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Mesenchymal stromal cells for acute respiratory distress syndrome (ARDS), 

sepsis and COVID 19 infection: optimising the therapeutic potential  

Summary 

Mesenchymal stromal (stem) cell (MSC) therapies are emerging as a promising therapeutic intervention in 

patients with Acute Respiratory Distress Syndrome (ARDS) and sepsis due to their reparative, 

immunomodulatory, and antimicrobial properties.  

Areas covered: This review provides an overview of Mesenchymal Stromal Cells (MSCs) and their mechanisms 

of effect in ARDS and sepsis. The preclinical and clinical evidence to support MSC therapy in ARDS and sepsis is 

discussed. The potential for MSC therapy in COVID-19 ARDS is discussed with insights from respiratory viral 

models and early clinical reports of MSC therapy in COVID-19. Strategies to optimise the therapeutic potential 

of MSCs in ARDS and sepsis are considered including preconditioning, altered gene expression, and alternative 

cell free MSC derived products, such as extracellular vesicles and conditioned medium.  

Expert opinion: MSC products present considerable therapeutic promise for ARDS and sepsis. Preclinical 

investigations report significant benefit and early phase clinical studies have not highlighted safety concerns.  

Optimisation of MSC function in preclinical models of ARDS and sepsis has enhanced their beneficial effects. 

MSC derived products, as cell free alternatives, may provide further advantages in this field. These strategies 

present opportunity for the clinical development of MSCs and MSC derived products with enhanced 

therapeutic efficacy. 
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1.0 Introduction  

Acute Respiratory Distress Syndrome (ARDS) and sepsis are associated with high mortality, morbidity and 

economic cost in critically ill patients. ARDS is defined clinically by the acute onset of hypoxaemic respiratory 

failure with bilateral opacities on chest imaging, not explained by the presence of heart failure or fluid 

overload  [1]. The Third International Consensus Definition of Sepsis (Sepsis 3) describes sepsis as life-

threatening organ dysfunction caused by a dysregulated host response to infection [2]. In septic shock, the 

most severe subset of sepsis, underlying circulatory, cellular and metabolic abnormalities are profound enough 

to substantially increase mortality. ARDS and sepsis are common in critically ill patients, accounting for 10% 

and >20% of ICU admissions respectively [3,4]. Mortality rates between 35% to 46% are reported for patients 

with ARDS [3]. Patients admitted to ICU with septic shock have an in-hospital mortality of 39%  [5]. Long term 

morbidity in ARDS survivors includes persistent limitation of exercise capacity and psychological symptoms 

[6,7]. In sepsis survivors, cognitive decline, increased cardiovascular risk, and a reduction in quality of life at 5 

years have been reported [8]. In the UK estimates of cost for ARDS and sepsis are £28,000  and £30,000 per 

patient per year at 1 year [9,10].  

ARDS and sepsis frequently co-exist in critically ill patients and common pathogenic mechanisms are 

recognised. An initial insult drives a subsequent cascade of inflammatory pathways, activation and recruitment 

of immune cells, and the release of potent pro-inflammatory mediators. Endothelial and epithelial dysfunction 

occur in both syndromes as the result of inflammatory mediated tissue damage [11,12]. In ARDS, disruption of 

the alveolar epithelial – endothelial interface results in the efflux of an inflammatory exudate into the alveoli 

with loss of lung compliance and impaired gas exchange [12].  In sepsis, loss of integrity of the vascular 

endothelium with resultant increased vascular permeability causes widespread tissue oedema and multiorgan 

dysfunction [11]. ARDS and sepsis can occur in response to a variety of pulmonary and non-pulmonary 

infections and ARDS may be precipitated by non-infective insults such as trauma, surgery, and burns [3]. Most 

recently, COVID-19 has emerged as a precipitant of ARDS. International Severe Acute Respiratory and 

Emerging Infections Consortium (ISARIC) data suggests 17% of hospitalised patients require critical care and 

ARDS is reported in up to 85% of critical care patients [13,14].  

