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Recent advances in cell based therapies for lung diseases and critical illnesses offer significant promise. Despite encouraging preclinical results, the translation of efficacy to the clinical settings have not been successful. One of the possible reasons for this is the lack of understanding of the complex interaction between mesenchymal stromal cells (MSCs) and the host environment. Other challenges for MSC cell therapies include cell sources, dosing, disease target, donor variability, and cell product manufacturing. Here we provide an overview on advances and current issues with a focus on MSC-based cell therapies for inflammatory acute respiratory distress syndrome varieties and other inflammatory lung diseases.
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INTRODUCTION
Severe respiratory diseases such as the acute respiratory distress syndrome (ARDS) and other inflammatory lung diseases remain a significant cause of mortality worldwide. For many of these end-stage diseases, there is no cure and current treatments aim to treat symptoms and/or delay disease progression. New treatment strategies are therefore critically needed. Mesenchymal stromal cells (MSCs) have been widely studied in the field of regenerative medicine for applications in the treatment of lung diseases and critical illnesses. MSCs are multipotent progenitor cells with the potential to secrete a spectrum of anti-inflammatory mediators, such as cytokines and extracellular vesicles (EVs). However, due to a lack of basic understanding of the in vivo modes of action and of scientific consensus concerning manufacturing, disease target, and study design the translation of efficacy from preclinical studies to the clinical settings have not yet been successful. Despite fundamental discoveries regarding the potential benefits of MSCs in pre-clinical models of lung diseases and other critical illnesses, more effort needs to be made to understand the in vivo fate of infused MSCs, particularly in clinical settings. Importantly, in addition to the MSC cell product, conditioned media and bioactive products such as EVs isolated from MSC cultures have been used in pre-clinical settings with promising results, however, these have been reviewed extensively in other publications (Abreu et al., 2016; Abreu et al., 2021) and will not be discussed further. Understanding how the diseased environment affects MSC therapeutic potential will make it possible to design more efficient clinical trials and to include patients that are more likely to respond to this type of treatment. This is particularly relevant for ARDS in which there may be different inflammatory phenotypes (Reilly et al., 2019). Here, we identify and summarize strategies to enhance the therapeutic potential of MSCs in respiratory diseases and provide a discussion regarding challenges in the manufacturing process and the importance of patient selection.
STRATEGIES TO ENHANCE THERAPEUTIC POTENTIAL OF MESENCHYMAL STROMAL CELLS IN RESPIRATORY DISEASES
Despite the enormous interest in using MSCs in clinical settings to treat respiratory lung diseases, the knowledge regarding the exact mechanism of action is limited. Today, the generally accepted hypothesis is that MSCs modulate the immune system through different paracrine effects (such as cytokines and extracellular vesicles), a hypothesis mainly based on pre-clinical studies [reviewed in (Fernanda Ferreira Cruz, 2019)].
Inflammatory Environmental Effects on Therapeutic Behaviors
Preclinical evidence suggests that MSCs sense the environment through various damage-associated and pathogen-associated cell surface receptors and respond differentially depending on the environmental requirements (Traggiai et al., 2008; Romieu-Mourez et al., 2009; Waterman et al., 2010). For example, stimulation of Toll-like receptor 3 (TLR3) and Toll-like receptor 4 (TLR4) evoked very different MSC responses and appeared to polarize MSCs into two different immune regulatory phenotypes (Waterman et al., 2010). By exposing MSCs to LPS (a TLR4 agonist) the human MSCs differentiated toward a more pro-inflammatory phenotype with release of the cytokines IL-6 and IL-8. Poly (I:C) on the other hand (a TLR3 agonist), activated a more anti-inflammatory phenotype with release of mediators such as IDO, PGE2, and RANTES (Waterman et al., 2010). In addition, activation of MSC TLR4 signaling was demonstrated to be critical for MSC survival and therapeutic effect in a pre-clinical model of E. coli-induced acute lung injury, where MSCs isolated from TLR4 deficient mice had impaired survival under conditions of inflammatory stress in vitro, and were not therapeutically active in vivo. Mechanistically, it was shown that TLR4 pathway regulates signaling through PAR1 on MSCs and TLR4 stimulation leads to expression and secretion of prothrombin by MSCs (Gupta et al., 2018).
