M. A., Clark, I. C., Lee, H. G., Li, Z., Linnerbauer, M., Rone, J. M., et al. (2023). Droplet-based forward genetic screening of astrocyte-microglia cross-talk. Science 379 (6636), 1023–1030. doi:10.1126/science.abq4822
 Wolf, F. A., Hamey, F. K., Plass, M., Solana, J., Dahlin, J. S., Göttgens, B., et al. (2019). PAGA: graph abstraction reconciles clustering with trajectory inference through a topology preserving map of single cells. Genome Biol. 20 (1), 59. doi:10.1186/s13059-019-1663-x
 Wu, Y., Zhou, L., Liu, H., Duan, R., Zhou, H., Zhang, F., et al. (2021). LRP6 downregulation promotes cardiomyocyte proliferation and heart regeneration. Cell Res. 31 (4), 450–462. doi:10.1038/s41422-020-00411-7
 Xin, T., Greco, V., and Myung, P. (2016). Hardwiring stem cell communication through tissue structure. Cell 164 (6), 1212–1225. doi:10.1016/j.cell.2016.02.041
 Yao, S., Yuan, P., Ouellette, B., Zhou, T., Mortrud, M., Balaram, P., et al. (2020). RecV recombinase system for in vivo targeted optogenomic modifications of single cells or cell populations. Nat. Methods 17 (4), 422–429. doi:10.1038/s41592-020-0774-3
 Yeh, H. W., Hsu, E. C., Lee, S. S., Lang, Y. D., Lin, Y. C., Chang, C. Y., et al. (2018). PSPC1 mediates TGF-β1 autocrine signalling and Smad2/3 target switching to promote EMT, stemness and metastasis. Nat. Cell Biol. 20 (4), 479–491. doi:10.1038/s41556-018-0062-y
 Yu, B., Shi, Q., Belk, J. A., Yost, K. E., Parker, K. R., et al. (2022a). Engineered cell entry links receptor biology with single-cell genomics. Cell 185 (26), 4904–4920.e22. doi:10.1016/j.cell.2022.11.016
 Yu, T., Zhang, L., Dou, X., Bai, R., Wang, H., Deng, J., et al. (2022b). Mechanically robust hydrogels facilitating bone regeneration through epigenetic modulation. Adv. Sci. (Weinh) 9 (32), e2203734. doi:10.1002/advs.202203734
 Yu, W., Chen, C., Kou, X., Sui, B., Yu, T., Liu, D., et al. (2021). Mechanical force-driven TNFα endocytosis governs stem cell homeostasis. Bone Res. 8 (1), 44. doi:10.1038/s41413-020-00117-x
 Yue, S., Xu, P., Cao, Z., and Zhuang, M. (2022). PUP-IT2 as an alternative strategy for PUP-IT proximity labeling. Front. Mol. Biosci. 9, 1007720. doi:10.3389/fmolb.2022.1007720
 Zhang, Y., Liu, T., Hu, X., Wang, M., Wang, J., Zou, B., et al. (2021b). CellCall: integrating paired ligand-receptor and transcription factor activities for cell-cell communication. Nucleic Acids Res. 49 (15), 8520–8534. doi:10.1093/nar/gkab638
 Zacharias, W. J., Frank, D. B., Zepp, J. A., Morley, M. P., Alkhaleel, F. A., Kong, J., et al. (2018). Regeneration of the lung alveolus by an evolutionarily conserved epithelial progenitor. Nature 555 (7695), 251–255. doi:10.1038/nature25786
 Zanconato, F., Cordenonsi, M., and Piccolo, S. (2019). YAP and TAZ: a signalling hub of the tumour microenvironment. Nat. Rev. Cancer 19 (8), 454–464. doi:10.1038/s41568-019-0168-y
 Zanconato, F., Cordenonsi, M., and Piccolo, S. (2016). YAP/TAZ at the roots of cancer. Cancer Cell 29 (6), 783–803. doi:10.1016/j.ccell.2016.05.005
 Zhang, S., Zhao, H., Liu, Z., Liu, K., Zhu, H., Pu, W., et al. (2022a). Monitoring of cell-cell communication and contact history in mammals. Science 378 (6623), eabo5503. doi:10.1126/science.abo5503
 Zhang, Z., Denans, N., Liu, Y., Zhulyn, O., Rosenblatt, H. D., Wernig, M., et al. (2021a). Optogenetic manipulation of cellular communication using engineered myosin motors. Nat. Cell Biol. 23 (2), 198–208. doi:10.1038/s41556-020-00625-2
 Zhang, Z., Sha, B., Zhao, L., Zhang, H., Feng, J., Zhang, C., et al. (2022b). Programmable integrin and N-cadherin adhesive interactions modulate mechanosensing of mesenchymal stem cells by cofilin phosphorylation. Nat. Commun. 13 (1), 6854. doi:10.1038/s41467-022-34424-0
 Zhao, H., Huang, X., Liu, Z., Pu, W., Lv, Z., He, L., et al. (2021). Pre-existing beta cells but not progenitors contribute to new beta cells in the adult pancreas. Nat. Metab. 3 (3), 352–365. doi:10.1038/s42255-021-00364-0
 Zhou, C., Zhang, D., Du, W., Zou, J., Li, X., and Xie, J. (2020). Substrate mechanics dictate cell-cell communication by gap junctions in stem cells from human apical papilla. Acta Biomater. 107, 178–193. doi:10.1016/j.actbio.2020.02.032
 Zhou, F., Li, X., Wang, W., Zhu, P., Zhou, J., He, W., et al. (2016). Tracing haematopoietic stem cell formation at single-cell resolution. Nature 533 (7604), 487–492. doi:10.1038/nature17997
 Zhou, Y., Bond, A. M., Shade, J. E., Zhu, Y., Davis, C. H. O., Wang, X., et al. (2018). Autocrine Mfge8 signaling prevents developmental exhaustion of the adult neural stem cell pool. Cell Stem Cell 23 (3), 444–452. doi:10.1016/j.stem.2018.08.005
 Zhu, C., Lian, Y., Wang, C., Wu, P., Li, X., Gao, Y., et al. (2021). Single-cell transcriptomics dissects hematopoietic cell destruction and T-cell engagement in aplastic anemia. Blood 138 (1), 23–33. doi:10.1182/blood.2020008966
 Zhu, I., Liu, R., Garcia, J. M., Hyrenius-Wittsten, A., Piraner, D. I., Alavi, J., et al. (2022). Modular design of synthetic receptors for programmed gene regulation in cell therapies. Cell 185 (8), 1431–1443.e16. doi:10.1016/j.cell.2022.03.023
 Zhu, J., Shang, L., and Zhou, X. (2023). SRTsim: spatial pattern preserving simulations for spatially resolved transcriptomics. Genome Biol. 24 (1), 39. doi:10.1186/s13059-023-02879-z
 Zhu, L., Finkelstein, D., Gao, C., Shi, L., Wang, Y., López-Terrada, D., et al. (2016). Multi-organ mapping of cancer risk. Cell 166 (5), 1132–1146. doi:10.1016/j.cell.2016.07.045
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Luo, Liu and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 22 November 2023
doi: 10.3389/fcell.2023.1145421


[image: image2]
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Introduction: Mesenchymal stromal cells (MSC) are envisioned as a potential cellular vehicle for targeted cancer therapies due to their tumor tropism and immune permissiveness. An obstacle in their use is the duality in their interactions within tumors, rendering them pro-tumorigenic or anti-tumorigenic, in a context dependent manner. MSC preconditioning, or priming, has been proposed as a strategy for directing the effector properties of MSC at tumor sites.
Methods: We primed human MSC derived from adipose tissues (ASC), a clinically advantageous MSC source, utilizing toll-like receptor agonists. Subsequently, we explored the consequences in tumor progression and transcriptome upon the interaction of tumor cells with primed or unprimed ASC in an in vivo model of prostate cancer, the second most common cancer and second leading cause of cancer related death in men in the USA.
Results and discussion: In the studied model, poly I:C-primed ASC were found to significantly accelerate tumor growth progression. And while unprimed and LPS-primed ASC did not exert a significant effect on tumor growth at the macroscopic level, gene expression analyses suggested that all treatments promoted distinct modulatory effects in the tumor microenvironment, including altered modulation of angiogenesis, and immune response processes. However, the effects resulting from the collective interaction across these processes must be sufficiently skewed in a pro-tumorigenic or anti-tumorigenic direction for evidence of tumor progression modulation to be detectable at the macroscopic level. Our study highlights potential MSC-tumor microenvironment interactions that may be leveraged and should be considered in the development of cancer therapeutics utilizing MSC.
Keywords: mesenchymal stromal cells, adipose-derived mesenchymal stromal cells, priming, polarization, toll-like receptors, prostate cancer
1 INTRODUCTION
Prostate cancer (PrCa) is the most common cancer and second leading cause of cancer related death in men in the United States of America (USA), expected to have accounted for 29% of new cancer cases and 11% of cancer deaths in men in the USA in 2023 (Siegel et al., 2023). Similarly to other cancers, despite many advances in treatments, a significant challenge to efficiently treat this disease is encountered once PrCa presents at an advanced stage, i.e., invasive adenocarcinoma, where the disease has started to spread outside of the prostate. For these cases, the traditional treatment course initially includes androgen deprivation therapy (ADT). Unfortunately, ADT can result in the selection of tumor cell clones that are no longer dependent on normal levels of androgens and can continue growing despite ADT. This transition is estimated to occur in 10%–20% of patients within approximately 5 years of follow-up (Kirby et al., 2011). PrCa that has progressed to this stage is termed castration resistant prostate cancer (CRPC), and the mean survival for patients with this stage of disease is 14 months. Challenges to therapeutic modalities outside of ADT often involve targeting inefficiency and limited dose tolerance due to toxicity, thus further exploration and development of therapeutics is needed, with an interest in the field on multimodal therapeutics and development of new targeting strategies for more efficient and less toxic therapeutic delivery (Chang et al., 2014; Terlizzi and Bossi, 2022).
Mesenchymal stromal cells (MSC) have been proposed as a potential cellular vehicles for targeted cancer therapies (Nowakowski et al., 2016). This is owing to an inherent tropism for the cells towards tumors and for their immune permissive phenotype, characteristics that are considered promising for enhancing therapeutic delivery while avoiding potential side effects. Also, rapid clearance can be avoided relative to other therapeutics such as triggered by chemotherapies and oncolytic viruses (e.g. an immune response) when administered systemically in the absence of a carrier. Further, MSC can interact with the tumor microenvironment (TME) by means of immunomodulation, modulation of metabolic processes, angiogenesis and extracellular matrix (ECM) deposition, thus having the potential of acting as effector cells beyond their roles as treatment delivery platforms. However, a duality in the interaction of MSC with tumors might render them pro-tumorigenic or anti-tumorigenic, in a context dependent manner (Norozi et al., 2016). These observations thus have raised interest in the development of strategies to enhance and/or consistently ‘guide’ MSC towards an anti-tumorigenic potential (Vicinanza et al., 2022). In 2010, a paradigm to MSC activation was proposed by which priming of BM-MSC with ligands of TLR4 or TLR3 yielded opposite cellular functional phenotypes (Waterman et al., 2010). More specifically, TLR4 stimulation by lipopolyssacharide (LPS) yielded a pro-inflammatory MSC phenotype, whereas TLR3 priming with polyinosinic:polycytidylic acid (polyI:C) rendered these cells immunosuppressive. These distinct phenotypes were evaluated in the context of an ovarian cancer in vivo model and the different TLR agonists were reported to exert anti-tumorigenic (LPS-primed) or pro-tumorigenic (poly I:C-primed) roles, respectively (Waterman et al., 2012).
While BM-MSC remain the most commonly studied MSC subtype, and were the focus of the MSC polarization paradigm reports, MSC derived from other tissues may provide advantages for clinical use such as higher relative abundance and differential functional potential (Strioga et al., 2012). In our previous work (Rivera-Cruz and Figueiredo, 2023), we had identified phenotypical and functional consequences of TLR priming on ASC that partially resembled those previously reported for BM-MSC (Waterman et al., 2010). In our assessment, LPS-priming of ASC rendered them immunostimulatory in immune killing assay coculture assays in the presence of human prostate adenocarcinoma cells and stimulated peripheral blood mononuclear cells. Understanding that tumorigenesis is a complex process involving many other TME components and other supportive tissues, we aimed to evaluate the consequences of TLR-priming in an immunocompetent model of androgen independent prostate cancer by assessing changes in tumor progression, gene expression and immune composition of tumors treated with TLR-primed ASC.
2 MATERIALS AND METHODS
2.1 Cell culture
Human ASC from a male Caucasian donor were obtained from Obatala. Cells were obtained from the vendor after characterization (e.g., surface marker expression profile, differentiation potential) and de-identification (Supplementary File S1). ASC were cultured on fibronectin-coated plasticware in modified media (ASC media) (Shearer et al., 2016). At passage 4, cells were transduced with a lentivirus to express renilla luciferase (LV-Rluc-Puro; G&P Bioscience, Santa Clara, CA) at MOI 2, using a ViraDuctin Lentivirus Transduction Kit (Cell BioLabs, San Diego, CA). Selection for transduced cells was performed for 2 weeks by supplementing growth media with 1 μg/mL of puromycin (Sigma-Aldrich). Mouse TRAMP-C2 (TC2) cells are advanced prostate adenocarcinoma cells (ATCC, CRL-2731), derived from a primary tumor in the prostate of Probasin-SV40-T antigen (TRAMP) adult C57/BL6 male mouse (Foster et al., 1997). Our group has further transduced TC2 with a lentivirus to express activated H-ras G12V and mouse androgen receptor (TC2R) (Zolochevska et al., 2013), observing significantly more rapid growth of these cells relative to the parental TC2 (Umbaugh et al., 2017). The TC2R cells serve as a model of aggressive PrCa to be examined in C57/BL6 immunocompetent mice. These cells were maintained in DMEM-F12 supplemented with 10% FBS and 1% Antibiotic-Antimycotic (Anti-Anti, Gibco).
2.2 ASC TLR priming
ASC were thawed and expanded as described above. After expansion, cells were seeded in 6-well tissue culture plates (not coated with fibronectin) at a density of 3 x 105 cells/well and allowed to attach overnight in ASC media. ASC were primed ex vivo for 1 h in assay media containing DMEM-F12 (Corning) supplemented with 16.5% FBS (ATCC), 1% Anti-Anti. Unprimed MSC, incubated in base assay media, were used as control. TLR agonists were added to the base assay media as follows: Poly I:C 1 μg/mL (1:1 mix of high molecular weight (HMW) and low molecular weight (LMW) poly I:C, Invivogen, San Diego, CA), or LPS 10 ng/mL (Millipore-Sigma, Urbana, IL) (Waterman et al., 2010). After the completion of the hour, cell cultures were washed twice with 1x Dulbecco’s Phosphate Buffered Saline (Gibco), lifted by trypsinization and comixed with PrCa cells as described below for administration into the mice.
2.3 In vivo assessment of tumor progression
Animal care and procedures were performed in accordance with the Purdue Animal Care and Use Committee Institutional Review Board and the Laboratory Animal Program (LAP). All mice utilized in these experiments were housed in the Purdue LAP Facilities, where overall changes in mice health and behavior were monitored daily by facility technicians and veterinary staff. Tumors were induced in 10-week-old C57BL/6J male mice (Envigo) by subcutaneous injection of 1.25 x 105 TC2R cells +1.25 x 103 TLR-primed (or unprimed) ASC in sterile saline into their flanks (dorsolateral) while under isoflurane anesthesia. Mice injected only with TC2R cells were utilized as controls. Mice were randomly assigned to groups (n = 11; between two independent experiments), with at least one representative of each group per cage. The tumor growth was monitored over time utilizing vernier caliper measurements, in a blinded fashion. Tumor volume was calculated utilizing the following equation:
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The experimental endpoint (19–21 days) was selected based on when at least one mouse reached the maximum allowable tumor burden in the study (tumor length of 20 mm).
2.4 Tissue collection
Mice were humanely euthanized by CO2 in several cohorts (through day 21) when the largest tumors within the experiment reached 20 mm in its their largest diameter. Tumor segments were collected in 10% buffered formalin and RNAlater (ThermoFisher, Mt Prospect, IL) and stored according to manufacturer’s protocols for later evaluation.
2.5 RNA isolation
Total RNA was isolated from timepoint-matched (day 20) tumors (n = 3 per treatment group) that had been preserved in 1 mL RNAlater, following manufacturer’s protocols, then RNAlater removed and dried tissues kept at −80°C. Briefly, tumors were immersed in 600 µL of RLT buffer +10 µL of β-Mercaptoethanol, and homogenized with a PRO200 homogenizer (MidSci, ValleyPark, MO, United States) in three brief pulses of 10–15 s each at a mid-power. Lysates were then processed using a Qiagen RNAeasy kit (Qiagen).
2.6 RNA-seq analysis
Sample processing for RNA sequencing was performed by LC Sciences (Houston, TX, United States), with analysis support. Briefly, a poly (A) RNA sequencing library was prepared following Illumina’s TruSeq-stranded-mRNA protocol. RNA integrity was checked with Agilent Technologies 2100 Bioanalyzer. Poly (A) tail-containing mRNAs were purified using oligo- (dT) magnetic beads with two rounds of purification. After purification, poly (A) RNA was fragmented using divalent cation buffer in elevated temperature. Quality control analysis and quantification of the sequencing library were performed using Agilent Technologies 2100 Bioanalyzer High Sensitivity DNA Chip. Paired-ended sequencing was performed on Illumina’s NovaSeq 6000 sequencing system. For transcripts assembly, cutadapt (Martin, 2011) and perl scripts in house were used to remove the reads that contained adaptor contamination, low quality bases and undetermined bases. Sequence quality was verified using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and HISAT2 (Kim et al., 2015) was used to map reads to the Mus musculus genome (ftp://ftp.ensembl.org/pub/release-101/fasta/mus_musculus/dna/). Reads were assembled using StringTie (Pertea et al., 2015), then transcriptomes were merged to reconstruct a comprehensive transcriptome using perl scripts and gffcompare. StringTie and ballgown (http://www.bioconductor.org/packages/release/bioc/html/ballgown.html) were used to estimate transcript expression levels. StringTie and ballgown (http://www.bioconductor.org/packages/release/bioc/html/ballgown.html) were used to estimate levels of expression of all transcripts. StringTie (Pertea et al., 2015) was used to perform expression level for mRNAs by calculating FPKM. Pearson correlation analysis was utilized to determine outliers within treatment groups, with R < 0.9 considered an outlier. mRNAs differential expression analysis was performed by R package DESeq2 (Love et al., 2014) between two different groups (and by R package edgeR (Robinson et al., 2010) between two samples). The mRNAs with the parameter of p-value below 0.05 and absolute fold change ≥1.5 were considered differentially expressed mRNAs. Metascape (Zhou et al., 2019) the Express Analysis was utilized to identify by ontology assessment potential cellular processes and pathways associated with the differential gene expression observations. Metascape identifies all statistically enriched terms and calculates accumulative hypergeometric p-values and enrichment factors used for filtering. The remaining significant terms are hierarchically clustered into a tree based on Kappa-statistical similarities among their gene memberships and a 0.3 kappa score is applied as the threshold to cast the tree into term clusters.
2.7 Immune cell profiling analysis using RNA-seq data
For a general analysis of the immune landscape, we utilized ImmuCellAI (Immune cell abundance identifier) (Miao et al., 2021) and TIMER2.0 (Li et al., 2020) to obtain estimated immune cell profiles, as well as broad microenvironment, immune, stromal, or infiltration scores. ImmuCell AI estimates the abundance of several immune cell (sub) types utilizing gene expression data and based on reference expression profiles and marker gene sets curated from pure immune cell types, using a ssGSEA enrichment score for the expression deviation profile for each cell type. TIMER2.0 uses the immunedeconv package (Sturm et al., 2019) to estimate immune cell abundance using six algorithms described in Li et al. (2020), also taking tissue-type specific information into account (PRAD, prostate adenocarcinoma, for example) in order to improve the estimation accuracy. In combination, these tools provide a detailed immune cell profiling (>100 (sub) cell types), utilizing preprocessing and visualization of all the estimations together from recently characterized algorithms (including EPIC, quanTIseq and TIMER) in the comprehensive platform (Li et al., 2020).
2.8 IPA analysis
Ingenuity Pathways Analysis (IPA) (Qiagen) Core Analysis was utilized to investigate mechanistic networks, upstream regulators, and functions of differentially expressed genes identified by RNA-seq analysis for each treatment group comparison to the untreated (No ASC) control group. The IPA analyses performed included i) Graphical Summary, and ii) Mechanistic Networks. The Graphical Summary integrates significant upstream regulators, diseases, functions, and pathways while reducing redundancy. It includes the most significant Canonical Pathways by p-value, regardless of their z-score strength. Upstream regulators include genes, mRNAs, and proteins, with consideration of the differential gene expression magnitude. This summary is based on precomputed relationships between molecules, functions, diseases, and pathways obtained through a machine learning algorithm. The networks are created using a heuristic graph algorithm and content-based machine learning (Krämer et al., 2022). The Mechanistic Networks analysis connects upstream regulators that can work together to elicit the gene expression changes observed in a dataset, with cutoff p < 0.05 and activation z-score > 2.0 or < -2.0.
2.9 Statistical analysis
Statistical analysis of RNA-seq data was performed via R package DESeq2. For other analyses, GraphPad Prism version 9.3.0 for Windows (GraphPad Software, San Diego, California United States, www.graphpad.com) was used to calculate statistically significant differences among groups, using multiple t-test or ANOVA with p-value <0.05 considered significant. Statistical test or package used for each dataset is described in the corresponding figure legends.
3 RESULTS
3.1 Poly I:C-primed, but not unprimed nor LPS-primed ASC promote prostate cancer tumor progression
To assess the effects of TLR-priming on ASC-mediated modulation of tumor progression, we evaluated the effect of the presence of these ASC in the prostate tumor growth rates in a murine model. For this purpose, syngeneic TC2R tumors were induced in immunocompetent mice, accompanied by a dose of either ex vivo TLR-primed ASC, unprimed ASC, or no ASC. Tumor sizes were monitored via caliper measurements for ∼3 weeks (Figure 1, Supplementary File S2). For these experiments, mice injected with tumor cells only (no ASC) were selected as a control group. While no significant differences in tumor growth were observed in unprimed ASC and LPS-primed ASC compared to the untreated controls, a significant increase in tumor growth relative to all other experimental groups was observed in mice that received poly I:C-primed ASC (Figure 1). At day 19 after tumor induction, this represented a 35% increase in tumor size in the poly I:C-primed ASC-treated relative to the untreated control (no ASC) group. No sporadic mouse deaths occurred in the duration of the described experiments. At day 19, five mice met our end-point tumor burden criteria (Treatment groups: one No ASC, one + LPS-primed ASC, and three + Poly I:C-primed ASC). These mice were euthanized on day 19 and the remaining mice were euthanized between days 19–21, following euthanasia guidelines based on tumor burden. The tumor growth dynamics observed suggested that administering unprimed or LPS-primed cells at these low ratios (1% ASC relative to starting tumor cell count), although physiologically significant in the context of a prostate tumor (Brennen et al., 2013), were not sufficient to induce a significant pro-tumorigenic nor anti-tumorigenic response in the studied model. On the other hand, poly I:C-primed ASC acted in a pro-tumorigenic manner, significantly worsening disease progression.
[image: Figure 1]FIGURE 1 | Tumor induction and monitoring. (A). Diagram depicting the experimental workflow. Prostate cancer tumors (TC2R) were induced via co-injection of TLR-primed ASC and tumor progression was followed via caliper measurements over time. At day 19–21, mice were euthanized, and tumors were excised and processed for RNA sequencing as described in the methods section. (B). Tumor volume time course. Data is presented as mean (n = 11, from two independent experiments) ± SEM. Groups included: No ASC (white bars), +Unprimed ASC (blue bars), +PolyI:C-primed ASC (purple bars), and +LPS-primed ASC (orange bars). Analysis was performed by a two-way ANOVA between treatment groups, and a p-value of <0.05 was considered significant (*).
3.2 Differential gene expression in the tumors
Having observed significant differences in tumor growth rates across treatment groups, we sought to investigate potential modes of action mediating these effects. For this purpose, RNA-seq analysis was performed in representative timepoint-matched tumor samples (n = 3) as described in section 3.2.6. RNA-seq analysis identified a total of 541 genes differentially expressed (Fold Change (FC) ≥ 1.5 or ≤ −1.5 and p-value <0.05) across one or more treatment groups relative to the No ASC control tumors (Figure 2). Changes in expression of 420 (77.6%) of these genes were found to be unique to a single treatment group, whereas 30 genes (5.5%) were found to be regulated in the same direction across all treatment groups relative to the No ASC controls (Figures 2C, D). No genes were regulated with opposite directionality across our treatment groups.
[image: Figure 2]FIGURE 2 | Summary of differentially expressed genes identified via RNA-seq of tumors. (A). Heatmap of differentially expressed genes in one or more treatment group relative to No ASC controls generated via ClustVis (Metsalu and Vilo, 2015). Rows are centered and clustered using Euclidean distance and average linkage. Unit variance scaling was applied to rows from RPKM input values and values were plotted, with red representing higher relative expression and blue representing lower relative expression. (B). Summary of up- (red) and downregulated (blue) genes for each treatment group relative to the untreated control tumors. Summary of overlap in genes upregulated (C) and downregulated (D) across treatment groups using Venn diagrams generated using the Van de Peer Lab Venn diagram tool (http://bioinformatics.psb.ugent.be/webtools/Venn/). Genes were considered differentially expressed if FC ≥ 1.5 or ≤ −1.5 and p-value <0.05 as determined by DESeq2 analysis (Love et al., 2014).
MSC are capable of interacting with tumor cells and components of the TME through various mechanisms, including immunomodulation via cytokine secretion and cell-to-cell contact (Rivera-Cruz et al., 2017), ECM deposition (Hass, 2020), and metabolic reprogramming (Pers et al., 2021). To gain some understanding of the consequences of the differential expression of genes observed across our samples in the context of cellular processes and pathways, we performed ontology enrichment analysis via Metascape for genes differentially expressed relative to the untreated tumor controls, within each treatment group (Figures 3, 4, Supplementary File S3). As expected, based on the overlap in the differentially expressed genes observed across samples (Figures 2B, C), regulation of some processes was shared across two or more treatment groups. Among these were processes associated with cell migration and chemotaxis, and immunity.
[image: Figure 3]FIGURE 3 | Summary of enriched terms identified in unprimed ASC treated tumors relative to untreated controls. Genes differentially expressed in unprimed ASC treated samples relative to untreated tumor controls were evaluated via Metascape enrichment analysis. Separate analyses were conducted for genes based on their regulation [(A) upregulated, (B) downregulated)]. Figures depict statistically significant enriched terms (-log10(p)) in a bar plot format, obtained from hierarchical clustering of processes based on Kappa-statistical similarities among their gene memberships.
[image: Figure 4]FIGURE 4 | Summary of enriched terms identified in LPS-primed ASC treated tumors relative to untreated controls. Genes differentially expressed in LPS-primed ASC treated samples relative to untreated tumor controls were evaluated via Metascape enrichment analysis. Separate analyses were conducted for genes based on their regulation [(A) upregulated, (B) downregulated)]. Figures depict statistically significant enriched terms (-log10(p)) in a bar plot format, obtained from hierarchical clustering of processes based on Kappa-statistical similarities among their gene memberships.
While no significant differences in tumor progression rate were noted in tumors treated with unprimed or LPS-primed ASC relative to the untreated controls (Figure 1), our RNA-seq data suggests that there were several significantly altered processes in these tumors (Figures 3, 4). The presence of unprimed ASC in TC2R tumors was found to upregulate genes associated with enrichment in nervous system processes such as migration and gliogenesis, and immune related processes such as the positive regulation of leukocyte migration (Figure 3A). On the other hand, terms enriched within downregulated genes included Class A/1 (Rhodopsin-like receptors) and processes related to cell secretion, among other neural and immunity related processes (Figure 3B).
The analysis using the genes upregulated in the LPS-primed ASC treated tumors relative to control (no ASC) TC2R tumors produced several enriched terms, with the most significant hits aligning with processes associated with vasculature and cGMP-mediated signaling (Figure 4A). Downregulated genes for this treatment group were primarily enriched in terms related to inflammatory and immune processes (Figure 4B).
Since poly I:C ASC presence in tumors promoted their growth rate, this may suggest that alterations to the TME effected by the administered primed ASC collaborate with the already tumor permissive environment that develops at these tumor sites. The analysis using the genes upregulated in the Poly I:C-primed ASC group relative to control (no ASC) tumors indicated, for the upregulated genes, an enrichment of terms related to ECM-receptor interactions, sprouting angiogenesis and pathways in cancer, among others (Figure 5A). On the other hand, the genes downregulated in this treatment group relative to control were enriched in several immune-related and cell adhesion or ECM-related processes, among others (Figure 5B).
[image: Figure 5]FIGURE 5 | Summary of enriched terms identified in poly I:C-primed ASC treated tumors relative to untreated controls. Genes differentially expressed in poly I:C-primed ASC treated samples relative to untreated tumor controls were evaluated via Metascape enrichment analysis. Separate analyses were conducted for genes based on their regulation [(A) upregulated, (B) downregulated). Figures depict statistically significant enriched terms (-log10(p)) in a bar plot format, obtained from hierarchical clustering of processes based on Kappa-statistical similarities among their gene memberships.
When evaluating ontologies relevant to differential gene expression between TLR-primed and unprimed treated samples (Supplementary File S4), processes involving regulation of cell migration, cytokine production and immunomodulation emerged as the most significantly enriched. Collectively, these findings suggested that administering ASC in either a primed or unprimed status can significantly modulate processes within tumors relating to the communication between tumor cells with the microenvironment, as well as with the immune system. A common target of this modulation are immune processes, although the nature of these changes may diverge across different groups depending on the ASC priming modality. These modulated processes likely act in conjunction, and the interplay among the many molecular processes influence the overall effects detected at the macroscopic level in altered tumor progression.
3.3 Estimation of altered immune composition in the tumors
Given that several immune processes were shown to be enriched within our treatment groups relative to the untreated tumor controls, and that some of these changes diverged across ASC treatment groups, we sought to evaluate potential differences in immune composition across these groups. For this purpose, we utilized two web-based tools with algorithms that permit the estimation of immune components within samples based on bulk RNA-seq analysis, ImmuCell AI and TIMER2.0.
Through these analyses, we identified significant changes in several cell populations relevant to immune response in tumors (Figure 6). Namely, tumors treated with unprimed ASC showed significantly lower cancer associated fibroblasts and stromal scores relative to control (no ASC) tumors. Poly I:C-primed ASC treated tumors displayed a significant increase in B1 cells, NK cells and Tregs, whereas neutrophils, macrophages, T helper cells, cancer associated fibroblasts, resting mast cells, and stroma score values were decreased in these tumors relative to controls (no ASC). In the case of the LPS-primed ASC treated group, significantly higher abundance scores were obtained for NK, endothelial, and lymphoid cells, yet pDC, macrophage, and immune scores were lower relative to the control tumors (no ASC). Together this data suggested that administration of ASC into tumors even at low percentages (1% of initial tumor cell count) can significantly alter the tumor immune composition, regardless of their priming status. These immune changes by unprimed or LPS-primed ASC, however, were insufficient to tilt the TME to either a pro-tumorigenic or an anti-tumorigenic phenotype. In the case of poly I:C-primed ASC treated tumors, it is likely that the differences in tumor immune composition may have contributed to the increased tumor growth rate observed.
[image: Figure 6]FIGURE 6 | Summary of significant differences in immune cell abundance between treatment groups. Immune cell abundance in tumor samples were estimated from bulk RNA-seq data using ImmuCell AI (A) and TIMER 2.0 (B) algorithms. Cell populations with significant differences in abundance relative to untreated controls in at least one treatment group are included in the figure. Data presented as abundance estimation value in min-to-max box plots with line representing the mean. Analysis was performed by multiple t-tests, comparing each treatment group to the No ASC controls, p-value <0.05 was considered significant (*).
3.4 Regulatory networks by Ingenuity pathway analysis (IPA)
A set of additional analyses was performed using IPA to obtain some insight into the potential mechanisms underlying the observed differences in tumor growth rate by the differently primed ASC populations relative to the no ASC control. The graphical summary analysis provided an overview of the major biological themes emerging from the most significant entities detected in the datasets to help illustrate how these themes connected to each other. For the LPS-primed group, several processes and molecules were predicted as inhibited, in particular, upstream regulators CD40LG (CD40 ligand), colony stimulating factor (CSF)1, Hbb (hemoglobin subunit beta)-b1/b2, and interleukin (IL)-27, with connecting effects of reduced response from phagocytes and other myeloid cells. Interestingly, NOTCH (notch receptor) related molecules were predicted as activated regulators, connecting at least to the engulfment of myeloid cells function (Figure 7A). The poly I:C-primed ASC group showed a strong influence of inhibition of IL-1B (and IL-1A), epidermal growth factor (EGF), IL-17A, CSF2, IL-6, and TLR3, connecting to predicted reductions in the immune response of phagocytes and leucocytes, and APC binding. The activated regulators included MEF2C (myocyte enhancer factor 2C), through BHLHE40 (basic helix-loop-helix family member E40) inhibition and from MYOCD (myocylin) activation, and also activation of SRF (serum response factor) and HAND2 (heart and neural crest derivatives expressed 2) (Figure 7B).
[image: Figure 7]FIGURE 7 | Graphical summary of IPA analyses. These include Upstream Regulators and Diseases and Functions analyses for comparisons LPS-primed versus No ASC control (A), and PolyI:C-primed versus No ASC control (B) that had significant z-scores (lowest B-H corrected p values). The unprimed ASC group did not have enough upstream regulators or diseases and functions for connectivity in the graphical summary analysis. Orange, predicted activation, Blue, predicted inhibition. Solid lines, direct relationship or interaction; Dotted lines, inferred relationship, or indirect interaction.
Finally, the unprimed ASC population did not have enough connectable entities with sufficiently high or low z-scores to meet the cutoffs. Yet, the unprimed ASC treated tumors had VCAN (Versican) as an activated upstream regulator with a z-score of 1.4 and an inhibited regulator JUN protooncogene with a z-score of −1.5, both with significant values for the multiple testing corrected p-value (B-H or Benjamin-Hochberg). For the unprimed ASC group, JUN inhibition along with VCAN activation connect to the potentially anti-tumorigenic mechanisms of reduced matrix metallopeptidase (MMP) 12 activation, and a decrease in C-C Motif Chemokine Ligand (CCL) 2, NOTCH3, and other nodes of interest that can be pursued in future studies (Figure 8A). For the LPS primed ASC group, Signal Transducer And Activator Of Transcription (STAT) 3 was ultimately inhibited, and this could represent a mechanism of anti-tumorigenesis (Figure 8B). For the poly I:C-primed ASC group, an interesting mechanistic network differed from the LPS group in a predicted inhibition of Mitogen-Activated Protein Kinase 3/1 (ERK1/2), and in a stronger predicted inhibition of JUN, along with a predicted activation of Tumor Protein 53 (TP53), a key tumor-suppressor gene (Figure 8C).
[image: Figure 8]FIGURE 8 | Mechanistic networks formed by each treatment group. (A) Unprimed ASC vs. No ASC control treatment of TC2R tumors, (B) LPS-primed ASC vs. No ASC control; (C) Poly I:C-primed ASC vs. No ASC control. Prediction Legend indicates the directionality of predicted activation of inhibition, whereas the relationships among the nodes are illustrated by a variety of color lines.
4 DISCUSSION
With the emergence of an interest in the use of mesenchymal stromal cells for anti-cancer therapeutics, there is an increased need to better understand the mechanisms by which MSC may be regulated to exert anti-tumorigenic functions and prevent their pro-tumorigenic activities. Among these strategies, pre-conditioning by ex vivo stimulation with TLR ligands has been proposed to promote polarized pro- or anti-inflammatory MSC phenotypes with pro- or anti-tumorigenic properties, respectively. This phenomenon, however, has remained largely unexplored in MSC from alternative tissue sources beyond BM-MSC, for example, ASC, which may provide clinical advantages because of culture characteristics that allow a faster acquisition of clinically relevant doses in reduced time.
In our previous work (Rivera-Cruz and Figueiredo, 2023), we identified similarities to the polarization phenotype occurring in ASC in response to TLR priming. However, our work was limited in that, in the functional evaluation of TLR-primed ASC within this study, we studied interactions between primed ASC, immune cells, and cancer cells in isolation. Tumorigenesis and tumor immunity are also influenced by more complex processes, such as angiogenesis, interactions with the tumor stroma, among others. To further our understanding of the consequences of TLR-priming in modulating the effect of ASC administration in prostate cancer tumors, we evaluated tumor growth rates and mRNA signatures of tumors treated with ASC of different priming statuses and compared them to those of untreated tumors.
By monitoring tumor size over time in our model, we identified a significant increase in the growth rate of tumors treated with poly I:C-primed ASC relative to all other treatment groups. These observations were consistent across two independent experiments for which pooled results are summarized in Figure 1. No significant differences were observed relative to the untreated control group, in the unprimed ASC nor the LPS-primed ASC treatment groups. These findings are interesting in that they partially recapitulate the effects of MSC-tumor interactions observed in the initial polarization reports, in that poly I:C induced a pro-tumorigenic action by the BM-MSC treatments (Waterman et al., 2012). Yet, the potentially anti-tumorigenic effects of LPS-primed cells reported by this group and suggested in our ASC in vitro experiments (Rivera-Cruz and Figueiredo, 2023) were not evident in these in vivo experiments. There are many potential reasons for these observed differences. When compared to the reports by Waterman et al., potential contributors to these differences may include a distinct MSC tissue source, differences in cell administration route and dosing, and ultimately distinctions in the tumor models assessed, including tumor location and tumor type. To better understand potential mechanisms mediating these observed differences, we performed RNA-seq analysis on representative tumor samples from each treatment group. Interestingly, while no significant differences had been observed at the macroscopic level in unprimed ASC nor LPS-primed ASC treated tumors (Figure 1), significant differences were observed between these groups and the untreated controls at the level of gene expression (Figure 2). While our heatmap displayed variability across samples within the same ASC-treated groups, indicating that a degree of heterogeneity may be maintained in the ASC population despite priming, many of the differentially expressed genes were uniquely identified in their respective treatment groups (Figures 2C, D). This suggests that the administration of these cells might induce treatment-specific differences in the tumors. However, these differences may not always be sufficient to potentiate altered tumor growth rates detectable at the macroscopic level.
For the unprimed and LPS-primed ASC treatment groups, among the enriched terms found by the Metascape ontology assessment based on differentially expressed genes were terms related to nervous system, cell migration, and immune system related processes, among others (Figures 3, 4). Intriguingly, enrichment of terms related to these categories was identified to some extent in both the upregulated and downregulated genes for these groups, suggesting that there is not a clear directionality of these changes. This, however, matches our observation in that no evident (nor significant) effects were observed in tumor development over time. These enriched categories are however interesting in that they encompass a variety of potential mechanisms for tumor progression modulation relevant to prostate cancer. For example, in the case of nervous system related processes, in prostate cancer and other cancer types, neurogenesis and axon genesis associated with tumors and subsequent nerve-cancer crosstalk is understood to drive carcinogenesis (Silverman et al., 2021). Further, although prostate adenocarcinomas are of epithelial origin, neuroendocrine differentiation can occur following treatment, and it is understood to contribute to mechanisms of ADT resistance and worsening prognosis in prostate cancer (Kaarijärvi et al., 2021). These neuroendocrine cells are typically independent of androgens and have been shown to support the growth of androgen-sensitive adenocarcinoma even under androgen ablation (Jin et al., 2004). Potential roles on the induction of neuroendocrine differentiation have been attributed to cancer associated fibroblasts (CAF), a cell population that is believed to be able to originate from MSC (Kato et al., 2019). In the case of processes associated with cell migration, these processes may affect recruitment of other cell populations, such as immune cells, to the TME. In conjunction with other immune system related processes, these changes may contribute to differences in immune infiltration and response to the tumors. MSC are known to exert functions in immune recruitment and immunomodulation via cell-cell contact and soluble factors, and the nature of these interactions may be pro- or anti-tumorigenic depending on the context (Rivera-Cruz et al., 2017).
In the poly I:C-primed ASC treatment group, similarly to the other ASC-treated groups, several overarching categories of processes were modulated, some of which were enriched in both the upregulated and downregulated gene lists (Figure 5). Some examples included ECM-receptor interactions, angiogenesis, and cell motility-related processes. Since we detected significantly different effects in the tumor growth rate for the poly I:C ASC-treated group, this may suggest that any specific TME-related processes were sufficient to induce a more pro-tumorigenic phenotype in this group. ECM-related processes could be implicated, as these were among the terms enriched in both upregulated and downregulated genes. Dysregulation of ECM-related proteins, such as integrins, is implicated in modulation of tumor progression by roles in cell proliferation, cell adhesion, migration and angiogenesis (Venning et al., 2015). Development of new vasculature, or angiogenesis, is commonly considered a hallmark of cancer progression as the new vasculature provides access to a higher blood supply, enabling tumor cell proliferation (Hanahan, 2022). While targeting angiogenesis is of interest in the field of cancer therapeutics, this is a difficult task as angiogenesis signaling is highly redundant (Melegh and Oltean, 2019). While MSC have been reported to be able to have anti-angiogenic roles (Pan et al., 2019), more often they have been reported to exert pro-angiogenic properties within tumors, for example, through the secretion of angiogenic factors (i.e., VEGF) (Beckermann et al., 2008).
A few functional processes were differentially enriched in poly I:C-treated samples, which may have “tilted the balance” towards the more rapid tumor growth detected in our in vivo experiments. Among these, several immune processes were enriched in the list of downregulated genes in this treatment group. Examples of these processes included phagocytosis and humoral response. Interestingly, when evaluating the relative abundance of immune cell populations in these tumors (Figure 6), the poly I:C-primed ASC treated samples were found to contain significantly reduced phagocytic populations such as neutrophils and macrophages. We did, however, also detect a significant increase in B1 cells, which was unexpected in the context of the suppression of humoral response. Further supporting a more tumorigenic phenotype following the poly I:C ASC treatment, we also observed an increase in the abundance of regulatory T cells. While the effect of decreases in resting mast cells, stromal scores and CAFs, and increases in NK cell abundance might potentially promote an opposite immunomodulatory effect, for the latter, this would depend on the activation state, which is not assessed in this estimation. Interestingly, in a study looking at immune infiltration in prostate tumors comparing 190 normal prostate tissues to 537 PrCa samples (Wu et al., 2020), NK cells were found more abundantly in tumor tissues, with the majority of these cells found at a resting stage. Further, this group also found that PrCa tumors have a lower abundance of resting mast cells compared to normal tissues. These observations are concordant with our observations in immune cell estimates in poly I:C for these cell subsets and these at least in part may be correlated with disease progression. However, observations in regard to macrophage and neutrophil infiltrates by Wu et al. (2020) were dissimilar to our observations of decreased amounts in these populations within our tumor samples relative to control (no ASC).
The reduced response from phagocytes and other myeloid cells in the LPS primed group detected by IPA was consistent with detection of lower macrophages in the immune profiling data. Interestingly, NOTCH activation is associated with the promotion of macrophage activation towards an anti-tumor (M1) phenotype (Wang et al., 2010). This further supports the notion of potentially counteracting mechanisms being at play nullifying each other and somewhat maintaining a balance where a distinct pro-tumorigenic/anti-tumorigenic role cannot be clearly observed. Future studies can explore dosage changes or alterations to the priming protocol to further potentiate the roles of NOTCH signaling and other anti-tumorigenic consequences of LPS-primed ASC on tumor growth. The poly I:C group, paradoxically, showed a reduction in many regulators that are pro-inflammatory, yet impacted myeloid cell populations, consistent with the immune cell profiling data of reduced M1 macrophage abundance in tumors. The M1 macrophage is tumoricidal and as such, the reduction in that population through several potential mechanisms (CSF2 reduction may be one (Sielska et al., 2020)) can impact tumorigenesis. Some of the regulators affected by this treatment however could be implicated in anti-tumorigenic activities (i.e., IL-6 (Jiang et al., 2011)), yet modulation identified in other regulators are potentially implicated in prostate cancer tumorigenesis, such as BHLHE40 (Dmitriev et al., 2015), and SRF (Prencipe et al., 2018). This once again suggests that modulatory effects of these treatments result in a tug-of-war of pro- and anti-tumorigenic actions yet poly I:C-primed ASC treatments used in these experiments were capable of “tilting the balance” of these interactions to a more pro-tumorigenic environment as suggested by the effects observed on tumor progression in vivo.
In addition to the mechanisms described earlier, it remains possible that the pro-tumorigenic potential of poly I:C-primed ASC may also be mediated by an increased abundance or survival of ASC at the tumor site. Although we did not assess ASC survival/abundance in the studied tumors, previous data from our group and others suggest that ASC are non-tumorigenic (Zolochevska et al., 2012) and that TLR-primed MSC are capable of modulating tumor growth without significantly inducing MSC colony formation or tumor formation potential (Waterman et al., 2012). However, the question of whether TLR-priming affects ASC survival and tumor-forming potential in vivo remains unanswered and may be the focus of future investigations. Furthermore, additional work is needed to functionally validate the mechanisms proposed in this study and to explore how various preconditioning parameters, dosages, and routes of administration can affect the complex balance of MSC-tumor interactions (Otsu et al., 2009; Zheng et al., 2016). While our study provides a solid foundation for informing subsequent investigations of MSC-tumor interactions, it is important to note that, in this study, primed-ASC were co-administered with cancer cells. This co-administration may not closely resemble the clinical use of these cells. Therefore, we should in future studies explore other contexts that more closely resemble clinical settings, such as systemic administration to tumor-bearing mice.
5 CONCLUSION
Taken together our data suggest that TLR-priming of MSC may differentially affect the tumor progression modulation roles of ASC. Mediating these roles are likely processes involving angiogenesis, immunomodulation, and others such as nervous system-related processes and chemotaxis, with roles that may influence pro- or anti-tumorigenic actions. However, the effects resulting from the collective interaction across these processes must be sufficiently skewed in one of these directions for evidence of tumor progression modulation to be detectable at the macroscopic level. An example was the observation made from the analyses of the tumors treated with poly I:C-primed ASC in our experiments, where this treatment resulted in a significant increase in tumor progression compared to all other treatment groups evaluated.
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Superior migration ability of umbilical cord-derived mesenchymal stromal cells (MSCs) toward activated lymphocytes in comparison with those of bone marrow and adipose-derived MSCs
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Introduction: Mesenchymal stromal cells (MSCs) are activated upon inflammation and/or tissue damage and migrate to suppress inflammation and repair tissues. Migration is the first important step for MSCs to become functional; however, the migration potency of umbilical cord-derived MSCs (UC-MSCs) remains poorly understood. Thus, we aimed to assess the migration potency of UC-MSCs in comparison with those of bone marrow-derived MSCs (BM-MSCs) and adipose tissue-derived MSCs (AD-MSCs) and investigate the influence of chemotactic factors on the migration of these cells.
Methods: We compared the migration potencies of UC-, BM-, and AD-MSCs toward allogeneic stimulated mononuclear cells (MNCs) in mixed lymphocyte reaction (MLR). The number of MSCs in the upper chamber that migrated toward the MLR in the lower chamber was counted using transwell migration assay.
Results and discussion: UC-MSCs showed significantly faster and higher proliferation potencies and higher migration potency toward unstimulated MNCs and MLR than BM- and AD-MSCs, although the migration potencies of the three types of MSCs were comparable when cultured in the presence of fetal bovine serum. The amounts of CCL2, CCL7, and CXCL2 in the supernatants were significantly higher in UC-MSCs co-cultured with MLR than in MLR alone and in BM- and AD-MSCs co-cultured with MLR, although they did not induce the autologous migration of UC-MSCs. The amount of CCL8 was higher in BM- and AD-MSCs than in UC-MSCs, and the amount of IP-10 was higher in AD-MSCs co-cultured with MLR than in UC- and BM-MSCs. The migration of UC-MSCs toward the MLR was partially attenuated by platelet-derived growth factor, insulin-like growth factor 1, and matrix metalloproteinase inhibitors in a dose-dependent manner. Conclusion: UC-MSCs showed faster proliferation and higher migration potency toward activated or non-activated lymphocytes than BM- and AD-MSCs. The functional chemotactic factors may vary among MSCs derived from different tissue sources, although the roles of specific chemokines in the different sources of MSCs remain to be resolved.
Keywords: mesenchymal stromal cells, umbilical cord, migration, mixed lymphocyte reaction, bone marrow, adipose tissue, chemokines, cytokine
1 INTRODUCTION
Mesenchymal stromal cells (MSCs) can be obtained from several sources, including the bone marrow (BM), adipose tissue (AD), and umbilical cord (UC) (Gnecchi and Melo, 2009; Gruber et al., 2010). MSCs are activated upon inflammation and/or tissue damage and migrate to suppress inflammation and repair tissues. Insulin-like growth factor (IGF-1) and platelet-derived growth factor receptor (PDGF) are the most potent chemotactic factors of BM-MSCs (Ponte et al., 2007) and AD-MSCs (Baek et al., 2011). Fetal bovine serum (FBS) containing these growth factors promotes the migration potencies of BM-MSCs (Mishima and Lotz, 2008) and AD-MSCs (Baek et al., 2011), although reports about the chemotaxis of whole UC-MSCs in the presence of FBS are lacking. The migration potencies of BM-MSCs and AD-MSCs are promoted by pre-incubating with tumour necrosis factor (TNF)-α (Ponte et al., 2007; Ponte et al., 2007; Baek et al., 2011; Baek et al., 2011). The migration potency of BM-MSCs toward injured tissues has been associated with the expression of chemokines, including stromal-derived factor-1 (SDF-1) and CXCR4 (Liesveld et al., 2020). BM-MSCs attract hematopoietic stem cells (HSCs) and provide a favorable environment for hematopoiesis. Tondreau et al. demonstrated that inflammatory cytokines promote the migratory capacity of BM-MSCs according to the expression of interleukin (IL)-6, PDGF, IGF-1, and SDF-1 receptors. The production of matrix metalloproteinases (MMP1, MMP2, and MMP13) and tissue inhibitor of metalloproteinase (TIMP1/2) also promotes migration through the extracellular matrix (Tondreau et al., 2009).
BM-MSCs and UC-MSCs have been used clinically in immunotherapy and regenerative medicine to treat acute graft-versus-host disease (GVHD) after allogeneic HSC transplantation (Le Blanc and Davies, 2015; Murata et al., 2021; Nagamura-Inoue et al., 2022), COVID-19-related acute respiratory distress syndrome (Dilogo et al., 2021; Lanzoni et al., 2021), and other inflammatory diseases. The mixed lymphocyte reaction (MLR) assay, in which lymphocyte activation is induced by the co-culture of allogeneic cells such as dendritic cells, mimics acute GVHD in vitro. We previously demonstrated that responder T cell proliferation triggered by allogeneic dendritic cells can be efficiently inhibited by UC-derived MSCs (UC-MSCs) from a third-party donor (He et al., 2015; He et al., 2021; Kurogi et al., 2021). We also found that UC-MSCs actively migrate toward injured cells, that is, glucose-depleted SH-SY5Y human neuroblastoma cells, in vitro (Mukai et al., 2016). Furthermore, we demonstrated that UC-MSCs administered intravenously into an intraventricular hemorrhage mouse model become trapped in the lungs and then accumulate in the brain, although the injected UC-MSCs could not be detected in the mice after 3 weeks (Mukai et al., 2017). However, the migration potency of UC-MSCs toward inflammatory cells in response to allogeneic stimuli remains poorly understood.
Thus, we aimed to assess the migration potency of UC-MSCs toward inflammatory cells in comparison with those of BM-MSCs and AD-MSCs. This study is the first to report the superior migration ability of UC-MSCs toward inflammatory cells in comparison with those of BM-MSCs and AD-MSCs.
2 MATERIALS AND METHODS
2.1 Isolation and culture of MSCs
This study was approved by the Ethics Committee of the Institute of Medical Science, University of Tokyo (IMSUT) (No. 2021-108). UC-MSCs were provided by the IMSUT Hospital Cord Blood and Cord Bank (IMSUT CORD), Japan. IMSUT CORD activity was reviewed and approved by the IRB (No. 35-2). UC-MSCs were isolated from three donors using previously reported methods (Mori et al., 2015; Shimazu et al., 2015). Briefly, frozen-thawed UC tissues were minced into 2 mm fragments and subjected to an improved explant culture procedure. Tissue fragments were placed in complete α-minimal essential medium (αMEM; Wako Pure Chemical Industries, Ltd., Japan) supplemented with 10% FBS (SERANA, Germany) and antibiotics–antimycotics (Antibiotic-Antimycotic, 100X; Life Technologies, United States) at 37°C with 5% CO2. Cells migrating from the UC tissue fragments were harvested using TrypLE Select (Life Technologies) and denoted as passage 1 (P1) UC-MSCs. P1 cells were frozen in StemCell Banker (Zenogen pharma Co., Ltd., Japan) (Mori et al., 2015). The 2.5 × 105 frozen-thawed cells suspended in culture medium were seeded in a 10 cm culture dish and further expanded until 80%–90% confluency and passaged every 5 days with the medium refreshed every 2 days. P4 cells were used in subsequent experiments. UC-MSCs were cryopreserved in StemCell Banker and thawed before use.
Human BM mononuclear cells (BM-MNCs) (Lonza, United States) and human AD-MSCs (Lonza, United States) were purchased from LONZA KK. BM-MNCs were cultured in αMEM supplemented with 10% FBS, and the initial cells obtained were denoted as P1 BM-MSCs. BM-MSCs and AD-MSCs were cultured until P4 and used for further experiments.
2.2 Cell proliferation assay
The proliferation abilities of P2 UC-, BM-, and AD-MSCs were compared in αMEM supplemented with 10% FBS. In brief, 2.5 × 105 cells were suspended in complete medium and plated in a 10 cm-diameter dish (n = 3 in each MSC type). The number of cells was counted using trypan blue staining under a microscope. The cumulative population doubling level (PDL) was then calculated. The PDLs of the cells at each passage were calculated using the formula 2n = Nx/N0, where Nx is the cell number after culture and N0 is the cell number before culture (Kurogi et al., 2021).
2.3 Analysis of surface markers in MSCs
Flow cytometry was performed as described previously (Kurogi et al., 2021; Nagamura-Inoue et al., 2022). The cells were labeled with monoclonal antibodies, which are listed in Supplementary Table S1. The cells were acquired using BD™FACSCanto II flow cytometer (BD) and analyzed using FlowJo software (BD).
2.4 Adipogenic, osteogenic, and chondrogenic differentiation assays
The MSCs were plated at a density of 5 × 104 cells/well in 12-well plates and induced to differentiate into adipocytes with culture medium supplemented with 100 µM indomethacin (Sigma-Aldrich Co. LLC, United States), 1 µM dexamethasone (FUJIFILM Wako Pure Chemical Corporation, Japan), 0.5 µM IBMX (Sigma-Aldrich), and 10 μg/mL insulin (Sigma-Aldrich) for 2 weeks. Then, the cells were stained with Oil Red O (Sigma-Aldrich) (He et al., 2014). UC-MSCs were cultured for 4 weeks using a StemPro osteogenesis differentiation kit (Thermo Fisher Scientific Inc., United States) in accordance with the manufacturer’s instructions, and their osteogenic differentiation was evaluated. The cells were stained with alizarin red (Sigma-Aldrich). In the chondrogenic differentiation assay, we used a pellet culture system using Stem MACS™ Chondro Diff Media (Miltenyi Biotec GmbH; Germany) at 2.5 × 105 in 15 mL conical tubes for 3 weeks. The cells were fixed with 4% formaldehyde and stained with toluidine blue (Sigma-Aldrich).
2.5 MLR
An allogeneic MLR assay was conducted as previously described (He et al., 2015; Kurogi et al., 2021; Nagamura-Inoue et al., 2022). Peripheral blood MNCs were used as the responder (R). PMDC05 cells were provided by Dr. Narita at the Faculty of Medicine, Niigata University (Narita et al., 2008; Narita et al., 2009). PMDC05 cells were irradiated and used as the stimulator (S). On the day of the MLR, R (4 × 105) and S (4 × 104) cells were mixed in 24-well plates at an R:S ratio of 10:1 in the presence of 0.625 ng/mL anti-human CD3 antibody (Lymactin-T; Cell Science & Technology Inc., Japan) (Nagamura-Inoue et al., 2022). The inhibition of the allogeneic MLR by MSC co-culture for 4 days in the presence of 10% FBS was investigated as previously described (Nagamura-Inoue et al., 2022) (Supplementary Figure S1).
2.6 Migration assays
The migratory abilities of MSCs were evaluated using a 24-well transwell chamber (Corning, United States) inserted with an 8 μm filter membrane. On the day of the migration assay, the MLR ratio described above was set in the lower chamber, and MSCs were plated at 5 × 103 cells/well in the upper transwell chamber and co-cultured at 37°C with 5% CO2 overnight. The MSCs migrated toward the opposite side of the transwell chamber in response to the stimuli, including αMEM with 10% FBS (Montemurro et al., 2011), 4 × 104 MNCs with or without MLR, primed MNCs with reagents in the lower chamber of 24-well plates, and other indicated reagents described below. Appropriate MNC number was assessed by different concentrations of cells (from 4 × 10 to 4 × 105/lower chamber). Then, MSCs at the opposite filter side of the upper transwell chamber were fixed with 10% paraformaldehyde for 10 min, washed once with phosphate-buffered saline (Nissui Pharmaceutical Co., Ltd., Japan), and stained with 1 μg/mL 4′,6-diamidino-2-phenylindole, dihydrochloride (Cellstain®-DAPI, DoJin, Japan). The number of cells trapped on the opposite filter side was counted in all fields under the fluorescent microscope (×200; Niko Ti-S30-EDF-Ph-S, Nikon, Japan).
To evaluate the migration potency in response to chemokines, 1 ng/mL CCL2 (recombinant human MCP-1, Fujifilm-Wako chemicals Cor., Japan), 100 ng/mL CCL7 (Human CHO-expressed MSCP-3/CCL7, Genscript, United States), and 1 ng/mL CXCL2 (human CXCL2 protein, Acro) were added in the lower chamber of the migration assay system, after dose-dependency experiments (Data not shown).
To assess the inflammatory MNCs on the migration of UC-MSCs, MNCs primed with 10 μg/mL phytohemagglutinin-L (PHA-L, Roche, Germany), 1 μg/mL lipopolysaccharide (LPS, Fujifilm-Wako Chemicals Cor., Japan), and 10 ng/mL recombinant human TNF-α (Peprotech, United States) were incubated overnight, washed once, and then transferred to the new lower chamber of the migration assay system. The migrating cells were counted on the next day (17 h incubation). Then, the UC-MSCs were plated in the upper chamber and cultured overnight followed by counting the migrating cells as described above.
Various inhibitory factors were added to the migration assay to identify which of them induce migration. These factors included AG1296 for platelet-derived growth factor receptor (Cayman Chemical Company, United States) (Fiedler et al., 2004; Nazari et al., 2016), picropodophyllin (PPP) for insulin-like growth factor 1 receptor (IGF-1R; Merck, Deutschland) (Wang et al., 2019), and GM6001 for MMPs (Cayman Chemical Company) (Kasper et al., 2007). 5 × 103 cells/well of MSCs were plated in the upper transwell chamber in the presence of 10% FBS with indicated concentration of AG1296 and PPP. For GM6001 inhibition assay, 5 × 103 cells/well of UC-MSCs and 1.5 × 103 cells/well of BM- and AD-MSCs were plated in the upper transwell chamber in the presence of 10% FBS., respectively.
Analysis of chemokines concentrations in the supernatant of allogeneic MLR co-cultured with UC-MSCs.
The concentrations of chemokines in the supernatant, including chemokine (C-C motif) ligand (CCL) 1, CCL2, CCL5, CCL7, CCL8, CCL11, CCL13, CCL18, CCL22, CXCL2, CXCL8, CXCL9, CXCL10, and SDF-1 content were measured using cytokine beads assay, a Human Proinflammatory Chemokine Panel (13-plex; BioLegend, United States) and Human proinflammatory chemokine Panel 2 (12-plex; BioLegend, United States) analyzed using LEGENDplex version 8.0 software (BioLegend, United States). Bead fluorescence readings were acquired using a FACSCanto II flow cytometer (BD) in accordance with the manufacturer’s instructions. All samples were analyzed in triplicate.
2.7 qRT-PCR analysis
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was carried out to determine the chemokine receptors and secretion of chemokines (Korbecki et al., 2020) and MMP of the MSCs. Total RNA was extracted from MSCs using Nucleospin RNA (Invitrogen Corp, Carlsbad, CA, United States). RT-PCR was performed using PrimeScript™ RT reagent kit (Takara, Shiga, Japan) in accordance with the manufacturer’s instructions. The PCR program was as follows: initial incubation at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. Melting curves were generated by monitoring the fluorescence of TB green signal from 95°C to 60°C, decreasing by 0.5°C for each cycle. The data were analyzed in the BioRad CFX96 real-time PCR system (BioRad, Japan). Primer sets are shown in Supplementary Table S2.
2.8 Statistical analysis
JMP 17.0.0 software (SAS Institute, Cary, NC, United States) was used for statistical analyses. One-way or two-way analysis of variance with Tukey’s multiple comparison test was conducted to compare differences between samples. Measurement data were expressed as mean ± SD, and p < 0.05 was considered statistically significant.
3 RESULTS
3.1 Characteristics of UC-, BM-, and AD-MSCs
We compared the basic characteristics of UC-, BM, and AD-MSCs. The proliferation potencies of UC-, BM-, and AD-MSCs were compared. UC-MSCs demonstrated higher proliferation ability and speed than BM-MSCs and AD-MSCs. The proliferation limit was 46.3 ± 4.5 PDL in UC-MSCs (n = 3), 19.3 ± 4.5 in BM-MSCs (n = 3), and 31.1 ± 7.5 in AD-MSCs (n = 3; UC-MSCs vs. BM-MSCs; p < 0.005, UC-MSCs vs. AD-MSCs; p = 0.041, AD-MSCs vs. BM-MSCs; p < 0.05; Figure 1A). The mean ± SD of the days to reach PDL 10 was 14.8 ± 1.5 days in UC-MSCs, 28.0 ± 0 days in BM-MSCs, and 45.0 ± 11.5 days in AD-MSCs (UC-MSCs vs. BM-MSCs; p = 0.049, UC-MSCs vs. AD-MSCs; p < 0.005, AD-MSCs vs. BM-MSCs; P = not significant).
[image: Figure 1]FIGURE 1 | Characteristics of mesenchymal stromal cells (MSCs) from different tissue sources. (A) Proliferation of MSCs derived from umbilical cord (UC), bone marrow (BM), and adipose tissues (AD). Data are representative of three independent experiments and shown as mean ± SD of triplicate experiments, respectively. (B) Surface markers of UC-, BM-, and AD-MSCs. (C) Differentiation potencies of UC-, BM-, and AD-MSCs. Adipocytes are stained with oil red O, osteocytes with alizarin red, and chondrocytes with toluidine blue. UC-MSCs: umbilical cord-derived mesenchymal stromal cells, BM-MSC: bone marrow-derived MSCs, AD-MSC: adipose tissue-derived MSCs. Data are shown as mean ± SD calculated from those of three individual donors.
In accordance with the criteria of MSCs defined by the International Society of Cell & Gene Therapy (ISCT) (Dominici et al., 2006), UC-, BM-, and AD-MSCs were equally spindle-shaped, plastic-adherent cells positive for CD73, CD105, CD90, HLA-ABC, and CD44 and negative for CD45, HLA-DR, CD34, CD11b, and CD19 (Figure 1B). We also compared the abilities of UC-, BM-, and AD-MSCs to differentiate into adipocytes, osteoblasts, and chondrocytes (Figure 1C). Adipocytes stained with oil red O showed red droplets in the cells, and osteocytes with calcium deposits exhibited red particles. The pellet culture system was applied to analyze chondrogenic differentiation, and elastic firm pellets were observed. Toluidine blue staining revealed extracellular matrix formation in the cells grown in chondrogenic induction medium. Metachromasia occurred less frequently in UC-MSCs than in BM-MSCs and AD-MSCs. After immunochemical staining with alizarin red for osteogenic differentiation, UC-MSCs showed fewer calcium deposits than BM-MSCs and AD-MSCs.
3.2 Migration ability
We compared the migration abilities of UC-, BM-, and AD-MSCs toward allogeneic MLR or FBS by using transwell migration assays (Figure 2A). FBS significantly induced migration compared with no FBS (control) in all MSCs (p < 0.05). The number of migrating UC-MSCs significantly increased in response to unstimulated MNCs or allogeneic stimulated MNC (MLR; p < 0.05), whereas the number of migrating BM- and AD-MSCs did not increase in response to both of them. UC-MSCs showed a significantly higher migration ability toward unstimulated or allogeneic stimulated MNCs than BM- and AD-MSCs (p < 0.05). Furthermore, the number of migrating UC-MSCs co-cultured with allogeneic MLR tended to be greater than that of unstimulated MNCs. Direct or indirect co-culture of UC-, BM-, and AD-MSCs showed no significantly different inhibitory effects on allogeneic MLR, although MLR assay was conducted in the medium supplemented with FBS (Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | (Continued).
3.3 Chemokines in the supernatant of migration assay
CCL2, CCL7, CCL22, IL-8, and IP-10 amounts were higher in the co-cultures of UC-, BM-, and AD-MSCs with MLR than in MLR alone (Figure 2B, C, F, H, I). CCL2 and CCL7 levels were significantly higher in the supernatant of UC-MSCs co-cultured with MLR or in the presence of FBS than in that of BM- and AD-MSCs (Figure 2B, C, p < 0.0001), whereas CCL8 level was higher in BM- and AD-MSCs than in UC-MSCs (Figure 2D). The amounts of IL-8 were also significantly higher in UC-MSCs co-cultured with MLR than in BM-MSCs, but the difference between UC-MSCs and AD-MSCs was not significant (MLR + UC-MSCs vs. MLR + BM-MSCs; p < 0.05, MLR + UC-MSCs vs. MLR + AD-MSCs; not significant; Figure 2H).
IP-10 levels were induced by the co-culture with MLR and significantly higher in AD-MSCs co-cultured with MLR than in BM- and UC-MSCs (Figure 2I). CCL11, CXCL9 and CCL5 levels increased in MLR, but co-culture with MSCs did not further increase these levels (Figure 2E, J, K). Meanwhile, CCL1, CCL13, and CCL18 levels were not elevated in any type of MSCs (Supplementary Figure S2A–C). A small amount of SDF-1 was induced in the culture of BM-MSCs and AD-MSCs with FBS but not in that of UC-MSCs (Figure 2L).
3.4 Influence of chemokines and inflammations on the migration of MSCs
To determine whether the chemokines elevated in the supernatant of UC-MSCs co-cultured with MLR can increase the migration potency of UC-MSCs in an autocrine manner, we directly added CCL2 (n = 3), CCL7 (n = 3), and CXCL2 (n = 3) in the MSCs and evaluated the induction of migration. Even when large amounts of CCL2, CCL7, and CXCL2 were secreted by UC-MSCs co-cultured with MLR, they did not increase the migration potency of UC-MSCs. CCL2, CCL7, and CXCL2 also did not increase the migration potencies of BM- and AD-MSC. The major CCL2 receptor, CCR2 was not expressed on UC-, BM-, and AD-MSCs. CCL2 receptors (CCR1, CCR2, CCR3, CCR4, and CCR5) and CCL7 receptors (CCR1, CCR2, CCR3, and CCR5) cross interfere for several ligands. Quantitative qRT-PCR and flow cytometry analysis results showed that UC-, BM, and AD-MSCs tested weak positive for CCR1 and less weak for CCR4 but not for CCR2, CCR3, and CCR5 with or without 10% FBS supplementation (Supplementary Figure S4A–E). qRT-PCR data also showed that the CXCL2 receptor CXCR2 was not expressed at all in the MSCs (Supplementary Figure S4F).
Considering that UC-MSCs seemed sensitive to migrate toward MNCs, we first assessed the influence of MNC dose on the migration potency of UC-MSCs to identify whether the inflammatory MNCs can increase the migration potency of UC-MSCs. UC-MSCs migrated toward MNCs in a dose-dependent manner at the range of 4 × 10–4 × 104 in the lower chamber of 24-well plates; however, interestingly, the excess confluency at 4 × 105 suppressed the migration (Figure 3B).
[image: Figure 3]FIGURE 3 | Migration of MSCs in response to CCL2, CCL7, and CXCL2 and MNCs stimulated by inflammatory factors (A) Migrated cell counts of UC-, BM-, and AD-MSCs in response to CCL2, CCL7, and CXCL2. 1 ng/mL CCL2, 100 ng/mL CCL7, and 1 ng/mL CXCL2 (human CXCL2 protein, Acro) were added in the lower chamber of the migration assay system. Representative data are shown as MSCs from three donors, respectively. (B) Migrating cell counts of UC-MSCs toward different doses of MNCs. Data are shown as three individual experiments of UC-MSCs derived from three donors. *p < 0.05, **p < 0.0001. (C) Migrated cell counts of UC-MSCS in response to MLR and MNCs primed with PHA-L, LPS, and TNF-α, respectively. Different MNC numbers in the lower chambers before stimulation are shown. Representative data of three independent experiments with mean ± SD are shown. *p < 0.05.
Thus, we used the lower dose of MNCs for proliferation in the chamber. We primed MNCs with inflammatory reagents, such as PHA-L, LPS, and TNF-α. MNCs primed with LPS increased the migration of UC-MSCs compared with MNCs alone at 8 × 102 MNCs/well, but the influence of LPS-primed MNCs on the migration was observed less at the lower amount of MNCs (4 × 102; Figure 3C). Conversely, the migration of UC-MSCs toward MNCs primed with PHA-L and TNF-α was attenuated rather than accelerated.
3.5 Influence of inhibitors on the migration of MSCs
The amounts of CCL2, CCL7, and CXCL2 were elevated in UC-MSCs co-cultured with MLR, but these chemokines did not increase the migration potency of UC-MSCs. We then studied the influence of PDGF, IGF-1, and MMPs, which are well-known migration growth factors, on the migration of MSCs. Considering that these factors have several subtypes, we used inhibitors for PDGFA/B, IGF-1, and MMPs (MMP2, MMP9, and MMP14). We added AG1296 for PDGF, PPP for IGF-1, and GM6001 for MMPs, into the migration system of UC-MSCs toward the MLR. The migration of UC-MSCs toward the MLR was inhibited by the PDGF, IGF-1, and MMPs inhibitors in a dose-dependent manner (Figure 4A).
[image: Figure 4]FIGURE 4 | Influence of inhibitors on the migration of MSCs toward MLR. (A) Migrated cell counts of UC-MSCs in response to MLR with indicated inhibitors. AG1296; PDGF (platelet-derived growth factor) inhibitor; PPP; IGF-1 (insulin-like growth factor-1) inhibitor, and GM6001; MMP (matrix metalloproteinases) inhibitor. (B) UC-MSCs; (C) BM-MSCs; (D) AD-MSCs in the presence of FBS and inhibitors. Data are shown as mean ± SD calculated from migrated cell numbers of three individual donors, relative to the control (MSCs alone). 5 × 103 cells/well of MSCs were plated in the upper transwell chamber with indicated concentration of AG1296 and PPP. For GM6001 inhibition assay, 5 × 103 cells/well of UC-MSCs and 1.5 × 103 cells/well of BM- and AD-MSCs were plated in the upper transwell chamber, respectively. *p < 0.05, **p < 0.01.
Supplementation with 10% FBS increased the migration potency of all types of MSCs. Thus, we conducted an inhibition assay using inhibitors for PDGFA/B, IGF-1, and MMPs. In the presence of FBS, the migration of all types of MSCs was inhibited by AG1296, PPP, and GM6001 in a dose-dependent manner. The migration of BM- and AD-MSCs required a higher GM6001 dose (Figure 4B–D). qRT-PCR results demonstrated that the amounts of MMP2, MMP9, and MMP14 increased more in BM- and AD-MSCs than those in UC-MSCs (Supplementary Figure S4C–E).
4 DISCUSSION
UC-MSCs grow faster and have a higher maximal proliferation limit than BM-and AD-MSCs. Rapid proliferation increases the number of cells in a limited period and reduces the culture cost. UC-MSCs could proliferate up to more than 40 PDL, AD-MSCs approximately 30 PDL, and BM-MSCs less than approximately 20 PDL. UC, BM, and AD-MSCs expressed the same surface markers as those defined by ISCT. However, UC-MSCs showed less potency for differentiating into osteocytes than BM- and AD-MSCs, which is consistent with the finding of a previous study (Drela et al., 2016; Calcat et al., 2023). Hsieh et al. (2010) demonstrated that WJ-MSCs (UC-MSCs without vessels before culture) express more angiogenesis- and growth-related genes, including epidermal growth factor and FLT1, whereas BM-MSCs express more osteogenic genes, such as RUNX2, DLX5, and NPR3 (Hsieh et al., 2010). The gene expression pattern of BM-MSCs is more similar to that of osteoblasts than WJ-MSCs, suggesting a better osteogenic potential. By contrast, WJ-MSCs are more primitive because they share more common genes with embryonic stem cells and can less differentiate into osteocytes. We also demonstrated through PCR that UC-MSCs express Oct4, Nanog, and SSEA3/4 (He et al., 2014). Drela et al. (2016) reported that Wharton’s jelly-MSCs (UC-MSCs without vessels) exhibit a higher proliferation rate than BM-MSCs, representing an example of immature-type “pre-MSC,” which is largely composed of embryonic-like, pluripotent cells with the default neural-like differentiation.
Migration is the first important step for MSCs to become functional. Compared with BM- and AD- MSCs, UC-MSCs showed significantly higher migration potency toward unstimulated MNCs and allogenic MLR. In corresponding to higher migration, the CCL2, CCL7, and CXCL2 levels were significantly higher in UC-MSCs co-cultured with MLR than in MLR, FBS, MNCs, and MSCs alone and in BM- and AD-MSCs co-cultured with MLR. Specifically, their levels were more than 10-fold greater in MLR with UC-MSCs than in MLR with BM- and AD-MSCs, suggesting a unique response of UC-MSCs to FBS and inflammation. These chemokines were not elevated in MLR or MLR with BM-, AD-MSCs, such as CCL11, MIG, and RANTES. We hypothesized that UC-MSCs increase the migration potency in response to the self-secreted CCL2, CCL7, and CXCL2 by an autocrine mechanism. However, none of these chemokines could significantly induce the migration of UC-MSCs. To prove these results, we studied the possible receptors for CCL2, such as CCR1, CCR2, CCR3, CCR4, and CCR5 (She et al., 2022). Flow cytometry results showed negative expression of CCR2, CCR3, and CCR5; moreover, CCR1 and CCR4 had low mRNA levels in UC-MSCs (Supplementary Figure S3A–E), although the expression levels of BM- and AD-MSCs are controversial (Ponte et al., 2007; Baek et al., 2011; She et al., 2022). Ponte et al. reported BM-MSCs did not migrate towards CCL2 (MCP-1), although low-positive for CCR2, positive for CCR3, CCR4, and CCR5. UC-MSCs did not respond to these chemokines, suggesting that these chemokines may educate or recruit the other cells in response to MNC in MLR rather than induce chemotaxis of UC-MSCs.
CCL2, CCL7, and CXCL2 are potent chemotactic factors that cause the accumulation of monocytes polarized from M1 to M2 macrophages (Sierra-Filardi et al., 2014; Bao et al., 2022; Wu et al., 2022). Recently, CCL2 has attracted attention as a target in cancer therapy because of its immunosuppression in cancer extensions (Fei et al., 2021; Fei et al., 2021). Sierra-Filardi et al. (2014) (Sierra-Filardi et al., 2014) found that CCL2 determines the extent of macrophage polarization from M1 to M2, whereas CCL2-CCR2 blockade by CCR2 upregulates the expression of M1 polarization-associated genes and cytokines and downregulates the expression of M2-associated markers in human macrophages (Wu et al., 2022). CCL2 recruits not only monocytes but also regulatory T cells, neural progenitor cells, microglia, hepatic stellate cells, and several tumor cells, which express CCR2. CCL2 knockout causes abnormal monocyte recruitment in mice and several inflammatory models in vivo and influences the expression of cytokines related to T helper responses (Lu et al., 1998). Zhang et al. (2021) (Zhang et al., 2021) reported that human BM-MSCs enhance the chemotaxis of T cells activated by IL-2 and inhibit their proliferation through the CCL2–CCR2 axis. Furthermore, Cao et al. (2021) (Cao et al., 2021) demonstrated that CCL2 plays an important role in the treatment of idiopathic pneumonia syndrome (IPS) in an acute GVHD mouse model. In an IPS mouse model, the application of mouse BM-MSCs prolongs survival and reduces pathological damage and T cell infiltration into the lung tissue, whereas the administration of CCR2 or CCL2 antagonists in MSC-treated mice significantly attenuates the prophylactic effect of MSCs on IPS. Although these previous studies demonstrated that the CCL2-CCR2 axis is related to BM-MSCs, UC-MSCs secreting higher levels of CCL2 and CCL7 than BM-MSCs may have some advantages over BM-MSCs in treating IPS as a complication of HSC transplantation. Wu et al. (Wu et al., 2022) found through lung metastasis analysis that CCL7 is highly expressed in lung adenocarcinoma and that its knockdown suppresses chemotaxis and M2 skewing in macrophages. Bao et al. (2022) (Bao et al., 2022) reported that CXCL2 is highly expressed in the lung metastasis of colorectal cancer and induces the activation and attraction of M2 macrophages. Taken together, our results suggest that inflammation induces UC-MSCs to secrete CCL2, CCL7, and CXCL2, which may not activate the migration of UC-MSCs, but may accumulate and recruit macrophages to polarize into the M2 phenotype to control inflammation. The mechanisms and functions of these chemokines in immune systems have not been fully understood, and the effects of CCL2, CCL7, and CXCL2 secreted by UC-MSCs on the immune cells remained to be elucidated. Thus, further studies should focus on the migration of MNCs toward UC-MSCs and/or the direct influence of UC-MSCs co-cultured with MLR on the immune cells to elucidate the function of MSCs.
With regard the other cytokines in UC-MSCs, IL-8 was also significantly induced in UC-MSCs co-cultured with MLR or in the presence of FBS, compared with that in BM-MSC co-cultured with MLR and FBS. IL-8 (CXCL8) is an inflammatory cytokine that induces neutrophil chemotaxis, phagocytosis, and angiogenesis. In the MLR suppression and regulatory T cell induction, Barcia et al. (2015) (Barcia et al., 2015) reported that UC-MSCs are less immunogenic and show higher immunosuppressive activity than BM-MSCs. UC-MSCs showed lower expression levels of HLA-DR, HO-1, IGFBP1/4/6, ILR1, IL6R, and PTGES and higher expression levels of CD200, CD273, CD274, IL1B, IL-8, LIF, and TGFB2 than BM-MSCs, although the functional role of IL-8 in the suppression of MLR remains to be elucidated. By contrast, CXCL9 (MIG), CCL5 (RANTES), and CCL11 (Eotaxin) levels were elevated in MLR, and co-culture of MSCs with MLR did not increase these levels further, suggesting that these chemokines may induce the migration of MSCs or activate the functions. The levels of inflammatory cytokine CXCL10 (IP10) were higher in AD-MSCs than in UC- and BM-MSCs. Although the role of IP-10 in AD-MSCs co-cultured with MLR was not yet clarified, the potency of AD-MSCs in suppressing activated T cells in allogenic MLR was not inferior to those of UC-MSCs and BM-MSCS in vitro. In the present study, SDF-1 levels were higher in BM-MSCs and AD-MSCs than in UC-MSCs. This result is theoretical because BM-MSCs support HSC expansion in the BM (Marquez-Curtis and Janowska-Wieczorek, 2013), although the high SDF-1 secretion of AD-MSCs is unexpected.
We next studied the migration potency of UC-MSCs co-cultured with MNCs stimulated by PHA-L, LPS, and TNF-α. Interestingly, the migration potency of UC-MSCs toward MNCs increased when stimulated with LPS, but MNCs stimulated by PHA-L and TNF-α failed to promote the migration of UC-MSCs. We could not exclude the direct interaction of these reagents in the study, even though we washed once before co-culture. Interestingly, UC-MSCs were sensitive to migrate toward the unstimulated MNCs in a dose-dependent manner, although packed high concentration showed the reverse results, suggesting the inhibition factors secreted by packed MNCs. We could not measure and analyze the chemokines in the study. These results suggested that UC-MSCs are sensitive to migrate toward MNCs, but excess dose or excess stimuli may suppress the migration.
Taken together with the above results, we needed to identify the key factors inducing the migration of UC-MSCs co-cultured with MNCs and MLR. Previous studies reported that PDGFA/B, IGF-1, and MMPs (MMP2, MMP9, MMP14, and TIMP1/2) are the key factors inducing the migration in the presence of FBS, a secure migration inducer (Mishima et al., 2010). Considering that these factors have several subtypes, we used the inhibitors AG1296 for PDGF, PPP for IGF-1, and GM6001 for MMPs and found that the migration of UC-MSCs was partially attenuated by the addition of these inhibitory factors in a dose-dependent manner. The results suggested that PDGFA/B, IGF-1 and MMPs play important roles even in the migration of UC-MSCs toward the MLR. We also conducted inhibition assays using UC-, BM-, and AD-MSCs supplemented with FBS as the control. As expected, the migration potencies of the three types of MSCs were attenuated by PDGF, IGF-1, and MMP inhibitors. The MMP inhibitor GM6001 was required more concentration in BM-, and AD-MSCs than UC-MSCs, possibly because of the larger amount of MMPs in these MSCs than in UC-MSCs (Supplementary Figure S4). In the present study, we did not demonstrate the influence of UC-MSCs on MNC characteristics, including polarization. To clarify the benefit of UC-MSCs, we need to identify the specific factors secreted by MLR or receptors in UC-MSCs.
This study has some limitations. In the relationship of migration/the specific elevation of chemokines in UC-MSCs and immunosuppressive potency, the three types of MSCs also showed no difference in MLR inhibitory effect (Supplementary Figure S1). Migration and MLR inhibition assays are carried out under different conditions because FBS is required in the MLR inhibition assay (Nagamura-Inoue et al., 2022). Moreover, the co-culture period differs between the migration assay (overnight) and MLR inhibition assay (4 days). Therefore, we could not conclude that the migration ability is reflected in our MLR inhibition ability. Thus, time-course experiments may be required to identify additional differences among chemokines or MSCs in the future. However, the fact that UC-MSCs may be more sensitive to migrate to the activated or non-activated lymphocytes than BM- and AD-MSCs might be one of the advantages of UC-MSCs over the two other MSC types in the clinical treatment of acute GVHD.
In conclusion, UC-MSCs showed faster proliferation and higher migration potency toward activated or non-activated MNCs than BM- and AD-MSCs. The functional chemotactic factors may vary among MSCs derived from different tissue sources, although the role of specific chemokines in the different sources of MSCs remained to be resolved.
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Caught in action: how MSCs modulate atherosclerotic plaque
Virginia Egea1,2*
1Institute for Cardiovascular Prevention (IPEK), Ludwig-Maximilians-University, Munich, Germany
2DZHK (German Center for Cardiovascular Research), Partner Site Munich Heart Alliance, Munich, Germany
Edited by:
Tokiko Nagamura-Inoue, The University of Tokyo, Japan
Reviewed by:
Yuyao Tian, Massachusetts General Hospital and Harvard Medical School, United States
* Correspondence: Virginia Egea, Virginia.Egea@med.uni-muenchen.de
Received: 30 January 2024
Accepted: 15 March 2024
Published: 27 March 2024
Citation: Egea V (2024) Caught in action: how MSCs modulate atherosclerotic plaque. Front. Cell Dev. Biol. 12:1379091. doi: 10.3389/fcell.2024.1379091