Standard therapy for ARDS includes lung protective ventilation, conservative fluid management, and prone 

positioning [15]. Sepsis is managed by antibiotic therapy, source control, and organ supportive therapy; 



haemodynamic resuscitation is a pillar of supportive therapy while immunomodulation (with corticosteroids 

and potentially vasopressin) has potential for some  [16]. Numerous clinical trials of pharmacological 

interventions in ARDS and sepsis have been conducted with limited success [17]. In a recent Phase 3 

randomised controlled trial, early dexamethasone administration in ARDS demonstrated benefit, significantly 

reducing mortality (21 % dexamethasone group, 36 % control group, p = 0.0047) [18]. However, this was a 

relatively small study (139 patients in dexamethasone group, 138 patients in control group) and follows a 

background of conflicting results from previous trials and meta-analysis of other corticosteroids [17].   In 

COVID-19, clinical trials have been rapidly mobilised and evidence is emerging of the benefit of an antiviral 

(Remdesivir) and interestingly also dexamethasone [19,20]. The benefit of dexamethasone is believed to be 

due to its potent immunosuppressive effects. Mesenchymal stromal cells (MSCs) are an emerging novel 

cellular therapy which also harness immunomodulatory, reparative, and antimicrobial properties which may 

be of benefit in targeting the complex pathogenesis of ARDS and sepsis [21]. In this review, we explore the 

current mechanistic understanding, preclinical, and clinical evidence for MSCs in ARDS and sepsis. MSCs as a 

potential therapy for COVID-19 ARDs is explored. Optimisation of MSC products for clinical translation is 

considered.  

 

 

 

 

 

 

 

 

 

 



2.0 Mesenchymal Stromal Cells (MSCs)   

The International Society of Cellular Therapy (ISCT) define Mesenchymal Stromal Cells (MSCs) according to the 

following criteria:  1) plastic adherent; 2) surface antigen expression profile (Positive  (>95%) for CD105, CD73 

and CD90; Negative (< 2%) CD45, CD34, CD14/CD11b, CD79a/CD19, HLA-DR); 3) multipotent differentiation 

potential with in vitro potential to differentiate into osteoblasts, adipocytes and chondroblasts [22].  In the 

United Kingdom and European Union, MSCs, as therapeutic products, are regarded as advanced therapy 

medicinal products (ATMP, Directives 2001/83/EC and 1294/2007/EC) and must adhere to relevant ATMP 

regulatory requirements.  

Previous descriptions of MSCs as a ‘stem cell’ reflected their ability to differentiate into multiple cell lines in 

vitro, however, in vivo engraftment and differentiation capacity is now known to be limited [23-27]. MSCs can 

be isolated from multiple sources including bone marrow, adipose tissue, perinatal tissues (including placenta, 

umbilical cord blood, and umbilical cord tissue known as Wharton’s Jelly), dermal tissue, dental tissue and 

peripheral blood [28,29]. Allogeneic donation of  MSCs, even from HLA-unmatched donors, is possible due to 

lack of expression of MHC Class 2 antigens on MSC surfaces and evasion of T-cell lymphocyte recognition [30].  

This is advantageous in critically ill patients as the potential for autologous administration is limited by the 

time required for culture and expansion of an autologous cell product and the additional risk of an invasive 

procedure to source the starting material.  

Cell-free products derived from MSCs may provide alternatives to MSCs that exploit their therapeutic 

properties. Extracellular vesicles (including microvesicles (MVs), nanovesicles (NVs) and exosomes) are 

anuclear, membrane bound vesicles released by many cell types, including MSCs [31]. They are important 

mediators in intracellular communication, transporting substances such as proteins, mitochondria, DNA, and 

RNA.  MSC conditioned medium (CM) contains the MSC secretome and may exploit paracrine mediated 

therapeutic properties of MSCs [32]. 

 

 

 



3.0 Mechanism of action in ARDS and Sepsis  

Figure 1 illustrates the immunomodulatory, reparative, and antimicrobial effects of MSCs in ARDS and sepsis.   