To understand the mechanisms by which MSCs act in vivo, Islam et al. induced ARDS by intratracheal installation of hydrochloric acid, mechanical ventilation, or a combination of the two methods (two-hit model). Following lung injury, MSCs were administered and the outcome was evaluated for each different lung injury model with relevant markers including Ashcroft lung injury score, pulmonary elastance, and lung collagen content (Islam et al., 2019). The authors found that the therapeutic effect of MSCs depended on the microenvironment at the time of administration. For example, MSCs administered into the mechanical ventilation induced ARDS were found to be protective. In contrast, no beneficial effect of MSC administration was noted following hydrochloric acid induced ARDS. To further investigate the microenvironment in the different models, a proteomic analysis of the BALF samples was performed. It was clearly demonstrated that the most enriched clusters of proteins upregulated in the hydrochloric acid model, in which the MSCs did not have a beneficial effect, consisted of proteins involved in inflammation, coagulation, and fibrosis. These proteomic data are somewhat surprising and contradictory since it would seem reasonable that injected MSCs would have effects on at least the inflammatory proteins.
In line with the findings by Islam et al., human MSCs (hMSCs) exposed to clinical bronchoalveolar lavage fluid (BALF) samples obtained from patients with ARDS were less effective in promoting an anti-inflammatory monocyte phenotype than hMSCs exposed to BALF obtained from patients with other lung diseases including acute respiratory exacerbations of cystic fibrosis (CF) (Abreu et al., 2019a). Interestingly, neutralizing IL-6 resulted in promotion of the anti-inflammatory monocyte phenotype (Abreu et al., 2019b). This was a proof-of-concept study and the primary etiology on the ARDS patients used in these experiments were described as either pneumonia or other, and therefore it is not possible to compare these data with the results from the Islam et al. study. In another study, Morrison et al. exposed hMSCs to pooled samples from ARDS patients and found that ARDS-exposed MSCs promoted anti-inflammatory macrophage marker expression and increased the phagocytic capacity of human macrophages. The increased phagocytic capacity was partly attributed to the acquisition of the phagocytic receptor CD44 expressed in extracellular vesicles secreted by MSCs after exposure to ARDS BALF (Morrison et al., 2017). In similarity with the Abreu et al. study, the details of the etiology of ARDS were not well described, making it difficult to compare findings from the two studies. Moreover, the monocytes used in each study came from different species (murine RAW cells vs. human monocyte-derived macrophages), which might explain why different pathways were activated and thereby different outcomes were obtained. Another important difference is that the control group to which the results were compared to were very different, hMSCs exposed to BALF from other lung diseases vs. hMSCs exposed to healthy control BALF samples.
In parallel, hMSCs exposed ex vivo to BALF samples obtained from cystic fibrosis patients who had Aspergillus infection were rapidly killed. This effect on hMSCs was at least partly related to the mycotoxin, gliotoxin, produced by the fungus (Sara Rolandsson Enes, 2020). In line with these findings, exposure to serum from asthmatic mice resulted in increased levels of MSC cell death. Interestingly, in addition to increased cell death, exposure to serum also induced increased expression of anti-inflammatory mediators including IDO-1, TSG-6, IFN-γ, and IL-10. Administration of these pre-exposed MSCs into house dust mite (HDM)‐induced allergic asthma model demonstrated that serum-exposed MSCs improved lung mechanics to a greater extent that unexposed MSCs (Abreu et al., 2019a).
The notion that the ability to “react” to MSCs is associated with their potential therapeutic benefit is supported by results from patients with graft-versus-host disease (GvHD) treated with MSCs. In these patients, only those who demonstrated high cytotoxic activity against the infused MSCs responded to the treatment. Using a murine GvHD model, it was demonstrated that recipient cytotoxic cells activated MSCs to undergo apoptosis through a perforin-dependent pathway. Perforin-induced MSC apoptosis was then further demonstrated to induce immunosuppression via indoleamine 2,3-diocygenase (IDO) production in recipient phagocytes (Galleu et al., 2017). This illustrates a growing appreciation that, whatever the MSCs themselves might do, the host responses to dead or dying MSCs can play a significant role in mitigating inflammation and injury (Weiss et al., 2019). Collectively, these studies demonstrate that an inflammatory microenvironment plays an important role in activating MSCs to induce different therapeutic and/or apoptotic phenotypes, which further highlight the need to understand the complex interaction between MSCs and the host environment (Figure 1).