Atherosclerosis (AS) is a medical condition marked by the stiffening and constriction of the arteries. This is caused by the accumulation of plaque, a substance made up of fat, cholesterol, calcium, and other elements present in the blood. Over time, this plaque solidifies and constricts the arteries, restricting the circulation of oxygen-rich blood to the organs and other body parts. The onset and progression of AS involve a continuous inflammatory response, including the infiltration of inflammatory cells, foam cells derived from monocytes/macrophages, and inflammatory cytokines and chemokines. Mesenchymal stromal cells (MSCs), a type of multipotent stem cells originating from various body tissues, have recently been demonstrated to have a protective and regulatory role in diseases involving inflammation. Consequently, the transplantation of MSCs is being proposed as a novel therapeutic strategy for atherosclerosis treatment. This mini-review intends to provide a summary of the regulatory effects of MSCs at the plaque site to lay the groundwork for therapeutic interventions.
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INTRODUCTION
Atherosclerosis is a chronic inflammatory reaction of the blood vessel wall caused by dyslipidemia (Weber and Noels, 2011). Inflammation is important in all stages of atherosclerosis, from plaque formation to rupture (Libby, 2021). When the endothelium is dysfunctional, it disrupts the balance between pro-inflammatory and protective pathways, leading to the accumulation of atherogenic lipoproteins. This triggers the release of chemotactic factors that recruit immune cells and promote the formation of atherosclerotic plaques. Despite the availability of appropriate pharmacological and surgical treatment modalities, AS remains the leading cause of cardiovascular death worldwide (Vaduganathan et al., 2022). Current treatment strategies aim to stabilize plaque, suppress inflammation, and lower serum lipid levels. Interestingly, stem cells exhibit a range of effects, including the ability to regulate lipid levels, suppress inflammation, repair damaged tissues, and support hematopoiesis, offering an innovative approach to the treatment of AS (Nauta and Fibbe, 2007; Li et al., 2017). MSC are present in nearly all tissues and originate from various sources such as bone marrow, adipose tissue, and peripheral blood. These cells possess the ability to differentiate into multiple cell types belonging to the mesodermal and myogenic lineages, a process influenced by environmental stimuli (Pittenger et al., 1999). In addition, MSCs produce a wide array of chemokines, cytokines, and growth factors in response to their surroundings, bestowing upon them immunomodulatory and anti-fibrotic characteristics (Nauta and Fibbe, 2007). In the realm of cell-based therapies MSCs are considered to be exceptional candidates (Lalu et al., 2012; Samsonraj et al., 2017). Their capacity to differentiate into different cell types and in vitro expansion are well-established (Salem and Thiemermann, 2010). For therapeutic strategies, it may be feasible to manipulate MSCs in vitro and reinfuse them into patients, primarily mitigating risk factors linked to the onset of atherosclerosis, predominantly through a paracrine mechanism. In this scenario, the efficient recruitment of cells to the plaque site is of paramount importance.
ACTIVATION AND RECRUITMENT OF MSC TO THE ATHEROSCLEROTIC PLAQUES
While the paracrine role of MSCs is increasingly acknowledged, the mechanisms of their migration from the bloodstream to targeted lesions with compromised vascular integrity are not fully understood. Our studies demonstrated that in response to chemotactic signals such as transforming growth factor-beta 1 (TGF-β1), stromal cell-derived factor 1 (SDF-1), interleukin-1 beta (IL-1β) and tumor necrosis factor-alpha (TNF-α), MSCs are able to invade through barriers of extracellular matrix (ECM) facilitated by the secretion of matrix metalloproteinases (MMPs) (Ries et al., 2007). MSCs are capable of migrating through human reconstituted basement membranes, utilizing MMP-2, membrane type 1-MMP (MT1-MMP), and tissue inhibitor of metalloproteinases TIMP-2 for this purpose. TGF-β1 has been identified to increase the levels of MMP-2 and MT1-MMP without affecting TIMP-1 or TIMP-2, indicating its significant role in MSC trafficking through the extracellular matrix (ECM) by inducing these MMPs. Additionally, IL-1β and tumor necrosis factor-alpha TNF-α, which are typically present in wounds and inflamed tissues, have been shown to significantly enhance the expression of MMP-9 and MT1-MMP, thereby promoting MSC invasion. In contrast, SDF-1 has a comparatively minor effect on MSC migration, which may be attributed to a smaller subset of MSCs expressing the C-X-C motif chemokine receptor 4 (CXCR4) receptor or to the MMP-mediated cleavage of SDF-1 (Ries et al., 2007). Nevertheless, blocking the SDF-1/CXCR4 signaling pathway markedly reduces the recruitment of transplanted stem cells to target tissues (Son et al., 2006; Wang et al., 2006). Atherosclerotic plaques, being inflammatory lesions, also generate high levels of cathelicidin antimicrobial peptide LL-37, a small peptide derived from neutrophils which is believed to contribute to disease progression (Zhang et al., 2015). LL-37 has been demonstrated to elevate early growth response factor 1 (EGR1) expression and stimulate mitogen-activated protein kinase (MAPK) activation, thereby augmenting MSC functions such as cell proliferation, cell motility, and paracrine activities. These regulatory effects could prove beneficial for tissue regeneration applications, particularly in the context of implantation (Yang et al., 2016). Own recently findings indicate that LL-37, known to be prevalent in the plasma and plaques of atherosclerosis patients, serves as a chemoattractant for MSCs (Egea et al., 2023). Our investigation also identified microRNA (miRNA) let-7f as a pivotal regulator in the LL-37 mediated trafficking of MSCs to inflamed tissues. LL-37 influences cells through formyl peptide receptor 2 (FPR2), a prevalent G protein-coupled receptor that triggers the expression of miRNA let-7f. This, in turn, enhances FPR2 on the cell surface in a positive feedback loop, implying an indirect regulatory function of let-7f by targeting a suppressor of FPR2 expression in these cells (Egea et al., 2023). A similar mechanism of let-7f indirectly boosting CXCR4 expression in MSCs has been previously reported by us. (Egea et al., 2021) Let-7f not only enhances LL-37/FPR2-mediated chemotaxis towards plaques but also upregulates CXCR4, SDF-1α receptor, and induces the expression and release of ECM-degrading MMP-9, thereby improving pericellular proteolysis. This mechanism may facilitate MSCs recruitment in response to tissue injuries and inflammation under physiological conditions (Egea et al., 2021). At the molecular level, let-7f likely targets repressors of cellular susceptibility and chemotactic migration, thereby promoting MSC invasion Figure 1. In recent studies Hu et al. have also shown integrin beta 3 (ITGB3) to improve plaque-recruitment of MSCs into a mouse model of atherosclerosis (Hu et al., 2023).
[image: Figure 1]FIGURE 1 | Recruitment of MSCs to Atherosclerotic Plaque. MSCs exhibit a natural tendency to migrate to sites of inflammation, including atherosclerotic plaques. Once at these sites, MSCs display a protective role primarily through paracrine signaling, which helps in reducing endothelial dysfunction, hyperlipidemia, and inflammation. This results in an overall increase in plaque stability and decrease in plaque size. Furthermore, studies have shown that MSCs are stimulated by the surrounding atherosclerotic plaque to differentiate into myogenic cells.11 Created with BioRender.com.
PARACRINE EFFECTS OF MSCS IN THE ATHEROSCLEROTIC PLAQUES
Endothelial dysfunction, the initiator of atherosclerotic plaque formation, involves a positive feedback loop (Marchio et al., 2019). Pathological stimuli such as hypertension cause endothelial damage, leading to the deposition of oxidized LDL (ox-LDL), which triggers an immune response supporting atherogenesis. Nitric oxide (NO), a crucial signaling molecule post-endothelial dysfunction, is produced by endothelial nitric oxide synthase (eNOS) and regulated by Akt-mediated phosphorylation (Fulton, 2016). In atherosclerosis, NO exhibits strong protective effects by inhibiting LDL oxidation, leukocyte adhesion, smooth muscle cell proliferation, and platelet aggregation, while also regulating vascular tone (Marchio et al., 2019).
MSCs have demonstrated the ability to restore endothelial function, thereby stopping atherogenesis (Salvolini et al., 2010). Culture medium from human skin-derived MSCs increased NO production in human aortic endothelial cells, showcasing their paracrine potential (Salvolini et al., 2010). Lin et al. showed that human MSCs prevent ox-LDL-mediated inhibition of eNOS activity in human umbilical vein endothelial cells by phosphorylating and restoring Akt/eNOS activity (Lin et al., 2015).
Furthermore, various studies highlight MSC´s ability to reduce hyperlipidemia, a condition that increases the risk of atherosclerosis, in various animal models (Hong et al., 2019; Libby, 2021). Frodermann et al. reported for instance that using bone marrow-MSCs (BM-MSCs) significantly reduced serum cholesterol levels, particularly very-low-density-lipoproteins (VLDLs), in LDLR−/− mice, 4 weeks post-administration (Frodermann et al., 2015). In a different study, Hong et al. observed that the administration of gingival-MSCs to ApoE−/− mice resulted in a decrease in total cholesterol and LDLs (Hong et al., 2019). They also recorded a reduction in the expression of sterol regulatory element-binding protein 1c (SREBP-1c), a transcription factor involved in fatty acid biosynthesis, and an increase in the expression of peroxisome proliferator-activated receptor-α (PPAR-α), a transcription factor that controls fatty acid β-oxidation. These observations suggest a unique mechanism for MSC-mediated lipid reduction. This theory was further supported by Li et al., who found that the administration of umbilical cord blood-MSCs to leptin-deficient mice resulted in a decrease in lipid levels (Lin et al., 2015). They attributed this to an increase in PPAR-α and a decrease in fatty acid synthase, an enzyme regulated by SREBP-1c, which aligns with Hong et al.'s findings. In summary, there is compelling evidence that the administration of MSCs can reduce serum lipid levels, thereby decreasing lipid accumulation in plaques. However, further research is required to fully comprehend the mechanisms involved and to confirm these results in humans.
Various risk factors such as aging, hypertension, hypercholesterolemia, diabetes, and obesity contribute to the inflammatory onset in AS by promoting the accumulation of ox-LDL, activation of NLRP3 inflammasome, and the recruitment of leukocytes into the plaque (Hoseini et al., 2018). Recent studies have highlighted the anti-inflammatory properties of MSCs, modulating the response of immune cells in the plaque (Lee and Song, 2018).
Dendritic Cells (DCs) are a type of antigen-presenting cells that significantly contribute to the activation of adaptive immunity (Gil-Pulido and Zernecke, 2017). They play a pivotal role in atherogenesis, as they prime and activate T cells. Research indicates that MSCs can inhibit the differentiation and maturation of DCs, impair antigen uptake, and decrease the expression of costimulatory molecules (CD80, CD86), thereby reducing T-cell activation and proliferation (Reis et al., 2018). This effect is associated with the secretion of extracellular vesicles containing miRNA-21-5p by MSCs (Roufaiel et al., 2016). T-lymphocytes represent another cell type influenced by MSCs. Studies have shown that BM-MSCs can reduce DC-induced CD2+ T-cell proliferation in a dose-dependent manner, through the secretion of anti-inflammatory cytokines such as TGF-β (Di Nicola et al., 2002). Additionally, cell-to-cell contact has been found to enhance this inhibitory effect. However, the necessity of cell-to-cell contact in reducing T-cell proliferation remains a topic of debate.
Monocytes and macrophages are also being influenced by MSCs. Chemotaxis drives monocyte migration from the blood and adventitia into the intima, where they differentiate into macrophages. These mature macrophages can engulf LDLs and become foam cells (Libby, 2021). Several studies have demonstrated that MSCs can reduce macrophage foam cell formation in vitro by modulating the expression of scavenger receptors, including CD36, SRA1, and ATP-binding cassette transporter (Wang et al., 2015). Furthermore, MSCs have been shown to reduce the expression of chemokine receptors on inflammatory monocytes and promote phenotype switching to anti-inflammatory macrophages. In vivo, the promotion of anti-inflammatory cytokine profiles and suppression of macrophage numbers by MSCs have been used to explain the reduction in plaque size (Li et al., 2015; Zhang et al., 2018).
DIFFERENTIATION OF MSCS WITHIN ATHEROSCLEROTIC PLAQUES
MSC have the ability to differentiate into a variety of cell types, including osteoblasts, chondrocytes, myocytes, and adipocytes (Pittenger et al., 1999). Upon recruitment to the plaque site, these MSCs are subjected to the influences of the new environment, which potentially jeopardizes their stemness and triggers differentiation. Recently, our studies provide evidence that human plaque components elicit differentiation of MSCs into smooth muscle cell-like cells (Egea et al., 2023). The role of MSCs in plaque development is complex and bidirectional. Early in plaque formation, MSCs contribute to inflammation and foam cell formation, while in later stages, they produce extracellular matrix proteins and collagen fibers, which help stabilize the plaques (Bennett et al., 2016). Interestingly, vulnerable plaques prone to rupture are characterized by only few smooth muscle cells in a thin cap (Finn et al., 2010). Thus, myogenic differentiation of MSCs in plaque environment might confer a stabilizing effect in vulnerable plaques in later stages of AS. In fact, transplanted MSCs were shown to stabilize vulnerable plaques in an animal model of atherosclerosis by strengthening the fibrous cap (Wang et al., 2015). Consistently, we found that human plaque lysates upregulated endogenous levels of miR-335 in MSCs, a miRNA shown to promote overall plaque stability (Egea et al., 2023).
CONCLUSION AND FUTURE PERSPECTIVE
Numerous research efforts have highlighted the propensity of MSCs to migrate towards atheromatous tissues, contributing to atheroprotection through the secretion of paracrine factors and their maturation into cells that stabilize plaques. The differentiation potential, paracrine effects, exosomal release, and direct-contact modulatory functions of MSCs have been the focus of extensive investigation. Each of these mechanisms plays a role in the holistic process of MSC therapy in AS. Nevertheless, the protective mechanisms of MSCs warrant further exploration. Understanding the function of MSCs in varying stages of atherosclerosis, the disparities among MSC sources, and the efficiency of MSC recruitment to the plaque are all crucial areas for further study to enhance the safety, efficacy, and outcomes of MSC-based therapy.
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Introduction: Adipose tissue-derived mesenchymal stem cells are promising contributors to regenerative medicine, exhibiting the ability to regenerate tissues and modulate the immune system, which is particularly beneficial for addressing chronic inflammatory ulcers and wounds. Despite their inherent capabilities, research suggests that pretreatment amplifies therapeutic effectiveness.
Methods: Our experimental design exposed adipose-derived mesenchymal stem cells to six inflammatory factors for 24 h. We subsequently evaluated gene expression and proteome profile alterations and observed the wound closure rate post-treatment.
Results: Specific pretreatments, such as IL-1β, notably demonstrated an accelerated wound-healing process. Analysis of gene and protein expression profiles revealed alterations in pathways associated with tissue regeneration.
Discussion: This suggests that licensed cells exhibit potentially higher therapeutic efficiency than untreated cells, shedding light on optimizing regenerative strategies using adipose tissue-derived stem cells.
Keywords: adipose-derived mesenchymal stem cells, regenerative medicine, licensing, inflammation, immune system
1 INTRODUCTION
Adipose tissue is distributed throughout various anatomical sites in the human body, including subcutaneous and visceral locations, intra-articular spaces, intramuscular regions, intra-hepatic depots, and the bone marrow. Beyond an energy reservoir, adipose tissue functions as an endocrine organ, producing many bioactive molecules that modulate metabolic and cellular processes. Among these molecules are adipokines (e.g., leptin, adiponectin, omentin, and resistin), pro- and anti-inflammatory cytokines (e.g., IL-6, TNF-α, IL-1β, IL-8, MCP-1, IL-1Ra, IL-6, IL-7, IL-8, and IL-11), growth factors (e.g., VEGF, HGF, FGF, IGF-1, and BDNF), pro-apoptotic and pro-angiogenic factors, as well as microvesicles enriched with proteins and nucleic acids. Adipose tissue can be categorized into three main types: white adipose tissue, primarily involved in energy storage but also secreting adipokines; brown adipose tissue, responsible for thermogenesis regulation while retaining some energy storage capacity; and beige adipose tissue, which contributes to thermogenesis and energy storage (Konno et al., 2013; Cao et al., 2015; Li and Hua, 2017; Mushahary et al., 2018; Qi et al., 2018; Pittenger et al., 2019; Mazini et al., 2020; Song et al., 2020; Bunnell BA, 2021).
Adipose tissue-derived mesenchymal stem cells (AD-MSCs) reside within adipose tissue, primarily within the stromal vascular fraction (SVF) accessible through minimally invasive procedures. AD-MSCs are multipotent cells characterized by self-renewal potential and the ability to differentiate into mesodermal lineage cells such as adipocytes, chondrocytes, and osteoblasts. They exhibit high proliferation rates and possess immunosuppressive properties, rendering them and their secretome valuable assets in regenerative medicine applications for diseases associated with immune-related disorders. AD-MSCs play a pivotal role in immune response regulation by engaging in direct cell–cell interactions or through the secretion of bioactive factors. These cells interact with various immune cell types, including T cells, B cells, macrophages, natural killer cells (NKs), dendritic cells (DCs), neutrophils, and mast cells (Anton et al., 2012; Konno et al., 2013; Cao et al., 2015; Li and Hua, 2017; Mushahary et al., 2018; Qi et al., 2018; Ridiandries et al., 2018; Zwick et al., 2018; Pittenger et al., 2019; Al-Ghadban and Bunnell, 2020; Mazini et al., 2020; Song et al., 2020; Bunnell BA, 2021; Szucs et al., 2023).
AD-MSCs exert their immunomodulatory influence by interacting with T cells through cell adhesion molecules and modifying the secretion of mediators such as IDO, TGFβ, IL-10, and PGE2. Additionally, T cells reciprocally affect AD-MSCs through chemokine production. Studies have demonstrated that AD-MSCs, in the presence of high pro-inflammatory cytokine levels, promote regulatory T cell (Treg) generation while inhibiting T cell proliferation, activation, and differentiation, thus suppressing immune responses. Conversely, under low pro-inflammatory cytokine exposure conditions, AD-MSCs suppress Treg generation and activate T cell proliferation, activation, and differentiation. AD-MSCs exhibit dual effects on B cells, inhibiting and promoting their proliferation, activation, and differentiation while also inducing chemotaxis and Breg induction. These cells can impede NK cell proliferation, activation, and migration while stimulating NK cell progenitor proliferation and activation.
Furthermore, AD-MSCs hinder DC differentiation, endocytosis, maturation, activation, and migration, inhibiting mast cell degranulation, inflammatory cytokine expression, and chemotaxis. Macrophage polarization is influenced by AD-MSCs, favoring the M2 phenotype and inhibiting the M1 phenotype. At the same time, AD-MSCs modulate neutrophils by inhibiting activation, recruitment, extracellular neutrophil trap formation, and protease secretion while promoting neutrophil survival and recruitment (Anton et al., 2012; Konno et al., 2013; Cao et al., 2015; Li and Hua, 2017; Carelli et al., 2018; Guasti et al., 2018; Mushahary et al., 2018; Qi et al., 2018; Ridiandries et al., 2018; Zwick et al., 2018; Pittenger et al., 2019; Al-Ghadban and Bunnell, 2020; Mazini et al., 2020; Munir et al., 2020; Song et al., 2020; Bunnell BA, 2021; Krampera and Le Blanc, 2021; Szucs et al., 2023).
Due to their immunomodulatory properties, angiogenic potential, and differentiation capacity, AD-MSCs offer a promising avenue for tissue repair (Szucs et al., 2023), regeneration, and replacement in a broad spectrum of conditions characterized by tissue damage. AD-MSCs hold significant therapeutic potential for applications such as wound healing and skin regeneration in various contexts, including diabetic and non-diabetic ulcers, non-healing wounds, extensive burns, and physicochemical skin injuries. Moreover, AD-MSCs find relevance in autoimmune disorders, hematological conditions, graft-versus-host disease, bone and cartilage repair, cardiovascular and muscular diseases, neurodegenerative disorders, and radiation-induced injuries. These versatile cells offer a means to restore tissue function effectively and safely. To ensure secure and successful application in AD-MSC-based therapies, the purity and potency of these cells must be rigorously assessed before administration (Fu et al., 2009; DelaRosa and Lombardo, 2010; Anton et al., 2012; François et al., 2012; Shohara et al., 2012; Konno et al., 2013; Cao et al., 2015; Furuta et al., 2016; Li and Hua, 2017; Carelli et al., 2018; Feldbrin et al., 2018; Guasti et al., 2018; Mushahary et al., 2018; Qi et al., 2018; Ridiandries et al., 2018; Zwick et al., 2018; Pittenger et al., 2019; Sahu et al., 2019; Al-Ghadban and Bunnell, 2020; Kuca-Warnawin et al., 2020; Kurte et al., 2020; Mazini et al., 2020; Munir et al., 2020; Song et al., 2020; Xiao et al., 2020; Bunnell BA, 2021; Krampera and Le Blanc, 2021; Nieto-Nicolau et al., 2021; Krawczenko and Klimczak, 2022; Cheng et al., 2023; Huerta et al., 2023; Szucs et al., 2023).
Adipose tissue-derived mesenchymal stem cells (AD-MSCs) hold significant clinical therapeutic promise attributed to their multifaceted attributes encompassing regenerative, anti-apoptotic, antifibrotic, antioxidant, and immunomodulatory capacities. Beyond the application of AD-MSCs themselves, harnessing their secretome has emerged as an avenue with the potential to influence disease progression positively. Emerging research underscores the dynamic nature of AD-MSC secretion profiles, which can be further tailored through strategic pretreatments, enhancing their suitability for therapeutic applications (Anton et al., 2012; François et al., 2012; Konno et al., 2013; Wu et al., 2013; Cao et al., 2015; Li and Hua, 2017; Guasti et al., 2018; Qi et al., 2018; Zwick et al., 2018; Pittenger et al., 2019; Al-Ghadban and Bunnell, 2020; Mazini et al., 2020; Song et al., 2020; Bunnell BA, 2021; Chang and Nguyen, 2021; Brembilla et al., 2023; Szucs et al., 2023).
Existing literature highlights strategies to augment the effectiveness of MSC-based therapies, focusing on mimicking inflammatory microenvironments. Pro-inflammatory cytokines and hypoxic conditions have been explored as factors capable of potentiating MSC-mediated anti-inflammatory responses. Nevertheless, in these instances, the concomitant detection of classical pro-inflammatory signals has raised questions regarding whether immunosuppressive or pro-inflammatory MSC phenotypes are primarily responsible for the observed therapeutic effects. The complete elucidation of these indications remains a work in progress, with the precise nature of agents and their therapeutically effective concentrations yet to be definitively determined or standardized. Notably, suboptimal conditions may promote the prevalence of a pro-inflammatory MSC phenotype, while excessive concentrations can impact cell viability. In the context of Good Manufacturing Practice (GMP) for cell therapy product manufacturing, pretreatment strategies may also raise regulatory and licensing considerations. However, it is worth highlighting that licensed MSCs often represent the next Frontier in MSC-based therapies, particularly for addressing injuries associated with acute and sub-acute inflammation. Ongoing research continues to delve into the underlying biological processes and the development of safe and efficacious pretreatment approaches. Thus far, the findings have been exceedingly promising, offering significant prospects for advancing the field of regenerative medicine (Anton et al., 2012; François et al., 2012; Konno et al., 2013; Wu et al., 2013; Cao et al., 2015; Li and Hua, 2017; Guasti et al., 2018; Hu and Li, 2018; Qi et al., 2018; Zwick et al., 2018; Pittenger et al., 2019; Al-Ghadban and Bunnell, 2020; Mazini et al., 2020; Song et al., 2020; Bunnell BA, 2021; Chang and Nguyen, 2021; Brembilla et al., 2023; Szucs et al., 2023).
Our study evaluates the wound healing and skin regeneration capabilities of AD-MSCs, particularly in the context of highly inflamed environments, which can influence their expression profile. We hypothesize that the pretreatment of AD-MSCs may be vital to enhancing therapeutic efficacy. Our investigation aims to shed light on the molecular and cellular responses of AD-MSCs to inflammatory factors, specifically LPS, TNFα, IL1β, IFNγ, and PolyI:C. Our findings may contribute to developing more effective therapies where cell preconditioning is pivotal in augmenting therapeutic outcomes. Moreover, our experimental framework has the potential to assess patient-specific responses to inflammatory factors, aiding in the development of personalized therapeutic approaches.
2 MATERIALS AND METHODS
2.1 AD-MSC isolation
The collection of adipose tissue complied with the guidelines of the Helsinki Declaration, and it was approved by the National Public Health and Medical Officer Service (NPHMOS) and the National Medical Research Council (16821-6/2017/EÜIG, STEM-01/2017), which follows the EU Member States’ Directive 2004/23/EC on presumed written consent practice for tissue collection. Abdominal adipose tissues were removed from patients (Sex:2/3 F/M, Age: 50.2 ± 11.7 years), and the isolation was performed within 1 h after plastic surgery. A detailed description of the AD-MSC isolation protocol can be found in our previous article (Szucs et al., 2023).
2.2 Differentiation of adipose-tissue-derived mesenchymal stem cells
The differentiation potential of adipose-tissue-derived mesenchymal stem cells was verified by differentiating into adipocyte, chondrocyte, and osteocyte lines. They were cultured in a 24-well plate, 5 × 104 cells/well; after 24 h of incubation, the differentiation medium was added. The commercially available Gibco’s StemPro® Adipogenesis (A1007001), Osteogenesis (A1007201), and Chondrogenesis (A1007101) Differentiation Kits were applied according to the manufacturer’s guidelines (Gibco, Thermo Fisher Scientific, Waltham, MA United States). After 21 days of maintenance, the cells were fixed with 4% methanol-free formaldehyde (37,308, Molar Chemicals, Hungary) for 20 min at RT. Differentiation stages of AD-MSCs were validated using different dyes. For visualization of lipid-laden particles, Nile red staining (19,123, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was utilized, and Alizarin red staining (A5533, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was applied to show the mineral deposits during osteogenesis. Toluidine blue staining (89640-5G, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was wielded to label the chondrogenic mass.
2.3 Flow cytometry
The surface antigen expression pattern was characterized by three-color flow cytometry using fluorochrome-conjugated antibodies with isotype-matching controls. For the measurement of the fluorochrome signal, the BD FACSAriaTM Fusion II flow cytometer (BD Biosciences Immunocytometry Systems, Franklin Lakes, NJ, United States) was applied, and data were processed by Flowing Software (Cell Imaging Core, Turku Centre for Biotechnology, Finland).
2.4 Treatment of AD-MSC
The applied AD-MSC cells were derived from the abdominal adipose tissue of three different donors. In a T25 cm2 flask, 2.8 × 105 cells were seeded using the upkeeping cell culture media described above, and the cells were incubated for 24 h. Next, the cell culture media was changed for treatment; cells were treated with (A) LPS [100 ng/mL] (tlrl-peklps, ultrapure, Invivogen, San Diego, CA, United States), (B) TNFα [100 ng/mL] (300-01A, Peprotech, London, United Kingdom), (C) IL-1β [10 ng/mL] (200-01B, Peprotech, London, United Kingdom), (D) IFNу [10 ng/mL] (300-02, Peprotech, London, United Kingdom) or (E) PolyI:C [25 ng/mL] (tlrl-pic, Invivogen, San Diego, CA, United States). After adding inflammatory agents, the cells were maintained for 24 h under standard conditions (37°C, 5% CO2, untreated cells left as control). Upon 24-h treatment, the cells were collected and processed for RNA isolation.
2.5 RNA isolation for RNA-Sequencing
In the context of RNS sequencing, three biological replicates were employed, consistent with the methodology employed in our preceding investigations. The cells were collected, and the pellet was dissolved in 1 mL TRI Reagent® (TR118/200, Genbiotech Argentina, Bueno Aries, Argentina) and kept at −80°C for 24 h. After thawing, 200 µL chloroform (83,627.320, VWR, Radnor, PA, United States) was added to samples, and they were incubated at RT for 10 min after rigorous mixing. For phase separation, the samples were centrifuged at 13,400 g at 4°C for 20 min. The aqueous phase was measured into clean tubes, and 500 µL 2-propanol (SO-9352-B025, Molar Chemicals, Hungary) was added and mixed thoroughly. After this, the incubation and phase-separation steps were repeated. The supernatants were eliminated, and the pellets were washed with 750 µL 75% EtOH-DEPC. The samples were centrifuged at 7,500 g at 4°C for 5 min, then the supernatants were discarded, and the samples were dried at 45°C for 20 min. The pellets were suspended in RNase-free water and incubated at 55°C for 10 min. The concentration was measured using an IMPLEN N50 UV/Vis Nanophotometer (Implen GmbH, Munich, Germany), and RNA samples were stored at −80°C until use.
High-throughput mRNA sequencing analysis was implemented on the Illumina sequencing platform to achieve global transcriptome data. The total RNA sample quality was investigated using the Eukaryotic Total RNA Nano Kit according to the manufacturer’s guidelines on Agilent BioAnalyzer. Samples with an RNA integrity number (RIN) value >7 were accepted for the library preparation. RNA-Seq libraries were prepared from total RNA using the Ultra II RNA Sample Prep kit (New England BioLabs) according to the manufacturer’s protocol. In short, poly-A RNAs were captured by oligo-dT conjugated magnetic beads, and then mRNAs were eluted and fragmented at 94°C. First-strand cDNA was created by random priming reverse transcription; then, double-stranded cDNA was made in the second-strand synthesis step. After the reparation of ends, A-tailing and adapter ligation took place. The adapter-ligated fragments were amplified in enrichment PCR, and finally, sequencing libraries were produced. Sequencing runs were performed on the Illumina NextSeq 500 instrument, applying single-end 75-cycle sequencing.
2.6 Data analysis
Raw RNA-seq reads were fed into a pipeline to quantify reads mapping to each genomic feature. Quality control (QC) steps were built in at each step of the pipeline, and QC was carried out with FastQC and MultiQC. To remove low-quality bases, short reads, and adapters, Trimmomatic was used. We relied on Illumina’s “Considerations for RNA Seq read length and coverage” (https://knowledge.illumina.com/library-preparation/rna-library-prep/library-preparation-rna-library-prep-reference_material-list/000001243) to determine if the reads were appropriate for further analysis. The next step consisted of aligning the reads to the human genome (GRCh38) using Bowtie2, whereas samples with an alignment percentage over 90% were accepted. This was followed by read quantification using FeatureCounts, a highly efficient general-purpose read summarization program that counts mapped reads for genomic features such as genes, exons, promoters, gene bodies, genomic bins, and chromosomal locations. The resulting count’s table was used for further downstream analysis. For the methods of differential gene expression, PCA analysis, generating the heatmaps of the differentially expressed genes and the pre-selected pathways, and generating volcano plots, see previous article (Szucs et al., 2023). Pathway analysis was conducted using the ViSEAGO package (Brionne et al., 2019). The input for the analysis was a ranked gene list of the differentially expressed genes with p-value <0.05 and log2foldchange > |1|. Functional Gene Ontology enrichment was performed with the fgsea package (Korotkevich et al., 2021) using the ViSEAGOrunfgsea command with the “fgseaMultilevel” method (parameters: scoreType = “std”, minSize = 5). Enrichment results were merged (Supplementary Table S1), and semantic similarity measures were made using Wang distance measures, which are based on graph topology. The clustering of the enrichment results was based on the Ward D2 method, and the dendrogram was split into 20 categories (Yu et al., 2010). The heatmap showing these results was made with the ComplexHetamap package (Gu et al., 2016).
2.7 Quanterix multi-plex ELISA
For the cytokine assay, we used the Quanterix SP-X digital biomarker analyzer (Quanterix). The system detected simultaneously 10 cytokines in a multiplex assay with Simoa Corplex Cytokine Panel 1 10-Plex Kit (REF: 85-0329, Quanterix). The assay was performed according to the manufacturer’s protocol. Supernatants were thawed, centrifuged, and 4-times diluted with assay diluent. Calibration standards were prepared freshly and measured in triplicates samples in duplicates. After the measurement, results were analyzed and visualized in GraphPad.
2.8 In vitro scratch assay
AD-MSC cells from three donors were collected and counted using an EVE automatic cell counter (NanoEntek, Hwaseong, Republic of Korea). The in vitro scratch assay measures the cell proliferation and migration. The required 1.5×104 cells per well seeded in E-Plate WOUND 96 plates (REF: 300,600,970, Agilent/BioTek, Santa Clara, CA, United States) in maintenance media. The cells were cultured for 24 h under standard conditions (37°C, 5% CO2), and then the protocol was separated into two different directions. (I.) Upon 24 h incubation, the scratch was created, and the media was changed immediately to media containing inflammatory agents. It is followed by 48 h of impedance measurement by xCELLigence Real-Time Cell Analyzer (RTCA) device (Agilent/BioTek, Santa Clara, CA, United States). (II.) After 24 h incubation, the media was replaced with media containing inflammatory agents, and the cells were incubated 24 h under standard conditions; then, the scratch was made, and the media was changed immediately to agents-free upkeeping media, followed by 48 h impedance measurement. The scratches were generated using the AccuWound 96 Scratch Tool (Agilent/BioTek, Santa Clara, CA, United States) wound-making device.
2.9 RNA isolation and real-time PCR
Upon inflammation-inducing treatments (described above), the Macherey-Nagel NucleoSpin RNA Mini kit (740,955.250, Dueren, Germany) was applied according to the manufacturer’s instructions. All work with RNA and cDNA samples was performed in BioSan UVT-B-AR DNA/RNA UV-Cleaner box (Riga, Latvia). After RNA was extracted and their quality and quantity were verified by IMPLEN N50 UV/Vis nanophotometer, the cDNA synthesis was performed using High-Capacity cDNA Reverse Transcription Kit (4,368,813, Applied Biosystems™, Thermo Fisher Scientific, Waltham, MA, United States) according to the protocol of the manufacturer. Analytik Jena qTOWER3 G Touch Real-Time Thermal Cycler (Jena, Germany) was utilized for reverse transcription.
2.10 qPCR
The Xceed qPCR Probe 2x Mix No-ROX kit (NPCR10502L, Institute of Applied Biotechnologies, Prague, Czech Republic) and TaqMan probes (4,331,182, 250 rxns, FAM-MGB, Thermo Fisher Scientific, Waltham, MA, United States) were used for quantitative PCR. Three biological and three technical replicates were applied in all cases, and data were analyzed by 2−ΔΔCT method. The protocol was executed according to the manufacturer’s instructions.
2.11 ELISA
For measurement of cytokine/chemokine levels in cells upon inflammation induction, the Human IL-6 ELISA set (555220), Human IL-8 ELISA set (555244), Human IP-10 ELISA set (550926), and Reagent Set B (550534) were applied from BD OptEIA™ (BD Biosciences, Franklin Lakes, NJ, United States) according to the guidelines of the manufacturer.
2.12 Cytotoxic effect of inflammatory agents on AD-MSCs
To measure the cytotoxicity of the given treatment, the Cytotoxicity Detection Kit (LDH) (REF: 11644793001, Roche, Basel, Switzerland) was applied according to the manufacturer’s instructions. Cell supernatants were collected upon 24 h of inflammation induction (described above), and the colorimetric absorbance measurement was executed by Synergy HTX multiplate reader (Agilent/BioTek, Santa Clara, CA, United States) on 490 nm, reference wavelength was 620 nm.
2.13 Cell proliferation and metabolism
Effects on proliferation were measured with BrdU Cell Proliferation ELISA Kit (Ref: 11647229001, Roche, Basel, Switzerland). The thymidine analog 5-bromo-2′-deoxyuridine (BrdU) is incorporated into the DNA, thus allowing the determination of the inhibitory or stimulatory effect on the proliferation of the activator molecules. 1,5 × 104 cells per well were seeded into a 96-well plate. The inflammatory environment was simulated with the materials and concentrations mentioned above. The treatment lasted 24 h, and the assays were performed according to the manufacturer’s protocol. Measurement was performed on Synergy HTX multiplate reader (Agilent/BioTek, Santa Clara, CA, United States) at 550 nm, with reference at 650 nm for MTT assay, on 450 nm, with reference at 690 nm.
Changes in metabolism due to an inflammatory environment were examined by Cell Proliferation Kit (MTT) (Ref: 11465007001, Roche, Basel, Switzerland) according to the manufacturer’s guidelines. The bioreduction of tetrazolium salt to formazan gives information about cellular metabolism and viability. 1.5 × 104 cells per well were seeded into a 96-well plate, then the cells were incubated for 24 h under standard conditions (37°C, 5% CO2). Next, the 24 h induction of inflammation was taken place (described above), and the colorimetric absorbance measurement was carried out by Synergy HTX multiplate reader (Agilent/BioTek, Santa Clara, CA, United States) on 550 nm, reference wavelength was 650 nm.
3 RESULTS
3.1 Overall transcriptomic profile of treated cells
The Venn diagrams illustrate the extensive impact of the treatments on gene expression, revealing both upregulation and downregulation of numerous genes, along with significant intersections (Figure 1A). Specifically, the treatments exhibited downregulation of genes as follows: LPS (104 genes), TNF-α (87 genes), IL-1β (50 genes), IFN-γ (56 genes), and PolyI:C (83 genes), with a collective influence on 25 shared genes. Conversely, the treatments led to the upregulation of multiple genes: LPS (14 genes), TNF-α (34 genes), IL-1β (26 genes), IFN-γ (38 genes), and PolyI:C (14 genes), with a common effect observed in 109 genes. These findings underscore the intricate and multifaceted impact of the treatments on the transcriptomic profile, revealing both shared and unique regulatory responses across the treated conditions. The Volcano plot illustrates extensive alterations in gene expression induced by the treatments, encompassing up and downregulation of genes’ expression (Figure 1B). Notably, among the top 10 most significantly altered genes, a majority exhibition.
[image: Figure 1]FIGURE 1 | Representation of down- and upregulated DEGs after pro-inflammatory treatment compared to the control condition, (A) Venn diagrams illustrating overlapping gene numbers between the treatments, and Volcano plots (B) depicting the most significantly altered genes, where p adjusted < 0.05 are shown in red, significantly downregulated genes p adjusted < 0.05 are shown in blue.
3.2 ViSEAGO and clustered pathways
The heatmap generated through ViSEAGO analysis delineates treatments into two primary clusters, with PolyI:C, TNF-α, and IFN-γ forming one cluster and IL-1β and LPS constituting the other (Figure 2A). There is a difference between the two groups in defense and immune response, signal transduction, chemotaxis, cellular response to chemical stimulus, biological regulation, and T-cell activation. They have common effects on organelle organization, mitotic cell cycle, primary metabolic process, DNA repair, system development, ion transmembrane transport, lipid transport, cellular process, meiotic cell cycle, and cell cycle regulation.
[image: Figure 2]FIGURE 2 | (A) Display of clustered pathways heatmap generated by ViSEAGO. The different colors represent uniform groups, including several pathways and biological processes (B) The UpSet plots visually represent the gene intersections within various pathways in the AD-MSC following treatment with pro-inflammatory agents. The vertical bars highlight the number of shared genes, denoting the intersection size, among specific pathway sets, indicated by bottom-filled connected circles.
The treatments exert distinct effects on multiple pathways: LPS impacts two pathways, TNFα influences eight pathways, IL-1β affects one pathway, IFN-γ modulates three pathways, and PolyI:C impacts five pathways (Figure 2B). This differential influence on various molecular pathways underscores the complexity of the treatments’ interactions with cellular processes. The treatments also elicit shared alterations in multiple pathways. Specifically, LPS and TNFα affect four common pathways, while IFNγ and PolyI:C induce changes in three overlapping pathways. Additionally, LPS and IFN-γ influence one common pathway, as do LPS and PolyI:C, and TNFα and PolyI:C. Notably, the combined treatment of LPS, TNFα, and PolyI:C results in concurrent modifications in three pathways, whereas the combination of LPS, TNFα, and IL-1β influences one shared pathway. Furthermore, TNFα, IFNγ, and PolyI:C collectively impact one common pathway. Lastly, the joint influence of LPS, TNFα, IL-1β, and PolyI:C is reflected in alterations in 14 pathways, emphasizing the intricate interplay of these treatments in affecting cellular processes.
Our transcriptomic dataset has been visualized through a series of heatmaps, categorized based on predefined pathways (Figure 3). Across all heatmaps, the distinction is evident between the transcriptional patterns of treated and control samples, albeit with notable inter-donor variations. This dataset is an illustrative exemplar of the diverse cellular responses induced by treatments, each reflecting the unique molecular landscape of individual patients. Notably, genes modulated by TNF-α and IFN-γ in the angiogenesis pathway heatmap tend to cluster together. In the context of cell cycle and cell division pathways, TNF-α, IL-1β, and PolyI:C appear to share analogous effects, whereas IFN-γ delineates a distinct grouping. Regarding stem cell differentiation, the impact of LPS and IL-1β aligns closely with that of the control group. TNF-α exhibits similarity with PolyI:C and IFN-γ manifests as an independent cluster.
[image: Figure 3]FIGURE 3 | Clustered heatmaps depicting various processes: (A) Cell cycle, (B) Cell division, (C) Angiogenesis, (D) Stem cell differentiation, (E) Wound healing, and (F) Tissue regeneration. These biological processes are crucial for AD-MSC tissue regeneration, healing, and immunomodulation of the microenvironment.
Furthermore, the heatmap of tissue regeneration reveals that LPS and IL-1β treatments display comparable profiles to the control group, whereas TNF-α delineates discrete gene clusters. LPS and IL-1β treatments diverge from the control group in wound healing pathways, whereas TNF-α, IFN-γ, and PolyI:C treatments segregate into distinct clusters. These observations highlight the nuanced and pathway-specific effects of the treatments on cellular responses, underlining the complexity of treatment outcomes across diverse biological contexts.
3.3 Perform cellular characterization and evaluate the safety of treatment
Primary cell cultures were maintained, and their differentiation potential was assessed. Remarkably, these cells demonstrated tri-lineage differentiation capacity, encompassing adipogenic, chondrogenic, and osteogenic lineages (Supplementary Figure S1). This differentiation was verified through microscopic examination of distinct cell type-specific features, reinforcing the suitability of these cultures as a valuable model for our study. The FACS analysis revealed crucial cell characteristics and verified their mesenchymal origin, bolstering their identity and facilitating further exploration of their unique traits and functions in our study [data not shown; see previous article by (12)]. Cytotoxicity and viability tests showed that the cells did not receive a cytotoxic amount of inflammatory agents, and their metabolism and viability were preserved during treatment, underscoring the safety and potential therapeutic relevance of the administered agents in cellular health and function (Figure 4).
[image: Figure 4]FIGURE 4 | Assessment of metabolic and proliferation activity of treated AD-MSCs (A) The metabolic activity of the treated cells was detected by MTT assay. There is no significant change compared to the control. (B) BrdU incorporation indicated the proliferative capacity of cells, which was not significantly affected by treatments. (C) Cell viability was not affected by any treatments, indicating that our results were not caused by dead cells. (N = 3 donors, each measurement performed in triplicates).
3.4 Influence of treatments on the cell proliferation and migration
The cell proliferation and migration assay utilized impedance measurements to assess the rate of cell migration during wound closure in treated samples relative to a control group after the injury. Two experimental conditions were examined: one where the wound was introduced before treatment (Figure 5A) and another where treatment preceded wound induction (Figure 5B). In both cases, distinct variations in wound closure dynamics were evident between cells subjected to IL-1β treatment and the control group. Specifically, when applied before wound initiation, IL-1β significantly hastened wound closure, whereas its post-wound application decelerated the process.
[image: Figure 5]FIGURE 5 | The bar charts and diagrams show the results of the cell proliferation and migration studies with two visualized layouts. The impedance-based method measured the re-population of the direct wound size. (A) “treatment before scratch”, which is intended to model that the wound is initially in an inflammatory environment, and (B) “treatment after scratch”, which is designed to model an infected wound. Both of these cases have a clinical manifestation in chronic non-healing wounds and, e.g., infectious wounds associated with diabetes.
3.5 Gene and protein expression analysis by qPCR and ELISA
The quantitative polymerase chain reaction (qPCR) analysis results unveiled distinct gene expression patterns in response to various treatments (Figure 6). Notably, CXCL-8 demonstrated a robust upregulation in response to all treatments, with a marked increase following exposure to LPS, TNFα, and IL-1β. Conversely, both NAGS and STAT6 exhibited consistent downregulation across all treatment conditions. Interestingly, while TNFα treatment had no appreciable effect on IL-6 expression, the other administered treatments induced a significant reduction in IL-6 mRNA levels.
[image: Figure 6]FIGURE 6 | Gene expression analysis through qPCR reveals the fold change in various genes following treatments.
Furthermore, CXCL-10 displayed an elevated expression profile in response to TNFα treatment and a modest increase following IFNγ exposure. Conversely, ASGR1 exhibited a notable decrease in expression levels following treatment with LPS, TNFα, and IFNγ, while it demonstrated an elevation in response to IL1β and PolyI:C. In the case of ICAM1, its expression slightly increased following TNFα treatment, but conversely, it experienced a decrease when subjected to all other treatments.
At the protein level, noteworthy distinctions emerge (Figure 7A). Specifically, the treatments with LPS, TNFα, and IL-1β resulted in a notable upsurge in IL-6 levels, whereas IFNγ and Poly I:C treatments led to a discernible reduction in IL-6 protein concentrations. CXCL-8 exhibited an augmentation in response to LPS and TNFα treatments, contrasted by a diminishment observed following the remaining treatment regimens. Interestingly, CXCL-10 demonstrated an elevation in protein levels across all administered treatments, with particularly significant peaks observed following TNFα and IFNγ treatments. The multiplex ELISA findings reveal notable changes in the IFNγ, IL-5, IL-12p70, and IL-22 levels. Specifically, IL-5, IL-12p70, and IL-22 significantly increased following IL-1β treatment (Figure 7B).
[image: Figure 7]FIGURE 7 | (A) Visual representation of ELISA results and (B) presentation of Quanterix findings.
4 DISCUSSION
Mesenchymal stem cells (MSCs) are crucial in various immunological processes. They actively regulate their microenvironment and influence the differentiation of different cells, including immune cells, by producing cytokines and growth factors (Saparov et al., 2016). In their basal state, MSCs exhibit antiangiogenic properties. The immunomodulatory effectiveness of MSCs is contingent upon the nature and intensity of inflammatory signals received, such as interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), and Toll-like receptor (TLR)-mediated activation. Under specific inflammatory stimuli (IFN-γ, TNF-α, TLR-mediated activation), MSCs transform, becoming antiapoptotic, proangiogenic, and immunosuppressive (Meisel et al., 2004; Krampera et al., 2006; Ghannam et al., 2010; Saparov et al., 2016; Vereb et al., 2020). They contribute to inflammation reduction through the secretion of factors like interleukin-6 (IL-6), indoleamine 2,3-dioxygenase (IDO), HLA G5 (human leukocyte antigen G5), interleukin-10 (IL-10), transforming growth factor beta-1 (TGFb1), hepatocyte growth factor (HGF), HOX-1, IL-1Ra (IL-1 receptor antagonist), prostaglandin E2 (PGE2), and through cell-cell contact (Bartholomew et al., 2002; Meisel et al., 2004; Aggarwal SP and Pittenger, 2005; Saparov et al., 2016). The immunomodulatory potential of MSCs thus hinges on their response to specific inflammatory cues (Renner et al., 2009; Li et al., 2012). Mesenchymal stem cells (MSCs) actively produce a diverse array of chemokines and adhesion molecules, including ligands for CXC chemokine receptor 3 (CXCR3), C-C chemokine receptor type 5 (CCR5), intercellular adhesion molecule 1 (ICAM-1/CD54), and vascular cell adhesion molecule 1 (VCAM-1) (Vereb et al., 2016; Vereb et al., 2020). The pronounced expression of CXCR3 in effector and memory T cells underscores the pivotal significance of MSC-generated chemokines, particularly CXCL9 (chemokine ligand 9), CXCL10 (chemokine ligand 10), and CXCL11 (chemokine ligand 11). These chemokines play a critical role in orchestrating the recruitment of lymphocytes to the site of tissue damage, thereby ensuring optimal functionality of immunosuppression (Crop et al., 2010; Wang et al., 2014; Saparov et al., 2016). The ability of MSCs to influence the immune system and the effects are intricately tied to variables such as the tissue origin (whether from fat, bone marrow, etc.), the specific microenvironment they inhabit, and the nature of their interactions with other cellular partners. The role of adipose-derived mesenchymal stem cells (AD-MSCs) in wound healing is a subject of considerable significance. These cells exhibit a wide array of regenerative, anti-apoptotic, antifibrotic, anti-oxidative, and immunomodulatory properties, rendering them invaluable for therapeutic applications, particularly in wound healing (Neuss et al., 2004; Fu et al., 2009; DelaRosa and Lombardo, 2010; Trayhurn et al., 2011; Shohara et al., 2012; Konno et al., 2013; Cao et al., 2015; Ti et al., 2015; Furuta et al., 2016; Carelli et al., 2018; Feldbrin et al., 2018; Mushahary et al., 2018; Ridiandries et al., 2018; Sahu et al., 2019; Al-Ghadban and Bunnell, 2020; Kuca-Warnawin et al., 2020; Kurte et al., 2020; Munir et al., 2020; Xiao et al., 2020; Bunnell BA, 2021; Krampera and Le Blanc, 2021; Nieto-Nicolau et al., 2021; Krawczenko and Klimczak, 2022; Skibber et al., 2022; Wiese et al., 2022; Cheng et al., 2023; Huerta et al., 2023).
Moreover, the secretome of AD-MSCs, the array of substy release, has positively affected various diseases. Research has focused on the impact of priming or pre-conditioning AD-MSCs with pro-inflammatory cytokines, such as interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNFα), on their immunomodulatory capabilities. This treatment enhances their potential to suppress the immune response by upregulating specific genes associated with signaling proteins, immune molecules, and cell surface markers (Heo et al., 2011; Konno et al., 2013; Cao et al., 2015; Saparov et al., 2016; Chinnadurai et al., 2017; Carvalho et al., 2019; Al-Ghadban and Bunnell, 2020; Bunnell BA, 2021). However, the precise balance between immunosuppressive and pro-inflammatory effects remains an area of ongoing exploration. Mesenchymal stem cell (MSC) therapy has experienced substantial growth over the last two decades, with over 1,000 trials conducted.
Nevertheless, only a tiny fraction has progressed to industry-sponsored phase III trials, primarily due to the relative novelty of this field. Challenges persist in optimizing cell quantity delivery methods and comprehending the importance of MSC localization at the injury site. Licensing AD-MSCs with IFN-γ is suggested to enhance their immunomodulatory potential, with clinical experiences showing potential for treating immune-related diseases (Waterman et al., 2010; Heo et al., 2011; Konno et al., 2013; Cao et al., 2015; Saparov et al., 2016; Chinnadurai et al., 2017; Hu and Li, 2018; Carvalho et al., 2019; Al-Ghadban and Bunnell, 2020; Bunnell BA, 2021; Lu and Qiao, 2021). Immunoglobulin kappa chains in various cancer cell types have also garnered attention in recent studies (Chen et al., 2009; Zhao et al., 2021). These investigations underscore the significance of key proteins like RAG1, RAG2, and AID, which are pivotal for immunoglobulin production and rearrangement (Zhao et al., 2021). Although emerging evidence suggests a potential role of immunoglobulin expression in promoting cancer cell growth, the functional consequences remain unclear. Given the vital roles of immunoglobulins in human physiology and disease management, in-depth research is crucial to uncover their multifaceted functions, particularly in cancer etiology and therapeutic strategies. In conclusion, these studies collectively emphasize the importance of AD-MSCs in wound healing, their licensing with pro-inflammatory cytokines, and the intriguing role of immunoglobulins in various cellular contexts, particularly in cancer. Ongoing research holds promise for further advancements in regenerative medicine and cancer biology (Chen et al., 2009; Zhao et al., 2021).
The immense potential of adipose-derived mesenchymal stem cells (AD-MSCs) in regenerative medicine is undeniable. Their regenerative, anti-apoptotic, antifibrotic, anti-oxidative, and immunomodulatory qualities offer substantial promise for clinical therapy (DelaRosa and Lombardo, 2010; Konno et al., 2013; Cao et al., 2015; Carelli et al., 2018; Qi et al., 2018; Pittenger et al., 2019; Song et al., 2020; Bunnell BA, 2021; Szucs et al., 2023). Additionally, our evolving comprehension of AD-MSCs has unveiled the dynamic role played by their secretome and the substances they release (Trayhurn et al., 2011). This secretome can be customized through specific pretreatments, enhancing its therapeutic adaptability. Investigations into the paracrine effects of AD-MSCs have yielded compelling findings. For instance, pre-conditioning AD-MSCs with tumor necrosis factor-alpha (TNFα) and applying their secretome to cutaneous wounds in rats has remarkably expedited wound healing, proliferation, angiogenesis, epithelialization, and macrophage recruitment (Heo et al., 2011; Saparov et al., 2016). Notably, pro-inflammatory cytokines like IL-6 and IL-8 have been recognized as contributors to this acceleration (Saparov et al., 2016; Heo et al., 2011) Similarly, AD-MSCs subjected to pre-treatment with lipopolysaccharides (LPS) have demonstrated their potential in promoting wound healing and angiogenesis, coupled with an increased release of growth factors associated with tissue regeneration and immune responses (Wang et al., 2022). AD-MSCs have showcased their immunomodulatory capabilities in a mouse model of atopic dermatitis, effectively suppressing B-lymphocyte proliferation and maturation (Shin et al., 2017). These promising findings underscore the diverse applications of AD-MSCs and their secretome in regenerative medicine. The varying roles of cytokines, the impact of factors such as MMP-9 and MMP-8 on wound healing, and identifying potential therapeutic targets collectively enrich the landscape of AD-MSC therapy. The intricate interplay of these elements highlights their critical significance in advancing regenerative medicine (Chang and Nguyen, 2021). Croitoru-Lamoury and others explored how the proinflammatory cytokines TNF-α and IFN-γ influence the gene expression of chemokines and their receptors in human mesenchymal stem cells (HuMSCs). HuMSCs were exposed to TNF-α, IFN-γ, or a combination of both for up to 72 h, and gene expression was examined using RT-PCR at various time points (Croitoru-Lamoury et al., 2007). The findings revealed that TNF-α increased the expression of the receptor CXCR4, while both TNF-α and IFN-γ boosted the gene transcription of multiple chemokines (CCL2/MCP-1, CCL3/MIP-1α, CCL4/MIP-1β, CCL5/RANTES, CXCL8/IL-8, CXCL10/IP-10) and cytokines (IL-1β and IL-6). IFN-γ specifically heightened the gene expression of specific chemokines (CXCL9/MIG, CX3CL1/fractalkine) and IL-6. Notably, the combined treatment of TNF-α and IFN-γ synergistically increased the expression of several genes, including CCL3/MIP-1α, CCL4/MIP-1β, CCL5/RANTES, CXCL9/MIG, CXCL10/IP-10, CX3CL1/fractalkine, IL-1β, and IL-6 (Croitoru-Lamoury et al., 2007). One of the most important anti-inflammatory cytokines is IL-10. MSCs can act on macrophages or dendritic cells to produce IL-10, but whether or not MSCs can secret IL-10 by themselves is still controversial (Yagi et al., 2010).
In a very comprehensive and detailed comparative study, it has been demonstrated that MSC from various tissues secreted MCP-1, IL-8, VEGF, IL-6, IL-5, IFNy, and MIP-1β influenced by the age of the culture (Croitoru-Lamoury et al., 2007). In the studies, MSCs from different tissues were tested without treatment, where it was found that fat-derived MSCs secrete the highest levels of IL-6. The pro-inflammatory cytokines TNF-α, IL-2, IL-9, and IL-17, expressed in the supernatant, were associated with myogenic differentiation (Croitoru-Lamoury et al., 2007). The collaborative application of IFN-γ and TNF-α significantly amplifies MSCs’ ability to produce factor H, a pivotal molecule crucial for impeding complement activation (Tu et al., 2010; Saparov et al., 2016). Similar to our result, IL-1b induced TNF-α, IL-6, IL-8, IL-23A, CCL5, CCL20, CXCL10, CXCL11 cytokine secretion along with increased expression of adhesion molecules (VCAM-1, ICAM-1, ICAM-4) (Saparov et al., 2016). When MSC was subjected to multi-cytokine priming involving TNF-α, IL-1β, and IFN-γ, the presence of IL-1β further amplified the well-established immunoregulatory activity initiated by TNF-α/IFN-γ (Hackel et al., 2021). Prolonged treatment of TNFa resulted in similar gene expression and cytokine secretion (IL-4, IL-8, IL6, and IL10 to our findings (Lee et al., 2010; Ting et al., 2021).
However, how these treatments affect the real wound healing ability was not tested. TLR receptors are one of the most ancient components of defense against pathogens and innate immunity. Tests with LPS (TLR4) and PolyI:C (TLR3) showed that MSC lifted their IL-6 and IL-8 expression (Fuenzalida et al., 2016; Park et al., 2016; Vereb et al., 2016; Vereb et al., 2020; Szucs et al., 2023), and the TLR3 manifest a more potent immunosuppressive phenotype (Fuenzalida et al., 2016; Park et al., 2016).
In summary, AD-MSCs have emerged as formidable allies in pursuing effective treatments for non-healing, chronic, and inflamed wounds, even in prolonged inflammation. While these diverse treatments may activate distinct pathways, their cumulative potential in fostering tissue healing, remodeling the extracellular matrix, and promoting regeneration within clinical settings is undeniably remarkable (Hu and Li, 2018; Naji et al., 2019; Pittenger et al., 2019; Mazini et al., 2020; Szucs et al., 2023).
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Mesenchymal stromal/stem cells (MSCs) are a heterogeneous population of multipotent cells that can be obtained from various tissues, such as dental pulp, adipose tissue, bone marrow and placenta. MSCs have gained importance in the field of regenerative medicine because of their promising role in cell therapy and their regulatory abilities in tissue repair and regeneration. However, a better characterization of these cells and their products is necessary to further potentiate their clinical application. In this study, we used unbiased high-resolution mass spectrometry-based proteomic analysis to investigate the impact of distinct priming strategies, such as hypoxia and IFN-γ treatment, on the composition and therapeutic functionality of the secretome produced by MSCs derived from the amniotic membrane of the human placenta (hAMSCs). Our investigation revealed that both types of priming improved the therapeutic efficacy of hAMSCs, and these improvements were related to the secretion of functional factors present in the conditioned medium (CM) and exosomes (EXOs), which play crucial roles in mediating the paracrine effects of MSCs. In particular, hypoxia was able to induce a pro-angiogenic, innate immune response-activating, and tissue-regenerative hAMSC phenotype, as highlighted by the elevated production of regulatory factors such as VEGFA, PDGFRB, ANGPTL4, ENG, GRO-γ, IL8, and GRO-α. IFN-γ priming, instead, led to an immunosuppressive profile in hAMSCs, as indicated by increased levels of TGFB1, ANXA1, THBS1, HOMER2, GRN, TOLLIP and MCP-1. Functional assays validated the increased angiogenic properties of hypoxic hAMSCs and the enhanced immunosuppressive activity of IFN-γ-treated hAMSCs. This study extends beyond the direct priming effects on hAMSCs, demonstrating that hypoxia and IFN-γ can influence the functional characteristics of hAMSC-derived secretomes, which, in turn, orchestrate the production of functional factors by peripheral blood cells. This research provides valuable insights into the optimization of MSC-based therapies by systematically assessing and comparing the priming type-specific functional features of hAMSCs. These findings highlight new strategies for enhancing the therapeutic efficacy of MSCs, particularly in the context of multifactorial diseases, paving the way for the use of hAMSC-derived products in clinical practice.
Keywords: placenta-derived mesenchymal stromal/stem cells, MSC priming, IFN-γ priming, hypoxia priming, proteomic analysis, MSC therapeutic properties, MSC paracrine effects
1 INTRODUCTION
Mesenchymal stromal/stem cells (MSCs) are a heterogeneous population of multipotent cells that can be isolated from various adult or neonatal tissues, including dental pulp, adipose tissue, bone marrow, umbilical cord and placenta, among others (Parolini et al., 2008; Hass et al., 2011; Burja et al., 2020). These cells play a physiological role in tissue repair and regeneration due to their inherent regulatory abilities (Jackson et al., 2012; Morrison and Scadden, 2014; Wosczyna et al., 2019; Miceli et al., 2020; Schmelzer et al., 2020; Lo Nigro et al., 2021), and therefore have been widely explored as promising candidates for therapeutic applications within the field of regenerative medicine (Iijima et al., 2018; Chinnici et al., 2021; Cittadini et al., 2022; Margiana et al., 2022; Miceli and Bertani, 2022; Miceli et al., 2023a; Miceli et al., 2023b; Russo et al., 2023b). Over the years, scientific evidence has highlighted that the therapeutic effects of MSCs are, at least in part, mediated by the secretion of paracrine functional factors and/or biovesicles, including cytokines, chemokines, growth factors, and extracellular vesicles (EVs) such as exosomes (EXOs) (Caplan and Dennis, 2006; Miceli et al., 2021b; Papait et al., 2022; Miceli et al., 2023b; Cui et al., 2023). Consequently, considering the role of paracrine activity in the beneficial effects of MSCs, there is growing interest in elucidating the molecular mechanisms underlying MSC secretion, as this process is crucial for their therapeutic efficacy. Notably, EXOs represent a fundamental functional component of the secretome that is responsible for mediating the paracrine effects of MSCs (Takeuchi et al., 2021; Alberti et al., 2022; Russo et al., 2023a; Bulati et al., 2023). In this case, it is very important to analyze the EXO fraction to characterize its contents and establish its functional role in the context of the MSC secretome.
The examination of MSC secretome features has become fundamental, especially considering the variability in therapeutic outcomes observed in clinical trials where MSCs were used to treat a wide range of diseases, including orthopedic, neurodegenerative, cardiovascular, lung, liver, and kidney diseases (Chen et al., 2023) (as evidenced by 1613 registered clinical trials on clinicaltrials.gov; 03 February 2024). In fact, many studies have previously shown that although MSC-based therapies have demonstrated good safety and tolerability profiles (Wang Y. et al., 2021; Uccelli et al., 2021), their effectiveness varies significantly, often resulting in minimal or no discernible effects (Squillaro et al., 2016; Lukomska et al., 2019; Fricova et al., 2020; Zhou et al., 2021). The different therapeutic outcomes have been linked to the high degree of heterogeneity that characterizes MSCs. In recent years, many findings have associated this observed MSC heterogeneity with both intrinsic biological aspects, such as differences in tissue origin and donor-to-donor variation in MSC function (McLeod and Mauck, 2017; Zha et al., 2021), and technical aspects, such as differences in the harvesting and culturing laboratory methods required for MSC expansion before clinical application (Stroncek et al., 2020; Wang Y. H. et al., 2021). Both cell sources and surface markers have proven to be unreliable as indicators of MSC therapeutic success (Robey, 2017). In this regard, however, the International Society for Cell and Gene Therapy (ISCT) recommend that the definition of MSCs be integrated with their tissue origin to underscore the tissue-specific properties of MSCs, which might be linked to expected therapeutic actions (Viswanathan et al., 2019). Several studies have suggested that MSCs isolated from different tissues exhibit distinct phenotypes and functional properties (Melief et al., 2013; Phinney and Sensebe, 2013). This heterogeneity has led some research groups to carefully characterize the MSC secretome in terms of trophic (Hofer and Tuan, 2016), immunomodulatory (Munoz-Perez et al., 2021), and pro-angiogenic factors (Maacha et al., 2020). In particular, quantitative proteomic analyses have revealed functional disparities between the secretomes of MSCs derived from fetal and adult skin (Gaetani et al., 2018). Additionally, using liquid chromatography-tandem mass spectrometry, variable angiogenic potential has been demonstrated between the secretomes of MSCs derived from adipose tissue, bone marrow, and Wharton’s jelly (Kehl et al., 2019). These recent findings reveal that MSCs isolated from diverse tissue sources possess distinct proteomic and functional traits and underscore the challenge of establishing consistent conclusions regarding the true therapeutic efficacy of MSCs.
To address these issues, many studies have focused on the concept of preconditioning MSCs (MSC priming) before their clinical use as a possible strategy to enhance and modulate the beneficial therapeutic properties of MSCs. In this regard, different stimuli and culture conditions, such as hypoxia exposure, cytokine treatments and 3D culture conditions have been used to direct MSCs toward specific immunomodulatory or trophic effects, thereby augmenting their regenerative potential (Ferreira et al., 2018; Miceli et al., 2019; Gallo et al., 2022). Several studies have shown that specific priming strategies at different stages of MSC production can modify the MSC secretome (Miceli et al., 2020; Miceli et al., 2021a; Zito et al., 2022; Bulati et al., 2023; Chouaib et al., 2023), emphasizing the potential role of the preconditioning strategy in the standardization of this approach (Dunn et al., 2021; Miceli et al., 2023b; Chouaib et al., 2023). For instance, IFN-γ has been employed as a crucial activator of MSC-mediated immunosuppression by upregulating the production of indoleamine 2,3-dioxygenase 1 (IDO), prostaglandin E synthase 2 (PGE2), interleukin 10 (IL10), and CCL4 (MIP1B) (Kim et al., 2018; Bulati et al., 2020). Preclinical studies have also demonstrated that IFN-γ-primed MSCs exhibit greater efficacy than naïve cells in various immune-related disease models (Duijvestein et al., 2011; Kanai et al., 2021). As anticipated, the composition of the MSC secretome can also be modulated by preconditioning MSCs under hypoxia. In this regard, in both in vitro and in vivo models, it has been revealed that when MSCs are exposed to temporary hypoxia, mimicking the stem cell niche microenvironment, they undergo genetic transcription changes that lead to an increase in cytoprotective and regenerative abilities, along with improved angiogenic properties (Leroux et al., 2010; Wei et al., 2012; Hu et al., 2016).
In this study, using MSCs derived from the amniotic membrane of the human placenta (hAMSCs), we aim to characterize the hAMSC secretome by evaluating both secreted and exosomal proteins. Our goals are to comprehensively investigate the impact of IFN-γ or hypoxia priming on hAMSCs and to systematically assess and compare priming type-specific functional features.
2 MATERIALS AND METHODS
2.1 Isolation, culture and phenotypic characterization of amnion-derived mesenchymal stromal/stem cells
To obtain MSCs, written informed consent was obtained from each donor, and the procedure was approved by IRCCS ISMETT’s Institutional Research Review Board (IRRB, code: IRRB/39/20). MSCs were isolated from the amniotic membrane of the human term placenta (38–40 weeks of gestation) of healthy donors within 6 h of birth. The amnion was mechanically separated from the chorion and washed several times in phosphate-buffered saline (PBS). The amniotic membrane was then cut into pieces of 3 × 3 cm2 and each piece was decontaminated via incubation in PBS supplemented with 2.5% iodopovidone (Esoform, Italy) for a few seconds, followed by incubation in PBS containing 500 U/mL penicillin, 500 mg/mL streptomycin, 12.5 mg/mL amphotericin B, and 1.87 mg/mL cefamezin (Pfizer, Italy) for 3 min and subsequent incubation in PBS containing 100 U/mL penicillin and 100 mg/mL streptomycin for 5 min. Decontaminated fragments were treated for 9 min at 37°C in hanks’ balanced salt solution (HBSS) (Lonza, CH) containing 2.5 U/mL dispase (Corning, NY, United States). To neutralize the dispase, the fragments were incubated for 5 min at room temperature in roswell park memorial institute (RPMI) 1640 complete medium (Invitrogen, United States) supplemented with 10% fetal bovine serum (FBS) (HyClone, United States) and then digested with 0.94 mg/mL collagenase A (Roche, Germany) and 20 mg/mL DNase (Roche, Germany) for 2.5 h at 37°C. The digest was successively filtered through 100 μm and 70 μm cell strainers (BD Falcon, United States), pelleted by centrifugation at 150–300 g for 10 min, and resuspended in RPMI 1640 complete medium (Invitrogen, United States) supplemented with 10% FBS for cell counting. The cells obtained were cultured in polystyrene culture dishes (Corning, NY, United States) at 37°C and 5% CO2 in Chang medium (Irvine Scientific, United States) for the first step and expansion. For phenotypic characterization, hAMSCs were first washed twice with FACS buffer (PBS containing 0.3% BSA and 0.1% NaN3) and then incubated on ice for 30 min with specific antibodies against CD90, CD73, CD13, CD45, and HLA-DR (BD Biosciences, United States). Finally. the cells were washed twice with FACS buffer and analyzed using the FACSCelesta™ cytometer (BD Life Sciences, United Kingdom).
2.2 Priming and conditioned medium preparation
For conditioned medium (CM) collection from cultures with or without priming, hAMSCs at the second step were cultured in Chang medium until 90% confluence. Then the medium was replaced with serum-free dulbecco’s modified eagle medium (DMEM) medium supplemented with or without 200 IU/mL IFN-γ (Human IFN-g1b premium grade, Miltenyi Biotec, Germany) and the cells were grown at 37°C, 20% O2 and 5% CO2. For CM collection from hypoxic priming, the cells were cultured with serum-free DMEM medium at 37°C, 1% O2 and 5% CO2. The supernatants from all the cultures were harvested after 48 h and frozen at −80°C until use.
2.3 Isolation and characterization of exosomes
EXOs were isolated from each primed and unprimed CM through ultracentrifugation. The CM was centrifuged at 300 g for 10 min to remove the debris. To further remove both cells and debris, the CM was centrifuged for 20 min at 16500 × g and then ultracentrifuged at 120000 × g for 90 min at 4°C to pellet the EXOs. The total protein content of the EXO preparations was determined using the Micro BCA Protein Assay Reagent Kit following the manufacturer’s instructions (Thermo Scientific, United States). To characterize the EXOs, their size, distribution, and concentration (Figure 1C) were determined via nanoparticle tracking analysis (NTA) in a NanoSight NS3000 (Malvern Instruments Ltd., United Kingdom). The samples were diluted 1:500 with PBS to reach an optimal concentration for instrument linearity. Readings were taken in quintuplicate of 60 s at 25 frames per second, and the data obtained were then analyzed with NTA software version 3.1 (Build 3.1.54, Analytik Ltd, United Kingdom).
[image: Figure 1]FIGURE 1 | Human amnion-derived mesenchymal stromal/stem cells (hAMSCs) were grown as monolayers with or without priming. (A) Representative DIC images of hAMSCs grown as monolayers without priming (hAMSCs), cultured under hypoxic conditions (hAMSCs after hypoxia), or treated with IFN-γ (hAMSCs after IFN-γ treatment). (B) Representative images of flow cytometry analysis for quantification of hAMSCs at step 2 for both positive (CD90, CD73 and CD13) and negative surface markers (HLA-DR and CD45). Green represents the isotype control, and red represents stained cells. (C) Experimental plan and exosome characterization (size and concentration). DIC, differential interference contrast.
2.4 Mass spectrometry analysis
2 mL of conditioned medium or 10 µg of isolated exosomes from differentially stimulated MSCs underwent filter aided sample preparation (FASP) with 10 kDa Vivacon 500 spin filters (Wisniewski et al., 2009). Briefly, proteins were reduced with 20 mM dithiothreitol for 30 min at 37°C and free cysteine residues were alkylated with 50 mM iodoacetamide for 5 min at 37°C in the dark in UA (100 mM Tris/HCl 8 M urea pH 8.5) (Sigma Aldrich). After six washing steps with UB (100 mM Tris/HCl 8 M urea pH 8), proteins were digested with 0.3 µg LysC (Promega) in UC (25 mM Tris/HCl 2 M urea pH 8) for 16 h at 37°C followed by a second digestion step with 0.15 µg trypsin in 50 mM ammonium bicarbonate (Promega) for 4 h at 37°C as previously described (Saveliev et al., 2013). The peptides were eluted into collection tubes and acidified with formic acid (Sigma Aldrich) at a final concentration of 0.1%. Afterward, proteolytic peptides were desalted by stop-and-go extraction (STAGE) with self-packed C18 tips (Empore) (Rappsilber et al., 2003). Peptides were eluted using 60% acetonitrile (Sigma Aldrich) and 0.1% formic acid. After vacuum centrifugation, peptides were concentrated and dissolved in 20 µL 0.1% formic acid. At this point, peptide concentrations were analyzed by a Nanodrop 2000 (Thermo Scientific). A total amount of 1.2 μg was loaded per sample onto a Dionex UltiMate 3000 RSLCnano LC system (Thermo Scientific) which was coupled online via a Nanospray Flex Ion Source (Thermo Scientific) to a Q Exactive mass spectrometer (Thermo Scientific). Peptides were separated on an Acclaim PepMap C18 column (50 cm × 75 µm ID, Thermo Scientific) with 250 Nl/min flow using a binary gradient of water (A) and acetonitrile (B) supplemented with 0.1% formic acid (2% B 0 min, 5% B 5 min, 25% B 185 min, 35% B 230 min, 60% B 250 min, 95% B 255 min, 95% B 265 min, 2% B 265 min, 2% B 350 min). Data-dependent acquisition (DDA) was used for label-free quantification (LFQ). Full MS scans were acquired at a resolution of 70,000 (m/z range: 300–1400; automatic gain control (AGC) target: 1E+6; max injection time 50 ms). The DDA was used on the 10 most intense peptide ions per full MS scan for peptide fragmentation (resolution: 17,500; isolation width: 2 m/z; AGC target: 105; normalized collision energy (NCE): 25%, max injection time: 120 ms). A dynamic exclusion of 120 s was used for peptide fragmentation.
The raw data were analyzed with the software MaxQuant, version 2.0.1.0 (maxquant.org, Max Planck Institute, Munich). The MS data were searched against a reviewed canonical FASTA database of Homo sapiens including isoforms from UniProt (download: November the 5th 2020). Trypsin/P was defined as a protease. Two missed cleavages were allowed for the database search. The option in the first search was used to recalibrate the peptide masses within a window of 20 ppm. For the main search peptide and peptide fragment mass tolerances were set to 4.5 and 20 ppm, respectively. Carbamidomethylation of cysteine was defined as static modification. Protein N-terminal acetylation as well as oxidation of methionine were set as variable modifications. The false discovery rate for both peptides and proteins was adjusted to less than 1%. The “match between runs” option was enabled. LFQ of proteins required at least one ratio count of unique peptides. Unique and razor peptides were used for quantification. Data normalization was enabled. The protein LFQ reports from MaxQuant were further processed in Perseus (Tyanova et al., 2016).
2.5 Cluster and gene ontology (GO) analysis
Hierarchical cluster analysis of protein expression (expressed as the z-score) was used to group treatments with similar expression patterns. Protein expression data were grouped using a hierarchical clustering algorithm in the Cluster 3.0 program. A heatmap was generated using the Java TreeView program. To find GO terms enriched in the significantly deregulated proteins, we analyzed our data with the STRING web tool (Szklarczyk et al., 2019).
2.6 Endothelial cell cultures and tube formation assay
Human umbilical vein endothelial cells (HUVECs) were obtained from ATCC (United States). HUVECs were maintained in an endothelial cell basal medium (Lonza/Clonetics Corporation, United States) supplemented with a BulletKit (EBM-2) (Lonza/Clonetics Corporation, United States) in a culture flask coated with 0.1% gelatin (STEMCELL Technologies, United States) and maintained at 37°C with 5% CO2.
A tubulogenesis assay was performed with basement membrane extract (BME) type 2 (AMSBIO, United Kingdom). HUVECs were dispensed at 1 × 104 cells/well (96-well microplates, Nunc, Germany) on top of the BME in serum-free DMEM (negative control), serum-free DMEM supplemented with 30 or 60 μg/mL EXOs derived from primed MSCs, or each conditioned medium (with or without EXOs) (100 μL). Following incubation at 37°C and 5% CO2 for 6 h, the cells were visualized and images were taken using an EVOS™ FL digital inverted fluorescence microscope (Fisher Scientific, United Kingdom). The number of nodes, branches and meshes, along with the length of the master segments, branches and tubes were measured with ImageJ software (National Institutes of Health, USA). For statistical significance, six images/replicate were analyzed and quantified (n = 3).
2.7 Endothelial migration assay (xCELLigence)
Real-time monitoring of HUVECs was performed with an xCELLigence system (ACEA, United States) using CIM-Plate 16. The upper chamber was seeded with 30,000 HUVECs in serum-free DMEM medium. When endothelial cells migrated through the membrane into the bottom chamber in response to attractants (160 μL of complete DMEM as a positive control; 160 μL of serum-free DMEM without treatments (not treated, NT), or conditioned medium by each treatment, or serum-free DMEM with EXOs), they adhered to the electronic sensors resulting in increased impedance. The cell index (CI) values reflecting impedance changes were automatically recorded every 15 min. All culture conditions were carried out in quadruplicate and the analysis was performed with RTCA Software 1.2 from the xCELLigence system.
2.8 Neutrophil isolation and cell migration assay (xCELLigence)
Neutrophils were magnetically isolated from the whole blood of 3 healthy donors (two males and one female aged between 36 and 50 years) contained in a Vacutainer K2-EDTA tube (Becton Dickinson, San Jose, CA, United States) using StraightFrom Whole Blood CD66b MicroBeads (Miltenyi Biotec, Germany). The magnetically retained CD66b+ neutrophils were used for cell migration assay performed with the xCELLigence system (ACEA, United States). The upper chamber was seeded with 100,000 neutrophils in DMEM serum-free medium. When neutrophil cells migrated into the bottom chamber in response to attractants (160 μL of serum-free DMEM without treatments, NT, or conditioned medium by each treatment, or serum-free DMEM with EXOs), they adhered to the electronic sensors resulting in increased impedance. Cell index was registered every 15 min reflecting impedance changes. We used N-Formyl-Met-Leu-Phe (N-fMLP) (Sigma-Aldrich, Germany) at 1 µM as a positive control for neutrophil migration. Each culture condition was carried out in quadruplicate and the analysis was performed by RTCA Software 1.2 from the xCELLigence system.
2.9 Phagocytosis assay
The phagocytosis assay was performed by exposing heparinized blood samples (three different donors, two males and one female aged between 36 and 50 years) to pHrodo Green E. coli BioParticles (catalog no. P35366, Invitrogen) according to the manufacturer’s instructions. The bioparticles were reconstituted in uptake buffer (20 mM HEPES in HBSS, pH 7.4) to a concentration of 1 mg/mL. The blood was pre-incubated for 1 h with 30 µL of each CM with or without EXOs (NO PRIM CM, IFN-γ CM and HYP CM) or two concentrations (30 or 60 μg/mL) of the three different EXOs (NO PRIM, IFN-γ, HYP) followed by 2 h of incubation with pHrodo E. coli BioParticles. At the end of the incubation time, the blood samples were lysed at room temperature for 10 min, washed and stained with CD45 APC-Conjugated antibody (Miltenyi Biotec) and 7AAD (Miltenyi Biotec), and immediately acquired by a FACSCelesta™ cytometer and analyzed with FlowJo™ v10.8.1 software (BD Life Sciences, United Kingdom).
2.10 Simultaneous quantification of secreted cytokines
Venous blood (three different donors, two males and one female aged between 36 and 50 years) was collected in K3EDTA tubes (Greiner Bio-One GmbH, Austria) and diluted 4-fold in RPMI 1640 medium supplemented with 1% penicillin/streptomycin, 10 mM HEPES (Euroclone, Pero, Italy), and 1 mM L-glutamine (Lonza Group Ltd, Switzerland). The blood was pre-incubated for 1 h with 30 µL of each CM with or without EXOs (NO PRIM CM, IFN-γ CM and HYP CM) or 30 μg/mL of three different exosomes (EXOs, IFN-γ EXOs, HYP EXOs) followed by 4 and 24 h of stimulation with E. coli LPS 1 μg/mL (E. coli O127:B8 Sigma-Aldrich). The samples were incubated at 37°C and 5% CO2. After the incubation time with LPS, the levels of selected functional factors were assessed in the supernatants using Luminex magnetic bead technology with the ProcartaPlex Multiplex Immunoassay according to the manufacturer’s instructions (Affymetrix, Austria).
2.11 Statistics
All the results were expressed as the mean ± standard deviation (SD). Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad Software, United States). For statistical comparison, the one-way ANOVA with Tukey multiple comparison test was used. p-values <0.05 were considered to indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
3 RESULTS
3.1 Isolation, cultivation, and characterization of hAMSCs and collection of both CM and EXOs
MSCs from human amniotic membranes were isolated from the placentas of distinct donors (n = 4) and cultured in the appropriate Chang medium. Primary cultures of hAMSCs were expanded in vitro until step 2 and then grown in conventional culture (hAMSCs), in hypoxia (hAMSCs after hypoxic treatment), or in the presence of IFN-γ (hAMSCs after IFN-γ treatment). All the cultures exhibited an elongated and fibroblastic-like morphology typical of MSCs (Figure 1A). The hAMSCs were analyzed by flow cytometry and were found to be positive for CD90 (94%), CD73 (88.2%), and CD13 (96.7%), and negative for HLA-DR (0.2%) and CD45 (0%) (Figure 1B). After hAMSC priming, no differences in mortality were found between the treatments (data not shown). As depicted in Figure 1C, following 48 h of culture, we harvested the CM generated from the hAMSCs and isolated EXOs from each CM. We obtained EXOs with an average diameter of 163 nm from hAMSCs and hypoxia-treated hAMSCs at similar concentrations (4.08 × 1011 and 3.80 × 1011 particles/mL, respectively), while a higher EXO concentration was produced by IFN-γ-treated hAMSCs (5.00 × 1011 particles/mL). We also confirmed differences in EXO concentrations through the analysis of EXO protein levels, which were similar in EXOs produced from hAMSCs and hypoxia-treated hAMSCs (18.545 μg/mL and 17.272 μg/mL, respectively) and greater in EXOs produced from IFN-γ-treated hAMSCs (22.727 μg/mL).
3.2 Proteomic analysis of hAMSC CM and EXOs reveals distinct patterns of protein secretion associated with specific priming methods impacting different biological processes
We used unbiased high-resolution mass spectrometry-based proteomics to compare the proteome of both CM and EXOs after hypoxic or IFN-γ priming of hAMSCs. A total of 1476 and 1441 different proteins were identified in CM and EXOs, respectively (for the list of all proteins, see Supplementary Table S1 for CM and S2 for EXOs). Only the proteins that were detected in CM samples from at least three out of four donors or in EXO samples from at least two out of three donors were taken into consideration.
In the CM samples, the normalized heatmap revealed a distinct proteomic profile between primed and unprimed hAMSCs, as well as between hypoxic or IFN-γ priming (Figure 2A). These data were confirmed by principal component analysis (PCA) (Figure 2B). We statistically analyzed deregulated proteins across groups by volcano plot analysis (fold change >1.5 and p-value <0.05) and detected significant changes in protein secretion under the different priming conditions. Specifically, compared to those in the conventional hAMSC CM (control CM), 88 proteins were significantly upregulated and 69 were lost in the hypoxic hAMSC CM (HYP CM) (Figures 2C–E), while 263 proteins were upregulated and 477 were downregulated in the IFN-γ CM (Figures 2D,E). We then performed a GO analysis to investigate whether deregulated proteins affect biological processes related to tissue repair/regeneration, immune system regulation and angiogenesis, which are of particular interest in the field of regenerative medicine. Notably, compared to IFN-γ priming, hypoxic priming appears to be more effective at inducing the overexpression of CM functional proteins that regulate angiogenic pathways, while more GO terms related to tissue repair/regeneration and immune system regulation were targeted by overexpressed proteins detected in IFN-γ CM (Figures 2F,G). A list of the top 30 GO terms related to HYP- and IFN-γ-upregulated proteins is shown for CM in Figures 2H,I, and the complete list of GO-enriched terms is displayed in Supplementary Table S3. A similar trend was observed for the EXO samples. In particular, both heatmap and PCA analyses revealed differences in proteomic profiles between EXOs produced from unprimed hAMSCs, hypoxic hAMSCs and IFN-γ-treated hAMSCs (Figures 3A,B). Regarding the protein content in the EXO samples, compared with unprimed hAMSC EXOs, hypoxic priming (HYP EXOs) resulted in the upregulation of 56 proteins and the disappearance of 15 proteins (Figures 3C–E). In addition, IFN-γ treatment (IFN-γ EXOs) led to the upregulation of 80 proteins and the downregulation of 66 proteins (Figures 3D,E). In contrast to the upregulated proteins in CM, when we analyzed overexpressed proteins in EXOs, compared to those in IFN-γ EXOs, we observed that the overproduced factors obtained in hypoxic priming (HYP EXOs) targeted more GO terms related to tissue repair/regeneration, the immune system and angiogenesis regulation (Figures 3F,G). The top 30 GO terms related to proteins contained in HYP EXOs and IFN-γ EXOs are shown in Figures 3H,I, and the complete list is presented in Supplementary Table S4. A total of 32 (Figure 2E) and 5 (Figure 3E) proteins exhibited increased expression with hypoxic and IFN-γ priming in CM and EXOs, respectively.