3.1 Immunomodulatory effects  

In ARDS and sepsis, MSCs shift the balance of the inflammatory environment with downregulation of pro-

inflammatory cytokines and upregulation of anti-inflammatory cytokines [24,25,33-52]. MSCs directly secrete 

soluble factors which exert modulatory effects on immune cells, these include IL-6 [37,53], IL-10 [54] 

transforming growth factor b (TGF-b) [53], indoleamine 2,3-dioxygenase (IDO) [53],  intercellular adhesion 

molecule (ICAM) [55], TNF-stimulated gene protein-6 (TSG-6) [52,53], prostaglandin E2 (PGE2)[25,37], among 

others.   While the relative contribution of each of these factors to the beneficial actions of MSCs in ARDS and 

sepsis remains to be elucidated, some have been investigated in in vivo models.  Zhang et al, 2014, 

demonstrated in a murine lipopolysaccharide (LPS) model, knockdown of TSG-6 in MSCs by siRNA abrogated 

the anti-inflammatory effects of MSCs [52]. In a murine caecal ligation and puncture (CLP) sepsis model, MSCs 

released PGE2 which acted on macrophage prostaglandin receptors increasing IL-10 production [25]. In this 

model, pre-treatment with IL-10 antibodies abrogated the beneficial effects of MSCs. This illustrates the 

important role of IL-10 in mediating the anti-inflammatory effects of MSCs, though in in vivo models of ARDS 

and sepsis only modest, and often non-significant, increases in serum or alveolar IL-10 levels have been seen 

[33-37]. In contrast the cytokine IL-6 has been reported to be significantly reduced by MSC administration in 

several models of ARDS and sepsis [37-45]. IL-6 is often considered to be a pro-inflammatory cytokine, 

therefore it is of interest that in a rodent LPS model, administration of IL-6 knockdown MSCs abrogated many 

of the therapeutic effects of MSCs [53], supporting evidence that IL-6 exhibits both pro- and anti-inflammatory 

properties [56]. Other important cytokines have also been shown to be modulated in models of ARDS and 

sepsis, including IL-1a [46], IL-1b  [33,38,46-48], IL-1 receptor antagonist [49], TNF-a [24,38,40,45,46,50,51], 

IFN-g [41]  and chemokines RANTES (CCL5) [40,47,52], MCP-1 (CCL2) [47,52] and IL-8 (CXCL8) [40,47]. 

The immunomodulatory effects of MSCs regulate innate and adaptive immune cellular responses, including 

neutrophils [44,51,57,58], monocytes/macrophages [35,59,60], dendritic cells [61] and T cell populations 

[50,62]. Nemeth et al, 2009, demonstrated in a murine CLP model of sepsis, beneficial effects of MSCs were 

absent in mice lacking monocytes and macrophages [25]. Similarly, in an Escherichia coli (E.coli) pneumonia 



murine model, depletion of alveolar macrophages abrogated the beneficial effects of MSCs on bacterial 

clearance and cytokine regulation [40]. In sepsis models, MSC administration increases circulating neutrophils, 

however, less tissue and alveolar infiltration is seen [25,35,39,44,51,58,63]. Administration of MSCs in a 

murine LPS model reduced the formation of neutrophil extracellular traps (NETS), which have been implicated 

in neutrophil mediated tissue destruction in ARDS [39]. In murine models of CLP induced sepsis, MSCs 

increased circulating T-regulatory cells [62,63].  Laroye et al, 2019, demonstrate Wharton’s Jelly MSCs 

significantly increased circulating T-regulatory cells compared to bone marrow MSCs, alongside improvements 

in bacterial clearance and survival [63]. Chao et al, 2014, demonstrate both umbilical cord and bone marrow 

derived MSCs increased circulating T-regulatory cells in vivo, and in vitro restored their immunosuppressive 

capacity.  However, in this CLP model, while a trend towards improved survival was seen it was not significant 

and bacterial clearance was not evaluated [62]. Further, in a Klebsiella pneumonia murine model, in which 

MSC administration was associated with improved survival, there was reduced pro-inflammatory IL-17 and 

IFN-g expressing CD4+ T cell subsets within the lungs without any increase in lung bacterial loads  [50].   

Decreased dendritic cell (DC) aggregation in lung tissue has been demonstrated in models of ARDS [50,61].  In 

vitro studies suggest MSCs induce DCs to a regulatory phenotype via hepatocyte-growth factor (HGF) 

dependent mechanisms [61]. These studies demonstrate MSCs modulate immune cell distribution and restore 

dysregulated immune cell function in ARDS and sepsis. Modulation of macrophage function appears 

particularly important in mediating MSC effects and is discussed further in relation to their antimicrobial 

effects.  