[image: Figure 1]FIGURE 1 | A schematic illustration describing the role of the microenvironment (healthy vs. inflamed) in activating MSCs to induce different therapeutic Phenotypes. Abbreviations: MSC, mesenchymal stromal cell.
Pre-Activation of Mesenchymal Stromal Cells Prior to Administration
One way to take advantage of the current knowledge that MSCs are being activated by the inflammatory environment, is to pre-activate MSCs before administration. This could be done using different approaches; however, the most common method is to expose MSCs ex vivo to inflammatory cytokines such as IFN-γ and TNF-α (English et al., 2010). For example, MSCs exposed to IFN-γ had an increased immunosuppressive effect on T-lymphocytes. This suppressive effect was inhibited when an IFN-γ blocking antibody was added to the system (Krampera et al., 2006). Similarly, by using an IFN-γ knock out system it was demonstrated that endogenous IFN-γ was essential for MSC actions (Polchert et al., 2008). Functionally, pre-stimulation of hMSCs had superior protective effects in a humanized mouse model of acute GvHD (Tobin et al., 2013). In another study, MSCs stimulated with TNF-α demonstrated increased IL-6, IL-8, IL-2, and IFN-γ production compared to control MSCs. In this study, the investigators were also able to demonstrate that TNF-α was more important than IFN-γ regarding MSC secretion of IL-8 (Hemeda et al., 2010). By exposing MSCs to TNF-α in combination with IL-1β Murphey et. al observed that the immunomodulatory effects were enhanced compared to control cells (Murphy et al., 2019). In a recent study, it was demonstrated that TNF-α/IFN-γ/IL-1β exposed MSCs had a stronger IL-8 secretion than MSCs exposed to TNF-α/IFN-γ only. Moreover, this increased expression of IL-8 enhanced neutrophil recruitment, a recruitment that was suggested to be mediated trough activation of STAT5 and p38-MAPK signaling (Hackel et al., 2020). This is but one example of potential means of pre-activating MSCs.
Although hypoxia and high levels of oxidative stress are often seen in tissues with pathological inflammation and it is well known that oxygen levels can affect cell function (Cooper et al., 1958; Ivanovic et al., 2000; Choi et al., 2014; Choi et al., 2015), MSCs tend to be cultured at normal atmospheric oxygen levels. MSCs cultured at oxygen levels that better recapitulate the “destination” environment after administration significantly impacted their function. For example, MSCs cultured at low oxygen levels formed a greater number of colonies, had higher proliferation rates, and secreted higher levels of cytokines such as VEGF and FGF compared to MSCs cultured at 20% oxygen (Lennon et al., 2001; Choi et al., 2017; Kwon et al., 2017; Elabd et al., 2018). Moreover, MSCs co-cultured with bone marrow-derived lineage positive blood cells under hypoxic condition contributed to an increased proliferation and differentiation toward anti-inflammatory macrophages (Takizawa et al., 2017). More recently, the metabolic pathway used by MSCs has been shown to be important in determining immunomodulatory capacity (Liu et al., 2019). HIF-1α, the master hypoxia inducible transcription factor, regulated MSC immunomodulation and was associated with a metabolic switch from oxidative phosphorylation to glycolysis (Contreras-Lopez et al., 2020). These are all very interesting results, however, additional studies are needed in order to understand whether hypoxia activates an angiogenic phenotype that could be more appropriate for issue healing rather than immune modulatory. Altogether, modulating culture condition oxygen levels is an interesting approach to pre-activate MSCs, however there are still limited knowledge on this topic, particularly with respect to use of MSCs in respiratory diseases, and further studies are warranted.
Another physiological condition which frequently develops in chronic lung diseases or due to low tidal volume mechanical ventilation is hypercapnic acidosis. A study by Fergie et al. have demonstrated that culture of MSCs in 15% CO2 induced significant mitochondrial dysfunction and inhibited MSCs ability to promote reparative capacity of primary human pulmonary endothelial and distal lung epithelial cells (Fergie et al., 2019).