[image: Figure 2]FIGURE 2 | Protein secretion profiles in conditioned medium (CM) derived from unprimed hAMSCs (ctrl) and primed hAMSCs under hypoxia (HYP) or IFN-γ. (A) Secretion clusters (z-scores) of both up- and downregulated proteins in CM derived from hAMSCs (CM), hypoxic hAMSCs (HYP CM) and IFN-γ-treated hAMSCs (IFN-γ CM). (B) Principal component analysis (PCA). (C) Volcano plot analysis (fold change >1.5 and p < 0.05) of secreted proteins in HYP CM vs. ctrl CM and (D) IFN-γ CM vs. ctrl CM. (E) Venn diagram showing the number of upregulated proteins in HYP CM and IFN-γ CM. (F) Number of GO-enriched terms associated with upregulated HYP CM and (G) IFN-γ CM proteins grouped by category. (H) GO enrichment terms of HYP CM- and (I) IFN-γ CM-upregulated proteins; partial list of the 30 most significantly enriched terms.
[image: Figure 3]FIGURE 3 | Protein secretion profiles of exosomes (EXOs) derived from unprimed hAMSC ctrl and primed hAMSCs under hypoxia (HYP) or IFN-γ. (A) Secretion clusters (z-scores) of both up- and downregulated proteins in EXOs derived from hAMSCs (hAMSC EXOs), hypoxic hAMSCs (HYP EXOs) and IFN-γ-treated hAMSCs (IFN-γ EXOs). (B) Principal component analysis (PCA). (C) Volcano plot analysis (fold change >1.5 and p < 0.05) of secreted protein in HYP EXOs vs. ctrl EXOs and (D) IFN-γ EXOs vs. ctrl EXOs. (E) Venn diagram showing the number of upregulated proteins in HYP EXOs and IFN-γ EXOs. (F) Number of GO-enriched terms associated with upregulated HYP EXO and (G) IFN-γ EXO proteins grouped by category. (H) GO enrichment terms of HYP EXO- and (I) IFN-γ EXO-upregulated proteins; partial list of the 30 most significantly enriched terms.
3.3 Conditioned medium and exosomes produced through hypoxic priming contain the highest angiogenic proteome
The functional angiogenic effects of both CM and EXOs produced with or without priming were examined by analyzing in vitro two important aspects of the angiogenesis process: endothelial cell migration and the formation of capillary-like structures (tube formation). As expected, the highest amount of capillary structures was observed in the positive control group (DMEM with FBS, positive ctrl), and the smallest was observed in the negative control group (DMEM without FBS and treatments, NT). Compared with those on the NT, we found that HUVECs plated on basement membrane extracts (BMEs) were able to form capillary-like structures mainly when cultivated with complete CM from conventional hAMSC culture or CM and EXOs from hypoxic hAMSC cultures (Figures 4A,B). We quantified the differences across the treatments and found that all capillary parameters increased significantly in response to complete hypoxic CM (HYP CM) but not in response to HYP CM without EXOs (Figures 4C–H). Moreover, both the number of nodes and the tube length increased significantly with complete conventional CM (Figures 4C,H). Interestingly, treatment with hypoxic exosomes (HYP EXOs) at a concentration of 60 μg/mL also increased the amount of specific capillary parameters, such as the number of nodes, master segment length, and tube length (Figures 4C, F, H). Very few or no effects on capillary-like structure formation were observed when cells were treated with CM or EXOs derived from IFN-γ priming (Figure 4). Interestingly, we observed that the migration-related behavior of HUVECs was similar to that of tube formation. We observed a marked increase in HUVEC migration in the presence of conventional CM, HYP CM or HYP CM without EXOs (in contrast to the tube formation assay) (Figure 5).
[image: Figure 4]FIGURE 4 | HUVEC capillary-like formation assay. (A) Representative images of HUVECs on BME treated with conditioned medium (CM) or (B) exosomes (EXOs). (C–H)- Graphs represent a quantitative analysis of the (C) number of nodes, (D) number of branches, (E) number of meshes, (F) master segment length, (G) branch length, and (H) tube length. Untreated serum-free DMEM (NT); Untreated DMEM with serum (positive ctrl); Serum-free DMEM conditioned by hAMSCs (CM with EXOs); Serum-free DMEM conditioned by hAMSCs depleted of EXOs (CM w/o EXOs); Serum-free DMEM conditioned by hypoxic hAMSCs (HYP CM with EXOs); Serum-free DMEM conditioned by hypoxic hAMSCs depleted of EXOs (HYP CM w/o EXOs); Serum-free DMEM conditioned by IFN-γ-treated hAMSCs (IFN-γ CM with EXOs); Serum-free DMEM conditioned by IFN-γ-treated hAMSCs depleted of EXOs (IFN-γ CM w/o EXOs); 30 μg/mL EXOs secreted by hAMSCs (EXOs 30 μg/mL); 60 μg/mL EXOs secreted by hAMSCs (EXOs 60 μg/mL); 30 μg/mL EXOs secreted by hypoxic hAMSCs (HYP EXOs 30 μg/mL); 60 μg/mL EXOs secreted by hypoxic hAMSCs (HYP EXOs 60 μg/mL); 30 μg/mL EXOs secreted by IFN-γ-treated hAMSCs (IFN-γ EXOs 30 μg/mL); 60 μg/mL EXOs secreted by IFN-γ-treated hAMSCs (IFN-γ EXOs 60 μg/mL). Data are presented as the means ± SD of triplicate in two independent experiments. ∗p < 0.05 vs. NT.
[image: Figure 5]FIGURE 5 | HUVEC migration assay. (A) Real-time migration monitoring of HUVECs with the xCELLigence system. (B) Slopes of migration curves. Untreated serum-free DMEM (NT); Untreated DMEM with serum (positive ctrl); Serum-free DMEM conditioned by hAMSCs (CM with EXOs); Serum-free DMEM conditioned by hAMSCs depleted of EXOs (CM w/o EXOs); Serum-free DMEM conditioned by hypoxic hAMSCs (HYP CM with EXOs); Serum-free DMEM conditioned by hypoxic hAMSCs depleted of EXOs (HYP CM w/o EXOs); Serum-free DMEM conditioned by IFN-γ-treated hAMSCs (IFN-γ CM with EXOs); Serum-free DMEM conditioned by IFN-γ-treated hAMSCs depleted of EXOs (IFN-γ CM w/o EXOs); 30 μg/mL EXOs secreted by hAMSCs (EXOs 30 μg/mL); 60 μg/mL EXOs secreted by hAMSCs (EXOs 60 μg/mL); 30 μg/mL EXOs secreted by hypoxic hAMSCs (HYP EXOs 30 μg/mL); 60 μg/mL EXOs secreted by hypoxic hAMSCs (HYP EXOs 60 μg/mL); 30 μg/mL EXOs secreted by IFN-γ-treated hAMSCs (IFN-γ EXOs 30 μg/mL); 60 μg/mL EXOs secreted by IFN-γ-treated hAMSCs (IFN-γ EXOs 60 μg/mL). Data are presented as the means ± SD of quadruplicate in two independent experiments. ∗p < 0.05 vs. NT.
3.4 Conditioned medium and exosomes produced through the priming of hAMSCs induce recruitment of neutrophils and activation of phagocytosis
Using a real-time transwell migration assay, we analyzed the ability of both CM and EXOs to recruit neutrophils. We observed that CM produced by both hypoxia and IFN-γ priming stimulates intense chemotaxis in neutrophils (approximately 2-fold increase) compared to CM produced by conventional hAMSCs, which induces moderate chemotaxis. Relevant chemotaxis was also induced by HYP EXOs at a concentration of 60 μg/mL (comparable to that of complete IFN-γ CM), IFN-γ CM without EXOs, and IFN-γ EXOs at a concentration of 60 μg/mL (comparable to that of complete conventional CM) (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Neutrophil migration and phagocytosis assays. (A) Real-time migration monitoring of neutrophils with the xCELLigence system. (B) Slopes of migration curves. (C, D) Analysis of phagocytosis in blood samples using pHrodo-labeled particles. (C) The histogram shows the percentages of pHrodo + cells analyzed by flow cytometry after each treatment. (D) Representative plots showing the percentages of pHrodo-labeled cells after treatment of blood samples with both CM and EXOs derived from hypoxic hAMSCs. Untreated serum-free DMEM (NT); Untreated DMEM with serum (positive ctrl); Serum-free DMEM conditioned by hAMSCs (CM with EXOs); Serum-free DMEM conditioned by hAMSCs depleted of EXOs (CM w/o EXOs); Serum-free DMEM conditioned by hypoxic hAMSCs (HYP CM with EXOs); Serum-free DMEM conditioned by hypoxic hAMSCs depleted of EXOs (HYP CM w/o EXOs); Serum-free DMEM conditioned by IFN-γ-treated hAMSCs (IFN-γ CM with EXOs); Serum-free DMEM conditioned by IFN-γ-treated hAMSCs depleted of EXOs (IFN-γ CM w/o EXOs); 30 μg/mL EXOs secreted by hAMSCs (EXOs 30 μg/mL); 60 μg/mL EXOs secreted by hAMSCs (EXOs 60 μg/mL); 30 μg/mL EXOs secreted by hypoxic hAMSCs (HYP EXOs 30 μg/mL); 60 μg/mL EXOs secreted by hypoxic hAMSCs (HYP EXOs 60 μg/mL); 30 μg/mL EXOs secreted by IFN-γ-treated hAMSCs (IFN-γ EXOs 30 μg/mL); 60 μg/mL EXOs secreted by IFN-γ-treated hAMSCs (IFN-γ EXOs 60 μg/mL). Data are presented as the means ± SD of quadruplicate in a and b and triplicate in c and (D) ∗p < 0.05 vs. NT in (B). ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001 vs. positive control in (C).
A phagocytosis assay was performed using peripheral blood from healthy adult volunteers. We preliminarily optimized the analysis in terms of time, dose and minimum blood volume requirement. As expected, nonphagocytic cells did not fluoresce (Figure 6D, negative control), whereas the positive control caused a significant increase in phagocytic cells (approximately 17%) (Figures 6C,D, positive control: blood samples exposed to pHrodo Green E. coli BioParticles). Interestingly, incubation of whole blood with pHrodo-labeled bacteria in the presence of CM, IFN-γ CM or HYP CM (with or without EXOs), resulted in a marked and significant shift in the fluorescence of phagocytic cells (approximately 39% for both CM and IFN-γ CM and 43% for HYP CM) compared to that of the positive control. Although we observed an increase in phagocytic cells after treatment with all types of EXOs at both 30 and 60 μg/mL (approximately 28%, 24%, and 25% with EXOs, IFN-γ EXOs and HYP EXOs, respectively), we did not find significant differences compared to the positive control (Figures 6C,D). The gating strategy for obtaining viable cells is shown in Supplementary Figure S1.
3.5 Dynamic analysis of immune responses to LPS in the presence or absence of hAMSC-derived CM or EXOs through simultaneous quantification of secreted cytokines in whole blood
We evaluated the immune functional effects of both primed and unprimed hAMSC-derived products through a sequential analysis (at both 4 and 24 h) of the secretion of different factors in whole blood stimulated with LPS. We analyzed angiogenic factors as well as pro- and anti-inflammatory factors, such as tumor necrosis factor alpha (TNFα), interleukin 1 beta (IL1β), CCL11 (Eotaxin), hepatocyte growth factor (HGF), vascular endothelial growth factor A (VEGFA), CXCL10 (IP10), CCL2 (MCP1), interleukin 1 receptor antagonist (IL1RA), interleukin 6 (IL6), colony stimulating factor 3 (G-CSF), and IL10, and observed different expression patterns when blood was stimulated or not with LPS for both 4 and 24 h (Figures 7A,B). Treatment with LPS effectively induced an increase in pro-inflammatory cytokines such as TNFα and IL1β in control samples (whole blood without hAMSC-derived CM or EXOs stimulated with LPS, ctrl) after both 4 and 24 h, whereas a reduction in the same cytokines was observed in the presence of both primed and unprimed hAMSC-derived CM and EXOs (Figures 7A,B). Interestingly, after both 4 and 24 h, a significant increase in crucial angiogenic factors such as Eotaxin and VEGFA was observed in response to HYP CM treatment, and a slightly less intense effect was also observed in response to HYP CM w/o EXOs. Additionally, in the same treatment groups, the production of the pro-angiogenic factor HGF was higher only at 4 h (Figure 7A). In contrast, 4 h of treatment with IFN-γ CM increased the production of crucial immunomodulatory factors, such as IP10, MCP1, IL1RA, IL6, and G-CSF, whereas the production of only IP10, MCP1, IL1RA, and IL6 increased after 24 h of treatment. Weak effects at both 4 and 24 h were observed following treatment with IFN-γ CM w/o EXOs. Notably, treatment with IFN-γ CM for 24 h induced a significant increase in IL10 production (Figure 7B). Furthermore, although treatment with all types of EXOs inhibited the overproduction of pro-inflammatory cytokines, such as TNFα and IL1β, it did not affect the production of any of the other factors analyzed (Figures 7A,B). To investigate the dynamic variations in the aforementioned functional factors, we also evaluated the differences in concentrations between 4 and 24 h. As shown in Figure 7C, significant increases in Eotaxin and VEGFA were detected with HYP CM treatment (with or without EXOs), whereas no significant variation was observed for HGF. The same treatment also induced a variation in the production of IL1RA, G-CSF and IL10. Moreover, treatment with IFN-γ CM induced a significant overproduction of IL1RA, IL10 and MCP1. Using correlation analysis, we found that the pro-angiogenic factor VEGFA significantly correlated with other pro-angiogenic factors, such as Eotaxin and HGF, after both 4 and 24 h of treatment. Significant correlations were also observed among the immunomodulatory factors after both 4 and 24 h of treatment (Figure 7D).
[image: Figure 7]FIGURE 7 | Secretion clusters (z-scores) of both up- and downregulated proteins in peripheral blood. Quantification of soluble factors secreted by peripheral blood cells stimulated or unstimulated with LPS in the presence or absence of each treatment after (A) four and (B) 24 h of culture. (C) Dynamic variations of factors between 4 and 24 h. (D) Correlation matrix of the factors. The degree of correlation between the two factors is shown through color intensity and the diameter of the circles. Significance was analyzed using a Spearman rank test, and the level of significance was set at p < 0.05. Whole blood without treatments (ctrl); Whole blood with serum-free DMEM conditioned by hAMSCs (CM with EXOs); Whole blood with serum-free DMEM conditioned by hAMSCs depleted of EXOs (CM w/o EXOs); Whole blood with serum-free DMEM conditioned by hypoxic hAMSCs (HYP CM with EXOs); Whole blood with serum-free DMEM conditioned by hypoxic hAMSCs depleted of EXOs (HYP CM w/o EXOs); Whole blood with serum-free DMEM conditioned by IFN-γ-treated hAMSCs (IFN-γ CM with EXOs); Whole blood with serum-free DMEM conditioned by IFN-γ-treated hAMSCs depleted of EXOs (IFN-γ CM w/o EXOs); Whole blood with 30 μg/mL EXOs secreted by hAMSCs (EXOs 30 μg/mL); Whole blood with 60 μg/mL EXOs secreted by hAMSCs (EXOs 60 μg/mL); Whole blood with 30 μg/mL EXOs secreted by hypoxic hAMSCs (HYP EXOs 30 μg/mL); Whole blood with 60 μg/mL EXOs secreted by hypoxic hAMSCs (HYP EXOs 60 μg/mL); Whole blood with 30 μg/mL EXOs secreted by IFN-γ-treated hAMSCs (IFN-γ EXOs 30 μg/mL); Whole blood with 60 μg/mL EXOs secreted by IFN-γ-treated hAMSCs (IFN-γ EXOs 60 μg/mL).
4 DISCUSSION
MSCs exhibit robust immunoregulatory, angiogenic and regenerative characteristics (Iijima et al., 2018; Miceli et al., 2019; Pittenger et al., 2019; Bulati et al., 2020; Lo Nigro et al., 2021; Bulati et al., 2023). Consequently, they have been investigated extensively in the field of regenerative medicine for the treatment of various diseases (Cittadini et al., 2022; Miceli and Bertani, 2022; Miceli et al., 2023a; Russo et al., 2023b). Recent scientific findings have elucidated that products derived from MSCs, such as CM and EXOs, may contribute, at least partially, to the therapeutic effects of MSCs (Miceli et al., 2021a; Chinnici et al., 2021; Takeuchi et al., 2021; Alberti et al., 2022; Russo et al., 2023a). Intriguingly, diverse priming strategies can enhance the therapeutic properties of both MSCs and their derived products (Noronha et al., 2019; Miceli et al., 2021b; Gallo et al., 2022; Miceli et al., 2023b).
Our study explored the impact of distinct priming strategies, specifically hypoxia and IFN-γ treatment, on the proteomic profile of the hAMSC-derived secretome. We used amnion-derived MSCs for their numerous advantages, including their abundance, non-invasive procurement, and ease of cultivation to a transplantable quantity, thereby avoiding ethical concerns associated with allografting (Parolini et al., 2009). Our findings indicate that both hypoxia and IFN-γ priming effectively enhanced the paracrine regenerative properties of hAMSC-derived CM and EXOs by promoting the production of functional factors associated with angiogenesis, immune system regulation, and tissue regeneration (Figures 2, 3). In particular, as revealed by our GO analysis, we observed that biological processes related to the regulation of angiogenesis were mainly targeted by CM and EXOs derived from hAMSCs primed with hypoxia. Hypoxic hAMSCs were also capable of producing functional factors that activate specific processes, such as neutrophil/macrophage activation, leukocyte chemotaxis and phagocytosis, ultimately activating innate immune responses. On the other hand, treatment with IFN-γ induced hAMSCs inhibited immune system activation by stimulating processes such as negative regulation of IFN-γ production, negative regulation of the immune effector process and negative regulation of the immune response (Figures 2F–I and 3F-I). Our data revealed that hypoxic priming induced an increase in the production of crucial angiogenic factors, including VEGFA and angiopoietin-like 4 (ANGPTL4), in both CM and EXOs and the in the production of endoglin (ENG) and platelet-derived growth factor receptor beta (PDGFRB), but only in EXOs (Supplementary Tables S3, S4). VEGFA, PDGFRB, ANGPTL4 and ENG have been shown to play major roles in angiogenesis and vascular homeostasis, not only in physiological regeneration but also in most pathological angiogenic processes such as cancer (Raica and Cimpean, 2010; Nassiri et al., 2011; Shibuya, 2011; Uccelli et al., 2019; Fernandez-Hernando and Suarez, 2020). Additionally, hypoxic hAMSCs produced functional factors such as CXCL3 (GRO-γ), CXCL8 (IL8) and CXCL1 (GRO-α) (Supplementary Tables S3, S4), which play roles in angiogenesis as well as in chemotaxis/activation of crucial cell components of the innate immune system, such as neutrophils and macrophages (Lukaszewicz-Zajac et al., 2020; Sokulsky et al., 2020; Cambier et al., 2023). In contrast, IFN-γ priming led to the overproduction of immunosuppressive factors, such as transforming growth factor beta 1 (TGFB1) and annexin A1 (ANXA1), both in CM and EXOs; thrombospondin 1 (THBS1), only in EXOs; and homer scaffold protein 2 (HOMER2), granulin precursor (GRN), toll interacting protein (TOLLIP) and CCL2 (MCP-1), only in CM (Supplementary Tables S3, S4). TGFB1 and ANXA1 have been shown to be very effective at limiting inflammation in several experimental models (Gavins and Hickey, 2012; Sanjabi et al., 2017). THBS1 has immunosuppressive effects that regulate the function/activation of multiple immune cells (Kaur and Roberts, 2024). HOMER2 can negatively regulate both IL-2 expression and T cell activation through competition with calcineurin and through binding with nuclear factor of activated T cells (NFAT) (Huang et al., 2008). In various immune-related diseases, the GRN protein has been shown to have anti-inflammatory effects by inhibiting TNFα activity (Tian et al., 2014). TOLLIP has been implicated in the control of inflammatory cytokine production and is crucial as a negative regulator of IL-1-activated NF-κB signaling (Didierlaurent et al., 2006). MCP-1 is a monocyte chemoattractant that can have immunosuppressive effects inducing the generation of immunoregulatory dendritic cells (DCreg) (Kudo-Saito et al., 2013). Therefore, our data showed that the composition of functional factors in CM and EXOs varies with the specific priming strategy, leading to distinct functional responses. Hypoxia priming appears to polarize naïve hAMSCs to stimulate angiogenesis, and activate innate immune responses and tissue regeneration. In contrast, IFN-γ treatment induces an anti-inflammatory and pro-trophic phenotype in hAMSCs, regulating inflammatory responses and facilitating tissue remodeling.
In accordance with the observed proteomic profiles, we confirmed the greater angiogenic properties of the hypoxic hAMSC products through in vitro functional assays. In particular, hypoxia-induced CM significantly enhanced the formation of capillary-like structures and the migration of endothelial cells (Figures 4, 5). Notably, recruitment of endothelial cells has been shown to be essential for vascular growth (Carmeliet and Jain, 2011). Moreover, we demonstrated that both CM and EXOs derived from hypoxic priming conditions might also induce both neutrophil recruitment (Figures 6A,B) and phagocytosis (Figures 6C,D), crucial processes during the activation of innate immune responses (Selders et al., 2017).
Interestingly, our study goes beyond the direct effects of priming on hAMSCs, demonstrating that hypoxia and IFN-γ can influence the functional characteristics of the hAMSC-derived secretome, which, in turn, orchestrates the production of functional factors by peripheral blood cells (PBCs). In fact, we performed a whole blood assay in which the CM produced through distinct priming stimuli elicited the production of different functional factors by PBCs (Figure 7). Indeed, our data showed that while hypoxia priming induced the production and release of angiogenic factors such as VEGFA, HGF and EOTAXIN (Salcedo et al., 2001; Sulpice et al., 2009), IFN-γ priming was shown to stimulate the production of anti-inflammatory factors such as IP10, MCP1, the interleukin 1 receptor antagonist (IL1RA), IL6, G-CSF and IL10 (Grutz, 2005; Martins et al., 2010; Gupta et al., 2011; Hunter and Jones, 2015; Gschwandtner et al., 2019; Fan et al., 2023). This experiment also revealed that the treatment of PBCs with CM and EXOs primed with both hypoxia and IFN-γ inhibited the production of pro-inflammatory factors such as IL1β and TNFα (Ott et al., 2007) induced by LPS stimulation of PBCs (Figure 7). Notably, treatment with IFN-γ CM was able to stimulate IL10 production after 24 h of treatment (Figure 7B). IL10 is a crucial anti-inflammatory cytokine capable of inhibiting the production of both IL1β and TNFα (Cassatella et al., 1993). In a mouse model of septic shock, IL10 was shown to inhibit the in vivo production of TNFα protecting it from mortality (Gerard et al., 1993). In addition, considering the functional role of IL10 in the progression of inflammation (Iyer and Cheng, 2012), our findings revealed an important time-dependent effect of IFN-γ CM in regulating the resolution of inflammation.
Our comprehensive protein characterization and functional analyses collectively indicate that hypoxia-primed hAMSCs exhibited a greater propensity to stimulate angiogenesis, while IFN-γ priming demonstrated a heightened capacity to induce immunosuppressive effects. As illustrated in Figure 6, both priming strategies also effectively stimulate innate immune response activation. The paracrine effects observed in this study seem to be mostly linked to the presence of the CM and not to the presence of EXOs, as suggested by the minimal effects observed upon EXO treatment in the tube formation assay and neutrophil migration (Figures 4, 5). Additionally, no significant differences were detected between whole CM and EXO-depleted CM, emphasizing the pivotal role of CM in mediating the paracrine effects of hAMSCs (Figure 5; 7). Based on our findings, we speculate that angiogenesis promotion induced by hypoxia-primed hAMSCs is a promising strategy for addressing pathological conditions characterized by inadequate or abnormal vessel formation. This potential role can also be applied to the wound healing process (Tonnesen et al., 2000), vascular growth during tissue regeneration (Saberianpour et al., 2018), and the context of ischemia (Hayashi et al., 2006). Furthermore, the activation of innate immune responses by hypoxic hAMSCs may play a crucial role in orchestrating the resolution of such pathologies (Julier et al., 2017). In contrast, the use of hAMSCs primed with IFN-γ, which has major immunosuppressive effects, might be therapeutically useful for the treatment of diseases characterized by an exacerbation of immune system activity (Chen and Brosnan, 2006; Leite et al., 2021; Kadri et al., 2023) (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic representation of the molecular effects and therapeutic potential of hAMSCs after priming. HAMSCs were preconditioned through hypoxia or IFN-γ treatment and each priming strategy differentially induced the production of specific factors (soluble factors or EXO-containing factors), which affected the activation of biological processes involved in angiogenesis, tissue repair/regeneration and the modulation of inflammation. Additionally, the priming strategies mentioned above also led to the preconditioning of hAMSCs, which in turn influenced the production of functional factors by peripheral blood cells (as shown in the whole blood assay results). Different priming strategies might be used to direct the therapeutic effects of hAMSCs toward specific diseases.
In this study, we highlight a potential way to optimize MSC-based therapies, with the overall goal of improving their efficacy and mitigating the suboptimal outcomes observed in numerous clinical trials (Squillaro et al., 2016; Lukomska et al., 2019; Fricova et al., 2020; Zhou et al., 2021). As demonstrated in physiological contexts, MSCs undergo functional activation during stress conditions such as hypoxia and inflammatory environments (Miceli et al., 2021b; Miceli et al., 2023b). Consequently, employing priming strategies may prove decisive in directing MSC therapeutic properties toward specific disease classes (Figure 8) and in facilitating the use of MSC-derived products, such as CM and EXOs, rather than the cells themselves (Miceli et al., 2021b; Miceli et al., 2023b). Notably, the utilization of hAMSC products presents numerous advantages for clinical translation, encompassing considerations related to manufacturing, logistics, safety, and regulatory aspects.
Another important aspect highlighted in this study concerns EXOs. In the last decade, the role of MSC-derived EXOs in regulating inflammatory responses and tissue regeneration remained unclear. However, these functional vesicles have demonstrated similar beneficial effects to their parent cells in suppressing various autoreactive immune cells or inducing cutaneous wound healing (Baharlooi et al., 2020; Hu et al., 2022). Furthermore, there is the possibility to enhance EXO-therapeutic potential by tissue-engineered MSCs or by direct engineering of EXOs. In these cases, specific molecules and/or receptors can enable EXOs to target specific pathways of interest (Baharlooi et al., 2020; Hu et al., 2022; Raghav et al., 2022). In line with that, although our study emphasizes that the functional effects of MSCs are primarily associated with the use of CM, our data reveal that the EXO protein composition is also influenced by priming. It is well established that EXOs, to some extent, play a role in mediating the therapeutic effects of MSCs (Alberti et al., 2022; Russo et al., 2023a; Bulati et al., 2023). Therefore, further studies are needed to determine the role of EXOs in mediating the paracrine effects of MSCs, and how priming might be used to improve their therapeutic properties.
5 CONCLUSION
Our data suggest that distinct priming strategies significantly alter the protein composition of hAMSC-derived CM and EXOs leading to enhanced therapeutic effects. Hypoxic priming emphasizes angiogenesis, while IFN-γ priming has immunosuppressive effects. We have confirmed these results through functional studies and reveal the potential of fine-tuning the therapeutic properties of hAMSCs in a priming-dependent manner. This strategy provides new perspectives for enhancing the therapeutic efficacy of MSCs and guiding their therapeutic effects towards targeted pathologies. These cells are able to release a plethora of regulatory bioactive factors that, if opportunely modulated by specific priming strategies, might be capable of acting simultaneously on multiple targets and sustaining the therapeutic effects of MSCs, mainly in certain so-called multifactorial diseases (for which multiple molecular targets are involved in the pathogenesis), including Alzheimer’s, Parkinson’s disease (Youdim et al., 2014; Kumar et al., 2022), cancer (Petrelli and Giordano, 2008) and ischemia-reperfusion injury (Davidson et al., 2019). These insights offer ways to optimize MSC-based therapies, potentially improving their effectiveness and addressing challenges faced in clinical trials. Our study underscores the potential of hAMSC-derived products, particularly CM, in clinical translations, considering the numerous advantages that this approach entails. Moreover, our findings pave the way for further studies to understand the role of EXOs in mediating MSC paracrine effects and optimize their therapeutic use in multifactorial pathologies. This study highlights that MSC-based therapeutic products could be effective therapies for several diseases in the field of regenerative medicine.
While our study provides valuable insights into the impact of distinct priming strategies on the therapeutic properties of MSCs, there are several limitations that should be acknowledged. Our research primarily relies on in vitro experiments to assess the effects of hypoxia and IFN-γ priming on hAMSC-derived secretome. While these experiments offer controlled environments to study cellular responses, they may not fully replicate the complexities of in vivo conditions, potentially limiting the translational relevance of our findings. Moreover, we focused exclusively on placenta as a cell source for our study for its advantages. However, this narrow focus limits the generalizability of our findings, as different cell sources may respond differently to priming strategies. Future studies should explore the effects of priming on MSCs derived from other tissues to provide a more comprehensive understanding.
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Introduction: Duchenne muscular dystrophy (DMD) is a genetic disorder caused by mutations in the dystrophin-encoding gene that leads to muscle necrosis and degeneration with chronic inflammation during growth, resulting in progressive generalized weakness of the skeletal and cardiac muscles. We previously demonstrated the therapeutic effects of systemic administration of dental pulp mesenchymal stromal cells (DPSCs) in a DMD animal model. We showed preservation of long-term muscle function and slowing of disease progression. However, little is known regarding the effects of cell therapy on the metabolic abnormalities in DMD. Therefore, here, we aimed to investigate the mechanisms underlying the immunosuppressive effects of DPSCs and their influence on DMD metabolism.Methods: A comprehensive metabolomics-based approach was employed, and an ingenuity pathway analysis was performed to identify dystrophy-specific metabolomic impairments in the mdx mice to assess the therapeutic response to our established systemic DPSC-mediated cell therapy approach.Results and Discussion: We identified DMD-specific impairments in metabolites and their responses to systemic DPSC treatment. Our results demonstrate the feasibility of the metabolomics-based approach and provide insights into the therapeutic effects of DPSCs in DMD. Our findings could help to identify molecular marker targets for therapeutic intervention and predict long-term therapeutic efficacy.Keywords: Duchenne muscular dystrophy, mesenchymal stromal cells, metabolomics, cell therapy, mdx mouse
1 INTRODUCTION
Duchenne muscular dystrophy (DMD) is an X-linked disorder triggered by primary abnormalities in the DMD gene that causes degenerative myopathy with secondary inflammation and necrotizing phase. Mutations in the dystrophin-encoding gene lead to dystrophin–glycoprotein complex deficiency in the sarcolemma, which leads to progressive degeneration/regeneration cycles in the striated muscle, manifesting as muscle weakness and eventual skeletal muscle atrophy (Ervasti et al., 1990; Campbell, 1995). In addition to the main symptoms of myopathy, patients often experience complications, such as endocrine metabolic disorders. As metabolic alterations also play a dominating influential role in the initiation and progression of various inherited or acquired diseases, abnormal metabolic function has been described as a part of the physiological challenges of DMD. Loss of dystrophin, the large membrane cytoskeletal protein, results in multiple systemic alterations, including extensive changes in energy production, in both patients (Boca et al., 2016; Srivastava et al., 2016; Spitali et al., 2018) and genetic animal models of DMD (Guiraud et al., 2015; Joseph et al., 2018; Lee-McMullen et al., 2019). Classically, creatine kinase (CK) released from leaked muscle tissue membranes, which is elevated in patients and animal models, is widely used as a clinical blood biomarker of DMD. However, its levels are highly variable and do not reflect the degree of muscle atrophy because they gradually decline and are no longer correlated with the severity of the disease.
Various studies have focused on metabolic alterations in the skeletal muscles (Dabaj et al., 2021; Merckx et al., 2022), cardiac muscles (Khairallah et al., 2007), brain (Tracey et al., 1996), and serum or plasma (Spitali et al., 2018; Xu et al., 2023) derived from patients with DMD, animal models, animals with Golden retriever muscular dystrophy (GRMD) (Abdullah et al., 2017), and mdx mice (Tsonaka et al., 2020).
MSCs are isolated from several organs, such as bone-marrow (Friedenstein et al., 1968), adipose tissue (Zannettino et al., 2008), amnion (Tsai et al., 2004), dental pulp (Zhang et al., 2008), peripheral blood (He et al., 2007), and cord blood (Oh et al., 2008) express several common cell surface antigenic markers, e.g., CD44, CD73, CD90, and CD105, and low levels of major histocompatibility complex class I molecules. They do not express hematopoietic markers CD34 or CD45 (Friedenstein et al., 1968). Dental pulp stem cells (DPSCs) obtained from decidual tooth tissue are a less invasive cell source, and demonstrated multipotency (Zhang et al., 2008) as well as high proliferative and immunosuppressive activities (Jo et al., 2007). DPSCs can also modulate immune effectors, thereby affecting crucial processes such as cell development, maturation, and function, as well as reactive T-cell responses (Ozdemir et al., 2016). Because regulating severe inflammation in dystrophic muscles could prolong the duration of therapeutic effects, DPSCs are also attractive candidates for cell-based strategies that target diseases with chronic inflammation, including DMD (Ichim et al., 2010). We previously demonstrated the therapeutic effects of systemic administration of DPSCs in model dogs and mice, i.e., preservation of long-term muscle function and slowing of disease progression (Nitahara-Kasahara et al., 2021). However, the mechanisms underlying the immunosuppressive effects of DPSCs, including abnormal skeletal muscle metabolism, have not been sufficiently characterized.
Currently, little is known regarding the effects of cell therapy on the metabolic abnormalities in DMD. In this study, we aimed to identify dystrophy-specific metabolomic impairments and assess therapeutic responsiveness to systemic DPSC administration via a comprehensive metabolomics-based approach using CE and liquid chromatography-mass spectrometry (LC–MS/MS). We also aimed to investigate whether metabolite monitoring is an appropriate component of the therapeutic evaluation of DMD.
2 MATERIALS AND METHODS
2.1 Animals
Mdx mice have a premature stop mutation in the exon 23 of the murine Dmd gene, which results in failure to translate dystrophin. These mice mimic various aspects of the human disease (Bulfield et al., 1984; Sicinski et al., 1989). C57BL/6-background mdx mice were developed by Dr. T. Sasaoka (National Institute for Basic Biology, Aichi, Japan) and were maintained in our animal facility. Age-matched and untreated male mdx littermates (P30 and P90, n = 3; P60, n = 6) and wild-type C57BL/6 mice (P30 and P90, n = 3; P60, n = 6) were used as controls in these metabolic studies. All mice remained healthy in appearance, activity, and body weight throughout the observation period. All experiments were conducted in accordance with the protocols described in the experimental protocols approved by the Ethics Committee for the Treatment of Laboratory Animals at the Nippon Medical School and Institute of Medical Science. The same male littermates were housed together in individually ventilated cages, with four to six mice per cage. Each group of mice was randomly assigned to a cage. All mice were maintained under a regular 12-h light/12-h dark diurnal lighting cycle with ad libitum access to food and water.
2.2 Culture and transplantation of DPSCs into mice and sampling
DPSCs were provided by JCR Pharmaceuticals (Hyogo, Japan). The cells were cultured in DMEM (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and 1% antibiotic-antimycotic solution (Wako Pure Chemical Industries) at 37°C in a 5% CO2 atmosphere. The animals were randomly divided into two groups: control and MSC-treated groups. Systemic delivery of DPSCs (8.0 × 105 cells/100 μL of PBS) into mdx mice via the tail vein was conducted using four injections (treated-mdx, n = 3, each) administered at an interval of 1 week, beginning at 4–5 weeks of age (body weight [BW] > 10 g), as previously reported (Nitahara-Kasahara et al., 2021). Age-matched male WT and mdx mice (n = 3 each) were used as controls. At the ages of 30-, 60-, and 90 days (P30, P60, and P90), the animals were euthanized by cervical cord dislocation, and tissues were excised for histological and molecular analysis.
2.3 Histopathological analysis
Muscle samples were collected from the DPSC-treated mice and immediately frozen in liquid nitrogen-cooled isopentane. Subsequently, 8-μm-thick transverse cryosections were prepared from the skeletal muscles and stained with hematoxylin and eosin (H&E) using standard procedures. Tissue sections were visualized using the IX71 or IX83 microscope (Olympus, Tokyo, Japan). Quantification of nuclear infiltration and collagen-stained areas was performed using the HALO image analysis software (Indica Labs, Corrales, MN, USA). The nucleic area (%) was calculated by dividing the nuclear infiltration area by the total area.
2.4 Enzyme-linked immunosorbent assay (ELISA)
Serum CK levels were determined using an ELISA mouse kit (Cloud-Clone, Corp., TX, USA) according to the manufacturer’s recommendations.
2.5 Metabolomic analysis
Plasma and skeletal muscle samples were collected from young (P30) and adult (P60 and P90) mdx mice and age-matched WT mice (three male mice each group). The collected tissue samples (30 mg) were stored at −80°C until the assay was performed. Blood collected from the heart was centrifuged at 1,500 g for 15 min at 4°C. Plasma was isolated from the resulting supernatant.
Mouse plasma (50 µL) was added to a 450 µL methanol solution prepared to achieve a concentration of 10 µM of the pretreatment internal standard for capillary electrophoresis-time-of-flight mass spectrometry (CE-TOFMS). This mixture was added to 500 μL of chloroform and 200 μL of Milli-Q water and centrifuged at 2,300 g and 4°C for 5 min. After centrifugation, 400 μL of the aqueous layer was transferred to an ultrafiltration tube (Ultrafree MC PLHCC, HMT, centrifugal filter unit 5 kDa) and centrifuged (9,100 ×g, 4°C, 120 min) followed by ultrafiltration. The filtrate was dried and dissolved again in 50 μL of Milli-Q water for measurement. For liquid chromatography-time-of-flight mass spectrometry (LC-TOFMS) analysis, 300 μL of mouse plasma was added to 900 μL of formic acid-acetonitrile solution (1%) prepared as the internal standard (6 μM) and was centrifuged (2,300 ×g, 4°C, 5 min). Phospholipids were removed from the supernatant by solid-phase extraction and dried. For measurement, the dried sample was dissolved in 100 μL of 50% isopropanol solution (v/v).
The skeletal muscle sample (30 mg) added to 750 μL of 50% acetonitrile solution (v/v) was crushed using a crusher under cooling (1,500 rpm, 120 s × 3 times). The same volume of 50% acetonitrile solution (v/v) was added, and the sample was centrifuged at 2,300 g at 4°C for 5 min. The upper layer (400 μL) was transferred to an ultrafiltration tube (Ultra-free MC PLHCC, HMT, centrifugal filter unit 5 kDa) and was centrifuged (9,100 ×g, 4°C, 120 min), followed by ultrafiltration. The filtrated sample was dried and dissolved again in 50 μL of Milli-Q water for CE-TOFMS. For LC-TOFMS analysis, the skeletal muscle sample from the lower legs (30 mg) added in 500 μL of 1% formic acid-acetonitrile solution was crushed (1,500 rpm, 120 s × three times, and 1,500 rpm, 120 s × one time after addition of 167 μL Milli-Q water) using a crusher under cooling conditions and then centrifuged (2,300 × g, 4°C, 5 min). The supernatant was added to 500 μL of 1% formic acid-acetonitrile AMEOR-HMT-0096 and 167 μL of Milli-Q water to precipitate and stirred. Three tubes with a volume of 350 µL (NANOSEP 3 K Ω, PALL) were transferred to an ultrafiltration unit. The samples in the tubes were subjected to centrifugation (9,100 ×g, 4°C, 120 min) and ultrafiltration. After phospholipids in the mixture were removed using solid-phase extraction, the sample was dried and dissolved in 100 μL of 50% isopropanol solution (v/v) for analysis.
The mass spectrometers of the CE-TOFMS system (Agilent; Santa Clara, CA, USA) (Capillary: Fused silica capillary i.d. 50 μm × 80 cm, CE voltage: Positive, 27 kV; MS ionization: ESI Positive or ESI Negative; MS capillary voltage: 4,000 V, and MS scan range: m/z 50–1,000) and Agilent 1,200 series RRLC system SL (Column: ODS column, 2 × 50 mm, 2 μm; Column temp.: 40°C, Flow rate: 0.3 mL/min, Run time: 20 min, Post time: 7.5 min, Gradient condition: 0–0.5 min: B 1%, 0.5–13.5 min: B 1%–100%, 13.5–20 min: B 100%, MS ionization mode: ESI Positive, MS Nebulizer pressure: 40 psi, MS dry gas flow: 10 L/min, MS dry gas temp: 350°C, MS capillary voltage: 3500 V, MS scan range: m/z 100–1700) were operated in positive and negative electrospray ionization conditions. Three independent measurements were performed for each group.
Candidate compounds were assigned to 451 peaks in the plasma sample and 336 peaks in the skeletal muscle using the mass-to-charge ratio (m/z), migration time (MT), and retention time (RT) values of the substances in the HMT metabolite library (Human Metabolome Technologies Inc.) and the Kyoto Encyclopedia of Genes and Genomes (KEGG). For group comparisons, relative area ratios were calculated for each of the peaks corresponding to skeletal muscles and plasma, facilitating the identification of candidate compounds. Quantitative analysis was performed for the candidate compounds. To this end, the calibration curves incorporated peak areas corrected by internal standards, and concentrations were calculated via single-point calibration of 100 μM of substance (internal standard of 200 μM). Ingenuity pathway analysis (IPA; QIAGEN, CA, USA) was performed based on the quantified data from the plasma of each mouse group.
2.6 Statistical analyses
For each group, data were excluded when data acquisition was difficult due to weight loss, debilitation, or death or when there were concerns regarding peculiar values, mechanical errors in measurement, or external environmental influences because motor function and tissue structure could not be correctly assessed. Data are presented as the mean ± standard deviation (SD). Differences between the two groups were assessed using unpaired two-tailed t-tests. Multiple comparisons between three or more groups were performed using analysis of variance (ANOVA, n = 3, Tukey’s post hoc test). Statistical significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 and was calculated using GraphPad Prism eight or 9 (GraphPad, La Jolla, CA, USA).
3 RESULTS
3.1 Mdx mice repeatedly treated with DPSCs showed milder DMD disease phenotypes
Mdx mice were repeatedly administered DPSCs via the tail vein (Figure 1A). The cross-section of the tibialis anterior (TA) muscle of the untreated mdx mice showed fibers with smaller (regenerating) and larger (hypertrophic) diameters, centrally nucleated fibers (CNFs), spread muscle interstitium, and cell infiltration interspersed in the muscle interstitium (Figure 1B). Histopathological findings observed in the repeatedly DPSC treated mdx mice included limited interstitial muscle area and nuclear infiltration. Quantitative analysis revealed a reduction in the nuclear inflammation area in the DPSC-treated TA muscle compared with that in untreated mdx mice (Figure 1C). In addition, high concentrations of circulating CK decreased temporarily after DPSC treatment in mdx mice (Figure 1D).
[image: Figure 1]FIGURE 1 | Systemic treatment of the mdx mice with DPSCs (A) Schematic representation of the repeated DPSC treatments of the mdx mice. (B) Hematoxylin and eosin (H&E) staining of the tibialis anterior (TA) muscle (original magnification, ×40, each) of untreated mdx mice and mdx mice treated four times with DPSC. Scale bars, 100 μm. (C) Quantification of the hematoxylin-positive area in the cross-section (% of total area) of the TA muscle of control mdx (DMD) mice and mdx mice treated four times DPSCs (Treated-DMD) at the age of 60 and 90 days (P60, P90, n = 4, each). Statistical differences between WT vs. DMD (*p < 0.05, and **p < 0.01) are indicated; two-way ANOVA or multiple t-tests. (D) Serum creatine kinase (CK) levels in each group of mice; at the age of 60 and 90 days (P60, and P90) of control mdx (n = 4, and 3), and hDPSC-mdx (Treated-DMD; n = 4, each), using ELISA.
3.2 Metabolite variation on the dystrophic muscle with or without DPSC-treatment
We investigated the therapeutic effects of DPSC-treatment on the DMD pathology-specific metabolic abnormalities. To understand the biological responses to DPSC treatment or environmental changes in disease-specific features, we analyzed metabolic disturbances in plasma and TA muscles from WT (healthy), dystrophic mdx, and DPSC-treated mdx mice. Metabolic analysis by CE-TOFMS and LC-TOFMS revealed several substances in the plasma samples (451 metabolites; CE-TOFMS, cation: 195, anion: 95; LC-TOFMS, positive: 72, negative: 89, Supplementary Table S1) and skeletal muscle samples (460 metabolites; CE-TOFMS, cation: 212, anion: 126; LC-TOF-MS, positive: 85, negative: 37, Supplementary Table S2).
In the case of plasma samples, we used metabolic profiling to identify and quantitate a total of 165 metabolites, which revealed that changes in a total of 85 metabolites were statistically significant (p ≤ 0.05). The levels were either elevated or decreased in the comparison of untreated mdx mice versus WT (P30, 21 metabolites; P60, 26 metabolites; P90, 37 metabolites). Significant alterations were observed in 25 metabolites upon comparison of DPSC-treated mdx mice versus untreated mdx mice (P60, 11 metabolites; P90, 22 metabolites), and 31 metabolites were significantly changed upon the comparison of DPSC-treated mdx versus WT (P60, 27 metabolites; P90, 9 metabolites) (Supplementary Table S3).
Using global metabolic profiling, we identified and quantitated metabolites in the skeletal muscles. We found that changes in 62 metabolites were statistically significant (p ≤ 0.05), which either increased or reduced in the comparison of untreated mdx mice versus WT (P30, 23 metabolites; P60, 30 metabolites; P90, 37 metabolites). A total of 33 metabolites were significantly altered in the comparison of DPSC-treated mdx mice versus untreated mdx mice (P60, 11 metabolites; P90, 25 metabolites), and 50 metabolites were significantly changed in the comparison of DPSC-treated mdx mice versus WT (P60, 21 metabolites; P90, 41 metabolites) (Supplementary Table S4).
Based on quantitative metabolite differences, principal component analysis (PCA) showed a clear separation between WT and dystrophic muscles (Figures 2A, B). The first and second PCA components explained 17.2% and 14.7% of the variation in plasma (Figure 2A) and 22.4% and 12.5% of the variation in the TA muscles (Figure 2B), respectively. In addition, DPSC-treated mdx mice showed an intermediate distribution between these groups in the PCA graph. While plasma samples showed negligible change with respect to the time course among mouse groups in the PCA results, we observed time-series variation in the analysis of data derived using the partial least-squares method (PLS) (Supplementary Figure S1). In the skeletal muscles, PCA analysis described clear time-series changes between 30 and 60–90 days for both WT and mdx mice. These data suggest that DPSC-treated mdx mice demonstrated a PCA distribution closer to that of WT mice than to that of untreated mdx mice in both plasma and skeletal muscle samples.
[image: Figure 2]FIGURE 2 | Principal component analysis (PCA) and differential concentration of metabolites A principal component analysis (PCA) plot (A,C) and heat map depicting hierarchical clustering analysis (B,D) of plasma (A,B) and the tibialis anterior (TA) muscles (C,D) derived from 30-, 60-, and 90-day-old (P30, P60, and P90) C57BL/6 mice (wild type, WT), untreated mdx mice (DMD), and DPSC-treated mdx mice (Treated-mdx). The PCA plot revealed significant separation among the mouse groups (n = 3). High and low concentrations of the metabolites are shown on a continuum from red to green.
Considering the observed changes in metabolite levels, we next investigated how mdx and DPSC-treated mice exhibited metabolite imbalances compared to WT mice in the plasma and skeletal muscle. The heat map in Figures 2B, D shows the results of hierarchical clustering analysis (HCA). In HCA of skeletal muscle, WT and mdx mice showed notable differentiation consistent with PCA findings (Figure 2C), especially evident between the 30- and 60–90-day groups (Figure 2D). While less prominent than the differentiation between WT and mdx mice, we also detected some alterations in HCA patterns in DPSC-treated mdx mice compared to those in the untreated mdx mice, particularly at 60–90 days of age.
3.3 Metabolites that varied markedly in the dystrophic muscles with or without DPSC-treatment
The top and bottom 30 factor loadings annotated in the Human Metabolome Database (HMBD) containing PC1 and PC2 using PCA for the plasma samples (Table 1) as well as PC1 and PC2 for the skeletal muscle samples are listed in Table 2.
TABLE 1 | Top and bottom 30 loading factors based on the principal component analysis (PCA) of plasma samples Based on the quantitative metabolic differences annotated in the Human Metabolome Database (HMBD), PCA was performed on plasma samples derived from each group, namely, wild-type, untreated mdx mice and DPSC-treated mdx mice. Factor loading top and bottom 30 metabolites sorted by PC1 (top, R > 0.727, p < 5.74E-05; bottom, R < −0.307, p < 1.45E-01) are listed in the upper two tables, whereas the corresponding top and bottom 30 metabolites sorted by PC2 (top, R > 0.678, p < 2.72E-04; bottom, R < −0.498, p < 1.33E-02) are listed in the bottom two tables.
[image: Table 1]TABLE 2 | Top and bottom 30 loading factors based on the principal component analysis (PCA) of the skeletal muscles Based on the quantitative metabolic differences annotated in the Human Metabolome Database (HMBD), PCA was performed on the skeletal muscle derived from each group, namely, wild-type, untreated mdx mice, and DPSC-treated mdx mice. Factor loading top and bottom 30 metabolites sorted by PC1 (top, R > 0.512, p < 1.05E-02; bottom, R < −0.814, p < 1.30E-06) are listed in the upper two tables, whereas the corresponding top and bottom 30 metabolites sorted by PC2 (top, R > 0.636, p < 8.28E-04; bottom, R < −0.552, p < 5.16E-03) are listed in the bottom two tables.
[image: Table 2]When we focused on the regions of the HCA map where a marked difference between WT and mdx mice was observed, we noticed that several amino acid metabolites were present in addition to HMBD. In terms of concentration, amino acid metabolites, such as Asn (asparagine), Asp, Lys, and Met, were accumulated in plasma samples (Supplementary Table S3), and Asn and Gln were abundant in the skeletal muscles of the mdx mice compared to those in the WT mice (Supplementary Table S4). Ser in plasma and Ile and Tyr in the skeletal muscle were lower than those in the WT. Accumulated amino acid metabolites in the mdx mice were downregulated in the DPSC-treated group, including Asn (ratio of mdx ver. WT P60, 1.5, p = 0.021; treated-mdx ver. mdx, 0.7; p = 0.046) and Met (ratio of mdx ver. WT P60, 1.27, p = 0.015; treated-mdx ver. mdx, 0.83, p = 0.035) in the plasma samples and Asn (ratio of mdx ver. WT P90, 1.49, p = 0.012; treated-mdx ver. mdx, 0.72; p = 0.023) in the skeletal muscles.
3.4 Identification of DMD and DPSC-treatment specifically altered metabolites
To compare the exact metabolite amounts, we focused on the quantification of their areas, as reported by the peaks of the mass spectrum. We found that some metabolites, such as phosphocreatine, homocarnosine, S-methylcysteine, guanidinosuccinic acid, and thiamine, were altered in the plasma samples of the 60–90-day-old mdx mice compared to those in the WT. Among these metabolites, statistical analysis confirmed that S-methylcysteine in the DPSC-treated mice at P90 showed significant differences compared to that in the mdx mice (Figure 3A). Analysis of plasma samples from 30 to 90-day-old mice among the three groups showed that the metabolites creatine, inosine monophosphate (IMP), and carnosine accumulated in the early phase of the mdx mice at the age of 30–90 days (Figure 3B). Additionally, glucose 6-phosphate (G-6-P), fructose 6-phosphate, and thymidine levels were higher in the mdx mice than in WT mice after the age of 60 days. In contrast, fumaric acid was reduced in the mdx mice after the age of 60 days than in WT mice. Creatine, IMP, G-6-P, and fumaric acid levels in DPSC-treated mdx mice were not significantly different from those in WT mice at 90 days of age. Furthermore, in the quantification data of the skeletal muscle, the metabolites, threonic acid, pantothenic acid, O-acetylhomoserine, sphinganine, sphingosine, ethanolamine phosphate, and uric acid accumulated in the mdx mice at the age of 60–90 days, whereas homocarnosine levels decreased compared to those in WT mice (Figure 4A). Especially, the elevation of Ans and uric acid in the mdx mice after DPSC treatment showed a reduction at P90, indicating significant differences when compared to the untreated mdx mice (DMD vs. treated-med, Ans, p = 0.008; uric acid, p = 0.006). Next, we examined the changes in metabolites in the skeletal muscles of mice at the ages of 30–90 days by comparing the three groups of mice (Figure 4B). Choline, creatine, and putrescine levels in the mdx mice increased at 60 and 90 days of age. The metabolites choline and Asn were downregulated in DPSC-treated mdx mice (Figures 4A, B). While the levels of carnosine in the mdx mice were lower than those in WT mice, the differences were not significant when compared with the levels in WT mice after DPSC treatment. In addition, we found that cis-5,8,11,14,17-eicosapentaenoic acid, nicotinamide, and ornitin were transiently elevated in the skeletal muscles of DPSC-treated mice compared with those in the WT and mdx mice (Supplementary Table S4; Supplementary Figure S4).
[image: Figure 3]FIGURE 3 | Altered metabolites in the plasma of dystrophic mice and effects of DPSC treatment (A) Quantitative analysis of metabolites altered in the plasma samples derived from 60- and 90-day-old (P60 and P90) C57BL/6 mice (wild type, WT), untreated mdx mice (DMD), and DPSC-treated mdx mice (Treated-mdx). Relative values of differentially expressed metabolites were described as fold changes compared to standard peaks. (B) Plasma levels of metabolite concentrations are described in 30–90-day-old mice (P30, P60, and P90). Statistical differences between WT vs. DMD (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001) and DMD vs. Treated-DMD (#p < 0.05) are indicated; ns, not significant, two-way ANOVA or multiple t-tests. n = 3 for each group. Data are presented as the mean ± SD.
[image: Figure 4]FIGURE 4 | Altered metabolites in the skeletal muscle of dystrophic mice and effects of DPSC-treatment (A) Quantitative analysis of metabolites altered in the skeletal muscles derived from 60- and 90-day old (P60, and P90) C57BL/6 mice (wild type, WT), untreated mdx mice (DMD), and DPSC-treated mdx mice (Treated-mdx). Relative values of differentially expressed metabolites described as fold changes to standard peaks. (B) Metabolite concentrations in the skeletal muscles are described for 30–90-day-old mice (P30, P60, and P90). Statistical differences between WT vs. DMD (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001) and DMD vs. Treated-DMD (##p < 0.01) are indicated; ns, not significant, two-way ANOVA or multiple t-test. n = 3 for each group. Data are presented as the mean ± SD.
3.5 Characterization of disease-specific modified features and the effects of DPSC treatment on the metabolite pathway determined using ingenuity pathway analysis
To understand the significance of the metabolites that underwent disease-specific changes or that varied after DPSC administration, we carried out “diseases and biological functions” analysis using IPA. To detect early changes, we performed the IPA analysis at P60, immediately following DPSC administration. The results revealed canonical pathways that were altered in the plasma samples of mice in the DPSC-treatment group. A total of 21 pathways with predicted upper or lower activation states were detected when untreated mdx mice and DPSC-treated mdx mice were compared (Table 3). As predicted by the activation z-score, the top pathways activated in mdx mice included “transport of amino acids, mobilization of Ca2+, uptake of D-glucose, release of nitric oxide, synthesis of prostaglandin E2”. Hence, the relevant factors were reduced in DPSC-treated mice. The top pathways in the mdx mice included “uptake of amino acids, storage or concentration of triacylglycerol, uptake of glutamine family amino acid, and conversion of lipid.” Next, we confirmed the differences in these parameters between WT and mdx mice along with variability ratios in the untreated and DPSC-treated mdx mice (Table 4). We found that the “transport of L-amino acid” and “uptake of L-amino acid” were enriched in the mdx mice compared with those in the WT. In contrast, “conversion of lipid” and “uptake of amino acids” were decreased in mdx mice. The pathways that were altered in the untreated mdx mice compared with those in the WT were increased by approximately two-fold in mdx mice compared to those in the DPSC-treated group, except for the “uptake of L-amino acid.” These results imply that the enriched pathways in the mdx mice were downregulated in DPSC-treated mdx mice, resembling WT mice closely. In contrast, pathways such as the “uptake of amino acids,” “concentration of triacylglycerol,” “uptake of glutamine family amino acid,” and “conversion of lipid,” which were downregulated in the mdx mice compared with those in the WT, were upregulated in the DPSC-treated group, indicating a trend toward similarity with WT mice in the DPSC-treated group.
TABLE 3 | Disease or function annotation using ingenuity pathway analysis (IPA) The plasma samples derived from 60-day-old (P60) untreated mdx mice (DMD) and DPSC-treated mdx mice (treated-mdx) mice were compared by “Disease or function annotation analysis” using IPA and listed as predicted by the activation z-score (>2.0, or < −2.0).
[image: Table 3]TABLE 4 | Disease and bio function determined using IPA The plasma samples derived from 60-day-old wild type (WT), untreated mdx mice, and DPSC-treated mdx (treated-mdx) mice were compared by “Disease and bio function” using IPA, and the items were listed according to the ratio of the results of mdx vs. treated-mdx mice (>2.0, or < −2.0). Corresponding values obtained after a comparison between mdx vs. WT were also included.
[image: Table 4]IPA was used to identify the upstream regulators that explained the observed changes in the metabolites because upstream regulators were activated early and subsequently contributed to downstream metabolic changes (Figure 5; Supplementary Table S5). This suggests that several upstream regulators are critical for DMD and MSC treatment. The most activated upstream regulators in WT vs. mdx mice included disease-specific factors, LEP, NOS3, and 3-nitropropionic acid, while the inhibited state targeted 6–8 molecules such as creatinine, D-sphingosine, glutathione, and L-arginine. LDL and BHMT in the activated state targeted 5–6 molecules such as cholesterol, D-sphingosine, and glutathione.
[image: Figure 5]FIGURE 5 | Upstream regulator analysis using IPA The plasma samples derived from 60-day-old untreated mdx mice and DPSC-treated mdx mice (treated-mdx) were compared using “Upstream regulator” analysis by IPA and were listed by activated upstream regulators for both downregulated factors (-; Inhibited, activation z-score; < −2.0), and upregulated factors (+; Activated, activation z-score; >2.0). The target molecules listed based on each upstream factor are surrounded by a square.
In the case of DPSC-treated mdx mice, the top activated upstream regulators included methamphetamine in an inhibitory state targeting molecules such as 4-hydroxy-3-methoxyphenylacetic acid, 5-hydroxytryptamine, creatinine, GABA, and glutathione as predicted, and upstream regulators BHMT, UCP1, NOS1, and GNRH1 in the activated state, targeting molecules such as creatinine, GABA, L-arginine, L-glutamic acid, oleic acid, phosphorylcholine, and glycero-3-phosphocholine. These results demonstrated that disease-specific or DPSC-treated DMD-specific pathways, including upstream regulators, could be identified using IPA.
4 DISCUSSION
We investigated the metabolic signatures of previously identified and newly characterized factors associated with the effects of DPSC treatment on the metabolic status of dystrophic mice. Although a previous study reported metabolic disturbances in DMD using mouse and dog models (Nitahara-Kasahara et al., 2021), this study is the first to report the therapeutic evaluation of cell therapy focused on metabolic abnormalities in DMD. We identified DMD-specific impairments in metabolites and their responses to systemic DPSC treatment. Our results demonstrate that metabolomics-based pathological assessment is expected to help understand the histopathological mechanisms associated with the anti-inflammatory effects of DPSC treatment and can help identify the therapeutic targets and pathways.
Early systemic DPSC administration in mdx mice ameliorated the progressive phenotypes and retained milder histological phenotypes (Figure 1). DPSC-treated mice retained motor function, resulting in the long-term improvement of skeletal muscles, as in our previous study (Nitahara-Kasahara et al., 2021). However, the therapeutic mechanisms, target molecules, and environmental changes in the skeletal muscle after systemic administration of DPSCs were unclear. As chronic inflammation is followed by the controlled degeneration and necrosis of muscle fibers, it was considered that the treated mice might have efficient energy production, metabolism, and structural stability, which may be closely related to muscle function.
PCA and heat maps showed that the overall variants of metabolites depended on the time course in mdx mice and DPSC-treated mdx mice compared to those in WT mice (Figure 2). Quantitative analysis provided a list of metabolites with disease-specific variations, and groups of factors that were further altered by cell therapy were obtained (Tables 1, 2). Furthermore, we focused on the marked differences between normal and disease conditions during the growth process (Figures 3, 4) and suggested that the metabolite variety was affected by DPSC treatment during disease progression.
In dystrophic muscles, disruption of the dystrophin-glycoprotein complex initiates complex pathogenesis, including membrane microrupturing, Ca2+-induced proteolytic degradation, and fiber degeneration, followed by chronic inflammation (Allen et al., 2016; Smith, and Barton, 2018; Tidball et al., 2018). In addition to progressive muscle wasting, metabolic abnormalities have been reported previously. For instance, changes in plasma metabolites have been observed in patients with DMD, including alterations in unsaturated fatty acids, carnitine, and lipids. Moreover, metabolites associated with amino acid metabolism, such as elevated levels of Gln and Glu, as well as decreased levels of Val, have been noted compared to healthy controls. (Xu et al., 2023). In an animal model, the metabolites Ala, Met, Gly, and Glu showed different variants in dystrophic mdx mice (Lorena et al., 2023) compared to those in the WT. Glu accumulates in GRMD (Kornegay, 2017); however, this alteration may be specific to certain animal models. Our study revealed that DPSC treatments may influence variations in amino acid metabolites, particularly those that are disease-specific and altered in mdx mice. This effect is possibly attributed to elevated levels of Asn and Glu (Figure 4A; Supplementary Tables S3, S4).
We found that elevated uric acid and reduced carnosine levels in the skeletal muscle of mdx mice showed a trend similar to that of WT mice after DPSC treatment (Figures 4A, B). Similarly, patients with DMD had much higher muscle concentrations of uric acid than healthy individuals, which is associated with purine metabolism (Camina et al., 1995). The hypothesis that DMD involves alterations leading to the blockage of the IMP-purine pathway was supported. Therefore, inhibition of xanthine oxidase is expected to delay the loss of hypoxanthine in the form of uric acid, thus favoring the restoration of nucleotide levels via IMP and guanine (Camina et al., 1995). Considering this pathway, the IMP levels in plasma after the treatment of dystrophic mice with DPSCs were comparable to those in the untreated controls and were not sufficient to restore purine levels in our study (Figure 3B).
Carnosine is a dipeptide that is highly concentrated in the skeletal muscles (Kohen et al., 1988). A previous study showed that significantly decreased carnosine in GRMD could set the stage for eventual muscle damage (e.g., due to lactic acid or oxidative damage). This decline may lead to limited myosin ATPase activity, as highlighted in a previous study (Rayment, 1996), and may contribute to muscle fatigue (Parker, and Ring, 1970). Patients also have significantly lower muscle concentrations of ATP, ADP, GTP, GDP, IMP, S-AMP, hypoxanthine, and guanine (Camina et al., 1995). Our results showed that carnosine levels in the skeletal muscle of DPSC-treated mice were similar to those in WT mice (Figure 4B). We also demonstrated that the locomotor function of mdx mice was maintained for a long time after DPSC treatment (Nitahara-Kasahara et al., 2021). These results suggest that energy production and metabolic efficiency may also contribute to the maintenance of muscle function, followed by decreased muscle damage by downregulating inflammation via DPSCs. Future investigations of the relationship between changes in muscle fiber type and metabolic variation may provide clues to explain the mechanisms of the therapeutic effects by DPSC-treatment. Furthermore, higher levels of metabolites involved in glycolysis, including 6-phosphoglycerate, fructose-6-phosphate, and glucose-6-phosphate have been previously reported in mdx mice (Xu et al., 2023). Similar results were obtained in this study, and the abnormal metabolism of amino acids, energy, and lipids in DMD was consistent with pathological features, such as recurrent muscle necrosis and regeneration and inflammation, which also partially reflect therapeutic effects.
Choline-containing compounds were approximately three times higher than those in healthy individuals and patients with other myopathies, whereas creatine levels were within the normal range, indicating that abnormal cell membrane function may be correlated with abnormal dystrophin or lack of dystrophin in the brains of patients with DMD (Kato et al., 1997). We found that increased choline in the skeletal muscle of mdx mice was similar to that in patients with DMD and was downregulated after DPSC-treatment (Figure 4B). These findings are consistent with the protective cell membrane function in DPSC-treated dystrophic muscle compared with that in the untreated control. Lower levels of circulating CK in the treated mice imply the retention of cellular fragility, albeit temporarily, associated with an improved histological appearance of the skeletal muscle. Therefore, these measurements imply that tissue damage was decreased by DPSC-treatments, reflecting protection against physical damage. In contrast, sphingolipid biosynthesis is known to be upregulated in dystrophic muscles (Laurila et al., 2022), but was not significantly influenced by DPSC treatment.
The IPA pathway is disease-specific and influences various signaling pathways. We found that the main differences between disease and treatment groups included the variation related to increased “transport of amino acid and mobilization of Ca2+” and decreased “uptake of amino acids and storage of triacylglycerol” in the analysis of “Diseases or functions annotation” (Table 3). Choline was included as a factor in the “triacylglycerol enrichment or storage” category with a reduced predicted activation state. Carnosine and Glu were also in the “lipid metabolism” Pathway. Creatine and uric acid were in “release of nitric oxide, stimulation of cells, and mobilization of Ca2+.” As nitric oxide and Ca2+ are known to be involved in the pathogenesis of muscle dystrophy, DPSCs are expected to have the potential to maintain tissue structure. Furthermore, BHMT was identified as an upstream molecule that regulates factors, including choline and its analogs (Figure 5; Supplementary Table S5). There are many upstream factors that regulate Glu; here, we identified UCP1, GNRH1, and NOS1. The dystrophic muscle membrane induces the secondary loss of neuronal nitric oxide synthase. Because nitric oxide is a potent regulator of skeletal muscle metabolism, the loss of NO bioavailability is likely a key contributor to chronic pathology (Timpani et al., 2017). Considering the above findings and our results using IPA based on metabolite variation, we successfully characterized pathways that reflect disease pathology and suggest that treatment may ameliorate disease progression.
There are a few reports on metabolites resulting from MSC administration, for example, MSC-triggered metabolomic alterations in liver-resident immune cells from acute liver injury model mice (Shi et al., 2019), and key metabolic pathways in MSC-mediated immunomodulation for GVHD (Burnham et al., 2020). This is the first report of metabolic improvements following DPSC administration in relation to muscular dystrophy. Whether the supply of DPSCs has a significant impact on the metabolic network and crosstalk with the immune response to alter the disease progression of DMD needs to be further investigated. Metabolite analysis may be useful for understanding the molecular targets and mechanisms underlying cellular therapies.
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Introduction: Fanconi anemia (FA) is an inherited disorder characterized by bone marrow failure, congenital malformations, and predisposition to malignancies. Alterations in hematopoietic stem cells (HSC) have been reported, but little is known regarding the bone marrow (BM) stroma. Thus, the characterization of Mesenchymal Stromal Cells (MSC) would help to elucidate their involvement in the BM failure.Methods: We characterized MSCs of 28 FA patients (FA-MSC) before and after treatment (hematopoietic stem cell transplantation, HSCT; or gene therapy, GT). Phenotypic and functional properties were analyzed and compared with MSCs expanded from 26 healthy donors (HD-MSCs). FA-MSCs were genetically characterized through, mitomycin C-test and chimerism analysis. Furthermore, RNA-seq profiling was used to identify dysregulated metabolic pathways.Results: Overall, FA-MSC had the same phenotypic and functional characteristics as HD-MSC. Of note, MSC-GT had a lower clonogenic efficiency. These findings were not confirmed in the whole FA patients’ cohort. Transcriptomic profiling identified dysregulation in HSC self-maintenance pathways in FA-MSC (HOX), and was confirmed by real-time quantitative polymerase chain reaction (RT-qPCR).Discussion: Our study provides a comprehensive characterization of FA-MSCs, including for the first time MSC-GT and constitutes the largest series published to date. Interestingly, transcript profiling revealed dysregulation of metabolic pathways related to HSC self-maintenance. Taken together, our results or findings provide new insights into the pathophysiology of the disease, although whether these niche defects are involved in the hematopoietic defects seen of FA deserves further investigation.Keywords: mesenchymal stromal cells, bone marrow microenvironment, bone marrow failure, gene therapy, Fanconi anemia
1 INTRODUCTION
Fanconi anemia (FA) is a rare genetic disorder that results from DNA repair defects arising from pathogenic variants (PVs) in at least 22 genes (FANCA, FANCB, FANCC, FANCD1/BRCA2, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCJ/BRIP1, FANCL, FANCM, FANCN/PALB2, FANCO/RAD51C, FANCP/SLX4, FANCQ/ERCC4/XPF, FANCR/RAD51, FANCS/BRCA1, FANCT/UBE2T, FANCU/XRCC2, FANCV/REV7/MAD2L2, and FANCW/RFWD3) discovered to play a role in the FA DNA repair pathway. All PVs in these genes are inherited in an autosomal recessive manner except those in FANCB and FANCR/RAD51, which are X-linked and autosomal dominant, respectively (Ceccaldi et al., 2016; Wegman-Ostrosky and Savage, 2017). Most patients with FA are characterized by bone marrow failure (BMF), somatic malformations, cancer predisposition and sensitivity to proinflammatory cytokines and alkylating agents (Svahn et al., 2016; Dufour and Pierri, 2022).
Mesenchymal stromal cells (MSCs) represent one of the key components of the bone marrow (BM) microenvironment, where they contribute to the creation of the hematopoietic stem cell (HSC) niche and play a crucial role in sustaining the development and differentiation of the hematopoietic system (Zhang et al., 2003). There is growing evidence suggesting that the microenvironment plays a role in several hematopoietic disorders, such as myeloproliferative and myelodysplastic neoplasms (Raaijmakers, 2012; Cogle et al., 2015; Li and Calvi, 2017; Curto-Garcia et al., 2020). However, the impact in the pathogenesis of BMF in FA remains unclear.
Few studies have described the role of the stroma in the hematological alterations of FA. It has been reported that the microenvironment could be involved in the pathogenesis of FA-related BMF in mice (Li et al., 2009). Also in mice, Zhou et al. have shown that MSCs have increased senescence, reduced proliferation and impaired differentiation, leading to skeletal alterations and a diminished ability to support hematopoiesis (Zhou et al., 2017). These data suggest that the pathogenesis of hematopoietic defects in FA is complex and likely depends, at least in part, on the interaction between abnormal hematopoietic cells and a dysfunctional niche. This hypothesis has only been analyzed in three studies with human samples. These studies described different alterations, some of them in a consistent manner, and others with controversial findings.
In this study we characterized BM-derived MSCs from pediatric patients affected by FA. We compared FA-MSCs with those expanded from healthy donors (HD-MSCs) to outline the differences that could elucidate the importance of the microenvironment on the exhaustion of HSC. Moreover, in patients that received a hematopoietic stem cell transplantation (HSCT) or gene therapy (GT), we studied MSCs before and after each treatment, in order to evaluate their potential impact on the BM niche.
2 MATERIALS AND METHODS
2.1 FA patients and healthy donors
Regarding inclusion criteria, pediatric patients with confirmed genetic diagnosis of FA assessed at the Hospital Infantil Universitario Niño Jesús between September 2018 and June 2021 could be included in the study. All patients with FA below 18 years that had undergone a bone marrow aspiration study to monitor their disease and had signed the informed consent were eligible for enrollment.
Some of the included patients did not receive treatment for bone marrow failure, while others were treated with HSCT or GT during their evolution. In those who received treatment, MSCs were isolated from BM aspirates obtained before and after treatment for the bone marrow failure.
As controls, we used MSCs isolated from HDs who underwent orthopedic surgery in which a bone marrow sample was obtained during the procedure.
This study was approved by the ethics committee of the Hospital Infantil Universitario Niño Jesus. Parents or legal guardians and HDs gave their written informed consent/assent.
2.2 Isolation and culture of BM-derived FA- and HD-MSCs
Mononuclear cells (MNCs) were isolated from BM aspirates (three to five mL) of FA patients and HDs by density gradient centrifugation and plated in non-coated 75–175 cm2 tissue culture flasks at a density of 500,000/cm2 in complete culture medium. MSCs were harvested, after reaching ≥80% confluence, using Trypsin, and were propagated at 5,000 cells/cm2.
2.3 Characterization of ex-vivo expanded FA- and HD- MSCs
2.3.1 Immune-phenotype
Mesenchymal stromal cells were phenotypically characterized by flow-cytometry at P4 to evaluate the presence of the surface markers CD90, CD73 and CD29 and the absence of CD14, CD45 and CD19, using fluorescein isothiocyanate (FITC) or phycoerythrin (PE)-conjugated monoclonal antibodies (all from BioLegend and BD Biosciences). The sample was acquired on a FACSCanto II (BD) flow cytometer, and data were analyzed using the FACSDiva and Flowjo (BD) software.
2.3.2 Proliferative capacity
Cell growth was analyzed by direct cell counts and population doublings (PDs) were determined at each passage. The number of PDs was calculated for each MSC sample by using the formula log10(N)/log10 (Wegman-Ostrosky and Savage, 2017) where N represents cells harvested/cells seeded; results were expressed as cumulative PD from passage (P) 1 to P5 (Zuk et al., 2001).
2.3.3 Differentiation capacity
Adipogenic differentiation, osteogenic differentiation and the capacity to differentiate to cartilage tissue was evaluated as previously described (Mantelli et al., 2015). Differentiation was evaluated at P4–P6 by seeding MSCs at a density of 3.8 × 104 in p12 plates for 6–7 days until 90% confluence. At that time, the medium was changed to the specific differentiation medium. After 15 days of culture differentiation was evaluated through the specific methodology in each case as reported in section 1.1 of the Supplementary Material.
2.3.4 Fibroblast colony-forming unit (CFU-F) ability
CFU-F formation was assessed by examining the cultures at day +15; the clonogenic efficiency was calculated as the number of colonies per 6 × 103MNCs initially seeded.
2.3.5 Senescence assay
FA-MSCs and HD-MSCs were maintained in culture until reaching replicative senescence. MSCs were closely monitored during senescence for up to 20 passages before interrupting the cultures, in order to identify any change in morphology and/or proliferation rate. Senescence of MSCs was assessed by staining with β-galactosidase. Furthermore, senescence was also characterized among the samples included in the RNA-seq analysis by evaluating the transcriptomic data sets for genes and pathways associated with senescence.
2.4 MSC-mediated support of long-term hematopoiesis
The capacity of FA-MSC to support normal hematopoiesis in vitro was assessed as follows. Early passage (P4–P6) MSCs were irradiated (25 Gy by a Cesium irradiator) and plated into a 96-well plate at a concentration of 3 × 104/well. One day later, CD34+ cells obtained by immunomagnetic selection of mobilized hematopoietic progenitors from HDs, were plated onto the MSC feeder at a concentration of 1 × 104/well in the presence of Myelocult medium (StemCells Inc, Vancouver, BA, Canada) and 106 mol/L hydrocortisone. The cultures were incubated for 5 weeks at 37°C, 5% CO2. Then, cultures were trypsinized and a classical methylcellulose assay was performed. The total number of colonies (colony-forming cells, CFCs) was scored after 14 days by an inverted microscope. Parallel experiments were performed using HD-MSCs as controls. Each experiment was performed in triplicates.
2.5 In vitro peripheral blood mononuclear cells (PBMNC) proliferation assay with phytohaemagglutinin
PBMNCs were obtained from peripheral blood samples from adult HDs. The proliferation of HD-PBMNCs in RPMI 1640 medium (Gibco, Life Technologies Ltd) supplemented with 10% FBS, in response to phytohaemagglutinin (PHA-P; Sigma- Aldrich), either in the presence or absence of MSCs, was performed in triplicate in flat-bottomed 96-well tissue culture plates (BD Falcon). Briefly, FA- and HD-MSCs were seeded at MSC:PBMNC ratios of 1:10 (10.000 MSC/100.000 PBMC) per well and allowed to adhere overnight before adding 1 × 105 PBMNCs per well with or without PHA (4 lg/mL). After a 5-day incubation, the supernatant was collected for analysis by flow cytometry using CFSE (carboxyfluorescein succinimidyl ester) labeling. Lymphocyte proliferation (without MSC and stimulated by PHA) was considered as 100% proliferation and this percentage was used as a reference value to normalize or correlate lymphocyte proliferation in the presence of MSC.
2.6 Genetic characterization of FA-MSCs
2.6.1 Mitomycin C (MMC) test
Due to the role of FA pathway proteins in DNA repair mechanisms, patient cells are extremely sensitive to DNA cross-linking agents such as MMC. MMC resistance testing was performed as previously described (González-Murillo et al., 2010; Diez et al., 2017). To assess this sensitivity, cells were exposed to increasing concentrations of MMC (0–333 nM; Sigma-Aldrich). The MSCs were seeded at a concentration of 5 × 103 cells/cm2 in 24-well plates. 10–15 days afterwards cell viability was determined by flow cytometry with 7AAD.
2.6.2 Chimerism studies
The chimerism study was carried out on MSC of patients with FA who were transplanted, to confirm whether the origin of these cells came from the donor or the recipient. This analysis was performed on DNA extracted from a MSC population at passage P4-P7 to avoid contamination with hematopoietic cells that could remain residual in the culture. The chimerism study was performed by microsatellite analysis, Short Tandem Repeats (STR), by PCR and fragment analysis. To quantify the levels of chimerism in the samples, the DNA profiles of the donor and recipient were previously characterized.
2.7 RNA-seq studies
2.7.1 Ribonucleic acid preparation
For the study of the transcriptome, the cell fraction of the MSC cultures from P6-P8 was used. Total ribonucleic acid (RNA) from MSCs was extracted using Qiagen’s RNeasy Mini Kit, according to the manufacturer’s instructions. The total RNA that had a standard concentration of ≥200 ng/mL, mass ≥10 mg and RNA integrity number (RIN) ≥8.0 was subjected to RNA-Seq. Sequencing was performed at the Massive Sequencing Unit of the Madrid Science Park (NIMgenetics). The analysis was carried out by the Bioinformatics department of the Hospital Infantil Universitario Niño Jesús (section 1.2 of the Supplementary Material).
2.7.2 Validation of gene expression by real time quantitative polymerase chain reaction (RT-qPCR)
To validate the results, the expression levels of seven selected transcripts were determined by RT-qPCR with the housekeeping gene GAPDH and RNA 18S as an endogenous reference. Relative quantification of the gene expression was determined normalizing the data of the gene to GAPDH and RNA 18S housekeeping gene and using the 2−ΔΔCT method.
2.8 Statistical analysis
Quantitative variables were presented as the mean ± standard deviation (SD) or as the median ± range or interquartile range (IQR), as appropriate. All experiments were performed in triplicates.
The normal distribution was checked through the Saphiro-Wilk normality test. In cases where the samples did not demonstrate a normal distribution, comparisons were made using non-parametric tests. Thus, the Kruskal–Wallis’s test was used to compare means of >2 groups, while the Mann-Whitney test was used to compare means of two groups. When the results of normality test allowed it, parametric tests such as t-student or ANOVA were used to compare means. For comparisons of repeated measures, the Wilcoxon test was used in the case of two comparison groups. On the contrary, the Friedman test was used to compare repeated measures of >2 study groups. p values lower than 0.05 were considered to be statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001). Statistical analysis was performed using SPSS Statistical Software version 22 and Graph Pad Prism 5.0 (Graph Pad Software, CA, EEUU).
3 RESULTS
3.1 Patients and characteristics of the series
Twenty-eight FA pediatric patients assessed at the Hospital Infantil Universitario Niño Jesús between September 2018 and June 2021 were included in the study.
The median age at diagnosis was 4 years (range 1–12) and the median age at treatment was 6 years (range 2–14). 46.43% of the patients were male and 53.57% female. Diagnosis was confirmed by molecular studies in all cases. The vast majority of patients belonged to the complementation group A (FANCA 85.71%). Table 1 details patient characteristics.
TABLE 1 | Patient characteristics. FA: Fanconi Anemia. HSCT: hematopoietic stem cell transplant. GT: Gene therapy. NA: not available.
[image: Table 1]We analyzed samples from twenty-one patients that received either HSCT or GT as curative intention treatment. HSCT was performed in 10 patients and 11 were treated within the GT trials (NCT03157804, NCT04248439). Eight patients underwent a non-related human leucocyte antigen (HLA)- matched donor transplant, whereas the remaining two children received an haploidentical T cell-depleted family donor HSCT and a matched related donor HSCT (embryo selection), respectively. In addition, we also analyzed samples from seven patients not receiving any treatment.
When feasible, MSCs were isolated from BM aspirates before and after treatment. The paired sequence of the same patient with a sample both prior and after treatment was achieved in 10 patients. Seven of them were treated with GT and three underwent HSCT. Within the follow-up of the patients in the gene therapy trial, marrow samples were obtained at the following time-points according to the trial protocol: at 6 months (n: 10), at 1 year (n:8) and beyond 1 year (n:8) from the infusion. However, no more than one replicate from the same patient was included in the same analysis.
As controls, we used MSCs isolated from 26 HDs with a median age of 17 years (range 13–21). Their peripheral blood cell counts were reviewed, confirming normality of the cell blood counts in all the cases.
Therefore, the total number of samples included in the study was 64, corresponding to 26 healthy donors, 28 FA patients and 10 paired samples of 10 of the FA patients.
3.2 Characterization of BM-derived FA-MSCs
MSCs were successfully expanded in all samples. Both FA-MSCs and HD-MSCs displayed the characteristic spindle-shaped morphology. All of them met the criteria established by the International Society for Cellular Therapy (ISCT) consortium, demonstrating >95% positivity for positive markers, and <2% for negative markers. HD-MSCs and FA-MSC prior and after treatment presented similar differentiation capacity.
MSC survival assays to DNA cross-linking agents confirmed that FA-MSCs cells were significantly more sensitive to MMC than HD-MSCs (p < 0.05) (Figure 1, and Supplementary Table S1). When performing the sub-analysis of the samples according to the study subgroups no differences were observed in survival (Supplementary Table S2). MSC chimerism was analyzed in nine of the patients who had received HSCT, demonstrating that the cellularity was 100% of the receptor, thus confirming the autologous origin of the stroma.
[image: Figure 1]FIGURE 1 | Mitomycin C (MMC) resistance testing. Cell viability and survival determined by flow cytometry with 7AAD at different MMC concentrations. Healthy donor’s mesenchymal stromal cells (HD-MSCs), Fanconi Anemia MSCs (FA-MSC).
In terms of proliferative capacity, there were no significant differences between FA-MSCs and HD-MSCs in early passages (Figure 2A, p = 0.38), nor among the different FA subgroups (Figure 2B, p = 0.38). Likewise, in seven paired samples of GT-MSC group no differences were observed before or after treatment (Supplementary Table S3). Interestingly, the same trend was confirmed in late cell culture passages where FA-MSCs presented a proliferative capacity similar to that of HD-MSCs (Supplementary Table S4). Thus, senescence was observed between P12-P19 for FA-MSC and between P11-P19 for HD-MSC (Supplementary Figure S1). These differences were not statistically significant (p = 0.85 in P19).
[image: Figure 2]FIGURE 2 | Proliferative capacity of mesenchymal stromal cells (MSCs). (A) Cumulative population doublings (PDs) from passage (P)1 to P5 of MSCs isolated from healthy donors (HDs) and from Fanconi Anemia (FA) patients. (B) Cumulative PDs from passage P1 to P5 of MSCs isolated from HDs and from FA patients divided into different subgroups: untreated or baseline-MSC (B-MSC), gene therapy-MSC (GT-MSC) and hematopoietic stem cell transplantation MSC (HSCT-MSC). (C) Fibroblast-colony forming unit (CFU-F) ability of FA-MSCs obtained before and after treatment (gene-therapy, GT-MSC or hematopoietic stem cell transplantation, HSCT-MSC) as compared with HD-MSCs.
The clonogenic efficiency of FA-MSCs was comparable to that of HD-MSCs (6.45 vs. 8.35, p = 0.23). Of note, CFU-F ability of GT-MSCs was significantly lower than that of both HD- and FA-MSCs obtained at baseline or after HSCT (3.60 vs. 8.35 vs. 7.58 vs. 11.41, p = 0.015) (Figure 2C). Six paired samples from three patients undergoing gene therapy were then analyzed. The three post-treatment samples demonstrated a trend towards a reduced capacity to generate CFU-F compared to the pre-treatment samples (10.00 vs. 2.50) (Supplementary Table S5).
3.3 Ability of FA-MSCs to support long-term hematopoiesis
The capacity to support hematopoiesis was evaluated in 14 FA patients and 3 HDs at early passages. Our results showed that the CFC output of long-term culture-initiating cell (LTC-IC) assays did not significantly differ between MSCs derived from HDs and those from FA patients (Figure 3A).