3.2 Reparative effects  

MSCs restore structure and function in multiple organs in models of ARDS and sepsis. Histological evidence of 

lung injury in models of ARDS is reduced by MSCs, with a reduction in alveolar haemorrhage, oedema, hyaline 

membrane formation, and collagen deposition [33,34,37-39,43,46,48,54,64-66]. In a murine CLP model, MSC 

administration reduced evidence of histological injury in the small bowel, kidney, and liver illustrated by a 

reduction in subepithelial spaces in small bowel villi, tubular epithelial cell swelling, degeneration in the 

kidney, and liver necrosis [57]. In a similar model, MSC administration reduced cardiac interstitial oedema and 

restored cardiac myocyte architecture [54]. In small and large animal models of ARDS, MSCs restore functional 

measures including oxygenation and lung compliance [44,51,64,65,67,68]. MSCs improve biochemical markers 



of organ function in small and large animal models of sepsis including markers of renal dysfunction (urea, 

creatinine), liver injury (AST, ALT), and lactate [25,36,45,47,63,67-69]. The restorative mechanisms of MSCs 

include anti-apoptotic and anti-oxidant activity.  A reduction in cellular apoptosis in the endothelium, 

epithelium, and organs has been demonstrated following MSC administration in models of ARDS and sepsis 

[25,33,36,41,48,66,69,70].  Sepsis induced acute kidney injury (AKI) has been attenuated by MSC 

administration in a rodent CLP model with improved tubular function, electrolyte excretion, free water 

clearance, and restoration of urinary osmolality [41]. Anti-oxidant activity, including upregulation of Klotho 

protein and restoration of endothelial nitric oxide synthesis (eNOS), in part mediated the protective effects of 

MSCs in this model [41]. 

Restoration of epithelial and endothelial function is a key target of MSC activity in models of ARDS and sepsis 

and mechanisms facilitating this include paracrine growth factor secretion by MSCs and transfer of messenger 

RNA (mRNA), micro RNA (miRNA), and mitochondria from MSCs and their extracellular vesicles (EVs). In 

models of ARDS, functional restoration of the alveolar epithelial-endothelial barrier has been demonstrated, 

indicated by a reduction in bronchioalveolar fluid (BALF) protein and measures of lung oedema 

[24,33,43,44,48,51,66,67,71,72].  Several growth factors, including keratinocyte growth factor (KGF), vascular 

endothelial growth factor (VEGF), and hepatocyte growth factor (HGF) have also been shown to mediate the 

reparative effects of MSCs on endothelial and epithelial cells [33,48,58,73,74]. In addition to paracrine 

secretion of KGF, Zhu et al, 2014, demonstrated KGF mRNA content in MSC microvesicles (MVs) contributed to 

the immunomodulatory and reparative  effects of MSCs [72]. In this murine LPS model, the administration of 

MVs from MSCs pre-treated with KGF siRNA had diminished beneficial effects compared to control MSCs. In a 

human EVLP model, MSC MV administration reduced perfusate Syndecan-1, a marker of endothelial glycocalyx 

breakdown, and increased alveolar Angiopoietin-1 (Ang-1), a regulator of endothelial stability [73]. Tang et al, 

2017, supported the role of Ang-1 mRNA content within MVs, demonstrating Ang-1 mRNA-deficient MVs have 

diminished protective effects in a murine LPS model [75]. In vitro studies have supported the ability of MSC 

EVs to shuttle mRNA to target cells, with subsequent translation of mRNA to its corresponding protein within 

the target cells [74].  

Restoration of endothelial integrity requires the presence of intact adherens junctions and tight junctions and 

MSC administration has been shown to enhance the formation of key proteins in these structures, including 



VE-cadherin, Occludin-1, Claudin-1, and B-catenin [33,48,71,76]. In sepsis endothelial dysfunction is believed 

to have a role in microvascular disturbance and MSCs may have a protective role in regulating this. In a murine 

intraperitoneal sepsis model, administration of IFN-g preconditioned MSCs reduced leucocyte adherence to 

the endothelium, increased leucocyte flow through the microvasculature, and increased the velocity of red 

blood cell flow through the microvasculature [77]. In this model, plasma levels of E-selectin, a leucocyte-

endothelial cell adhesion molecule, were reduced by naïve and IFN-g preconditioned MSCs. Plasma ICAM-1, 

another adhesion molecule, was increased by IFN-g preconditioned MSCs, and it is postulated this may have a 

protective effect on leucocyte adhesion by competing with membrane bound ICAM-1 [77].   