Genetic Engineering of Mesenchymal Stromal Cells to Enhance Therapeutic Properties
Genetic engineering has been used to enhance MSC survival and therapeutic potential. Genetic engineering of MSCs has been used to induce expression of different cytokines, growth factors, transcription factors, miRNA, and enzymes (Damasceno et al., 2020). For example, overexpressing the pluripotent genes Oct4 and Sox2 in MSCs using liposomal transfection resulted in increased proliferation and differentiation capacity (Han et al., 2014). Moreover, rat bone marrow-derived MSCs transfected with the nerve growth factor receptor tropomyosin receptor kinase A (TrkA) showed increased survival and Schwann-like cell differentiation (Zheng et al., 2016), as well as improved nerve functional recovery and enhanced efficacy in vivo (Zheng et al., 2017). In a separate study, it was demonstrated that MSCs overexpressing insulin-like growth factor I (IGF-I) decreased collagen deposition in a liver fibrosis model compared to animals treated with GFP-MSCs or recombinant IGF-I (Fiore et al., 2015). Genetically engineered MSCs overexpressing anti-inflammatory cytokines such as IL-10 resulted in a reduction of pro-inflammatory cytokines such as IL-1β and TNF, and increased viability (Meng et al., 2018). Interestingly, MSCs overexpressing angiopoietin-1 were demonstrated to prevent LPS-induced acute lung injury and were more potent in decreasing inflammatory cells in bronchoalveolar lavage fluid (BALF) compared to untreated MSCs and saline treated groups. Also, levels of proinflammatory cytokines measured in BALF were further reduced in mice treated with angiopoietin-1 overexpressing MSCs compared to non-treated control MSCs (Mei et al., 2007).
Mesenchymal Stromal Cells functional Heterogeneity and Tissue-specificity
Another important factor that likely plays a role in the absence of success of clinical trials is the lack of consistency between different studies such as use of MSCs isolated from different tissues and organs. Increasing evidence demonstrates that MSCs are tissue-specific cells that retain many tissue- and organ-specific functions and properties [reviewed in (Sara Rolandsson Enes, 2019)]. For example, MSCs isolated from bone marrow, skeletal muscle, periosteum, and perinatal cord blood differed in their transcriptomic signatures and in vivo differentiation profiles (Sacchetti et al., 2016). Moreover, MSCs isolated from lung tissue have also been demonstrated to differ from bone marrow-derived MSCs regarding proliferation rate, colony-forming potential, in vivo bone formation capacity, gene expression profile, secretome profile, and protein profile (Rolandsson et al., 2014; Rolandsson Enes et al., 2016; Rolandsson Enes et al., 2017). Although, tissue-specific properties have been observed by several investigators (Abreu et al., 2017), further parallel studies comparing MSCs from different sources need to be performed in order to roll out if one source is better than others to treat lung diseases. In addition to the MSC tissue-specificity, MSCs are also known to be a very heterogenous population, at least after standard in vitro tissue culture expansion. Whether it is possible to sort out specific MSC sub-populations with increased or specific therapeutic properties remains to be further explored.
STRATEGIES TO IMPROVE THE MANUFACTURING PROCESS AND CLINICAL OUTCOME
Given the fairly high number of MSC-based clinical trials performed to date, it is surprising that there are no established consensus concerning MSC product manufacturing, dosing strategies, and which patient group or groups to target. It is well known that MSC properties change depending on the isolation process, number of passages, seeding density, culture surface, and if they have been cryopreserved or not. Regardless of this knowledge, a survey provided by the MSC committee of the International Society of Cell and Gene Therapy discovered that the current MSC manufacturing practice differs significant among different US academic centers (Phinney et al., 2019). Comparable lack of harmonization exists among MSC manufacturing facilities in Europe when a similar survey was performed (Trento et al., 2018). In this section, we will summarize and discuss some of the current strategies that could be used to improve the manufacturing process and clinical outcome.