[image: Figure 3]FIGURE 3 | Functional characterization of mesenchymal stromal cells (MSCs). (A) Ability of Fanconi Anemia (FA) MSCs (FA-MSCs) and healthy donors MSC (HD-MSC) to support long-term hematopoiesis. Results are expressed as the median number of colony-forming-cells (CFCs) and represent the median of triplicate experiments. Ns: non-significant. (B) Ability to support long-term hematopoiesis of the different study subgroups: HD-MSCs, baseline or untreated FA patients (B-MSCs), and FA patients that received gene therapy (GT-MSCs) or hematopoietic stem cell transplant (HSCT-MSCs). Results are expressed as the median number of CFCs and represent the median of triplicate experiments. (C) In vitro immunomodulatory effect of HD-MSCs and FA-MSCs on peripheral blood mononuclear cells (PBMNCs) in an allogeneic setting. The graph shows the percentage of residual proliferation of PBMNCs stimulated with phytohaemagglutinin (PHA) in the presence of HD-MSCs or FA-MSCs. Each bar represents the percentage of residual proliferation of 105 PBMNCs, in the presence of MSC:PBMNC at a ratio of 1:10. (D) In vitro immunomodulatory effect of the different study subgroups on PBMCs in an allogeneic setting. The graph shows the percentage of residual proliferation of PBMCs stimulated with phytohaemagglutinin (PHA) in the presence of HD-MSCs, B-MSC, GT-MSC or HSCT-MSC. Each bar represents the percentage of residual proliferation of 105 PBMCs, in the presence of MSC:PBMC at a ratio of 1:10.
Nonetheless, the ability to maintain hematopoiesis was not equal when comparing the four study subgroups (HD-MSC, B-MSC, GT-MSC, and HSCT-MSC, p = 0.016) suggesting that the generation of CFC was lower in the GT-MSC group (Figure 3B and Supplementary Table S6). When analyzing four of the patients belonging to the GT group in a paired manner, the ability to support hematopoiesis did not seem to be determined by treatment, since CFC generation was similar before and after GT (6.35 vs. 6.88, respectively) (Supplementary Table S7).
3.4 Effect of FA-MSCs on PHA-induced PBMNC proliferation
We measured PBMNC proliferation induced by PHA either in the presence or in the absence of MSCs. 37 samples were analyzed: five of them corresponding to HD-MSC, 15 MSC from patients without treatment (B-MSC), and 17 MSC samples from patients treated for their BMF (11 GT-MSC and 6 HSCT-MSC).
FA-MSC exerted an inhibitory effect on PHA-induced PBMNC proliferation similar to HD-MSC in the 1:10 ratio, showing a median proliferation percentage of 27.65% (IQR 17.23–42.32) versus 26.19% (IQR 15.14–35.94), respectively (p = 0.27) (Figure 3C). Of note, HSCT-MSC showed a trend towards a greater residual proliferation in comparison to the other study groups, but this difference was not statistically significant (B-MSC 25.84% [IQR 16.82–39.30], GT-MSC 25.84% [IQR 16.82–39.30], and HSCT-MSC 42.23 [20.54–53.13], p = 0.13) (Figure 3D). Overall, these results indicate that MSCs isolated from the BM of FA patients have a similar immunomodulatory effect as MSCs from HDs, and that it is not significantly affected by treatment.
3.5 Transcriptomic profiling of FA patients (FANCA −/−) versus healthy donors MSCs
We compared the transcriptomic profiling of seven untreated FA-MSC samples and 3 HD-MSCs. All seven patients had a pathogenic variant in the FANCA gene.
RNA-seq expression profiling of FA-MSC versus HD-MSC segregated populations based on hierarchical clustering (Figure 4). Principal-component analysis revealed two differentiated groups, according to the FA pathway, three samples of healthy donors on the one hand, and the group of patients on the other.
[image: Figure 4]FIGURE 4 | Transcript profiling of Fanconi Anemia (FA) patients versus healthy donors (HD) mesenchymal stromal cells (MSCs). Heat-map illustration of gene expression FA-MSCs from FA patients (n = 7) and HD-MSCs (n = 3).
To evaluate whether the exhaustion of HSCs is related to the chronic activation of stress signaling pathways and to conclude about its effect in cell-aging or senescence process, we conducted a targeted analysis to evaluate some of the master regulators of senescence, as well as senescence-associated secretory phenotype (SASP). Among these senescence hallmarks, only CDKN2A/p16 differed significantly between FA-MSC and HD-MSC, so that HD-MSCs showed an overexpression CDKN2A/p16 (p 0.02, Figure 5A). However, FA-MSCs showed a trend to a higher repression in pathways such as CDKN1A/p21 (Figure 5B) or SASP complex (IL6, IL1-α, IGF-BP3), without reaching statistical significance in any of the cases.
[image: Figure 5]FIGURE 5 | Transcript profiling of senescence-associated pathways from FA-MSCs (n = 7) and HD-MSCs (n = 3). (A) CDKN2A/p16 gene expression FA-MSCs from FA patients (n = 7) and HD- MSC (n = 3). (B) CDKN1A/p21 gene expression FA-MSCs from FA patients (n = 7) and HD- MSC (n = 3).
Besides, as it is known that MSC-derived secretomes contribute to activating an inflammatory transcriptome, we also evaluated other pathways related to inflammation. Indeed, no significant dysregulations were observed between groups regarding other inflammation-related pathways such as NF-KB, SMAD2/3, TGF-β or TNF-α.
Finally, we performed a targeted analysis to investigate the expression of HOX and TALE transcription factors as noted by a previous group in the FA-MSC setting. (Cagnan et al., 2019). It is worth mentioning that our analysis identified repression of HOXB 5-6-eight to nine and HOXD4, with overexpression of HOXA10 and HOXC11 (Figure 6). Moreover, due to the fact that the HOX pathway is one of the driving mechanisms of cancer development such as leukemia we evaluated the genes related to its evolution. However, no alterations were identified in FA-MSC in the genes related to myelodysplasia/acute leukemia.
[image: Figure 6]FIGURE 6 | Transcriptomic studies. Differences between downregulated vs. upregulated pathways in HOX and TALE members.
Validation of the sequencing results by RT-qPCR. To confirm the reliability of the expression profiles generated using the RNA-Seq and DEGs analysis, RT-qPCR was applied in seven up/downregulated candidate genes (HOXC 11, HOXA 10, HOXD 4, HOXB 5, HOXB 6, HOXB 8, and HOXB 9). As expected, the RT-qPCR results matched the RNA-seq results in the majority, except in HOXA 10 gene, in which its overexpression was not confirmed in more than half of the samples.
4 DISCUSSION
Despite the genetic heterogeneity of patients with FA, many of them share a common phenotype characterized by the development of BMF. It is estimated that the risk of BMF is 50% at the age of 40, and in 75% of the cases it occurs during the first decade of life (Alter, 2014; Alter et al., 2022). Thus, most of the therapies for these patients are focused on treating BMF.
Nonetheless, the pathophysiology of the exhaustion of HSCs remains unclear. There is increasing evidence suggesting a potential role of the microenvironment as a contributing component in other hematopoietic disorders (Cogle et al., 2015; Curto-Garcia et al., 2020). In the present study, we expanded ex vivo MSCs derived from BM of children with FA, both before and after receiving treatment and compared with those obtained from HDs, in order to address whether the niche plays a role in the BMF of these patients.
Prior to our study, the first group that explored the involvement of the niche in the BMF of human FA patients included only samples from untreated subjects. They found functional deficits in MSC after long-term cultures, concluding that FA-MSC could be involved in the development of BMF (Lecourt et al., 2010). Later, Mantelli et al. expanded this information with the characterization of FA-MSC of patients treated with HSCT (Mantelli et al., 2015). They pointed out that FA-MSC were defective in their ability to proliferate, but they maintained their functionality as HD-MSC. Hence, they could not conclude that these phenotypic defects impacted on the pathophysiology of BMF. To the best of our knowledge, the present work is the largest series published to date with MSCs from FA patients. Furthermore, we characterized the stroma of patients treated with GT for the first time, not only in FA but also in other monogenic diseases where gene therapy is being used.
Our data showed that FA-MSCs exhibit similar morphology, immunophenotype and differentiation potential to HD-MSCs as in the previous studies (Lecourt et al., 2010; Mantelli et al., 2015).
MMC survival assays demonstrated that FA-MSCs cells were significantly more sensitive to DNA cross-linking agents in comparison to HD-MSCs confirming that the FA pathway is not functional in stromal cells either. Moreover, according to other groups, when comparing MSCs after transplant we confirmed the autologous origin of the stroma. In HSCT recipients, MSCs remain of recipient origin, indicating that these cells are not fully eradicated by a non-myeloablative conditioning.
In accordance with Mantelli et al, the proliferative capacity of FA-MSCs obtained before treatment was comparable to that of HD-MSCs. However, in contrast to what was observed by Mantelli`s group, in our study FA-MSC obtained after HSCT did not display a significantly lower proliferative capacity compared to HD-MSCs. As we will discuss later on, the time of collection of the samples after transplant could influence these results.
When evaluating the proliferative capacity at high passages of cell cultures (P5-P19) and the in vitro life-span of FA-MSCs, we found that these cells obtained before and after HSCT or GT did not develop signs of senescence earlier than HD-MSCs, as opposed to the previously reported data (Lecourt et al., 2010; Mantelli et al., 2015). This difference may be due to the duration of the cultures, since Lecourt et al. reported a median culture time of 11–12 weeks, Mantelli et al. pointed out a duration between 8 and 12 weeks, and in our series the majority were between 7 and 8 weeks.
Regarding clonogenic efficiency, in line with previously reported data, we did not find any major differences in fibroblast colony-forming unit ability between B-MSC and HD-MSC. However, in contrast to what was observed by Mantelli et al(Mantelli et al., 2015), in our series FA-MSC obtained after HSCT did not display a significantly lower clonogenic efficiency compared to HD-MSCs. They suggested that the differences they observed might indicate either an intrinsic defect of FA-MSCs or a toxic effect of the conditioning regimens (Mantelli et al., 2015). In our opinion, the disparity of our results in this respect, and those related to the early proliferative capacity, compared to those of Mantelli´s can be explained by the time elapsed from the treatment to the obtaining of the sample for the clonogenic efficiency analysis. Mantelli’s group evaluates the cohort of post-HSCT samples 100 days after treatment, whereas in our series the median time was greater than 12 months. It has been previously described that these differences in the time of collection of the samples could be critical in order to interpret the results. Ding et al, showed that the amount of MSC was drastically reduced in the early phase after HSCT and returned to a normal level 9 months after transplantation. Thus, the number of CFU-F increases in a time-dependent manner from the first month and reaches approximately 90% in the ninth month after HSCT (Ding et al., 2014). Also of note was our observation that the MSCs obtained after GT showed a trend to a lower clonogenic capacity. Nevertheless, the limited number of samples prevents us from clearly concluding on its functional inferiority.
It is worth to note that, the subgroup of MSC-GT showed a tendency to generate less CFU-F than the other subgroups. However, these data should be evaluated with caution due to the scarce number of samples. Moreover, the abscense of this type of studies in the GT setting does not allow us to support our results with the experience of other groups.
On the question of whether there were differences in the functionality of the MSCs, in line with previously reported data, we did not find any major differences in the ability to support long-term hematopoiesis between FA-MSCs and HD-MSCs, suggesting that FA- MSCs do not display, in vitro and at early passages, an impaired capacity to sustain the proliferation and expansion of HD-HSCs (Mantelli et al., 2015). We also investigated the ability of FA-MSC to inhibit in vitro mitogen-induced PBMNC proliferation, both before and after treatment, not observing statistically significant differences between groups. In summary, in accordance with Mantelli et al’s work, these data indicate that the main functions of the MSCs are globally preserved in FA patients (Mantelli et al., 2015).
In addition, we performed a thorough analysis of molecular pathways related to different processes in the niche. Bone marrow failure in FA is multifactorial and largely results from the death of HSCs due to genomic instability. Following DNA damage, proteins of the FA pathway act in a complex cascade to repair interstrand crosslinks, which are caused by reactive oxygen species or exposure to reactive aldehydes. Moreover, the elevation of inflammatory markers and hypersusceptibility to proinflammatory cytokines that induce cell death is a phenotype associated with FA gene mutations. In this respect, Oppezzo et al demonstrated the association between bone marrow failure and the constitutive expression of Microphthalmia Transcription Factor (MiTF) in mouse FA HSCs, through the cooperative, unscheduled activation of several stress-signaling pathways, including the SMAD2/3, p38 MAPK, NF-κB, and AKT cascades (Oppezzo et al., 2020). A growing amount of evidence has demonstrated that the activation of these pathways leads to a state of quiescence in HSCs, and therefore to the accumulation of DNA damage and a reduction in their repopulation capacity (De Haan and Lazare, 2018; Di Micco et al., 2021). This supports the hypothesis that the exhaustion of HSCs in FA is the consequence of defects in the response to DNA damage combined with the chronic activation of stress signaling pathways that in a normal situation should be activated only transiently.
However, as the mentioned studies reflect, this inflammatory background in FA has been previously studied in HSCs, hence the impact of the niche is still not clear. We studied pathways related to inflammation in our MSC samples, such as NF-κB, SMAD 2/3, IL-6, TGF-β or TNF-α, and have not found dysregulation in any of them. Therefore, this suggests that the constitutive expression is intrinsic to the HSCs but not to the stroma cells.
As demonstrated by others, inflammation is tightly related to cellular aging or senescence. Even though the processes behind MSC senescence remain unclear, several studies have made progress in elucidating the aspects of the age-related changes (Weng et al., 2022). Stenderup et al found out that MSCs from older donors exhibited accelerated senescense comparing with MSCs from younger donors (aged 18–29 years versus aged 68–81 years) (Stenderup et al., 2003). Unfortunately, no similar studies have been published with pediatric cohorts to our knowledge.
When we expanded the characterization of MSC senescence in our samples by reviewing several hallmarks or master regulators of a senescent phenotype, CDKN2A/p16 was the only one that was differentially expressed among the two study groups, showing an overexpression in HD-MSCs. This finding suggests that MSCs from our FA patients are less senescent than the HD-MSCs included in the study. Nevertheless, we did not observe differences in other genes or pathways such as CDKN1A/p21 or senescense-associated secretory phenotype (SASP) complex, nor in long-term cultures or in β-galactosidase staining assay either, suggesting that there are no major differences in the cellular ageing between both groups.
Finally, we performed a targeted analysis to investigate the expression of HOX and TALE transcription factors in FA-MSC. It is thought that these are important regulators of development and homeostasis, determining cellular identity and predisposing to cancer progression if dysregulated (Cagnan et al., 2019). Cagnan et al, compared the expression levels of those genes in bone marrow MSCs obtained from FA patients and HDs. In general, they observed highly conserved expression levels between patient and donor cells, except in PKNOX2 which was downregulated. In contrast, our transcriptomic studies did not find differences in PKNOX2 expression between FA-MSC patients and HDs. Conversely, we found differences among several HOX members, which were not observed by Cagnan et al. (Cagnan et al., 2019) Nevertheless, methodological differences should be kept in mind. It would be intringuing to compare expression changes of these genes upon cell passing, since Cagnan et al used MSCs at the third culture passage to analyze the differential expression whereas we used MSCs at passage six.
It is worth mentioning that our study has several limitations. First, age was not homogeneous between the two main study groups (FA-MSC and HD-MSC). The median age in HD was significantly higher since usually the patients that undergo orthopedic surgery are teenagers, whereas the diagnose of FA is usually made before age 10 years. Despite this, we decided to use this population as a control group, given the difficulty of accessing BM samples from younger HD. In our opinion, the age difference between both groups should not affect the phenotype and functionality of the MSCs in a pediatric cohort. For instance, in the senescence studies, we found no major differences between both groups, although differences had been previously reported related with age (Stenderup et al., 2003). However, the age range between both cohorts of that study (18–21 versus 68–81) is much wider than the difference between the patients and HDs included in ours, which together with the fact that no other data were found analyzing samples from pediatric patients in this or other diseases, does not allow us to establish an age threshold related to the MSC features.
Second, the absence of similar studies in GT settings makes the interpretation of some of the particularities of that MSC subgroup more challenging. Third, transcriptomic studies have been carried out on a small number of samples. In fact, samples from treated patients were not included. However, these results must be evaluated considering the scenario of a pediatric rare disease in which obtaining a sufficient sample for several studies is not always feasible.
In conclusion, our study provides a comprehensive characterization of BM-derived MSCs obtained from FA patients, including for the first time MSCs from patients treated with gene therapy. Our findings suggest that FA-MSCs maintain their main functional properties, making their direct implication in BMF development less likely. Interestingly, a suppressed metabolic pathway has been identified in FA-MSC (HOX). In this sense, more studies will be needed to further explore the possible involvement of the niche in the evolution of bone marrow failure of FA patients.
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Mesenchymal stromal stem cells (MSCs) possess a remarkable potential for numerous clinical applications due to their unique properties including self-renewal, immunomodulation, paracrine actions and multilineage differentiation. However, the translation of MSC-based Advanced Therapy Medicinal Products (ATMPs) into the clinic has frequently met with inconsistent outcomes. One of the suspected reasons for this issue is the inherent and extensive variability that exists among such ATMPs, which makes the interpretation of their clinical efficacy difficult to assess, as well as to compare the results of various studies. This variability stems from numerous reasons including differences in tissue sources, donor attributes, variances in manufacturing protocols, as well as modes of administration. MSCs can be isolated from various tissues including bone marrow, umbilical cord, adipose tissue and others, each with its unique phenotypic and functional characteristics. While MSCs from different sources do share common features, they also exhibit distinct gene expression profiles and functional properites. Donor-specific factors such as age, sex, body mass index, and underlying health conditions can influence MSC phenotype, morphology, differentiation potential and function. Moreover, variations in preparation of MSC products introduces additional heterogeneity as a result of cell culture media composition, presence or absence of added growth factors, use of different serum supplements and culturing techniques. Once MSC products are formulated, storage protocols play a pivotal role in its efficacy. Factors that affect cell viability include cell concentration, delivery solution and importantly, post-thawing protocols where applicable. Ensuing, differences in administration protocols can critically affect the distribution and functionallity of administered cells. As MSC-based therapies continue to advance through numerous clinical trials, implication of strategies to reduce product heterogeneity is imperative. Central to addressing these challenges is the need for precise prediction of clinical responses, which require well-defined MSC populations and harmonized assessment of their specific functions. By addressing these issues by meaningful approaches, such as, e.g., MSC pooling, the field can overcome barriers to advance towards more consistent and effective MSC-based therapies.
Keywords: mesenchymal stromal (stem) cell, heterogeneity, pooling, equipotency, advanced therapy medicinal product (ATMP), cell therapy
1 INTRODUCTION
Mesenchymal stromal cells (MSCs) are a heterogeneous population of somatic stem cells with a capacity for self-renewal, multilineage differentiation, and immunomodulation (Figure 1). They are considered a promising therapeutic tool to control aberrant inflammatory responses and assist in regenerative medicine applications as Advanced Therapy Medicinal Products (ATMPs) (Cheung et al., 2020; Maldonado et al., 2023). Very briefly, according to EU legislation and classification, ATMPs are defined as medicines for human use that are based on genes, tissues or cells. The have been classified into three main types, namely, gene therapy medicinces, somatic-cell therapy medicines and tissue-engineered medicines. According to this classification, MSC-based ATMPs are somatic-cell therapy medicines, and their therapeutic use has been studied for a broad range of diseases. Some of the conditions proposed to benefit from MSC treatment are graft-versus-host-disease (GvHD) (Kelly and Rasko, 2021; Kadri et al., 2023), Crohn’s disease (Wang et al., 2023), critical limb ischemia (Lozano Navarro et al., 2022), osteoarthritis (Thoene et al., 2023), type 1 diabetes (Koehler et al., 2022), type 2 diabetes (Gao et al., 2022), endometrial injury (Cen et al., 2022), multiple sclerosis (Liu et al., 2022), lupus (Li et al., 2013), cardiovascular diseases (Mabotuwana et al., 2022), liver disorders (Han et al., 2022), respiratory disorders (Raza and Khan, 2022), spinal cord injury (Montoto-Meijide et al., 2023), kidney failure (Morello et al., 2022), skin diseases (Chang et al., 2021; Lwin et al., 2021), Alzheimer’s disease (Regmi et al., 2022), and Parkinson’s disease (Kouchakian et al., 2021). Administration of MSCs continuously proves to be safe with very little evidence of serious adverse events such as infusion-related toxicity, infection, malignancy and development of thrombotic or thrombo-embolic events (Thompson et al., 2020; Wang Y. et al., 2021), athough exceptions have been observed (Veceric-Haler et al., 2022).
[image: Figure 1]FIGURE 1 | Immunomodulatory mechanisms of MSCs. The modulation of immune responses by MSCs is exerted via numerous secreted factors and entities, such as cytokines, growth factors, extracellular vesicles and others. ATP–adenosine triphosphate; BMP–bone morphogenetic protein; CCL–chemokine (C-C motif) ligand; CX3CL–chemokine (C-X3-C motif) ligand; CXCL–chemokine (C-X-C motif) ligand; EGF–epidermal growth factor; FGF–fibroblast growth factor; HGF–hepatocyte growth factor; IL–interleukin; LIF–leukemia inhibitory factor; M1–type one macrophages; M2–type two macrophages; MIF–macrophage migration inhibitory factor; PDGF–platelet derived growth factor; TGF–transforming growth factor; VEGF–vascular endothelial growth factor.
A plethora of investigations involving MSC products shows their preclinical and early clinical efficacy can be inconsistent and remains frequently unconfirmed in late-phase trials. It can also be challenging to anticipate, as most of the in vitro assays have failed to reproducibly and reliably predict the clinical potency of transplanted MSCs (Krampera and Le Blanc, 2021). At least in part, the inconsistencies of these outcomes could be attributed to the heterogeneity of transplanted MSC batches. The first important step toward greater harmonization was made in 2006, when basic criteria for MSC characterization have been proposed by the International Society for Cell and Gene Therapy (ISCT), and are as follows:
• adherence to plastic in standard culture conditions,
• specific surface antigen expression (≥95% of the MSC population must express CD105, CD73 and CD90, and lack expression (≤2% positive) of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA class II as measured by flow cytometry),
• multipotent differentiation potential–they must be able to differentiate into osteoblasts, adipocytes and chondroblasts under standard in vitro differentiating conditions. (Dominici et al., 2006).
However, a scoping review by Renesme et al. reports that only 18% of randomly analyzed studies involving MSC explicitly referred to the ISCT criteria. More precisely, only 36% of the studies reported plastic adherence, 40% reported any kind of in vitro differentiation assay and 53% of the studies performed analysis of cell markers (Renesme et al., 2022). Since MSC-based products are regarded as medicinal products according to EU legislation, it is of further importance particularly for future studies, that uniformity of their characteristics and efficacy is comprehensible and unambigous to the greatest possible extent. In this review, we take a closer look at the origins of MSC variability, their impact on clinical and preclinical studies, and propose potential solutions to address these issues.
2 ORIGINS OF MSC HETEROGENEITY
ISCT acknowledges that MSCs encompass a heterogeneous population pool, which includes fibroblasts, myofibroblasts, and a small proportion of stem/progenitor cells, while lacking hematopoietic or endothelial cells (Viswanathan et al., 2019). Single-cell RNA sequencing (scRNA-seq) of MSCs has identified several candidate subpopulations with different functional characteristics - some exhibit greater proliferation ability while others show higher osteogenic, chondrogenic or adipogenic differentiation potency and maintenance of stemness (Sun et al., 2020; Wang et al., 2021b; Hou et al., 2021; Chen et al., 2022; Xie et al., 2022). It has been shown that extracellular matrix highly contributes to the heterogeneity of MSC populations in a tissue-type-dependent pattern (Wang et al., 2021c). The secretory and immunomodulatory functions linked to clinical benefits in MSC-based therapies are believed to arise from the bulk, heterogeneous stromal cell fraction (Viswanathan et al., 2019). However, others argue that different MSC populations should be separated immediately after isolation, individually expanded in vitro and selected according to their characteristics to treat different diseases (Wang et al., 2017; Zhang S. et al., 2021). Still, research shows that even colonies originating from a single cell will in time become functionally heterogeneous (Rennerfeldt et al., 2019).
Due to the variations in multiple factors across studies, pinpointing key aspects that influence clinical outcomes can be challenging. However, they can be broadly categorized into three groups (Figure 2):
• Differences arising from the tissue source,
• Donor attributes,
• Preparation and administration protocols.
[image: Figure 2]FIGURE 2 | The heterogeneity of MSC-based ATMPs can be broadly categorized into three groups: differences among donors, variations arising from the tissue source, and differences introduced by preparation and administration protocols.
2.1 Heterogeneity arising from tissue source
Throughout the years, the acronym MSC has accumulated quite a bit of controversy, starting with Caplan, who in 1991 coined the term adult “mesenchymal stem cells”, referring to a small number of cells involved in repair and turnover of skeletal tissues (Caplan, 1991). Later, similar cells have been found in most anatomical locations and researchers called for a name change from mesenchymal stem cells to mesenchymal stromal cells, reflecting their stromal residence (Dominici et al., 2006). However, disputes continue, as some would change the term to multipotent stromal cells, while others go as far as to argue for complete abolition of the acronym MSC (Sipp et al., 2018; Soliman et al., 2021). Currently, the official position of the International Society for Cell and Gene Therapy (ISCT) Mesenchymal Stromal Cell committee is that the acronym “MSC” should remain in use, however, information about the tissue source should always be provided (Viswanathan et al., 2019).
MSCs reside and can be isolated from various tissues, including bone marrow (BM-MSCs) (Li et al., 2016), umbilical cord blood (CB-MSCs) (Um et al., 2020), umbilical cord tissue (UC-MSCs), Wharton’s jelly (WJ-MSC) and fetal placenta (Beeravolu et al., 2017), adipose tissue (AD-MSCs) (Ong et al., 2021), dental tissue and dental pulp (DT-MSCs and DP-MSCs) (Li et al., 2023), fetal liver (Gridelli et al., 2012), endometrial tissue and menstrual blood (Meng et al., 2007; Allickson et al., 2011; Schüring et al., 2011; Bozorgmehr et al., 2020). Although the majority of research focuses on BM-MSCs, AD-MSCs and UC-MSCs (as well as WJ-MSCs), MSCs from other tissues have noticeable therapeutic benefits. For instance, DP-MSCs also possess the capacity to differentiate into different cell types and are quite extensively used in regenerative medicine, although mainly in preclinical research. Thus, they have been used for tissue repair in context of periodontal diseases, tooth reconstruction, dental pulp regeneration, as well as for distant anatomical tissues, e.g., for regeneration of neuronal and skeletal tissue damage (Graziano et al., 2008; Ledesma-Martinez et al., 2016). Nevertheless, the most commonly used sources are bone marrow, followed by umbilical cord and adipose tissue (Naji et al., 2019).
MSCs isolated from different sources share many common characteristics, but they also show particular phenotypic and functional differences (Patel et al., 2016; Wu et al., 2018; Rady et al., 2020a; Shin et al., 2021; Li Y. et al., 2022; Li S. et al., 2022; Laloze et al., 2023). Comparison of scRNA-seq of BM-MSC and UC-MSC has revealed more differences in gene expression between tissue sources than between individual donors (Medrano-Trochez et al., 2021). Moreover, a massive parallel multiplexing scRNA-seq performed across multiple tissues and donors has revealed a tissue-type-dependent pattern of MSC subpopulations, indicating that MSCs from different tissues have prominent transcriptomic heterogeneity (Wang et al., 2021c). This also gave rise to the rationale that patients burdened with certain pathologies could benefit from MSCs sourced from a specific tissue, which could be functionally relevant for their clinical efficacy.
Still, MSC capabilities (and identity) from different tissues are not fully characterized, leading to contradictory results. For example, under the same culturing conditions, AD-MSCs displayed the highest immunosuppressive potency, followed by BM-MSCs and UC-MSCs (Calcat-i-Cervera et al., 2023). Others report BM-MSCs to have the lowest immunosuppressive abilities compared to AD- and UC-MSCs (Ketterl et al., 2015a). On the other hand, BM-MSCs showed a superior capacity to support angiogenesis and induce endothelial cell migration in comparison to AD-MSCs or UC-MSCs (Calcat-i-Cervera et al., 2023). Similarly, comparing gene expressions of BM-MSCs and AD-MSCs from the same pool of donors has revealed distinct transcriptomic profiles that directly translate into MSC capacity to interact with immune cells (Ménard et al., 2019). For example, the study showed that BM-MSCs were better at suppressing NK cell proliferation, while AD-MSCs were better at suppressing T cell proliferation.
2.2 Donor heterogeneity
Another factor contributing to the difficulties in standardization of MSC products is the high variability between donors, which includes a multitude of factors, such as donor age, sex, BMI, as well as systemic and autoimmune diseases (Sun et al., 2007; Siegel et al., 2013; Patel et al., 2016; Rady et al., 2020b). Such variabilities can manifest as differences in MSC phenotype, morphology, doubling time, immunosuppressive potential, gene expression, proliferation, differentiation, and colony-forming capacity (CFU) (Siegel et al., 2013; Ganguly et al., 2019; Li S. et al., 2022). For instance, AD-MSCs from older donors have shown increased cellular senescence, reduced viability and proliferation, as well as reduced differentiation potential in comparison to younger donors (Choudhery et al., 2014). Similarly, BM-MSCs from infant donors doubled more quickly, differentiated into bone and fat cells more efficiently and formed more and denser CFUs. They were also better at suppressing T cell proliferation at lower concentrations than BM-MSCs from adult donors (Myneni et al., 2019). Furthermore, single-cell multiomic analysis profiling the transcriptome and epigenome of BM-MSCs from four healthy donors allowed for classification of cells into four clusters, indicating that BM-MSCs from different donors possess distinct chromatin accessible regulatory elements, which was reflected as variations in their differentiation potential into osteoblasts (Chen et al., 2023). Interestingly, it has been shown that MSCs’ immunomodulatory and angiogenic fitness are inversely correlated and can predict inter-donor differences in proangiogenic versus anti-inflammatory/immune suppressive activities in cell-based assays (Robb et al., 2022a; Lee et al., 2023).
It would be rational to assume that deriving MSCs from umbilical cords would eliminate certain heterogeneity originating from donors’ age, lifestyle, and pathophysiological conditions. Remarkably, an opposing trend has been observed. A study examining the cellular heterogeneity in single-cell transcriptomes of MSCs discovered higher inter-donor variability in WJ-MSC samples compared to BM-MSC samples (Zhang C. et al., 2022). In another scRNA-seq study, UC-MSCs exhibited significantly higher heterogeneity in their subpopulations across different donors when compared to MSCs from adult donors (Wang et al., 2021d).
Moreover, in a study comparing MSCs derived from umbilical cords of 12 donors, doubling time and population doubling varied by a factor of two between donors (Mebarki et al., 2021). A comparison of UC-MSCs from 32 donors revealed a substantial variability in both their proliferation rates and immunomodulatory properties (Zhang C. et al., 2021). Interestingly, while no correlation was found between their proliferation rates and immunosuppressive capacity, the latter exhibited a close alignment with their therapeutic effects observed in a mouse spinal cord injury model (Zhang C. et al., 2021; Zhu et al., 2022). In a study aimed at standardizing isolation and expansion methods, MSCs derived from umbilical cords of 90 donors were examined. Interestingly, lower gestational age was associated with a shorter time to P0 harvest, suggesting that even minor variables, such as time of delivery, could potentially exert a significant influence on MSC characteristics (Todtenhaupt et al., 2023).
A comparison of CB-MSCs from seven donors identified two distinct groups based on angiogenic capacity under hypoxic conditions: one with low and another with high angiogenic potential. These distinctions correlated with the differential expression of four specific genes—ANGPTL4, ADM, CDON, and GLUT3—which were chosen based on prior research highlighting their roles in angiogenesis and sensitivity to hypoxic conditions (Kang et al., 2018a).
The discussed donor variability stands as a significant barrier in the development of consistent protocols and cellular medicinal products. Despite efforts to control for variables with substantial impacts on the clinical quality of MSCs by using more primitive MSCs, such as UC- and less often CB-MSCs, heterogeneity between batches clearly persists. Exploring strategies like, e.g., pooling cells from different donors might perhaps mitigate these effects and ensure more comparable products, leading to more consistent results.
2.3 Heterogeneity introduced by variations in preparation and administration protocols
Clinical efficacy of MSC products can vary considerably, depending not only on tissue source and donor characteristics but also on preparation and administration protocols. Given the regularly irreproducible effectiveness of MSCs in clinical trials, the optimization of cell manufacturing protocols is still a work in progress. However, this pursuit also holds the potential to further introduce heterogeneity into preparation conditions. Despite advancements towards standardization of the production procedures and accurate characterization of the MSC products, variabilities among manufacturing centers are very much present (Bieback et al., 2019). Understanding these differences and their impact on product quality would allow for a better comparison of the clinical outcomes across various institutions.
2.3.1 Media supplements
Efficient MSC expansion in culture requires basal medium supplemented with growth factors, proteins, and enzymes to support attachment, growth, and proliferation. The most commonly used supplement in cell culture media in general is fetal bovine serum (FBS), due to its rich supply of growth factors, cytokines, and chemokines (Bieback, 2013).
However, the utilization of FBS in cell culture poses scientific, economic and moral issues (Subbiahanadar Chelladurai et al., 2021). The most critical concern in using FBS for clinical applications is its potential contamination with xenogeneic elements, including prion proteins, endotoxins, various types of microbes, immunoglobulins, and viruses. Another issue pertains to the uncertainty surrounding the precise composition of FBS and its batch-to-batch variability, both of which can impact the biological properties of cultured cells. Thirdly, the growing demand and limited production capacity can result in unpredictable shortages and higher prices of FBS. Last but not least, the increasing number of fetuses slaughtered specifically for FBS production and the potential fetal distress during blood collection give rise to significant ethical concerns regarding animal welfare (Subbiahanadar Chelladurai et al., 2021).
To address these issues, alternatives to FBS are being developed and integrated into MSC manufacturing protocols. Among the most widely adopted alternatives are human platelet lysate (Cañas-Arboleda et al., 2020), pooled human AB-serum (Savelli et al., 2018), human umbilical cord serum (Afzal et al., 2023), and serum-free media (Caneparo et al., 2022). Nevertheless, similar to FBS, these alternatives struggle with certain challenges. For example, platelet lysate-plasma contains fibrinogen and other coagulation factors. To prevent gelation, commercially available platelet lysate usually contains animally-sourced heparin, making it no longer xeno-free (Altrock et al., 2023). Supplements derived from human blood also share some concerns with FBS, particularly regarding the potential transmission of infectious agents and the variability in their composition (Bieback, 2013).
Culturing MSCs in variously supplemented media can lead to alterations in their fundamental characteristics, including changes in proliferation rate, morphology, gene expression patterns, senescence, immunomodulatory properties, and differentiation capacity (Dam et al., 2021; Takao et al., 2021; Jakl et al., 2023). It has been shown that growing MSCs in serum-free media leads to smaller cells with increased proliferation rate that are better at forming colonies than those grown in FBS-supplemented media (Aussel et al., 2022; Caneparo et al., 2022). However, they exhibited lower osteogenic and chondrogenic differentiation capacity (Caneparo et al., 2022).
Similarly, BM-MSCs grown in medium with human platelet lysate showed faster proliferation rates and lower differentiation capacity compared to those in FBS-supplemented medium (Anerillas et al., 2023). Additionally, BM-MSCs expanded in medium with human AB-serum exhibited round cell enrichment, better adhesion, and faster proliferation rates compared to those in medium with human platelet lysate (Savelli et al., 2018). In a study comparing human platelet lysate, fetal bovine serum, and human AB-serum, platelet lysate emerged as the superior choice for supporting AD-MSC proliferation, differentiation, and growth in 3D cultures (Kirsch et al., 2021).
Considering the collective body of research, determining the ideal supplement for MSC manufacturing remains a challenging task. However, although MSCs cultured in media supplemented with platelet lysate exhibit notably accelerated proliferation and marked variations in cellular morphology compared to those cultured in FBS, no discernible alterations in DNA-methylation patterns have been observed, and only modest differences in gene expression profiles were detected. Moreover, the changes in proliferation and morphology proved to be reversible (Fernandez-Rebollo et al., 2017).
2.3.2 Culturing techniques
While one of the defining criteria for MSCs has been in vitro plastic adherence, conventional methods of their extensive 2D in vitro expansion are not representative of the in vivo environment. Instead, MSCs exist within their niches as a part of heterogeneous cell population, where they tightly adhere to each other and exhibit complex cell-cell and cell-extracellular matrix interactions (Yen et al., 2023).
Conventional MSC manufacturing techniques, selected for their convenience and low cost of implementation, are aimed at generating a clinically relevant number of cells. However, they can negatively impact MSC characteristics and functions, which could be responsible for their limited therapeutic efficacy. In an effort to preserve or enhance MSC phenotypes and consequently improve their in vivo performance, 3D culturing techniques have been developed (Kouroupis and Correa, 2021). When grown suspended in culture, MSCs spontaneously coalesce and form spherical multicellular aggregates, termed spheroids (Fuentes et al., 2022). These are thought to better recapitulate in vivo interactions, promote secretion of paracrine factors, improve cell survival, increase MSC differentiation potential, and delay their replicative senescence (Cesarz and Tamama, 2016; Yen et al., 2023).
The methods used to generate MSC spheroids can be generally classified as scaffold-free and scaffold-based culture platforms (Kouroupis and Correa, 2021). Scaffold-free methods can be further divided into static and dynamic approaches. The most trivial static technique is growing cells in a non- or low-adherent environment that allows self-organization of cells into suspended spheroids (Redondo-Castro et al., 2018). More complex methods encompass hanging-drop method (Bartosh and Ylostalo, 2014; Au - Ylostalo et al., 2017), forced aggregation (Rettinger et al., 2014) and magnetic levitation (Lewis et al., 2017; Gaitán-Salvatella et al., 2023). Among the most investigated dynamic approaches are spinner flask culture and rotating wall vessel techniques (Marques et al., 2023). Additionally, various scaffold-based MSC spheroid generation methods have been proposed using both natural and synthetic biomaterials. Biomaterial selection should be based on the therapeutic application in mind, as physical-chemical characteristics of scaffolds such as porosity and biodegradation can dramatically affect MSC stemness and differentiation capacities (Kouroupis and Correa, 2021).
Studies show that mild hypoxia present within the inner zones of MSC spheroids may positively affect MSC survival and secretory capacity. 3D culture conditions significantly increase the relative expression of stemness-related transcriptional factors in MSCs and promote their anti-inflammatory profile (Bartosh et al., 2010a; Rybkowska et al., 2023). RNA-seq data obtained from human amnion-derived MSCs following 3D culture revealed increased expression of pleiotropic factors important in tissue regeneration, such as CXCL12, LIF, VEGF-A, HGF, BDNF, IL6, EGF, PGE2, CCL20, BMP2, TGFB1, CXCL1, CCL2, GDF15, IL11, and CCL7 (Gallo et al., 2022). Growing MSCs under hypoxic conditions does not change their specific surface antigen expression (Kang et al., 2018a; Tomecka et al., 2021). Nevertheless, they exhibit improved abilities for multi-lineage differentiation, survival, migration and proliferation, better support of angiogenesis and increased expression of stemness-related genes (Kang et al., 2018b; Meng et al., 2018; Wang et al., 2022). They were also shown to spontaneously generate 3D niche-like structures of undifferentiated, small, round Oct4 and HIF-2a positive fast growing cells (Drela et al., 2014).
As of today, no clinical trials have been conducted to evaluate the therapeutic potential of MSC spheroids. Consequently, there are no specific criteria in place to define conditions where MSC spheroids might be preferred over MSCs expanded in a monolayer. Still, it has become more and more evident that conventional culturing methods cannot ensure the preservation of MSC characteristics and their associated functionality to the same extent. The adoption of reproducible, high-throughput methods that meet regulatory requirements for MSC spheroid production could facilitate their clinical use and potentially lead to MSC products with improved therapeutic efficacy.
2.3.3 Expansion level
MSC-based therapies require a substantial number of cells, as individual doses are measured in millions of cells per kilogram of body mass, particularly for systemic treatments like in GvHD (Kelly and Rasko, 2021). Consequently, to obtain the necessary cell quantity for clinical applications, extensive MSC expansion is inevitable. Unfortunately, such expansion can significantly alter MSC characteristics and has been proposed as a possible cause for poor performance in certain clinical trials (Galipeau, 2013; Hoch and Leach, 2014). These changes can impact phenotypic, morphological, genetic and functional attributes of MSCs, along with their regenerative and immunomodulatory secretome profile (Yang et al., 2018; Miclau et al., 2023).
Indeed, population doubling has been reported to inversely correlate with MSC potency, with early-passage cells being more potent than batches of extensively expanded cells, possibly due to cell senescence (von Bahr et al., 2012). Conversely, there is a theory that rapidly dividing clones with less favorable characteristics may outcompete slower proliferating cells during each passage, gradually increasing the ratio of poorly performing cells. An interesting study by Selich et al. has demonstrated, that when MSCs are first introduced into culture, they constitute a heterogeneous cell population. However, with successive passaging, this initial diversity diminishes, leading to the selection of a limited number of clones in later passages (Selich et al., 2016).
It appears as though expansion of MSCs with optimal function is limited to a few passages, increasing the cost and reducing the feasibility of mass production for MSC therapeutics. Nevertheless, some argue that a brief period of culturing in a 3D format prior to administration could induce extensively expanded MSCs to express and secrete anti-inflammatory and immunomodulatory factors, thereby enhancing their ability to generate a larger cell population (Bartosh et al., 2010b). Further research is required to fully confirm this hypothesis.
2.3.4 Administration protocols
MSCs can be introduced through either systemic or local delivery methods. However, following intravenous infusion, most MSCs get entrapped in pulmonary vasculature, where they form emboli. In about 24h, the vast majority of cells are cleared from the lungs and only a minor fraction home to different organs such as heart, brain, liver and kidney (Lee et al., 2009; Eggenhofer et al., 2014; Luk et al., 2016). To prevent their entrapment in the lungs, MSCs can be administered directly to the site of the lesion or inflammation (Moon et al., 2019; Lamo-Espinosa et al., 2020; Czarnecka et al., 2021; Ouboter et al., 2023). Nevertheless, local administration can be invasive, more complex, and requires additional training for medical practitioners. Moreover, in certain conditions such as GvHD and solid organ transplantation, MSCs cannot be administered locally and instead require systemic delivery (Franquesa et al., 2013; Podesta et al., 2020).
Multiple factors can affect viability and key functional characteristics of MSCs at the time of administration, including cell concentration, the choice of solution in which the cells are delivered and post-thawing protocols (Zhang et al., 2017; Aabling et al., 2023). A droplet-based scRNA-seq comparing pre-freeze and post-freeze BM-MSC samples has identified numerous differentially expressed genes associated with a wide range of cellular functions, such as cytokine signaling, cell proliferation, cell adhesion, cholesterol/steroid biosynthesis, and regulation of apoptosis (Medrano-Trochez et al., 2021). Indeed, in the first 24 h after thawing, cryopreservation reduces cell viability, increases apoptosis level and impairs MSC metabolic activity, immunosuppressive potency and adhesion potential (Ketterl et al., 2015b; Bahsoun et al., 2020; Giri and Galipeau, 2020).
Prior to infusion, cells are usually formulated with a saline solution, human albumin solution or even administered directly in their cryopreservant solution (Trento et al., 2018). It is worth noting that only a limited number of clinical trials specify the handling of MSC products, from dose preparation to cell administration (Wiese et al., 2022).
3 STRATEGIES FOR MSC STANDARDIZATION
Given the numerous ongoing clinical trials involving MSCs and the growing need for large-scale manufacturing protocols, it is imperative to establish consensus assays for MSC processing and the release of MSC products. Reference materials and validated, uniformly applied tests for quality control of MSC products are required (Robb et al., 2019). However, some stakeholders in the MSC field advocate for caution when establishing definitive cell standards, since there are still gaps in our current understanding of MSC biology that could potentially distort or inhibit the adoption of MSC-based therapies (Wilson et al., 2023). Central to this challenge is the need for precise clinical response prediction, which requires well-defined MSC populations and, contingent upon the therapeutic goal, an assessment of their desired specific activities such as differentiation potential, proliferation rate, secretory profile, and angiogenesis capacity.
3.1 Defining MSC subpopulations via specifically expressed surface antigens
It has been shown that ISCT criteria for phenotypic MSC identification can be insufficient for distinction between MSCs and certain other cell types, such as fibroblasts (Denu et al., 2016; Brinkhof et al., 2020; Budeus et al., 2023a). In fact, MSCs are morphologically indistinguishable from fibroblasts (Soundararajan and Kannan, 2018). What is more, Denu and colleagues have demonstrated that none of the ISCT criteria can reliably discern MSCs from fibroblasts, even arguing that they could represent the same cell type (Denu et al., 2016). Some suggest that fibroblasts could in certain instances be used as a more practical alternative to MSCs, while others maintain that they have complementary roles, especially in cell homeostasis and tissue development and injury (Ichim et al., 2018; Janja et al., 2021). Soundararajan and Kannan propose that the resemblance in characteristics between fibroblasts and aged MSCs, such as diminished differentiation potential, proliferation, immunomodulatory capacity, and specific cell surface markers, could mean that MSCs are in fact immature fibroblasts (Soundararajan and Kannan, 2018). Indeed, single-cell transcriptome sequencing has revealed that MSCs could constitute a subclass of fibroblasts (Fan et al., 2022).
On the other hand, gene expression and epigenetic studies have been successful in discerning MSC and fibroblast populations based on molecular signatures of homeobox genes and transcriptional factors (Taskiran and Karaosmanoglu, 2019; Budeus et al., 2023b). Likewise, comparative microarray transcriptome profiling of three fibroblast populations and MSCs from five different sources demonstrated a marked distinction between the “fibroblast” and “MSC” group, particularly in transcripts associated with structuration of the tissue skeleton (Haydont et al., 2020). Wiese and Braid propose a panel of 24 signature genes to support standardized and accessible MSC characterization, including five that have been shown to be upregulated in MSCs versus fibroblasts (Wiese and Braid, 2020).
So while RNA sequencing and microarrays could possibly discern between MSCs and fibroblasts, protocols for clinical application should be as straightforward and affordable as possible. Therefore the use of cell surface antigens would be preferable, however, to this date, they have proven insufficient to indisputably identify MSCs. Brinkhof et al. propose CD166 as a marker to differentiate MSCs from fibroblasts, as it is the only marker they have found to be upregulated in MSCs compared to fibroblasts. Notably, its expression levels positively correlated with those of CD105, although CD166 exhibited greater specificity for MSCs (Brinkhof et al., 2020). Nevertheless, Sober et al. did not detect significant difference in CD166 expression between MSCs derived from various tissues and fibroblasts. However, they put forward a panel of markers that could distinguish between MSCs originating from a specific tissue and fibroblasts; for instance, CD79a, CD105, CD106, CD146, and CD271 could be used to differentiate AD-MSCs from fibroblasts (Sober et al., 2023).
Adding to the complexity, a study on changes in MSC-related surface antigen expression during in vitro culture revealed that after 7 days, synovial fibroblasts began displaying MSC characteristics, further blurring the distinction between the 2 cell types (Isono et al., 2022).
Moreover, due to a multitude of discouraging clinical outcomes, there is a growing demand to identify additional surface markers capable of defining MSCs while capturing their biological and manufacturing variability, as well as clinical performance (Camilleri et al., 2016; Samsonraj et al., 2017). Consequently, various markers have been proposed to better define distinct subpopulations within MSCs (Smolinska et al., 2023).
Lately, CD146 has been frequently mentioned as a surface antigen that could serve as a marker for MSC potency evaluation (Bowles et al., 2020; Ma et al., 2021a). It is a transmembrane glycoprotein involved in adhesion, cellular signaling and numerous other physiological and pathological processes (Wang et al., 2020). It is expressed in MSCs derived from a wide range of tissue sources, both fetal and adult (Barilani et al., 2018). CD146 positive MSCs exhibit stronger proliferation, differentiation, migration and immunomodulatory abilities, however, prolonged passaging can result in progressive loss of CD146 on the cell surface (Yang et al., 2018; Al Bahrawy, 2021; Ma et al., 2021b; Zhang L. et al., 2022). Indeed, MSCs expressing high levels of CD146 display a more pronounced therapeutic effect compared to MSCs with low levels of CD146, as evident by increased survival rate in a mouse GvHD model (Bikorimana et al., 2022).
Another surface antigen implicated in MSC function is CD271, present on MSCs derived from adult but not fetal tissues. The reported abundance of CD271 varies widely, ranging from 4% to nearly 100%. Nevertheless, the majority of studies converge on an approximate 20% fraction of CD271+ positive cells within the bulk MSC population (Quirici et al., 2010; Watson et al., 2013; Beckenkamp et al., 2018; Smith et al., 2021). MSCs positive for CD271 display enhanced capacity for differentiation, proliferation, and colony formation when compared to their CD271− counterparts or mixed-population. However, the CD271 antigen diminishes rapidly with cell passaging, highlighting the importance of using cells subjected to minimal expansion procedures for therapeutic applications (Smith et al., 2021).
Moreover, CD271-depleted BM-MSCs have altered morphology, poor proliferation capacity, increased expression of hematopoietic markers, nearly no multi-lineage potential and are unable to form colonies, therefore failing to meet ISCT criteria for MSCs (Kuci et al., 2010; Petters et al., 2018). Notably, RNA sequencing analysis has revealed that there is a larger difference in gene expression between CD271+ and CD271− populations in AD-MSCs than between donors. Among genes with altered expression levels are those associated with inflammation and angiogenesis (Smith et al., 2021). MSC that are CD271 positive show superior promotion of cartilage repair to MSCs consisting of heterogeneous populations (Kohli et al., 2019). Nevertheless, when seeded on 3D osteoconductive biomaterial scaffold for bone regeneration, CD271+ MSCs proved inferior to heterogeneous MSCs, underscoring the need for caution when transferring results from monolayer to 3D cultures (Muller et al., 2019).
Several other surface antigens have been proposed as markers for MSCs and their specific subpopulations, such as STRO-1 as a marker for dental/gingival MSCs (Yu et al., 2010; Perczel-Kovách et al., 2021). Through advancements in methodologies, novel antigens are continually unveiled, prompting further investigations into their distribution and potential as phenotype markers. For example, based on single-cell RNA sequencing data, CD167b, CD91, CD130, and CD118 were proposed as novel surface markers for BM-MSC enrichment or purification. However, further molecular validations are needed (Wang et al., 2021b).
3.2 Functional assays
Contributing to the challenges in predicting clinical outcomes following MSC administration are the uncertainties surrounding mechanisms through which they drive tissue regeneration and exert immunoregulatory functions. Regulatory authorities require the development of tests to measure potency as part of release criteria of advanced clinical trials designed to support marketing approval and registration. Still, they allow for a considerable flexibility in determining the appropriate measurements of potency for each product and the adequacy of these tests is evaluated on a case-by-case basis (Galipeau et al., 2016). Ideally, the potency assay should reflect the in vivo mechanisms of action. However, since MSCs act through a complex range of mechanisms with unknown key steps, there are currently no definitive and unambiguous tests available that could accurately measure their clinical efficacy (Galipeau et al., 2016; Hematti, 2016; Robb et al., 2019).
Consequently, ISCT suggests an alternative approach. Rather than relying on a single potency assay, a collection of complementary assays should be conducted to evaluate relevant biological and therapeutic properties of the cells including quantitative analysis of mRNA expression, measurement of functionally relevant surface markers by flow cytometry, and protein-based assays to detect secreted factors (Galipeau et al., 2016).
3.2.1 Differentiation potential of MSCs
One of the most intriguing and therapeutically promising MSC characteristics is their differentiation potential. Under both in vivo and in vitro stimulation, they can differentiate into several mesodermal-derived lineages, in particular chondrogenic, osteogenic, and adipogenic cells. Various studies suggest that they can also differentiate into non-mesodermal lineages like hepatocytes, neurons and pancreatic cells (Shibu et al., 2023). It is therefore important to distinguish MSC “potency” in a manufacturing context from their capacity to differentiate toward multiple cell lineages.
While tri-lineage differentiation potential is not typically assessed in MSC potency assays, it is still considered a key criterion for routine MSC characterization (Dominici et al., 2006; Montesinos et al., 2009). Therefore it is somewhat surprising, that most of the time researchers omit these assays, especially when conducting clinical studies (Wilson et al., 2021; Renesme et al., 2022). Furthermore, despite decades of undertaking MSC differentiation assays, there is still lack of consensus regarding the optimal media composition, detection reagents, and quantification methods to determine the extent of in vitro differentiation (Kakkar et al., 2020; Mollentze et al., 2021). Additionally, recent trends indicate a growing reliance on commercially available differentiation media, which are often elusive regarding their composition, thus exacerbating the heterogeneity among protocols (Eggerschwiler et al., 2019; Labedz-Maslowska et al., 2021; Bajetto et al., 2023).
When characterizing MSCs through tri-lineage differentiation in clinical and preclinical trials, researchers commonly present representative images of differentiated MSCs, confirmed through specific staining reagents (Aghayan et al., 2022; Shimizu et al., 2022; Krakenes et al., 2023). Following adipogenic differentiation, staining with Oil Red O or Nile Red is used to visualize intracellular lipid vacuoles. Osteogenic differentiation is confirmed by the detection of calcium deposits in the extracellular matrix via Von Kossa or Alizarin Red S staining. Chondrogenic differentiation is confirmed through the staining of cartilage deposits by Safranin-O/Fast Green or Alcian Blue (Ciuffreda et al., 2016).
However, when aiming to determine the extent of differentiation, colorimetric methods offer only semi-quantitative analysis options. Specifically, osteogenic differentiation can be evaluated by assessing extracellular calcium deposits through Alizarin Red S staining or by quantification of alkaline phosphatase activity (Widholz et al., 2019). Adipogenic differentiation can be estimated by staining intracellular lipid droplets with Oil Red O and chondrogenic differentiation by staining glycosaminoglycans, proteoglycans and collagen content with Safranin O. The extent of differentiation is then evaluated by semi-quantitative measurement of absorbance levels (Du et al., 2023).
Therefore, most of the studies that set to quantify the extent of MSC differentiation, have to analyze gene expression profile specific for the desired differentiation through real-time polymerase chain reaction (RT-PCR). Briefly, RNA extracted from cells that are undergoing chondrogenic, osteogenic, or adipogenic differentiation, is reversely transcribed, resulting in the generation of first-strand complementary DNA. This cDNA then serves as a template for amplification by RT-PCR using sequence-specific primers, followed by relative quantitation of gene expression (Kim et al., 2023). Certain changes in gene expression following MSC differentiation are well established, while others are still being discovered and could potentially serve as basis for quantification of differentiated MSCs (Hou et al., 2021; Stefanska et al., 2023).
In recent years, new methods for quantification of MSC differentiation are emerging. One of more compelling approaches is digital image analysis of histological staining. It aims to simplify the laboratory procedures to objectively quantify and classify the degree of differentiation as well as the differentiation potential among different MSC cell lines or cell subpopulations (Avercenc-Leger et al., 2017; Eggerschwiler et al., 2019). Another recently proposed strategy for determining the extent of osteogenic differentiation utilizes 18F. This radioactive tracer binds with a high affinity to newly synthesized hydroxyapatite and can then be evaluated by 18F μ-positron emission tomography scanning and activimeter analysis (Grossner et al., 2020). All in all, methods are continually being developed, in an effort to simplify and refine quantification of MSC differentiation and by extension, their therapeutic efficacy.
3.2.2 Lymphocyte proliferation assay
While MSC ability to suppress lymphocyte proliferation is well documented, assays to quantify this process lack standardization and vary between groups and methodologies (Juhl et al., 2022). Still, in vitro inhibition of lymphocyte proliferation is considered a gold standard in predicting MSC functionality (Galipeau et al., 2016; Nicotra et al., 2020). Lymphocyte proliferation can be induced either by unspecific mitogens such as phytohaemagglutinin (PHA) and Staphylococcal enterotoxin B or by specific antibody-mediated activation of CD3 associated with the T cell receptor and CD28 for co-stimulatory signaling (Chinnadurai et al., 2018; Hammink et al., 2021). Alternatively, in mixed lymphocyte reactions (MLR) proliferation of T cells is activated by allorecognition, in which T cells are directly activated by allogeneic antigen-presenting cells (DeWolf et al., 2016). Lymphocyte proliferation can be quantified by several methods. Firstly, the amount of newly synthesized DNA can be measured by incorporation of thymidine analogs such as bromodeoxyuridine or 3H-thymidine (Svajger et al., 2021; Piede et al., 2023). Alternatively, total DNA content can be assessed by fluorescent dye binding using Hoechst or CyQUANT® NF reagents (Suzdaltseva et al., 2022). One of the most widely accepted methods is tracking generations of cell division by dilution of covalently binding proliferation dyes such as CFSE (carboxyfluorescein succinimidyl ester) or CellTrace Violet (Kashef et al., 2022; Lemieszek et al., 2022).
However, these dyes can be toxic to a certain extent, prompting an exploration of alternative approaches. One such alternative is the assessment of cell proliferation by measuring the rate of metabolic activity. This can be achieved by utilizing colorimetric assays with tetrazolium salts or by quantifying the ATP levels with bioluminescent reagents that detect increases in healthy proliferating cells (Herzig et al., 2021; Herzig et al., 2023). Additionally, some researchers assess cell proliferation by measuring accumulation of cell cycle-associated proteins such as intracellular Ki67 or simply by counting cells, using, for example, CountBright Absolute Counting Beads (Cruz-Barrera et al., 2020).
In an effort to minimize the impact of donor variation, researchers pool peripheral blood mononuclear cells (PBMCs) from up to 10 different donors in MLR and mitogen induced lymphocyte proliferation (Christy et al., 2020). However, recent report indicates that optimal lymphocyte proliferation in MLR experiments can be achieved with as few as four donors (Hansen et al., 2022). Furthermore, two studies have identified PHA as the most suitable mitogen among tested components in their panels (Hansen et al., 2022; Kashef et al., 2022). It is noteworthy that, despite the conventional duration of 4–5 days for most lymphocyte proliferation assays, the peak of PBMC proliferation suppression occurs within 48 h following co-culture with MSCs, and extending the incubation window does not elicit significant changes (DeWolf et al., 2016; Suzdaltseva et al., 2022).
3.2.3 Other assays
One of the assays to evaluate MSC potency, not required by ISCT but still frequently employed, is the endothelial cell tube formation assay. It evaluates MSC ability to support angiogenesis in vitro (Arnaoutova et al., 2009). Briefly, endothelial cells, whether primary or immortalized, are combined with MSC conditioned media and then seeded onto a basement membrane matrix. In response to angiogenic signals present in the media, cells start to rapidly form capillary-like structures. Within 1 hour, they align themselves, and by the second hour, tubules containing lumens begin to emerge. In vitro angiogenesis is then quantified as the number of branch sites/nodes, loops/meshes, or the number and length of tubes formed (DeCicco-Skinner et al., 2014; Carpentier et al., 2020). As the probable mechanism of action by which MSCs elicit an angiogenic response is through their paracrine activity, a quantification of expression of angiogenic factors and cytokines such as VEGF can be used to assess their angiogenic potency (Thej et al., 2017).
In accordance with ISCT guidelines, recent studies focus on developing assay matrix approach in order to predict MSC potency (Figure 3). One of the more commonly employed strategies involves utilizing secretory soluble factors, specifically chemokines and cytokines, through a multiplex analytical method (Lipat et al., 2022; Porter et al., 2022). Additionally, Kowal et al. claim that they could predict BM-MSCs proliferative capacity and the differentiation potential by assessing their morphological characteristics (Kowal et al., 2020).
[image: Figure 3]FIGURE 3 | An example of a matrix of assays to predict MSC potency. Morphological characteristics, cell surface marker expression, gene expression, soluble factor secretion, tri-lineage differentiation, lymphocyte proliferation, macrophage polarization and endothelial cell tube formation could be used to assess potency of MSC cell product lots.
In line with these efforts, Robb et al. developed an in vitro matrix of multivariate readouts, specifically, cell morphology, gene expression, soluble factor expression, macrophage polarization and angiogenesis (Robb et al., 2022b). Quantification of these critical quality attributes would serve to prospectively screen potent MSC donors or cell culture conditions to optimize for the desired basal MSC immunomodulatory or angiogenic fitness.
3.3 Autologous vs. allogeneic origin of MSCs
While autologous MSCs were historically favored for their lower risk of immune rejection, in recent years, the medical community has increasingly embraced allogeneic sources owing to immunological » invisibility« of MSCs in general. This shift can be ascribed to several factors, including their convenience, optimal donor and tissue selection, cost-effectiveness, as well as a compelling body of clinical evidence supporting their efficacy and safety. Still, some warn that the discrepancies between outcomes of murine preclinical models and human clinical trials could be attributed to the pre-clinical mouse data overwhelming use of syngeneic, major histocompatibility complex (MHC)-matched cells when examining efficacy endpoints (Galipeau and Sensebe, 2018; Giri and Galipeau, 2020). Indeed, repeated intra-articular injection of allogeneic mesenchymal stem cells in equine model resulted in an adverse clinical response, suggesting there is a potential for immune recognition of allogeneic MSCs upon repetitive exposures (Joswig et al., 2017).
Unfortunately, clinical trials directly comparing the application of allogeneic and autologous MSCs are rare and often inconclusive, primarily due to small sample sizes (Hare et al., 2012a). However, a study comparing safety and efficacy of autologous and allogeneic BM-MSCs in patients with non-ischemic dilated cardiomyopathy reported superior efficacy for allogeneic MSCs (Hare et al., 2012b)). A recent study comparing transplantation of autologous BM-MNCs (bone marrow mononuclear cells) to allogeneic WJ-MSCs into diabetic patients with chronic limb-threatening ischemia confirmed that both treatments are safe and effective. However, the therapeutic benefit was more pronounced when treating patients with allogeneic WJ-MSCs (Arango-Rodriguez et al., 2023). Furthermore, in a study investigating the potential of MSCs to alleviate GVHD following hematopoietic stem cell transplantation, there was no observed correlation between donor HLA-match and response rate (Le Blanc et al., 2008).
A recent review evaluating the outcomes of clinical trials using culture-expanded MSCs to treat osteoarthritis could not definitively distinguish between autologous and allogeneic MSCs in terms of efficacy (Copp et al., 2023). Similarly, in vitro study comparing immunomodulating effects of autologous and full HLA mismatched donor MSCs relative to the responder cells did not detect any significant difference in inhibition of PBMC proliferation (Waldner et al., 2018). Conversely, in a meta-analysis of randomized controlled trials comparing the efficacy and safety of autologous and allogeneic MSCs for knee osteoarthritis management, autologous MSCs emerged as superior in providing long-term pain relief and a lower incidence of adverse events (Jeyaraman et al., 2022).
Autologous MSCs sources can prove functionally inferior to allogeneic, especially when derived from donors with underlying systemic diseases. For example, AD-MSC derived from patients with chronic obstructive pulmonary disease exhibited decreased migration capacity than those derived from healthy donors. Still, they were equally efficient at reducing lung emphysematic damage in a mouse model (Rio et al., 2023). Importantly, autologous MSCs may exhibit suboptimal quality and fail to meet the requisite criteria for clinical utility, most often due to quality of starting material (Alves-Paiva et al., 2022). For example, a study investigating safety and feasibility of intramuscular transplantation of autologous BM-MSCs for patients with no-option critical limb ischemia reported a high rate of karyotype abnormalities in expanded cells (Mohamed et al., 2020). Moreover, MSCs derived from patients with type 2 diabetes displayed altered phenotype that most likely compromised their therapeutic efficacy (Capilla-Gonzalez et al., 2018). Similarly, MSCs derived from patients with systemic lupus erythematosus displayed dysfunctional phenotype and while patients responded to allogeneic MSC treatment, no response was seen with autologous cell transplantation (Cheng et al., 2019; El-Jawhari et al., 2021).
There is yet no clear clinical evidence to confirm whether autologous or allogeneic MSCs are superior to one another. It is plausible that specific conditions, especially those requiring tissue repair associated with MSC differentiation, may benefit more from autologous MSCs, while others, particularly may derive greater benefits from allogeneic MSCs. However, given the numerous advantages associated with allogeneic MSCs, particularly the greater ease of acquisition and production, it is probable that allogeneic MSCs will increasingly replace autologous cell sources.
4 DEFINING THE OPTIMAL TISSUE SOURCE
Given the several tissues from which MSCs can be obtained, a natural question arises: which source is the most suitable? While multiple factors contribute to the decision made by institutions or medical teams, some sources offer more advantages than others. While bone marrow has traditionally served as a primary source for MSCs, the therapeutic potential of BM-MSCs is constrained by invasive harvesting techniques, suboptimal collection efficiency, age-related decline in quality, and donor-associated morbidities. On the other hand, a particularly advantageous source is the umbilical cord, primarily due to its noninvasive, low cost and ethically acceptable collection procedure.
4.1 Umbilical cord as a superior source of MSCs?
UC-MSCs can be isolated from various compartments including Wharton’s jelly, veins, arteries, umbilical cord lining, subamnion, perivascular regions, or the whole umbilical cord (Nagamura-Inoue and He, 2014). In recent years, Wharton’s jelly, the mucoid connective tissue surrounding the umbilical cord’s arteries and vein, has emerged as the preferred compartment for MSC isolation, although some argue that whole umbilical cord offers more advantages (Subramanian et al., 2015; Semenova et al., 2021).
UC-MSCs are considered more primitive than MSCs derived from adult tissues because they share more common gene expression with embryonic stem cells and show higher expandability in vitro (Hsieh et al., 2010; Musiał-Wysocka et al., 2019). Additionally, studies have reported a stronger immunomodulatory potential for UC-MSC in comparison to MSCs derived from alternative tissue sources. For example, higher expression levels of immunosuppressive molecules CD152 and HLA-G have been observed in UC-MSC compared to AD-MSC and DT-MSC (Zoehler et al., 2022). Furthermore, scRNA-seq data from MSCs originating from four distinct tissues reveal UC-MSCs as possessing the highest immunoregulatory scores among the analyzed samples (Hou et al., 2021). UC-MSCs have also demonstrated superior immunosuppressive function in comparison to BM-MSC in MLR and mitogen-induced T-cell proliferation (Ketterl et al., 2015b). Importantly, the use of UC-MSCs allows for planned selection of starting materials, using perfectly healthy donors, thereby avoiding potential functional compromises of final MSC products that could arise from patient-derived, autologous products (Oliva-Olivera et al., 2015; Widholz et al., 2019). It also allows for the opportunity to avoid age-related problems, which can represent an important issue BM-or AD-MSCs derived from elderly patients. Nevertheless, special attention should be given to gestational age when harvesting umbilical cords. As shown by Iwatani et al. UC-MSC proliferation can vary significantly when comparing pre-term and term UC-MSCs, a phenomenon demonstrated to be dependent by differential expression of the WNT pathway (Iwatani et al., 2017).
In clinical settings, BM-MSCs and UC-MSCs displayed comparable therapeutic effects when transplanted into patients with type 1 diabetes, including improvements in glycemic control and the preservation of β-cells (Zhang W. et al., 2022). More importantly, a systematic review investigating the generation of donor-specific antibodies after allogeneic MSC treatment has revealed that only when MSCs were obtained from the umbilical cord, there was no allo-response in any of the treated patients (Sanabria-de la Torre et al., 2021). The especially low immunogenicity of UC-MSCs compared to other MSC types renders their use particularly relevant in repetitive administration protocols, considering the possibility of immune sensitization and subsequent allo-rejection of the cellular product. Regarding specific aspects of their clinical utility, UC-MSC could prove to be superior in regenerative medicine particularly for treatments relying on increased neoangiogenesis. Namely, Kehl et al. have performed a detailed proteomic analysis, showing that MSC derived from wharton’s jelly display an enriched profile of angiogenic factors, with significantly higher concentrations of angiogenic proteins, compared to AD-MSCs and BM-MSCs (Kehl et al., 2019). Such differences between MSC types could have important implications for MSC selection in future clinical studies.
4.1.1 Differentiation potential of UC-MSCs in tissue regeneration
Most of the studies report reduced differentiation capacity of UC-MSCs compared to MSCs derived from other tissue sources (Batsali et al., 2017; Todtenhaupt et al., 2023). It was suggested that the differential expression of the WNT pathway-associated molecules could have a role in the inferior osteogenic and adipogenic potential of UC-MSCs compared to BM-MSCs (Batsali et al., 2017). Interestingly, while UC-MSCs display a lower capacity for differentiation along osteogenic, adipogenic, and chondrogenic lineages compared to BM-MSCs, they outperform BM-MSCs in tenogenic differentiation. Namely, they exhibit superiority in forming a well-organized tendon-like matrix and in enhancing full-thickness tendon defect regeneration (Yea et al., 2023).
Along these lines, a meta-analysis comparing bone marrow aspirate concentrate (BM-AC) with CB-MSCs as a supporting treatment in various knee osteoarthritis patients undergoing high tibial osteotomy reported improved clinical outcomes in both groups. However, CB-MSCs allowed for a better articular cartilage regeneration than BM-AC augmentation (Park et al., 2023).
On the other hand, some studies have demonstrated higher osteogenic differentiation of UC-MSCs than BM-MSCs (Baksh et al., 2007). And a recent systematic review, centered on MSC transplantation for articular cartilage lesions in the human knee, established that UC-MSC transplants yielded superior outcomes when compared to BM-AC (Wang and Xing, 2023).
4.2 Pooled MSCs vs. MSCs from individual donors
The variability in biological properties among MSCs due to donor-to-donor heterogeneity is compromising the quality of data and hindering inter-study comparability. Pooling MSCs from several different donors has been proposed as a strategy to overcome these challenges (Zyrafete et al., 2016). The aim was to reduce the variance observed across donors. One of the first studies has shown that pooling MSCs leads to a greater increase of their ability to suppress lymphocyte proliferation than performances of MSCs derived from individual donors (Samuelsson et al., 2009). This was confirmed to some extent clinically by Ringden et al. where BM-MSCs from two different donors were pooled to treat a patient with myelofibrosis experiencing severe hemorrhage, yielding an encouraging outcome (Ringden and Leblanc, 2011).
Since then, several strategies of pooling MSCs have been tried, revealing interesting findings. More recently, we have also witnessed publications of GMP-compliant protocols for manufacture of MSCs, pooled from different donors (Padhiar et al., 2022). A study comparing the immunosuppressive potential of single batches to pooled products of MSCs prepared from iliac crest bone marrow aspirates did not show a significant difference that would favor pooled MSCs over MSCs from single donor batches. The allo-suppressive potential was comparable in both variants (Hejretova et al., 2020). Other studies comparing MSCs from various tissue sources have confirmed compensation for intra-individual variances among donors. However, there was no statistically significant difference in their immunosuppressive potential between the mean of a single MSC donor and pooled donors (Hansen et al., 2022). On the other hand, pooling BM-MNCs together before generation of BM-MSCs led to a significantly higher allosuppressive potential of the pooled cells. This phenomenon indicates that MNC pooling induces a strong alloreaction, which could positively select progenitor cell fractions for MSCs with higher allosuppressive potential, either through cell–cell interactions and/or soluble molecules (Zyrafete et al., 2016; Bieback et al., 2019). Among the published data, Waldner et al. had a surprisingly different approach–they pooled cells from the same donor but from different tissue sources, specifically bone marrow and adipose tissue. Interestingly, the pooled cells demonstrated a synergistic immunosuppressive effect on PBMC proliferation (Waldner et al., 2018).
Examining other characteristics after establishing MSC pools reveals varied reports. Some studies confirmed a correlation between mean proliferation rate of individual donors to proliferation rate of pooled MSCs (Zyrafete et al., 2016). Others, however, observed a higher population doubling for pooled cells compared to individual batches, inferring that the fast proliferating cells contribute more towards the whole cell population in the pooled setting, resulting in faster overall proliferation rate and eventually increasing the relative portion of the respective cells (Widholz et al., 2019). It has been shown that pooling BM-MSCs at different passages does not change their functional characteristics or diminish their quality (Willer et al., 2022). Additionally, introducing multiple rounds of cryopreservation of pooled cells does not induce significant changes in their fundamental characteristics (Mamidi et al., 2012). However, comparing WJ-MSCs from individual donors to cells pooled from three donors revealed lower levels of expression of pro-inflammatory cytokines in the pooled batches. This observation prompted speculation that the act of pooling MSCs could potentially create a slightly inflammatory microenvironment, consequently directing MSCs toward a more immunosuppressive phenotype. Still, the immunosuppressive potential of the pooled MSCs remained similar to that of individual donor cells (Kannan et al., 2022).
Currently, two MSC products containing pooled cells for therapeutic applications are in active use (Figure 4). Leading the way is Stempeutics, an India-based company and the first to commercialize pooled MSCs. Their advanced therapy medicinal product, Stempeucel®, consists of BM-MSCs pooled from three healthy donors and is intended to treat a variety of conditions such as limb ischemia, osteoarthritis of the knee joint, perianal fistulas and diabetic foot ulcers (Rengasamy et al., 2016; Gupta et al., 2017; Thej et al., 2017; Gupta et al., 2023a; Gupta et al., 2023b). The other is generated from pooled BM-MNCs from eight allogeneic donors, also referred to as “MSC-Frankfurt am Main” or MSC-FFM, named after the city where it was produced. This pooled product is licensed with a national hospital exemption authorization in Germany. It is applied to patients with steroid and therapy-refractory acute GvHD and was shown to be safe and effective (Zyrafete et al., 2016; Bader et al., 2018; Bonig et al., 2019).
[image: Figure 4]FIGURE 4 | Two strategies of MSC pooling currently used in therapeutic applications. MSCs from three donors are individually expanded and then pooled together for Stempeucel® MSC bank generation. On the other hand, in MSC-FFM, MNCs from eight donors are pooled together before cells attach to the surface of tissue culture flasks. After expansion, cells are harvested and stored in cryovials to constitute a MSC bank.
While the use of pooled MSCs definitely represents several potential advancements toward product harmonization, as well as offering several logistical solutions, potential limitations should be addressed. One such is the potential for alloreactive immune response associated with allogeneic cell therapy treatments. Most likely, this is not an issue of great concern, since MSCs are widely recognized as hypoimmunogenic (due to low expression of HLA molecules) and their allogeneic clinical use is extensively documented, confirming safety. Nevertheless, consideration of histocompatibility barriers along with anticipation of immune rejections and immune sensitization reactions should be kept in mind. For example, certain percentage of patients have been shown to develop alloantibodies and subsequent immune rejection of administered MSCs (Sanabria-de la Torre et al., 2021). Even in case of UC-MSCs, where the formation of alloantibodies is seldom reported, this phenomenon could be potentially amplified using pooled MSC products from different donors, where HLA diversity is further increased.
5 CONCLUSION
The potential of MSCs to regulate the host immune system and promote tissue regeneration through paracrine signaling offers a great promise for addressing a variety of issues. However, studies that would reproducibly and reliably confirm this potential in clinical setting are still lacking. One of the culprits most frequently implicated in these discrepancies is the heterogeneity of transplanted MSC batches. It can arise from inherent biological differences among tissue sources, donors and MSC subpopulations or it can be introduced by variations in preparation protocols. Strategies to mitigate these differences could range from careful selection of tissue source, donors and specific MSC subpopulations, to harmonized growing conditions, potency assays and administration protocols. Amidst the multitude of options, we also propose an off the shelf approach of pooling UC-MSCs to increase consistency and homogeneity of the final cell product. UC-MSCs are relatively easy to obtain and have several advantageous characteristics in comparison to MSCs derived from other tissue sources. Moreover, pooling UC-MSCs from several donors would reduce inter-donor variability, improve dose-to-dose equivalence between patients, and facilitate the comparison of therapeutic efficacy across clinical studies. This approach could be relatively easily implemented in hospital GMP manufacturing centers. The main pre-requisites are established standard operating protocols in association with maternity wards for the supply of biological starting materials, and obviously for MSC manufacture. In addition, the pre-requisite that a well-managed cryobank is present for storing allogeneic MSC aliquots is key. In closing, we propose increased academic research efforts in the area of MSC pooling, to further resolve potential benefits, as well as its limitations and challenges on the path toward standardized and homogeneous MSC-based ATMPs.
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The chronic immune-mediated inflammatory condition known as inflammatory bowel disease (IBD) significantly affects the gastrointestinal system. While the precise etiology of IBD remains elusive, extensive research suggests that a range of pathophysiological pathways and immunopathological mechanisms may significantly contribute as potential factors. Mesenchymal stem cells (MSCs) have shown significant potential in the development of novel therapeutic approaches for various medical conditions. However, some MSCs have been found to exhibit tumorigenic characteristics, which limit their potential for medical treatments. The extracellular vesicles (EVs), paracrine factors play a crucial role in the therapeutic benefits conferred by MSCs. The EVs consist of proteins, microRNAs, and lipids, and are instrumental in facilitating intercellular communication. Due to the ease of maintenance, and decreased immunogenicity, tumorigenicity the EVs have become a new and exciting option for whole cell treatment. This review comprehensively assesses recent preclinical research on human umbilical cord mesenchymal stem cell (hUC-MSC)-derived EVs as a potential IBD therapy. It comprehensively addresses key aspects of various conditions, including diabetes, cancer, dermal injuries, neurological disorders, cardiovascular issues, liver and kidney diseases, and bone-related afflictions.
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1 Introduction