The Impact of Donor Variance on Mesenchymal Stromal Cells Properties
In addition to the above mentioned challenges such as source, seeding density, and cryopreservation, it is important to acknowledge the impact of donor variance on MSC numbers, but more importantly, on the MSC therapeutic potential. It is well known that MSC properties are affected by factors such as donor age, gender, and harvest site (Zaim et al., 2012; Martin et al., 2016; Rolandsson Enes et al., 2016; Mehrian et al., 2020). For example, MSCs isolated from donors at different ages will have different proliferation rates and in vitro differentiation potentials (Zaim et al., 2012; Mehrian et al., 2020). Therefore, it is important to take this into account when manufacturing MSCs for both basic studies and clinical trials and to find strategies that facilitate easy identification of clinically potent MSCs. One such strategy could potentially be to maximize the number of batches that one can obtain from a good donor. However, it is important to remember that MSCs manufactured in large quantities can become ineffective or altered, even from that single donor. When finally obtaining expanded MSCs of desired qualities from a good donor, it is important to pay attention to how the cells are being stored and finally administered to patients. In the report from the MSC pre-conference organized by the International Society of Cell Therapy (ISCT) held in 2018, the difference in potency between cryopreserved MSCs given as a “bedside thaw” formulation and cultured MSCs was highlighted (Nolta et al., 2020). Further, it has also been demonstrated by Francois et. al. that cryopreserved MSCs need a recovery phase before infused to patients in order to retain their immunomodulatory activity in vitro (Francois et al., 2012). However, interestingly recent data by Tan et al. demonstrated that there was comparable immunomodulatory efficacy of fresh and thawed MSCs (Tan et al., 2019).
Predicting the Best Suited Mesenchymal Stromal Cells Cell Product Using Machine Learning
Artificial intelligence, including machine learning, is an interesting area of research which has been given a lot of attention during the last years. Machine learning algorithms and other artificial intelligence approaches may be trained to recognize underlaying relationships in a dataset and thereby perform tasks such as classification, recognition, and counting of lung nodules on chest CT to predict cancer risk and navigate clinical decision options (Khemasuwan et al., 2020). This approach has also been tested in an attempt to characterize MSCs as a step forward toward improved MSC manufacturing process and a better MSC cell product. In a recent study, machine learning was used to profile MSCs based on cell morphology. Here, images of MSCs at low and high passages from 10 different donors exposed to different doses of IFN-γ (0, 10, and 50 ng/ml) were taken and analyzed using visual stochastic neighbor embedding (viSNE) technique. Several morphological sub-populations of MSCs were found after IFN-γ exposure, and it was further suggested that this model could be used to predict immunosuppressive capacity of different MSC lots (Marklein et al., 2019). In another study, machine learning was used to predict MSC population doubling time using ex vivo expanded MSCs from multiple donors at different ages and passages. Data from 131 donors from all ages were used to build a predictive model for cultured MSC population doubling time in passage 1 to 4. As suggested by the authors, this model can be used as a tool during the manufacturing process in order to predict the time it takes to reach a desired number of MSCs from a specific donor (Mehrian et al., 2020). This is a new and very exciting area, which hopefully can lead to improvements, standardization, and simplifications in the MSC manufacturing process.
The Importance of Predicting Clinical Responders
In addition to optimizing MSC manufacturing and potential pre-conditioning, it is equally important to predict patients that are more likely to respond to this type of treatment. In previous clinical studies, MSCs have been administered to patients with a variety of lung diseases including both chronic and acute diseases (Tzouvelekis et al., 2013; Weiss et al., 2013; Chambers et al., 2014; Zheng et al., 2014; Wilson et al., 2015; Glassberg et al., 2017). However, based on the general hypothesis that MSCs mainly act via secreted factors in combination with the fact that MSCs have been demonstrated to be cleared from the lungs within a few days, makes it unlikely that MSC-based therapy can remodel destroyed tissue found in patients with end-stage chronic lung diseases (Armitage et al., 2018; Rolandsson Enes and Weiss, 2020). It is more likely that patients with lung diseases involving acute inflammatory response and/or infection such as sepsis/septic shock and ARDS will respond better to this type of treatment. Even if preferentially well suited for the treatment of acute lung injury, patient heterogeneity as in the case of ARDS is critical and identifying those individuals or sub-populations that are more likely to benefit from MSC treatment is critical. For example, in a multicenter phase II clinical trial using MSCs to treat graft-versus-host disease (GvHD) it was demonstrated that a sub-population of MSC-treated patients had a complete response, and those patients further had an increased survival rate compared to partial-responders and non-responders (Le Blanc et al., 2008). Similarly, in a retrospectively study of children suffering from GvHD that were treated with MSCs, it was observed that complete responders had an increased survival rate compared to partial-responders and non-responders (Ball et al., 2013). Therefore, it would be very interesting, and important, to identify biological factors that differentiate the complete responders from the other two groups. While there may be different strategies to accomplish this, Martin et al. makes a compelling argument on investing more resources on mechanistical studies and the design of future clinical trials based on molecular markers found in subpopulations of patients (Martin et al., 2019).