Inflammatory bowel disease (IBD) refers to a group of chronic inflammatory disorders of the gastrointestinal tract, with two primary subtypes: Crohn’s disease (CD) and ulcerative colitis (UC) (1). These disorders result from an abnormal immune response in genetically susceptible individuals, triggered by environmental factors. The characteristic symptoms include abdominal pain, diarrhea, rectal bleeding, weight loss, and fatigue (2). The chronic and relapsing nature of IBD often leads to a diminished quality of life and a higher risk of complications such as bowel strictures, abscesses, and even colorectal cancer. Over the years, various treatment modalities have been developed to treat patient with IBD including anti-inflammatory medications, immunosuppressant, biological therapies, and surgical interventions (3). While these treatments have been effective for many patients, they are not without limitations. Long-term use of immunosuppressive drugs can lead to increased susceptibility to infections, and biologic therapies often come with a high financial burden. Moreover, a significant proportion of IBD patients do not respond adequately to existing treatments, highlighting the urgent need for novel therapeutic strategies (4).

The complexities of IBD, including its multifactorial etiology and heterogeneity in disease presentation, pose a challenge for clinicians seeking to tailor treatment approaches to individual patients (5). Currently, a significant proportion of the etiology and pathology underlying this condition remains elusive to the scientific community. Nevertheless, it is widely acknowledged that the condition is characterized by a polygenic and multifactorial nature (6). Incorporating the insights obtained from numerous recent studies, the fundamental elements contributing to the onset of IBD involve genetic interactions, dysregulated mucosal immune responses prompted by environmental factors, and disruptions in the regulation of the gut microbiota (6). Currently, several treatment protocols, including immunomodulatory, thiopurine agents, and monoclonal antibodies targeting tumor necrosis factor (anti-TNF), are employed for the management of IBD. However, these treatments have been found to lack the attainment of sufficiently favorable therapeutic outcomes (7). Consequently, researchers are actively exploring the development of advanced clinical techniques and strategies for the treatment of IBD. In this context, the search for safer and more effective therapies has led researchers to explore the regenerative potential of mesenchymal stem cells (MSCs) and their extracellular vesicles (EVs) (8, 9). MSCs are multipotent, adult stem cells found in various tissues, including bone marrow, adipose tissue, and the umbilical cord (10). These cells have garnered immense interest in the field of regenerative medicine due to their remarkable self-renewal capabilities and their ability to differentiate into multiple cell lineages, including osteocytes, adipocytes, and chondrocytes (11, 12). Moreover, the quantity of stem cells and their capacity for proliferation and differentiation exhibited a marked decline with advancing age (13), thereby imposing limitations on the application of these cells in clinical trials (14). The morphological characteristics, immunophenotype, proliferation rate, multi-directional differentiation capacity, and their potential to induce hematopoietic stem cell (HSC) differentiation in umbilical cord-derived mesenchymal stem cells (UC-MSCs) closely resemble those observed in bone marrow-derived mesenchymal stem cells (BM-MSCs) (15), but, it is noteworthy that UC-MSCs display a heightened proliferative capacity and lower levels of human leukocyte antigen (HLA)-ABC and HLA-DR expression in comparison to BM-MSCs (16). Furthermore, it is worth noting that UC-MSCs exhibit a diverse array of stem cell types, making them readily available and easily collectable resource that can be efficiently preserved (17, 18). Consequently, UC-MSCs assume a distinctive role in diminishing both the frequency and severity of graft-versus-host disease (GVHD), a complication that affects over 50% of patients undergoing hematopoietic stem cell transplantation (HSCT) (18). Moreover, owing to their inherent migratory potential towards cancer cells, numerous studies have suggested the utilization of UC-MSCs in cell-based therapies aimed at targeting tumors and facilitating the localized delivery of anti-cancer agents (19). Nonetheless, several facets of research concerning UC-MSCs are still in their early stages of development. UC-MSCs are considered optimal candidate cells for cell replacement therapy, primarily due to their minimal immunogenicity, robust proliferative potential, and capacity for differentiation (20).