The Importance of Large-Scale Cell Manufacturing and Successful Cell Delivery
For clinical translation several challenges need to be addressed including how to generate the high number of good quality MSCs needed for large human trials, as well as how to produce and store MSCs for future clinical treatments. For example, ARDS is an acute severe disease with a very rapid onset and there is insufficient time to start cultivating MSCs when the patient is admitted to hospital thus the cell product needs to be a cryopreserved ready-to-use product. Furthermore, isolation processes, passage number, density strategies, growth media and cultivation properties (e.g., plastic vs 3D environments) each can influence the biological properties of MSCs (reviewed in (Sara Rolandsson Enes DJW and Burgess IHH, 2019)) are necessary to ensure therapeutic efficient MSCs. Another challenge is that the lung is a complex organ, and it is critical to find the most optimal delivery route where MSCs reach all compartments in the lung. In preclinical studies of lung diseases, the most common delivery route is still intravenous administration, however for lung diseases there are a number of examples in which intratracheal administration can be as or even more effective (Sally Yunsun Kim WC and Burgess IHH, 2019). For example, using a naphthalene-induced airway injury model Wong et al. demonstrated that a larger number of epithelial cells reached the lung when they were administered through transtracheal delivery over intravenous cell delivery (Wong et al., 2007). It is however important to remember that some lung diseases, such as COPD and ARDS, are systemic diseases and therefore different delivery routes might be good for some but not others.
Challenges Related to Conducting Clinical Trials During the COVID-19 Outbreak
The global coronavirus pandemic has increased the number of initiated MSC clinical trials dramatically, and there are a number of challenges related to the conducting trials such as having a good cell product, as discussed above, enrolling patients, assessing outcomes, and ethical issues. For example, a global pandemic aim to find a rapid and effective treatment however it is important that this occurs in a transparent manner following appropriate ethical guidelines (Khoury et al., 2020; Khoury et al., 2021). As discussed by Khoury et al. it is also very important to include recognized end-point such as length of ICU, ventilator-free days, and overall mortality. Another important issue to considerate, especially for treatment of COVID-19 induced ARDS, is when to enroll patients and when to initiate MSC treatment, but also which COVID-19 patient population to target (Khoury et al., 2020). The issues discussed in this section is highly relevant for the ongoing COVID-19 MSC clinical trials, however they are equally important to consider in all cell-based therapies for pulmonary diseases.
SUMMARY AND FINAL REMARKS
The enthusiasm for using MSC-based therapy to treat severe lung disorders is great and it is currently increasing due to the COVID-19 pandemic. Unfortunately, the very promising pre-clinical studies performed in animal models of lung diseases has not yet translated into improved clinical outcomes in clinical trials. The field is still struggling with the lack of knowledge regarding the fate of administered MSCs, lack of standardized protocols for manufacturing of MSCs, and how to determine which patients are more likely to respond to this type of treatment. Despite these limitations, there are several interesting studies demonstrating that MSCs can be activated and modified in order to enhance their therapeutic efficacy using either genetic modifications or environmental factors including inflammatory cytokines and hypoxia. Moreover, recent studies have used artificial intelligence as a tool to predict which MSCs are better to be used in clinical trials, a strategy that would improve the manufacturing process substantially and hopefully lead to a better and more effective MSC cell product. We can conclude that currently there is no clear path to reconcile the issues discussed in this review, however one potential solution might be that investigators begin to combine all aspects of potential benefits into a unified effort to establish a greater search for where benefit could occur.
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