The therapeutic effectiveness of MSCs do not exclusively hinge on their ability to differentiate into various cell types. Instead, their paracrine effects, which involve the release of trophic factors and EVs, assume a central role in promoting tissue repair and modulating the immune response (21). MSCs can orchestrate a coordinated response by influencing local cell populations, reducing inflammation, and promoting tissue regeneration (22). The secretion of EVs, in particular, has gained significant attention for their role in intercellular communication and their potential as therapeutic agents (23). EVs are small membranous vesicles released by virtually all cell types, including MSCs. They are involved in cell-to-cell communication and serve as vehicles for the transfer of bioactive molecules, including proteins, lipids, and nucleic acids, between cells (24, 25). EVs are classified into several subtypes, including exosomes, macrovesicles, and apoptotic bodies, based on their biogenesis and size. Among these, exosomes, typically ranging from 30 to 150 nanometers in diameter, have garnered significant interest for the therapeutic potential (26). Exosomes are released into the extracellular space through the fusion of multivesicular bodies with the plasma membrane (27). Extensive investigations have revealed the secretion of exosomes by a wide range of cell types, including mast cells, dendritic cells (27), B cells (28), T cells (29), tumor cells (30), and epithelial cells. Exosomes have also been found in numerous kinds of body fluids, such as saliva, urine, breast milk, and plasma (31, 32) urine (33, 34). Exosomes, like their parent cells, carry a cargo of bioactive molecules that can modulate various cellular processes (35, 36). These molecules include growth factors, cytokines, microRNAs, and lipids, all of which can influence recipient cells’ behavior (37, 38). This cargo is carefully packaged within the exosome’s lipid bilayer, protecting it from degradation and ensuring its efficient delivery to target cells (39). This unique characteristic makes exosomes ideal candidates for therapeutic interventions, as they can harness the regenerative power of their parent cells in a more controlled and targeted manner (40, 41). Exosomes originating from diverse sources exert an influence on the etiology of IBD (42). The significance of intercellular communication in maintaining homeostasis in multicellular organisms has been well-documented previously. Consequently, exosomes, which are secreted by a majority of cells, play a critical role in forming a network and actively participating in intracellular signaling (43). They facilitate the transfer of bioactive components including, lipids, nucleic acids, and proteins from one cell to another, thereby initiating biological responses in the recipient cells (44). Exosomes have demonstrated a greater efficacy than their parent cells and can be stored without compromising their functionality, making them an appealing focus of research. Recently, there has been an increasing interest in utilizing exosome administration as a novel therapeutic strategy to expedite preclinical research endeavors (45, 46). Furthermore, exosome-delivered miRNAs contribute to lymphangiogenesis and play a role in IBD. Exosomes derived from adipose tissue-derived MSCs modulate the miRNA-132/TGF-β pathway, thereby promoting VEGF-C-dependent lymphangiogenesis (47). MSC-derived exosomes have been substantiated to augment angiogenesis in endothelial cells by transporting miR-125a (48). Conversely, BM-MSCs promote lymphangiogenesis through the secretion of VEGF-A, which stimulates lymphatic endothelial cells (LECs) to activate the VEGFR-2 pathway (49).

The therapeutic potential of EVs, including those derived from MSCs, extends beyond their immunomodulatory effects (50, 51). Studies have demonstrated that MSC-derived EVs can promote tissue repair and regeneration in various disease models, including myocardial infarction, stroke, and cartilage injury (52). The cargo carried by these vesicles plays a pivotal role in modulating the recipient cell’s behavior, promoting angiogenesis, reducing fibrosis, and enhancing tissue remodeling (52). The isolation and characterization of human umbilical cord mesenchymal stem cell (hUC-MSC)-derived EVs represent a critical step in harnessing their therapeutic potential (53). Researchers have developed various methods to isolate and purify these vesicles, including ultracentrifugation, size exclusion chromatography, and immunoaffinity-based techniques (54).

These methods ensure the enrichment of exosomes and other EV subtypes from hUC-MSC culture supernatants, allowing for their subsequent analysis and utilization (55). One of the most striking features of hUC-MSC-derived EVs is their ability to modulate the immune response (56). These vesicles can suppress the activation of pro-inflammatory immune cells while promoting the expansion of regulatory T cells and M2 macrophages, thus shifting the immune milieu towards an anti-inflammatory and tissue-healing phenotype (57). This immunomodulatory capacity has profound implications for the treatment of immune-mediated disorders like IBD (58). Recent preclinical studies and early-phase clinical trials have provided compelling evidence of the therapeutic potential of hUC-MSC-derived EVs in the management of IBD (59). These studies have shown that the administration of hUC-MSC-derived EVs can ameliorate disease symptoms, reduce inflammation, and promote mucosal healing in animal models and human patients with IBD. The mechanisms underlying these effects involve the immunomodulatory properties of the vesicles, as well as their ability to enhance epithelial barrier function and promote tissue repair (60, 61). The therapeutic potential of hUC-MSC-derived EVs extends beyond gastrointestinal disorders. Researchers are exploring their use in various neurological disorders, such as Parkinson’s disease, Alzheimer’s disease, and spinal cord injury (SCI) (62, 63). These vesicles have shown promise in promoting neuroprotection, reducing inflammation, and enhancing neural tissue repair in preclinical models (64). Cardiovascular diseases, including myocardial infarction and heart failure, are leading causes of morbidity and mortality worldwide. The hUC-MSC-derived EVs have emerged as potential candidates for cardiac regeneration and repair. Their ability to stimulate angiogenesis, reduce oxidative stress, and modulate immune responses has made them attractive for the treatment of cardiovascular disorders (65, 66). Musculoskeletal disorders, such as osteoarthritis and bone fractures, present significant challenges in the field of regenerative medicine. The hUC-MSC-derived EVs have shown promise in promoting bone and cartilage regeneration by enhancing the proliferation and differentiation of osteoblasts and chondrocytes. These vesicles may offer a minimally invasive and cell-free alternative to traditional treatments (67).

While the therapeutic potential of hUC-MSC-derived EVs is promising, several challenges must be addressed before their widespread clinical adoption. Standardization of isolation and characterization methods, determination of optimal dosing regimens, and long-term safety assessments are crucial steps in the path to clinical translation (54). Moreover, regulatory approvals and manufacturing scalability need to be addressed to ensure the accessibility of these therapies to a broader patient population. The heterogeneity of diseases like IBD underscores the importance of personalized medicine. Identifying biomarkers that can predict patient responses to hUC-MSC-derived EV therapy is a critical research area. Biomarker discovery will enable clinicians to select the most appropriate patients for treatment and tailor therapy regimens accordingly, maximizing therapeutic outcomes (68). As the field of regenerative medicine advances, ethical and regulatory considerations become increasingly important (69). Ensuring the ethical sourcing of umbilical cord tissue and transparent reporting of research findings is essential. Regulatory agencies must also develop clear guidelines to govern the production and clinical use of hUC-MSC-derived EVs, balancing innovation with patient safety (61). The therapeutic role of hUC-MSC-derived EVs represent a promising frontier in the treatment of IBD and a wide array of other disorders (70). With their ability to modulate the immune response, promote tissue repair, and enhance regenerative processes, hUC-MSC-derived EVs hold the potential to revolutionize the way we approach the management of chronic and debilitating conditions (71).

This study has undertaken an exploration of the complexities surrounding IBD, delving into the regenerative capabilities of MSCs, revealing the therapeutic potential inherent in EVs, and engaging in a discussion concerning the promising prospects of hUC-MSC-EVs within the context of IBD. The journey towards fully harnessing the therapeutic potential of these minuscule communicators is an ongoing endeavor, replete with a myriad of challenges and opportunities that await both researchers and clinicians. As we continue to venture deeper into the realm of regenerative medicine, we stand at the precipice of uncovering innovative solutions that have the potential to transform the lives of individuals grappling with chronic and presently incurable diseases. This review underscores the paramount importance of sustained research and clinical progress within this promising field, emphasizing the potential of hUC-MSC-EVs as an exceptional therapeutic avenue not only for IBD but also for a spectrum of inflammatory conditions.



2 Extracellular vesicles

The release of EVs is a fundamental biological process in both prokaryotic and eukaryotic cells, occurring under normal physiological conditions as well as in aberrant situations. Despite being written off in the past as little more than biological waste with little significance, recent studies have highlighted their crucial function as bioactive transporters. These vesicles mediate a wide range of biological processes and act as transporters of many cellular components, enabling complex cellular communications (72). Proteins such as cell surface receptors, signaling proteins, transcription factors, enzymes, and extracellular matrix proteins are among the diverse cargo carried by EVs (73). Additionally, they have lipids and nucleic acids (DNA, mRNA, and miRNA) that can be transferred from donor to recipient cells to facilitate molecular transfer and intercellular communication (74). It has been discovered that EVs are linked to pathological conditions like cancer, heart disease, and neurological illnesses (75). EVs comprise a range of subtypes that are categorized based on their mechanisms of synthesis and release, such as exosomes, apoptotic blebs, and other EV subgroups (76). Additionally, they can be categorized according to the type of cell from which they originated, such as endothelium or platelet-derived cells, or according to the physiological state of the cells, such as “prostasomes” coming from the prostate and “oncosomes” originating from cancer cells. The primary components of EVs include apoptotic bodies, exosomes, and microvesicles (77). However, other forms have been discovered recently, including membrane particles, large oncosomes, migrasomes (78), ectosomes (78), exomeres (79) and supermeres (Table 1).



TABLE 1 Extracellular vesicles as therapeutic tools and targets for diseases.
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Recently, EVs have emerged as a promising therapeutic option for a range of diseases and conditions, including BD (91). In animal models of IBD, studies have provided evidence showing that EVs derived from various sources, including MSCs, possess the ability to mitigate inflammation and facilitate tissue healing (92). Using EVs as a therapeutic alternative presents several challenges that need to be addressed. In the preparation of EVs, standardization of isolation and characterization is a significant challenge in maintaining the purity and quality of EVs (93). The immunogenicity potential and pro-coagulant effects are two additional safety concerns associated with EV-based medicines (94). Despite these obstacles, EV-based medicines are still being clinically researched and developed, demonstrating significant potential for the treatment of various inflammatory illnesses including IBD. Herein, the MSC-derived-exosomes are the main focus of the study to provide comprehensive use, specifically in the treatment of IDB and other pathological inflammatory conditions in general.



3 Exosomes

Exosomes, a type of EVs, which originate from endosomes, typically exhibit an average diameter of approximately 50–100 nm (95). The plasma membrane undergoes a sequential process of invagination, leading to the eventual formation of multivesicular bodies (MVBs). These MVBs have the ability to interact with other intracellular vesicles and organelles, thereby contributing to the diversity of components found in exosomes. Depending on the specific cell they originate from, exosomes, can encompass a wide range of cellular constituents, such as DNA, RNA, lipids, metabolites, as well as cytosolic and cell-surface proteins (96).

Exosomes, in particular, have emerged as crucial mediators of cellular communication, playing significant roles in both normal physiological processes, such as lactation (97), immune response (34) and neuronal function (97), and also in the development and progression of diseases, such as liver disease (97), neurodegenerative diseases (98) and cancer. Exosomes are increasingly recognized as promising therapeutic agents for gastrointestinal conditions, IBD, using a cell-free therapeutic strategy (98, 99).

Numerous diseases associated with IBD, characterized by disruptions in mucosal immune responses, compromised intestinal barrier integrity, and alterations in the balance of intestinal microbial populations, are orchestrated through pathways involving exosomal intercellular communication (100). Exosomes, being complex molecules, are discharged into human serum and other bodily fluids, and their functional contents exhibit variations between IBD patients and healthy individuals (101). Consequently, exosomes may have the potential to serve as diagnostic biomarkers that reflect the current state of IBD (101, 102).


3.1 Characteristics and properties of exosomes


3.1.1 Characteristics of exosomes

Exosomes originate from endosomal vesicles within the cell and exhibit distinctive characteristics that set them apart from other cell-secreted microvesicles (103). They are enclosed by a phospholipid bilayer architecture, with a size ranging from 30 to 150 nanometers and a density falling within the range of 1.13 to 1.19 grams per milliliter (104, 105). When observed through transmission electron microscopy (TEM), exosomes present a cup-shaped morphology, further confirming their identity. Moreover, the presence of specific proteins, including tetraspanins (e.g., CD63, CD9, and CD81) and β-actin, serves as additional markers to differentiate exosomes from other vesicular structures (101, 104). To emphasize their prevalence, it is noteworthy that approximately 1 × 1012 exosomes can be found in just 1 milliliter of blood (105). These distinct characteristics and abundance make exosomes a subject of significant interest in various fields of research and clinical applications (106).



3.1.2 Biogenesis of exosomes

Exosome biogenesis is a highly regulated process that occurs in various cell types under both pathological and physiological conditions. The secretion of exosomes is governed by the modulation of Rab27a and Rab27b expression (107). A diverse array of cell types, including lymphocytes, dendritic cells, fibroblasts, erythrocytes, platelets, mast cells, tumor cells, stem cells, monocytes, macrophages, natural killer (NK) cells, B lymphocytes, and T lymphocytes, are known to synthesize exosomes (108).

The process of exosome biogenesis commences with the internalization of the cell membrane, leading to the formation of small intracellular structures referred to as early endosomes (103–107). Early endosome development involves a progressive maturation process that culminates in the generation of intraluminal vesicles (ILVs). On the other hand, late endosomes, known as multivesicular bodies (MVBs), are formed through the inward folding of segments of the endosomal membrane (106). The fusion of MVBs with the plasma membrane results in the exocytotic release of ILVs into the extracellular space, where they ultimately undergo transformation into exosomes (99–102, 105). This intricate process is visually depicted in Figure 1.
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FIGURE 1
 Schematic representation of exosome biogenesis. The process of exosome biogenesis is illustrated schematically in this figure. During exosome biogenesis, multivesicular endosomes (MVEs) initially undergo invagination, resulting in the formation of small intracellular vesicles. These vesicles encapsulate a diverse array of cytoplasmic cargo molecules, including proteins, messenger RNAs (mRNAs), and microRNAs (miRNAs). Notably, MVEs demonstrate two distinct fusion pathways: one involves fusion with the cellular membrane, facilitating the exocytosis of the enclosed exosomes (referred to as intravesicular vesicles). The other pathway entails fusion with lysosomes, leading to the degradation of the contents within MVEs. Consequently, exosomes gain entry into recipient cells through two distinct mechanisms: initially, they traverse the endocytic route, followed by internalization by the recipient cell. Secondly, they can merge directly with the recipient cell’s plasma membrane, subsequently releasing their cargo into the cytoplasm. It’s important to note that cells possess the capacity to generate membrane-derived vesicles that bud directly from the plasma membrane. These vesicles serve as vehicles for transporting functional proteins, RNAs, and other bioactive molecules.


Notably, exosomes are present in a variety of physiological fluids, including serum, as well as in saliva, amniotic fluid, and breast milk (106). Their presence in these fluids underscores the ubiquity of exosomes in biological systems and their potential significance in various biological and clinical contexts.



3.1.3 Composition of exosomes

Exosomes, which are minuscule in size and invisible to the naked eye and standard light microscopes, can only be observed using electron microscopy. Their morphology is characterized by flattened spheres, which can result from the dehydration process required for electron microscopy preparation, leading to their collapse (108, 109). Exosomes are complex structures composed of proteins, particularly those derived from the plasma or endosomal membrane, lipids, and various cytosolic components (Figure 2). It’s important to note that exosomes lack proteins originating from the Golgi apparatus, nuclear pore complex, mitochondria, and endoplasmic reticulum (Figure 2). Exosomes lack proteins of the Golgi apparatus, nuclear pore complex, mitochondria and endoplasmic reticulum (110). Data on exosomal content are systematically curated and updated in databases such as ExoCarta, Vesiclepedia, and EVpedia (111). Although initial investigations suggest the presence of proteins from the cytosol, endosomes, and plasma membrane in exosomes, it is essential to acknowledge that cellular organelles such as mitochondria, the Golgi apparatus, or the nucleus do not exclusively consist of proteins. The establishment of exosomal protein databases has been a collaborative effort among multiple research teams. Exosome repositories like ExoCarta1 and Vesiclepedia2 have cataloged a total of 9,769 proteins, 1,116 lipids, 3,408 mRNAs, and 2,838 miRNAs within exosomes originating from various cellular sources and organisms up to the present day (110). Exosome protein sorting, a newly explored field of study, relies, at least in part, on the endosomal sorting complex required for transport (ESCRT) machinery and protein ubiquitylation (112). During exosome biogenesis, ESCRT orchestrates the formation of intricate structures on the plasma membrane, resembling membranous necks. These structures encompass conical funnels, tubular arrangements, planar spirals, and filaments, which are hypothesized to regulate membrane remodeling processes.
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FIGURE 2
 A description of exosomes’ molecular make-up.


Exosomes encompass a substantial number of transport proteins, including tubulin, actin, and actin-binding molecules (110), in addition to various proteins intricately involved in specific roles within secretory cells (113). Exosomal proteins are categorized into diverse groups based on their family, function, and subcellular localization (114). The most frequently encountered protein categories in exosomes include those related to (i) the formation of multivesicular bodies (MVBs), (ii) transmembrane proteins acting as targeting or adhesion molecules, such as tetraspanins like CD9, CD63, and CD81, which play roles in membrane fusion, (iii) signal transduction proteins such as annexin and 14-3-3 proteins, (iv) cytoskeletal proteins including actin, syntenin, and myosin, (v) chaperones like HSPA8 and HSP90, and (vi) metabolic enzymes, such as GAPDH, LDHA, PGK1, aldolase, and PKM (111, 113). Each individual exosome also contains MHC class I molecules, among distinct components (114), and heat shock proteins (112). These proteins participate in antigen presentation and antigenic peptide attachment to MHC class I molecules (113). Tetraspanin family members CD9, CD63, CD81, and CD82 interact with other transmembrane proteins to facilitate antigen presentation and adhesion. The interaction of CD9 and CD82 with integrins can inhibit the migration and invasion of tumor cells (111). Exosomes exhibit distinctive lipid compositions in addition to their protein content (113). Intriguingly, they are deficient in lysobisphosphatidic acid and intraluminal vesicle (ILV) lipids (115) but contain high levels of sphingomyelin, phosphatidylserine, ceramide, and cholesterol.

Exosomes are recognized for their substantial content of DNA and RNA, alongside lipids and proteins. The term “EV-DNA” refers to DNA enclosed within EVs, spanning a size range of 100 base pairs to 2.5 kilobases (115). Analysis of complete RNA sequencing data from EVs isolated from serum suggests that RNA repeats constitute approximately 50% of the total EV-RNA content. Additionally, miRNAs and tRNAs are estimated to account for up to 15% of the EV-RNA content (115, 116). Certain RNAs are found in higher concentrations in exosomes than in the originating cells, particularly in exosomes from MSCs (116). Numerous studies have provided evidence that RNA can indeed be transferred between cells via exosomes (117). However, the extent to which transferred RNA retains its functionality in recipient cells, as well as the proportion that undergoes fragmentation and subsequent transport, remains an area of ongoing investigation.





4 Human umbilical cord mesenchymal stem cells origin and biological characteristics

MSCs have gained significant prominence in experimental cell-based therapeutic approaches for a variety of human ailments. They are widely employed due to their proven efficacy in numerous disease-related animal models and their excellent safety record in clinical settings. MSCs offer great potential for treating human illnesses because of their ability to differentiate, self-renew, and modulate the immune response (118). While MSCs have garnered attention as a potential cellular treatment for various medical conditions, emerging evidence suggests that their therapeutic benefits are primarily mediated through EVs produced via paracrine processes (119). These EVs play a crucial role in conveying the therapeutic advantages of MSCs. The hUC-MSCs have been the subject of numerous research projects that have explored their potential use for the treatments of various medical problems, including diabetes (120), cancer (121), liver (122), bone (123), cartilage (124), brain (125), cardiovascular issues (126), and IBD (127), and Figure 3 illustrates the therapeutic effects of hUC-MSC, both in in vivo and in vitro environments. The administration of hUC-MSCs demonstrates marked amelioration in pivotal parameters, encompassing the disease activity index, fluctuations in body weight, alterations in colonic length, and histopathological assessments of colitis, predominantly through the mitigation of inflammation. A discernible correlation exists between the dosage of hUC-MSCs and the extent of therapeutic response as these parameters serve as standard indicators in IBD evaluations, reflecting both disease severity and the effectiveness of therapeutic interventions (126–128).
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FIGURE 3
 Illustration of the hUC-MSC in various abnormalities.



4.1 Biological characteristics


4.1.1 The UC-MSC’s (hUC-MSC) immunological characteristics

The subcortical endothelium of the umbilical cord, Wharton’s jelly (WJ), and the perivascular area are the primary locations where UC-MSCs are commonly found. Wharton’s Jelly has a structure primarily resembling a sponge, with collagen fibers, proteoglycans, and stromal cells intertwined within it (20). When analyzing UC-MSCs from Wharton’s Jelly using flow cytometry, it was discovered that CD24 and CD108 were abundantly expressed, while the dermal fibroblast marker CD40 and fibroblast-specific markers (FAP and FSP) were not discernible, which highlights the abundance of MSCs in the Wharton’s Jelly region (128, 129). UC-MSCs can exhibit distinctive markers corresponding to various cell lineages, exemplifying their pluripotent nature (130). In contrast to hematopoietic stem cells, UC-MSCs exhibit the expression of MSC-specific markers such as CD105, CD90, and CD73, along with adhesion molecule markers including CD54, CD13, CD29, and CD44. Conversely, UC-MSCs shows reduced or absent expression of surface antigens CD31, CD14, CD34, and CD45 (131). Additionally, these cells are deficient in immune response-related antigens necessary for T lymphocyte activation, including CD80, CD86, CD40, and CD40L, as well as the MHC class II antigen HLA-DR. (132) UC-MSCs exhibit reduced immunogenicity compared to BM-derived cells due to their considerably lower expression levels of CD106 and HLA-ABC (133).



4.1.2 UC-MSCs’ capability to proliferate and differentiate

WJ-MSCs, which exhibited the highest proliferation rate, outperformed adipose tissue and BM-MSCs by a factor of three to four in terms of proliferation (134). Based on the inquiry conducted by the Mennan research team, no significant disparity in the rate of proliferation was observed. The population of UC-MSCs exhibited an average twofold increase between passages P0 and P3 within a span of 2–3 days. This rate of expansion significantly exceeds the duration observed for BM-MSCs (135). UC-MSCs have the capacity for multidirectional differentiation, enabling them to differentiate into various tissues such as bone, fat, cartilage, and others (136). Therefore, in the field of regenerative medicine, these cells are considered ideal seed cells due to their potential to facilitate the healing of various tissues and organs (137). According to studies, chemokines are produced by biological tissues that undergo damage due to ischemia-anoxia or persistent inflammation (138). These chemokines aid in recruiting MSCs to the injury site and subsequently regulate their migration to facilitate their differentiation into various cell lineages (139). Under specific conditions in an in vitro setting, UC-MSCs have been observed to exhibit the ability to undergo “trans-differentiation,” resulting in their differentiation into osteoblast-like mesodermal cell types (140), endothelial cells (141), cardiomyocytes (142), as well as ectoderm-derived hepatocytes with potential for neuronal transformation (143), and pancreatic cells (144), bridging the germinal layers within the endoderm.



4.1.3 hUC-MSC-EVs (exosomes) isolation and characterization

To maximize the therapeutic effects of EVs, it is essential for researchers to isolate and characterize them. The isolation and characterization of hUC-MSC-EVs hold great importance for their potential therapeutic use in IBD and other associated illnesses (145). However, the extraction of EVs from biological fluids, such as serum or conditioned media, can be challenging due to the heterogeneity of EV populations and the presence of impurities (93). In response to this challenge, various methodologies have been developed to achieve optimal purity and cost-effectiveness of EVs. These techniques include ultracentrifugation, density gradient centrifugation, and size-exclusion chromatography, all aiming to achieve high levels of purity (146). Ultracentrifugation, are commonly used technique for EV extraction, involves differential centrifugation at high speeds, reaching up to 100,000 x g, to pellet EVs (147). This method can be further optimized by utilizing sucrose or iodixanol gradients to separate EVs from other subcellular components (148). Another technique, density gradient centrifugation, employs a continuous gradient to separate EVs based on their buoyant density. This method is often used for isolating specific EV subpopulations, such as exosomes (149). Size-exclusion chromatography (SEC) is another method used for EV isolation, where EVs are separated based on their size characteristics. This technology is useful for removing unwanted contaminants, such as proteins and lipoproteins, which may be present during the isolation process (150). Once the isolation process is complete, hUC-MSC-EVs can be characterized by analyzing their physical and biochemical properties. Physical characterization includes assessing various attributes of EVs, such as their dimensions, structure, and abundance. Techniques such as dynamic light scattering (DLS), transmission electron microscopy (TEM), and nanoparticle tracking analysis (NTA) are commonly employed for this purpose (151). Biochemical characterization involves the detection and analysis of specific EV markers, including CD9, CD63, and CD81, using techniques like western blotting, flow cytometry, or immunogold labeling (152). Furthermore, the cargo of hUC-MSC-EVs can be characterized through proteomics, RNA sequencing, and lipidomics, providing insights into their functional properties and potential therapeutic targets (153).

It is important to acknowledge the inherent challenges associated with the extraction and characterization of EVs, which stem from the diverse nature of EV populations and the potential risk of contamination (154). Therefore, it is crucial to employ a range of isolation and characterization methodologies to ensure the integrity and homogeneity of hUC-MSC-EVs for their potential clinical application. By improving separation and characterization techniques and tailoring the cargo of EVs to therapeutic targets, researchers can develop novel IBD medications that are more effective and exhibit fewer side effects than current treatments. For a comprehensive overview of different techniques for exosome isolation and characterization, please refer to Table 2.



TABLE 2 A comparative analysis of various techniques for isolating exosomes.
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5 Role of UC-MSC/hUC-MSC-derived EVs in IBD

MSC-derived EVs have been shown in numerous studies to be an effective treatment for experimentally induced colitis in mice. One study documented and examined the weight loss, stool viscosity, and hematochezia in mice with DSS-induced colitis treated with MSCs, MSC-Exs, and placebo in distinct groups. The findings demonstrated that MSCs and MSC-Exs both had an equal anti-inflammatory impact and could treat colitis in mice (160). Additionally, studies on MSCs’ immediate and long-term protective effects on experimental colitis have shown that MSCs produced from human adipose tissue not only temporarily relieve colitis but also have positive long-term regulatory effects on IBD (161) (Table 3).



TABLE 3 Unveiling the role of MSCs and MSC-Exo in IBD treatment.
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5.1 Mechanism of MSC-derived EVs in the treatment of IBD

It has been documented that the MSC-Exos have the ability to home in on areas of intestinal inflammation, interact with immune cells like macrophages, T lymphocytes, and DCs, and modulate the characteristics and activities of immune cells by releasing bioactive substances, such as cytokines, to regulate irregular immune responses and suppress inflammatory reactions (153), as outlined in Figure 4.
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FIGURE 4
 The impact of MSC-EVs on immune effector cells in IBD.


Furthermore, MSC-Exos possess the capability to influence intestinal epithelial cells (IECs), facilitate the restoration of the intestinal epithelial barrier (IEB), mitigate oxidative stress, and alleviate colon fibrosis. Therefore, exhibit potential in the treatment of IBD (171). The therapeutic utilization of MSC-derived EVs in the treatment of IBD are given in Table 4.



TABLE 4 Therapeutic application of MSC-derived EVs for treating IBD.
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5.2 Macrophages

It has been determined that macrophages are the primary cells responsible for causing colon inflammation (184, 185), as depicted in Figure 5. Upon activation by pro-inflammatory stimuli, macrophages are mobilized to inflamed areas and undergo differentiation into macrophages with distinct polarities under the influence of chemokines and inflammatory factors. M1 macrophages release proinflammatory cytokines (IL-1β, IL-6, TNF-α, and IL-12) as well as Th1 chemokines (CXCL9, CXCL10, and CXCL11), which are involved in antigen presentation, T cell activation, and the initiation of an adaptive immune response. M2 macrophages release suppressive cytokines like IL-10 and TGF-β, which serve to dampen immune reactions and counteract inflammatory responses (186, 187). Anomalous polarization of macrophages contributes to immune irregularities within the intestinal mucosa and mediates the onset of intestinal inflammation, a key triggering factor in the development of IBD (188). Research indicates that the regulation of macrophage polarization and the balance between M1 and M2 macrophages is crucial in the immunotherapeutic approach to IBD (187–190). Both laboratory studies and animal trials have demonstrated that when lipopolysaccharide (LPS)-activated macrophages are co-cultured with BM-derived MSC-Exos, fluorescently labeled MSC-Exos are observed within the macrophages after 24 h. This interaction leads to the modulation of macrophage polarization towards the M2 phenotype, resulting in a decreased M1/M2 ratio and reduced expression of IL-6, IL-7, TNF-α, and IL-12, along with diminished macrophage infiltration in colon tissue (165, 173). Additionally, further research has indicated that adipose-derived MSC-Exos harbor an anti-inflammatory agent, TNF-α stimulated gene-6 (TSG-6), plays a pivotal role in orchestrating the polarization of M2 macrophages (191). The potential pathways through which MSC-Exos regulate macrophages include:
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FIGURE 5
 The MSC-EVs mitigate ulcerative colitis is through modulating the phenotype and function of colonic macrophages. MSC-EVs reduce the cleavage of caspase-3, -8, and -9 and lessen the release of damage-associated molecular patterns (DAMPs) from damaged gut epithelial cells, leading to decreased activation of the NF-κB signaling pathway in colon macrophages. MSC-EVs deliver miR-146a, which inhibits the expression of TNF receptor-associated factor 6 (TRAF6) and IL-1 receptor-associated kinase 1 (IRAK1), reduces phosphorylation of NF-κB p65, and suppresses the generation of inflammatory M1 macrophages. This is evidenced by decreased inducible nitric oxide synthase (iNOS) expression, significantly lower production of nitric oxide (NO), inflammatory cytokines (TNF-α, IL-1β, IL-6), and chemokines (CCL-17, CCL-24), resulting in reduced recruitment of neutrophils, monocytes, and lymphocytes to the inflamed gut. Additionally, MSC-EVs promote the polarization of colon macrophages to an anti-inflammatory M2 phenotype, marked by increased secretion of immunosuppressive cytokines TGF-β and IL-10, thus alleviating colitis.



5.2.1 Transfer of miRNA

At the site of intestinal inflammation, MSC-Exos bind to macrophages and release encapsulated miRNA, which in turn selectively modulates the mRNA within macrophages and influences the polarization of M2 macrophages. Research has demonstrated that the ExomiRNAs of MSCs, including miR-146a, can downregulate the expression of TNF receptor-related factor 6 (TRAF-6) and IL-1 receptor-related kinase 1 (IRAK-1), thereby suppressing the release of proinflammatory cytokines and promoting the expression of the anti-inflammatory factor IL-10 (192).



5.2.2 Anti-inflammatory proteins delivery

MSC-Exo contains a multitude of proteins, notably metallothionein-2 (MT-2), renowned for its capacity to suppress colitis activity. This protein plays a pivotal role in mitigating the intestinal inflammatory response by upholding the integrity of the intestinal barrier and fostering the polarization of M2b macrophages (179).



5.2.3 Induction of Toll-like receptors

MSC-Exos penetrate macrophages, potentially triggering the myeloid differentiation primary response gene 88 (MyD88)-dependent signaling pathway in macrophages upon recognition of TLR3 by the enclosed dsRNA. This activation leads to the induction of M2 polarization in macrophages, the release of anti-inflammatory factors, and the inhibition of the inflammatory response (193).



5.2.4 Competitive inhibition of CC chemokine receptor 2

In the presence of inflammatory stimuli, the interaction between CC chemokine receptor 2 (CCR2) expressed on the surface of monocytes and CC chemokine ligand 2 expressed on the surface of macrophages triggers the migration of monocytes to inflammatory sites, where they transform into macrophages, thereby intensifying the inflammatory response and exacerbating tissue damage. Notably, MSC-Exos exhibit high expression of CCR2, which competitively binds to the chemokine ligand 2 on the surface of macrophages. This competitive binding inhibits the recruitment and activation of monocytes, prevents the polarization of M1 macrophages, and reduces the expression of proinflammatory cytokines, such as IL-1β, IL-6, and TNF-α, thereby effectively restraining inflammatory responses (194).



5.2.5 Regulation of inflammatory cytokines releases

Firstly, MSC-Exos derived from MSCs, induced by specific inflammatory factors, encapsulate numerous anti-inflammatory cytokines and chemokines. Upon uptake by macrophages, these components are released into the surrounding environment. Secondly, the aforementioned pathways, once activated, govern or initiate the polarization of M2 macrophages, leading to the upregulation of anti-inflammatory cytokines and the downregulation of proinflammatory cytokines. This orchestration serves to sustain the equilibrium of anti-inflammatory factors at inflammatory sites and effectively suppress excessive inflammatory responses (195).




5.3 T lymphocytes

The continual exposure of antigens to CD4+ T cells by immune cells in the intestinal mucosa prompts the differentiation of primitive CD4+ T cells (Th0) into various helper T cell subtypes (predominantly Th1, Th2, and Th17) and regulatory T (Treg) cells, under the influence of antigen presentation and cytokine regulation. The trajectory of their differentiation plays a crucial role in preserving intestinal immune equilibrium and modulating inflammatory responses within the intestine (196). Research indicates that the co-cultivation of T lymphocytes with MSC-Exos results in the downregulation of cyclinD-2 and the upregulation of P27KIP-1, thereby impeding T lymphocytes from entering the S phase and inhibiting their growth and proliferation. This suggests that MSC-Exos have the capacity to modulate the proliferation and differentiation of T lymphocytes. Notably, MSC-Exos primarily regulate the equilibrium between Th1 and Th2, as well as Treg and Th17 cells (196).


5.3.1 The regulation of the transformation balance between Th1 and Th2

Th1 and Th2 cells represent the two primary subtypes of Th0 differentiation. Th1 cells primarily express IFN-γ and IL-12, while Th2 cells predominantly express IL-4 (196, 197). The dysregulation of Th1/Th2 subsets is intricately linked to the chronic inflammation observed in IBD (197, 198). The direction of differentiation is largely influenced by the concentration of IL-12 in the environment and the activation status of antigen-presenting cells. Through the regulation of DCs and macrophages, MSC-Exos induce the polarization of M2 macrophages, impede the antigen presentation of DCs, and diminish the release of proinflammatory cytokines, such as IL-12. This environment is conducive to the transition of T cells into Th2 cells. Studies have demonstrated that MSC-Exos can markedly diminish the expression of IL-12, hinder the differentiation and proliferation of Th1 cells, and facilitate the transition of T cells into Th2 cells following co-cultivation with T cells activated by phytohemagglutinin (199, 200). Furthermore, research has revealed that the TSG-6 protein detected in hUC-MSC-exo regulates the immune response of Th2 and Th17 cells in mesenteric lymph nodes (MLN), downregulates proinflammatory cytokines in colon tissue, and upregulates anti-inflammatory cytokines, thereby safeguarding the integrity of the intestinal barrier (162).



5.3.2 The regulation of the transformation balance between Treg and Th17

Treg cells play a pivotal role in inhibiting the transformation of effector T cells and adaptive mucosal immunity in the intestine, thereby reducing immune-related tissue damage in IBD. A study has revealed that MSC-Exos induce T lymphocyte apoptosis and modulate the differentiation and proliferation of Treg cells through programmed death ligand and galactosin-1 (201). Treg cells express anti-inflammatory cytokines, such as IL-10 and TGF-β, to achieve immunosuppressive effects (193, 202, 203). In contrast, Th17 cells express proinflammatory cytokines that contribute to the inflammatory activity in IBD. Notably, the ratio of Th17/Treg in the peripheral blood of IBD patients has been found to be significantly increased, as demonstrated (204). Furthermore, Chen et al. (133) discovered a significant increase in the ratio of Th17/Treg cells in the mesenteric lymphoid tissue of colitis rats. Conversely, the ratio of Th17/Treg cells was markedly decreased, leading to a notable amelioration of colitis after the injection of MSC-Exos via the caudal vein (180, 205). Additionally, it was found that adipose-MSC-Exos (AD-MSC-Exos) can restore the proportion of Treg cells in the spleen of the IBD mouse model to the baseline level, akin to that of normal mice, and also improve the inflammation of dextran sulfate sodium (DSS)-induced colitis (166).




5.4 DCs

In the intestinal mucosa, DC are the main antigen-presenting cells. They produce and secrete proinflammatory cytokines including IL-6 and IL-12, which exacerbate the inflammatory response in IBD (refer to Figure 4) (206). Additionally, their production of reactive oxygen species (ROS) contributes to the destruction of the intestinal mucosal barrier and participates in the tissue damage observed in IBD (1). The potential mechanisms through which MSC-Exos regulate DCs encompass the following: (1) MSC-Exo-treated DCs result in the downregulation of IL-4 and IL-12, coupled with the upregulation of TGF-β, thus inhibiting the maturation and differentiation of DCs (200, 207, 208). This process also induces the differentiation of T cells, affects the balance of Th1/Th2 transformation (209), and inhibits the intestinal inflammatory response (210). Furthermore, (2) MSC-Exos suppress the differentiation and maturation of DCs by modulating the TLR-NF-κB signaling pathway. In summary, MSC-Exos exert a potent immunomodulatory effect (211). In the context of IBD treatment, MSC-Exos carrying immunosuppressive factors influence M2 macrophage polarization, inhibit the proliferation of Th1 and Th17 cells, promote the differentiation of Treg cells, and induce antigen-presenting cells (212).



5.5 IECs


5.5.1 Repair of the IEB

The intestinal barrier encompasses the IEB, mucosal innate immune system, intestinal mucus, and intestinal microbiota. The IEB, constituted by the tight junctions of IECs, forms a crucial mechanical barrier and represents the most pivotal component of the intestinal barrier. Dysregulation and disturbances in various aspects, including mucosal immunity, surface mucus, intestinal microbiota, and oxidative stress, can compromise the integrity of the IEB, leading to the necrosis and apoptosis of IECs and an escalation in wall permeability. These changes underlie the pathological alterations observed in IBD (213–216). MSC-Exos exhibit the capacity to repair IEC injury, inhibit IEC apoptosis, preserve the equilibrium of oxidative stress, and diminish intestinal wall permeability, thereby facilitating the restoration of the IEB, refer to Figure 6.
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FIGURE 6
 Diagrammatic illustration of the treatment of IBD by MSC-derived EVs.



5.5.1.1 Repair the injury of IECs

Mao et al. (173) observed a significant reduction in immune-mediated damage to IECs in colitis mice at 12 h post-intravenous injection of hUC-MSC-exo, indicating the therapeutic potential of exosomes in immune regulation. Additionally, Wang et al. (47) demonstrated that ADSCs-Exos treated with vascular endothelial growth factor C (VEGF-C) upregulate miR-132 and modulate the Smad-7 gene and TGF-β/Smad signaling pathways, thereby promoting the proliferation, migration, and lymphangiogenesis of lymphatic endothelial cells (LECs). Furthermore, in a DSS-induced colitis model, hUC-MSC-exo were found to regulate the balance between ubiquitination and deubiquitination of functional proteins through miR-326, facilitating the repair of IEC damage and maintenance of IEB integrity by inhibiting neddylation (181). Although the specific regulatory process and molecular mechanism require further elucidation.



5.5.1.2 Regarding the inhibition of IEC apoptosis

It has been identified in numerous apoptotic bodies in the colon mucosa of UC patients (214). Subsequent studies revealed that the lack of NF-κB in IECs is a critical factor leading to their entry into the apoptosis program (215). Yang et al. (182) observed a high expression of caspase 3, caspase 8, and caspase 9 in the cysteinyl aspartate-specific protein (caspase) family in the colon tissue of rats with colitis. Following the injection of MSC-derived EVs into the tail vein, the expressions of these caspases were altered, indicating the potential of MSC-EVs to inhibit IEC apoptosis and repair the IEB. Similarly, Yang et al. (182) obtained similar results, further affirming the ability of MSC-EVs to mitigate the apoptosis of IECs and contribute to IEB repair.



5.5.1.3 Inhibition of oxidative stress

Oxidative stress plays a crucial role in the onset and progression of IBD. Typically, colonic tissue cells maintain a dynamic equilibrium between oxidation and antioxidation. However, chronic colonic inflammation disrupts this balance, leading to excessive production of reactive ROS by IEC and macrophages, which results in colonic tissue damage (217, 218). Elevated levels of ROS have been detected in the colonic mucosa of IBD patients and animal models, with a positive correlation to disease severity and increased peroxidation products, such as peroxidized lipid molecules and proteins (218–221). Overproduction of ROS directly damages nucleic acids, lipids, and proteins in colon epithelial cells, inducing necrosis or apoptosis of IECs and compromising the integrity of the IEB (222). While oxidative stress aids the immune system in pathogen clearance, excessive oxidative stress stimulates macrophages to produce proinflammatory cytokines, exacerbating intestinal inflammation. Research indicates that mesenchymal stem cell-derived exosomes (MSC-Exos) can repair various injuries caused by oxidative stress (223–225).

However, most studies have focused on tissues such as the heart, lungs, liver, and kidneys, with limited research on MSC-Exos in treating colitis (48). Nevertheless, MSC-Exos might repair oxidative stress-damaged IECs and help maintain the intestinal mucosal barrier. Additionally, MSC-Exos could mitigate oxidative stress injuries through immune regulation. Further research is needed to determine whether MSC-Exos can reduce intestinal ROS production and restore the balance between oxidation and antioxidation in the intestine.



5.5.1.4 Reduction of intestinal wall permeability

It was discovered that the incidence of necrotizing enterocolitis (NEC) and intestinal wall permeability significantly decreased in NEC model rats treated with intraperitoneal injections of BM MSCs or BM MSC-Exos (226). Furthermore, McCulloh et al. (227) verified that MSC-Exos can reduce intestinal wall permeability, though the precise molecular mechanisms underlying this effect remain unclear.




5.5.2 Anticolonic fibrosis

Colonic fibrosis is a chronic complication of IBD, with more than 30% of CDpatients developing fibrosis, which rapidly leads to intestinal stenosis and adversely impacts patient prognosis (228, 229). Pathological stimuli such as chronic intestinal inflammation, oxidative stress, damage to and repair of the IEB, promote epithelial-mesenchymal transition (EMT). This transition involves the loss of epithelial cell polarity and intercellular connections, morphological and functional transformation, and significant extracellular matrix (ECM) accumulation, culminating in intestinal fibrosis (230). During tissue repair or response, fibroblast activation is crucial for fibrosis development (230). The TGF-β signaling pathway has been identified as a key activator of fibroblasts, inducing their differentiation into myofibroblasts, which is central to the pathogenesis of intestinal fibrosis (231). Yang et al. (232) demonstrated that BM-MSC-Exos can significantly reverse EMT in TGF-β1-treated (IEC-6) through miR-200b, thereby mitigating intestinal fibrosis. Various studies have shown that MSCs from different sources regulate EMT by activating TGF-β and Wnt signaling pathways, reducing ECM aggregation, and exerting antifibrotic effects (233). While MSCs have been shown to reduce fibrosis in the heart, lungs, liver, and kidneys, research on their effects on intestinal fibrosis remains limited (234). Choi et al. (234) hUCMSC-Exos suppress TGF-β1-induced fibroblast activation by inhibiting the Rho/MRTF/SRF pathway, thereby reducing intestinal fibrosis. Additionally, Duan and Cao (235) discovered that human placental MSC-Exos can decrease collagen deposition in the intestinal wall by reducing collagen production and promoting its degradation through inhibition of TGF-β1 protein expression.




5.6 hUC-MSC-derived EVs role in other inflammatory diseases

Instead of being solely associated with IBD, hUC-MSC derived EVs have demonstrated promising potential in the treatment and management of diverse pathological conditions.


5.6.1 hUC-MSC derived EVs promote functional recovery in spinal cord injury

The induction of M1 to M2 phenotypic transition in bone marrow-derived macrophages (BM-DM) can be effectively achieved through the utilization of hUC-MSC-derived exosomes, which are characterized by an average particle size of 70 nm. In vivo studies have provided compelling evidence that hUC-MSC-derived exosomes facilitate the process of functional recuperation subsequent to SCI through the downregulation of inflammatory cytokines, including TNF-α, MIP-1, IL-6, and IFN-γ (61). The role of hUC-MSC-exo in the transformation of macrophages from the M1 to the M2 phenotype has been established (236). Intravenous administration of these exosomes shows promise as a therapeutic approach for mitigating inflammation and facilitating the restoration of locomotor function following SCI. These findings highlight the potential of exosomes to significantly contribute to the future of SCI therapy (237).

In the treatment of SCI mice, hUC-MSC transplantation has been shown to greatly enhance the survival and regeneration of myelin and nerve cells in the injured area of the spinal cord (238). This transplantation approach also leads to a significant improvement in the motor function of the animals. These positive therapeutic outcomes may be attributed, at least in part, to the effects of hUC-MSC transplantation, which include reducing the production of IL-7 at the site of injury, enhancing the activation of M2 macrophages, and preventing inflammatory infiltration (239). A study conducted in 2022 suggests that the ability of hUC-MSCs to modulate the inflammatory response following nerve injury plays a critical role in their effectiveness in treating acute SCI. This information may guide future applications of hUC-MSCs and enhance the effectiveness of their clinical translation (240). Moreover, hUC-MSC-EVs, acting through the miR-29b-3p/PTEN/Akt/mTOR axis, have demonstrated the ability to reduce pathological alterations, enhance motor function, and promote nerve function repair in SCI rats (241).



5.6.2 hUC-MSC derived EVs suppresses programmed cell death in traumatic brain injury

Globally, traumatic brain injury (TBI) is a leading cause of fatalities and long-term impairment (242). TBI treatments have recently gained significant attention. However, the therapeutic application of hUC-MSC transplantation in TBI has been limited by challenges such as immunological rejection, ethical considerations, and the potential for tumorigenicity. Notably, hUC-MSC-exo have demonstrated the ability to enhance neurological performance, reduce cerebral edema, and decrease lesion volume following TBI (243). According to a study, hUC-MSC-exo may provide neuroprotection against TBI by exerting inhibitory effects on cell death processes, including apoptosis, pyroptosis, and ferroptosis, through the PINK1/Parkin-mediated mitophagy pathway (238). Recent studies have shed light on the emerging significance of pyroptosis in the context of brain damage. It has been demonstrated that pyroptosis plays a significant role in the development of neonatal cerebral ischemia-reperfusion (I/R) injury, exerting a substantial influence on the pathological processes involved (244). hUC-MSC-exo possesses the potential to mitigate apoptosis following TBI, reduce neuroinflammation, and promote neurogenesis (245). In order to evaluate the efficacy of exosome therapy in facilitating neurological recovery, a rat model of TBI was established. Subsequent analysis revealed a significant improvement in sensorimotor function and spatial learning in rats upon administration of hUC-MSC-exo (246). Moreover, through the inhibition of the NF-kB signaling pathway, hUC-MSC-exo exhibited a substantial reduction in the synthesis of proinflammatory cytokines. Furthermore, noteworthy observations were made regarding the neuroprotective effects of hUC-MSC-exos, including the prevention of neuronal apoptosis, attenuation of inflammation, and facilitation of neuronal regeneration within the injured cortex of rats subjected to TBI (247).



5.6.3 hUC-MSC derived EVs In myocardial infarction

A myocardial infarction (MI) is a significant inflammatory disorder triggered by an imbalance in substrate and oxygen supply versus demand, leading to ischemia or cellular demise (248, 249). Despite the frequent utilization of early revascularization and the widespread implementation of quality measures, notable variations exist at the local and regional levels regarding the management and outcomes of MI (250, 251). The therapeutic effectiveness of stem cell-based therapy in MI for the purposes of heart repair and regeneration has been substantiated through preclinical investigations as well as clinical trials (252). A potential therapeutic approach for MI involves the utilization of MSC-EVs. To investigate the effects of hUC-MSC-EVs loaded with miR-223 in the context of MI, experiments were conducted employing both an in vitro cellular model of oxidative stress and cardiac fibrosis, as well as in vivo rat models of MI. The transfer of miR-223 via EVs demonstrated improved cardiac function in MI rat models, along with reduced fibrosis and inflammation (253). The pathogenesis of MI is primarily attributed to the presence of inflammation, wherein the detrimental effects of MI are intricately associated with the orchestrated activation of multiple inflammatory cascades and the recruitment of inflammatory cells (254). Before the widespread implementation of cardiomyocyte regeneration in clinical trials, substantial further research and development are required. In the realm of cell therapy, extensive investigations have been conducted to explore the differentiating capabilities of (hUC-MSCs). It is widely recognized that the utilization of 5-Azacytidine (5-Aza) effectively triggers the differentiation of hUC-MSCs into cardiomyocytes, resulting in morphological changes and the expression of cardiac-specific proteins, irrespective of the presence of basic fibroblast growth factor (bFGF) (255). An additional investigation has revealed that 5-Azacytidine (5-Aza) may facilitate the in vitro differentiation of hUC-MSCs into cardiomyocytes through the sustained phosphorylation of extracellular signal-regulated kinase (ERK) (256). Recent scientific investigations have demonstrated that the administration of injected hUC-MSCs exerts beneficial effects on cardiac function in rats with dilated cardiomyopathy (DCM) through the attenuation of myocardial fibrosis and dysfunction. These effects are achieved by the downregulation of Transforming Growth Factor-β1 (TGF-β1) and TNF-α production (257). Furthermore, emerging scientific evidence suggests that exosomes possess potential protective properties in the context of acute myocardial infarction. These exosomes have been shown to potentially facilitate cell repair mechanisms by modulating the expression of Smad7 in cardiomyocytes (257).



5.6.4 hUC-MSC derived EVs role in kidney injury repair

Depending on the concentration of serum creatinine (Scr) or glomerular filtration rate (GFR), nephrologists have classified kidney failure into two distinct syndromes: acute renal failure and chronic renal failure (258). Currently, clinical treatments for kidney injury primarily involve medication, surgery, and renal transplantation (259). As stem cell research has advanced, the preventive effects of hUC-MSCs and hUC-MSC-exo on renal tissue injury have been demonstrated (260). Acute kidney injury (AKI) refers to the clinical condition that arises from a rapid loss of renal function caused by various factors (260). Pre-renal acute kidney injury commonly arises from diminished blood volume caused by fluid loss and bleeding from various etiologies, as well as a decrease in effective arterial blood volume and alterations in intrarenal hemodynamics. Recent research has focused on the role of sepsis in causing AKI. To investigate this, a sepsis model was induced using cecal ligation and puncture (CLP), followed by treatment with hUC-MSCs (261). The data presented in the study provided evidence that the administration of hUC-MSCs resulted in substantial improvement in renal function, reduction in tissue damage, and significant enhancement of overall health in mice with sepsis (262, 263). According to the data reported, pre-treatment of hUC-MSCs with IL-1 exhibited a statistically significant augmentation in their capacity to modulate the immune system (264). In response to IL-1 stimulation, exosomes selectively encapsulated a widely recognized anti-inflammatory microRNA, MiR-146a. Subsequent delivery of exosomal MiR-146a to macrophages induced M2 polarization, leading to a reduction in kidney damage in septic mice (265). According to a study, the administration of hUC-MSCs have been demonstrated to effectively ameliorate renal ischemia-reperfusion injury (IRI) in mice. This beneficial effect is achieved through a dual mechanism involving a reduction in the infiltration of macrophages into the injured kidneys and a concomitant increase in the population of M2-like macrophages during the healing process (265). Through the modulation of inflammatory cytokine production and promotion of renal tubular cell proliferation, hUC-MSCs have been observed to expedite the recovery of renal function. Additionally, it was discovered that hUC-MSC transplantation resulted in a reduction in the levels of malondialdehyde (MDA) in renal tissues, indicating a potential protective effect of hUC-MSCs against oxidative damage and mitochondrial dysfunction in renal cells (266). Subsequent investigations revealed that the underlying mechanism responsible for cisplatin-induced nephrotoxicity was primarily attributed to the induction of oxidative stress. However, this detrimental effect can be mitigated by the administration of hUC-MSC-exo, which exert their protective effects by suppressing the activation of the p38 mitogen-activated protein kinase (MAPK) pathway (267). Renal fibrosis is a common pathway in the progression of chronic kidney disease (CKD) that often culminates in end-stage renal failure. Huang et al. provided insights into the potential therapeutic role of MSCs in mitigating obstructive chronic progressive renal interstitial fibrosis (RIF) in the context of kidney failure. Their study demonstrated that infused MSCs could effectively reach the damaged kidney tissues, offering a promising approach for addressing the underlying mechanisms involved in renal fibrosis (268).



5.6.5 hUC-MSC derived EVs role in cutaneous wounds healing

Inflammatory, proliferative, and remodeling stages are just a few of the many phases that make up the complex process of cutaneous wound healing (268). Recent years have witnessed extensive exploration into benefits of direct stem cell infusion for tissue regeneration (269, 270). A degradable, dual-sensitive hydrogel incorporating exosomes extracted from hUC-MSC was synthesized. Afterwards, the in vivo wound healing potential, exosome identification and material properties of the hydrogel were assessed. The exosome-loaded hydrogel demonstrated substantial improvements in wound closure rates, re-epithelialization rates and collagen deposition at the wound sites, as evidenced by the in vivo results (269). The administration of exosomes-loaded hydrogel to the wounded sites resulted in a higher density of skin appendages, indicating a potential for achieving full skin regeneration (271).

Clinicians persistently encounter challenges in managing diabetic wounds due to the prevalence of multiple bacterial infections and oxidative damage (272). Exosomes have been widely employed as a promising nanodrug delivery strategy for the treatment of diabetic (273). To ascertain their participation in the modulation of diabetic wound healing, a co-culture of human umbilical vein endothelial cells (HU-VECs) and hUC-MSCs was established, and hUC-MSC-exo were subsequently utilized in both in vitro and in vivo experiments (274). The findings demonstrated that hUC-MSCs possess the ability to mitigate oxidative stress-induced damage to endothelial cells via exosomal mechanisms, thereby accelerating the healing process of diabetic cutaneous wounds in an in vitro setting (273). In vivo setting, it was observed that wounds treated with hUC-MSC-exo exhibited significantly accelerated re-epithelialization and elevated expression levels of CK19, PCNA, and collagen I (in contrast to collagen III) (274).



5.6.6 hUC-MSC cells derived EVs role in lung injury repair

Acute lung injury (ALI) leads to the early onset of lung inflammation, capillary rupture, destruction of endothelial and epithelial cells, and breakdown of tight epithelial junctions. These factors increase alveolar epithelial permeability, causing significant pulmonary edema and, in severe cases, even death (275). In animal models, transplantation of MSCs effectively enhances the recovery from ALI (276). In the LPS-induced ALI rat model, hUC-MSCs can enhance the activity of antioxidant enzymes in lung tissue (277). Based on this, photobiomodulation (PBM) was utilized to modulate the release of pro-inflammatory chemicals, reduce their levels to a certain extent, and enhance the balance of oxidative stress at the site of injury (278). Bronchopulmonary dysplasia (BPD) is a dangerous chronic lung condition characterized by a high rate of morbidity and mortality in premature neonates (279). Transplantation of MSCs is a promising strategy for treating BPD. In a rat model of BPD, the transplantation of hUC-MSC-EVs resulted in the improvement of pulmonary hypertension, restoration of lung function, and alveolar structure (280). In a BPD model treated with hUC-MSC-EVs, the proportion of Ki-67-positive lung cells increased, indicating an upregulation of cell proliferation, whereas the proportion of TUNEL-positive lung cells decreased, suggesting a downregulation of cell apoptosis (263). Furthermore, in a hyperoxia-induced BPD model treated with hUC-MSC-EVs, there was an increase in SP-C staining, a marker of type II alveolar epithelial cells (TIIAECs), as well as CD31 staining, a marker of pulmonary vascular endothelial cells (PVECs) (281). Another study has demonstrated that intervention with PBM in hUC-MSCs naturally reduces the thickness of the alveolar septum, suppresses excessive secretion of inflammatory factors, and alleviates in vivo conditions of bleeding, edema, and fibrosis (278). PBM is a physical intervention that enhances the therapeutic effect of hUC-MSCs and shows promise as a therapy for the treatment of ALI. Furthermore, the use of hUC-MSCs may potentially reduce bleomycin-induced mouse mortality and attenuate lung collagen buildup (282). The transplantation of hUC-MSCs induced the proliferation of alveolar type 2 (AT2) cells, while concurrently suppressing the proliferation of lung fibroblasts (283). After the transplantation of hUC-MSCs, there is an induction of AT2 cell proliferation, concomitant with the suppression of lung fibroblast proliferation. Additionally, this transplantation leads to increased release of CXCL9 and CXCL10 by interferon-stimulated cells (IFNSMs), thereby attracting additional Treg cells to the injured lung (284). In a study, hUC-MSCs were administered, and lung morphometry was successfully enhanced (285). Further research has revealed the crucial role of exosome-resident miR-377-3p in controlling autophagy, thereby preventing LPS-induced ALI (286).



5.6.7 hUC-MSC cells derived EVs role in hepatic injury repair

The liver, which is widely considered to be the most critical organ in the body, plays a pivotal role in the detoxification, secretion, and metabolism of medications and toxins (287). Acute liver failure (ALF), a pathological condition resulting from rapid deterioration in hepatic function, and is clinically characterized by jaundice, coagulopathy, and encephalopathy (288). In recent years, increasing scientific research has indicated that the transplantation of MSCs holds promise as a potential therapeutic strategy for the treatment of ALF (289, 290). Findings of ta study revealed that the administration of hUC-MSC-exo via a single tail vein injection resulted in a significant improvement in the survival rate, prevention of hepatocyte death, and enhancement of liver function in an experimental mouse model of ALF induced by APAP (291). Furthermore, the administration of hUC-MSCs effectively mitigated APAP-induced hepatocyte apoptosis by modulating oxidative stress markers (292). This was evident through the downregulation of glutathione (GSH) and superoxide dismutase (SOD) levels, as well as the attenuation of MDA production. Additionally, the excessive expression of cytochrome P450 E1 (CYP2E1) and 4-hydroxynonenal (4-HNE), which are known contributors to oxidative stress, was significantly suppressed. These findings highlight the ability of hUC-MSC-exo to regulate oxidative stress pathways, thereby conferring protection against APAP-induced hepatocyte death in the context of acute liver failure (293). In a study, mouse models of acute and chronic liver damage, as well as liver tumors, were generated by intraperitoneal injection of carbon tetrachloride (CCl4) followed by the intravenous infusion of hUC-MSC-exo. The results of the study demonstrated the hepatoprotective effect of hUC-MSC-exo, as evidenced by a significant reduction in liver damage (294). hUC-MSC-exo treatment has been shown to mitigate the expression of the NLRP3 inflammasome and associated inflammatory factors (295), offering a potential therapeutic approach for the management of acute liver failure. Furthermore, in lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages, hUC-MSC-exo demonstrated inhibitory effects on the expression of NLRP3, caspase-1, IL-1β, and IL-6. These findings highlight the immunomodulatory properties of hUC-MSC-exo, which could contribute to the attenuation of inflammatory responses in various pathological conditions (296). The proteolytic activation of pro-IL-1β is facilitated by activated caspase-1. Caspase-1, IL-1β, and NLRP3 play pivotal roles in the development of acute pancreatic and hepatic injury, inflammation, and subsequent organ damage. These factors are crucial in the pathophysiological processes associated with inflammatory responses and tissue injury in the pancreas and liver (297). The primary outcome of a recent study revealed that T-Exo treatment effectively reduces circulating levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and proinflammatory cytokines. Additionally, T-Exo therapy attenuates the activation of proteins involved in the NLRP3 inflammation-associated pathway, thereby mitigating the pathological liver damage associated with acute ALF (298). Notably, TNF stimulation of MSCs leads to the selective packaging of anti-inflammatory microRNA-299-3p into exosomes, which can be utilized for exosomal therapy purposes (299).



5.6.8 hUC-MSC cells derived EVs role in controlling blood sugar/diabetes

Diabetes mellitus (DM), a collective term referring to a group of metabolic disorders, is distinguished by the presence of elevated blood glucose levels, commonly known as hyperglycemia (300). Over the preceding half-century, the dynamics of lifestyles and the process of globalization have imparted profound ramifications on political, environmental, societal, and human behavioral domains. DM represents a complex disorder influenced by a combination of genetic predisposition and environmental factors, leading to compromised insulin secretion or insulin resistance (IR). These physiological aberrations contribute to the characteristic pathophysiology of DM and its associated metabolic dysregulation (300, 301). In recent years, obesity and physical inactivity have become more common, and rapid population expansion, aging, and urbanization have all contributed to the worldwide health issue that is DM (302). To maintain physiological equilibrium within the body’s ecosystem, it is imperative to regulate the homeostasis of blood glucose, which is contingent upon the management of vital life processes (303). In the year 2018, a team of researchers conducted an investigation into the correlation between hUC-MSC-exo and hyperglycemia induced by type 2 diabetes mellitus (T2DM) (304). The findings unequivocally indicate that hUC-MSC-exo consistently mitigated blood glucose levels in T2DM-afflicted rats subjected to a high-fat diet (HFD) and streptozotocin (STZ). Notably, hUC-MSC-exo enhanced the uptake of the fluorescent glucose analogue 2-NBDG in myotubes and hepatocytes, thereby substantiating their role in facilitating glucose absorption. Additionally, hUC-MSC-exo promoted glucose uptake in the muscles, upregulated the expression of the glucose-responsive transporter (GLUT4) in T2DM rats, and reinstated hepatic glucose homeostasis through the activation of insulin signaling. The activation of the insulin/AKT signaling pathway further corroborated the potential of hUC-MSC-exo to enhance insulin sensitivity in both in vivo and in vitro settings. Moreover, an evidence demonstrated that hUC-MSC-exo facilitated insulin secretion and islet regeneration by preventing STZ-induced caspase-3 alterations that lead to cellular apoptosis (305).





6 Safety and efficacy in clinical trials

Clinical trials are currently underway to evaluate the safety and efficacy of MSC-EVs in the management of IBD and its related conditions (306). Significantly, a series of phase I and II trials have been conducted, resulting in promising results. Significantly, the administration of hUC-MSC-exosomes demonstrated protective effects against weight loss, without eliciting adverse effects on liver or renal functions (307, 308). Furthermore, the versatility of hUC-MSC-exosomes was highlighted through diverse evaluations, encompassing assessments for hemolysis, activation of vascular and muscular systems, systemic anaphylaxis, pyrogenicity, and hematological markers (309). In another phase I clinical trial, four individuals exhibited a response to therapy 6 months after the initiation of treatment. Three out of the patients who underwent exosome injections achieved full recovery, while one patient reported no improvement and had active discharge from the fistula site. Furthermore, all five patients (100%) reported no occurrence of local or systemic side effects (310). In a similar vein, a team of scientists has developed a comprehensive systemic quality control system and robust testing methods to ensure the safety and efficacy of hUC-MSCs, based on a minimal set of requirements for MSC-based products. The validity of this system for quality control and assessment of hUC-MSCs as a cell-based product has been verified, as none of the qualified hUC-MSCs demonstrated any serious adverse reactions during the 1-year follow-up period, even after testing for multiple indications (311). However, to ascertain the safety and effectiveness of hUC-MSC-EVs in treating IBD and related illnesses, larger, multicenter clinical trials are necessary. Furthermore, long-term follow-up research is required to assess the durability of treatment response and the presence of any potential side effects.


6.1 Regulatory and manufacturing considerations

Given the variation of MSC-based therapies across countries and regions, adherence to regulations is crucial. The development of hUC-MSC-EVs as a therapeutic option for IBD and related disorders necessitates meticulous consideration of regulatory and manufacturing aspects. Considering the scalability and cost-effectiveness of production procedures is imperative to enable the widespread clinical utilization of hUC-MSCs. To successfully integrate EV-based therapies into clinical practice, it is crucial to address multiple challenges associated with scalability, standardization, and characterization of EV products. Establishing standardized manufacturing processes is essential to guarantee the reproducibility, safety, and quality of the ultimate therapeutic product (312, 313). Current efforts focus on developing strategies, such as the utilization of bioreactors and microfluidic systems, for the large-scale production of EVs (314, 315). To effectively integrate the use of hUC-MSC-EVs into clinical applications, adherence to regulatory and manufacturing factors is imperative.

The European Medicines Agency (EMA) has issued guidelines regarding the utilization of MSCs in clinical studies (316). To comply with regulatory standards, it is necessary to ensure adherence to Good Manufacturing Practices (GMP) during the production of MSC-based products. In accordance with regulatory requirements, it is mandatory to submit a Clinical Trial Application (CTA) prior to the initiation of any clinical trials.

Similarly, In the United States, the Food and Drug Administration (FDA) has established recommendations for the utilization of MSCs in clinical trials. Based on the stipulations outlined in these rules, MSCs are categorized as biological entities and, as a result, are subject to regulatory oversight by the Food and Drug Administration (FDA). In accordance with the established protocols, it is necessary to complete and submit an Investigational New Drug (IND) application prior to initiating clinical trials (317). Additionally, for the production of MSC-based products, strict adherence to Good Manufacturing Practices (GMP) is mandatory.




7 Conclusion

Various characteristics of hUC-MSCs, including their anti-inflammatory, immunomodulatory, and regenerative properties, have been extensively investigated both in-vivo and in-vitro. These findings suggest that hUC-MSCs hold promise for mitigating inflammation and promoting the healing of damaged tissues in individuals affected by IBD and related conditions. Consequently, hUC-MSCs may serve as a potential therapeutic intervention in the treatment of IBD and its associated ailments. The development of standardized protocols for the isolation and purification of EVs will be essential to ensure their quality, safety, and efficacy in clinical applications. Further research is needed to optimize the isolation, characterization, and administration of hUC-MSC-EVs. Furthermore, further studies are required to elucidate the molecular mechanisms and signaling pathways that underlie the therapeutic effects of hUC-MSC-EVs. This will enhance our comprehension of their mode of action and guide the development of more precise therapies. To fully realize the potential of this innovative therapy, it will be crucial to address the regulatory and manufacturing challenges as clinical trials progress. Ensuring the safety and effectiveness of hUC-MSC-EVs in human patients will be crucial, and carefully planned clinical trials will be essential in determining the therapeutic usefulness of these vesicles. Furthermore, the development of scalable manufacturing processes that can produce large quantities of high-quality hUC-MSC-EVs will be essential for meeting the demands of clinical use. There are also several challenges associated with the administration of hUC-MSC-EVs, such as determining the optimal dosage, route of administration, and frequency of treatment. Future studies should explore these parameters in order to maximize the therapeutic potential of hUC-MSC-EVs and minimize potential side effects. In addition, the development of biomarkers for patient stratification and monitoring treatment response could help to personalize and optimize hUC-MSC-EV-based therapies for individual patients.

In conclusion, hUC-MSC-EVs represent a promising and novel therapeutic approach for IBD and other related disorders. The growing body of preclinical evidence supporting their therapeutic potential, coupled with advancements in our understanding of their biogenesis, molecular mechanisms, and clinical translation, offers hope for more effective and targeted treatments for patients suffering from these debilitating conditions. By addressing the current challenges and building upon the existing knowledge, researchers and clinicians can work together to harness the full potential of hUC-MSC-EVs and bring this innovative therapy to the forefront of IBD treatment.
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Factor loadings (top 30)

ID Compound name
1 C_0128 N-Acetyllysine 0.920 1.94E-10
2 C_0024 GABA 0.884 9.98E-09
3 A_0075 6-Phosphogluconic acid 0.862 6.20E-08
4 A_0081 3'-CMP 0.851 1.36E-07
2'-CMP
-2 C_0191 Glutathione (GSSG)_divalent 0.846 1.88E-07
6 A_0109 'UDP-glucose 0.836 3.54E-07
UDP-galactose
7 C_0171 Malonylcarnitine 0.826 6.70E-07
8 A_0112 UDP-N-acetylgalactosamine 0.818 1.05E-06
UDP-N-acetylglucosamine
9 €_0022 3-Aminoisobutyric acid 0.813 1.41E-06
10 A_0049 3-Phosphoglyceric acid 0.811 1.52E-06
11 C_0198 §-Adenosylmethionine 0.802 2.48E-06
12 €_0093 Glu 0.794 3.71E-06
13 A_0048 2-Phosphoglyceric acid 0.778 7.70E-06
14 C_0195 NMN 0.776 I 8.48E-06
15 C_0049 Nicotinamide 0.772 1.00E-05
16 C_0046 Betaine aldehyde_+H,0 0.772 1.00E-05
n C_0148 Kynurenine 0.763 1.42E-05
18 N_0046 cis-11-Eicosenoic acid 0.763 1.44E-05
19 C_0014 B-Ala 0.761 1.56E-05
20 P_0033 Ethyl arachidonate 0.759 1.73E-05
21 €_0190 Arg-Glu 0.755 1.99E-05
22 A_0083 UMpP 0.752 2.27E-05
23 C_0085 4-Guanidinobutyric acid 0.747 2.74E-05
24 P_0016 Sphingosine 0.744 3.02E-05
25 C_0109 S-Methylmethionine 0.740 3.59E-05
26 C_0172 Pyridoxamine 5'-phosphate 0.739 3.75E-05
27 A_0090 GMP 0.734 4.49E-05
28 P_0068 a-Tocopherol acetate 0.731 4.98E-05
29 C€_0197 S-Adenosylhomocysteine 0.729 5.33E-05
30 C_0088 Spermidine 0.727 5.74E-05

(Continued on following page)
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Factor loadings (top 30)

ID Compound name

1 C_o181 Homocarnosine 0,903 1.56E-09
14 C_0220 Adenosine 0740 3.60E-05
17 C_0167 Carnosine 0719 7.66E-05
21 A_0135 NAD" 0.675 299E-04
2 P_0040 Campesterol 0543 6.15E-03
27 A_0124 ATP 0535 7.12E-03
28 conz Serotonin 0533 734E-03
30 A_0137 NADP* 0512 105E-02

Factor loadings (bottom 3

ID Compound name
30 C_0139 Ser-Ser 0814 1.30E-06
2 A_0052 Ribulose 5-phosphate 0816 L18E-06
27 C_0076 Spermidine -0820 9.16E-07
2 C_0105 Taurocyamine -0824 7.66E-07
2 C_0032 Homoserine 0825 6.88E-07
2 A0134 CMP-N-acetylneuraminate 0826 681E-07
2 c.0231 Glu-Lys 0826 651E-07
Lys-Glu
21 A_0043 Gluconic acid 0828 6.09E-07
19 P_0012 Sphinganine 0833 441E-07
18 A_0073 6-Phosphogluconic acid 0846 1.89E-07
17 C_0074 4-Guanidinobutyric acid 0850 147E-07
15 c.0135 Gly-Asp 0860 7.36E-08
13 A_0016 Ethanolamine phosphate 0862 6.00E-08
12 C_0097 0-Acetylhomoserine 0866 441E-08
2-Aminoadipic acid
10 €_0050 3-Guanidinopropionic acid -0872 293E-08
8 C_0130 N-Acetyllysine 0882 123E-08
Ala-Val
Tle-Gly
Leu-Gly
Val-Ala
7 A0133 UDP-N-acetylgalactosamine 0892 491E-09
UDP-N-acetylglucosamine
6 A_0129 UDP-glucuronic acid 0896 339E-09

Factor loadings (top 30)

ID Compound name
1 C_0090 His 0796 336E-06
2 C_0096 N°-Methyllysine 0788 487E-06
3 P_0072 Trilaurin-1 0777 7.98E-06
4 c_oo1 5-Hydroxylysine 0763 14705
7 A_0039 Citric acid 0738 387E-05
8 A_0037 3-Phosphoglyceric acid 0734 442E-05
9 P_0073 Trilaurin-2 0729 541E-05
1 C_0027 Pro 0723 6.68E-05
12 C_0132 N°.N%N°-Trimethyllysine 0720 731E-05
14 C_0008 Sarcosine 0.708 1O7E-04
-4 C_0168 2'-Deoxycytidine 0.706 1.14E-04
16 C_0049 Hydroxyproline 0706 1ISE-04
17 P_0074 Trilaurin-3 0702 131E-04
18 coii4 Citrulline 0702 133604
19 C_o017 2-Aminoisobutyric acid 0701 137E-04
2-Aminobutyric acid
20 A_0003 Pyruvic acid 0.697 154E-04
21 A_0018 2-Hydroxyglutaric acid 0.694 171E-04
2 C_0020 Ser 0.688 202E-04
23 C_0064 Trigonelline 0.688 204E-04
25 T A_0047 Phosphocreatine 0.685 223E-04
2 c_o131 N Methylarginine 0.639 7.73E-04
30 C_0144 ADMA 0.636 828E-04

Factor loadings (bottom 30)

ID Compound name
30 C_0289 Cysteine glutathione disulfide 0552 5.16E-03
29 C_0208 Tle-Gln 0554 4.95E-03
Leu-Gln
28 | C_0216 Tle-Met 0559 4.54E-03
Leu-Met
Met-lle
Met-Leu
26 coi73 Tle-Val 0569 3.70E-03
2 A_0011 Isethionic acid 0585 2.68E-03
17 C_0087 Xanthine 0610 155E-03
13 c_o217 Phe-Val 0634 8.90E-04
12 C_0143 lle-Ala ~0644 6.83E-04
Leu-Ala
1 C_0073 Tle-Arg_divalent 0646 6.44E-04
10 €_0207 Glycerophosphocholine 0651 578E-04
8 A_0026 Uric acid ~0671 333E-04
6 c_oit Val-Gly -0.691 1.87E-04
N-Acetylornithine
1 A_0010 2-Hydroxyvaleric acid ~0.808 181E-06






OPS/images/fcell-12-1363541/fcell-12-1363541-t003.jpg
Disease or functi

Predicted activation state

Activation z-score

# Molecules

Transport of alpha-amino acid L71E-04 Increased 2.902 12
Mobilization of Ca2* 8.78E-06 Increased 2891 u
Transport of neutral amino acid 9.49E-05 Increased 2772 9
Transport of L-amino acid 6.44E-04 Increased 2737 1
Efflux of L-amino acid L8IE-04 Increased 2,588 10
Stimulation of neurons 7.96E-04 Increased 2538 1
Excitation of neurons LO3E-03 Increased 2526 10
Stimulation of cells 3.09E-04 Increased 2424 18
Export of molecule LSIE-08 Increased 2377 31
Synthesis of prostaglandin 1.96E-04 Increased 2279 17
Proliferation of pancreatic cells 178E-03 Increased 2219 6
Uptake of D-glucose 6.10E-03 Increased 2208 15
Release of nilric oxide 3.12E-03 Increased 2184 13
Synthesis of prostaglandin E2 LO4E-03 Increased 2095 14
Cell viability of tumor cell lines 8.43E-05 Increased 2,059 2
Uptake of amino acids 877807 Decreased -3172 2
Uptake of L-amino acid 1.29E-06 Decreased ~3.069 2
Storage of triacylglycerol 3.62E-04 Decreased -2222 5
Concentration of triacylglycerol L17E-05 Decreased ~2194 2
Uptake of glutamine family amino acid 138E-05 Decreased -2177 14
Conversion of lipid 7.94E-09 Decreased -208 36
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Disease and bio Ratio

function
mdx vs.
Treated mdx
Transport of alpha-amino acid -374 290
Mobilization of Ca** 073 289
Transport of neutral amino acid -117 277
’ Transport of L-amino acid 4129 274
Efflux of L-amino acid [ -1.78 259
Stimulation of neurons 090 254
Excitation of neurons 124 253
Stimulation of cells | 055 242
» Export of molecule 292 238
Synthesis of prostaglandin [ 047 228
Proliferation of pancreatic cells 1.80 222
Uptake of D-glucose 0.00 221
Release of nitric oxide [ 140 218
Synthesis of prostaglandin E2 062 210
Cell viability of tumor cell lines 1932 206
Uptake of amino acids ~7.60 =317
Uptake of L-amino acid 1824 -3.07
Storage of triacylglycerol [ 082 [ 222
Concentration of triacylglycerol -420 -219
Uptake of glutamine family amino -2.60 -218
acid
Conversion of lipid s -208
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ANXAT Annexin Al

AGC Automatic gain control
ANGPTL4 Angiopoietin-like 4

BMEs Basement membrane extracts

CI Cell index

CM Conditioned medium

DCreg Dendritic cells

DDA Data-dependent acquisition

ENG Endoglin

EVs Extracellular vesicles

EXOs Exosomes

FASP Filter aided sample preparation
FBS Fetal bovine serum

GO Gene ontology

G-CSF Colony stimulating factor 3

GRN Granulin precursor

hAMSCs Human amnion-derived mesenchymal stromal/stem cells
HGF Hepatocyte growth factor
HUVECs Human umbilical vein endothelial cells
IDO Indoleamine 2,3-dioxygenase 1
ILIp Interleukin 1 beta

IL6 Interleukin 6

IL10 Interleukin 10

ILIRA Interleukin 1 receptor antagonist
ISCT International Society for Cell and Gene Therapy
LFQ Label-free quantification

MSCs Mesenchymal stromal/stem cells
NCE Normalized collision energy
NFAT Nuclear factor of activated T cells
NTA Nanoparticle tracking analysis
PBCs Peripheral blood cells

PBS Phosphate-buffered saline

PGE2 Prostaglandin E synthase 2

PCA Principal component analysis

SD Standard deviation

STAGE Stop-and-go extraction

TGFB1 Transforming growth factor beta 1
THBS1 Thrombospondin 1

TNFa Tumor necrosis factor alpha
TOLLIP Toll interacting protein

VEGFA Vascular endothelial growth factor A
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