Mitochondrial transfer from MSCs and their MVs has a role in the restoration of cellular function. Islam et al, 

2012, demonstrated MSCs transfer functional mitochondria to alveolar type II (ATII) cells via MVs and 

nanotubules in a connexin-43 dependent manner [78]. Mitochondrial transfer to ATII cells by MSCs restored 

cellular bioenergetics and ATP dependent surfactant secretion in a murine LPS model [78]. In a murine CLP 

model, administration of MSCs in the early stages of sepsis restored functional mitochondria in muscle satellite 

cells, improved myofiber formation at 21 days, and improved functional parameters of muscle strength [42]. 

Thus, demonstrating mitochondrial transfer from MSCs has long term reparative effects on muscle 

regeneration in sepsis.  

One caveat, and an as yet incompletely understood aspect of MSC biology, is the role of the microenvironment 

in driving MSC behaviour in vivo. Islam et al, 2019, have described both beneficial and detrimental MSC effects 

in varying murine models of acute lung injury [79]. In particular, MSCs, administered to animals injured with 

hydrochloric acid (causing high levels of IL-6, fibronectin, and low antioxidant capacity), promoted lung 

fibrosis. This was overcome in a model in which the lung microenvironment was corrected prior to the 

administration of MSCs by administering the antioxidant GPx-1. In a similar vein, Abru et al, 2019, have 

reported that MSCs exposed to non-ARDS BALF were superior in promoting an anti-inflammatory phenotype in 

monocytes than those exposed to ARDS BALF [80]. Further work is required to understand these phenomena 

and to allow for more targeted therapy.  

3.3 Antimicrobial effects  



MSCs improve bacterial clearance in microbial induced models of ARDS and sepsis [24,34,35,38,45-47,62-

65,81-85]. MSCs have been shown to secrete antimicrobial peptides (AMPs) with direct antimicrobial effects, 

including LL-37, lipocalin-2, b defensin-2, and hepcidin [24,34,45,46,81]. Sung et al, 2015, demonstrated the 

antibacterial effects of MSCs against E.coli in vitro and in vivo, in a murine E.coli model, are mediated by 

secretion of b defensin-2 via toll-like receptor (TLR4) signalling [46]. TLRs recognise microbial ligands (known 

as pathogen associated molecular patterns; PAMPS) and have a key role in the activation of innate immune 

cells but are also found on MSCs [86]. In vitro, MSCs preconditioned with the TLR3 ligand, Poly (I:C), 

demonstrated enhanced production of soluble factors including COX-2, IDO, IL-6, and IL-8 and inhibited the 

release of pro-inflammatory cytokines, including TNF-a and IL-1b, from macrophages [85]. In a murine CLP 

model, Poly (I:C) preconditioned MSCs enhanced antimicrobial effects and reduced circulating pro-

inflammatory cytokines IL-6, TNF-a, KC (the murine orthologue of IL-8), and CCL5 [85]. In vivo, MSC TLR 

activation by endogenous PAMPs may have a role in MSC activation and regulating their antimicrobial activity.  

MSCs enhance the function of monocytes and macrophages, demonstrated by increased phagocytic activity 

and bacterial killing capacity [35,58,83,87].  MSCs also induce alternative state activation of macrophages  

[35,59,87,88]. Interestingly, Rabani et al, 2019, demonstrated MSCs can induce macrophage activation to both 

M1-like and M2-like phenotypes with distinct antimicrobial effects (M1) and anti-inflammatory (M2) effects 

[87].  This may in part explain why MSCs can both enhance bacterial clearance while also inducing 

immunoregulatory effects. The M1-like phenotype was dependent on PGE2 and phosphatidylinositol 3-kinase 

and was associated with increased reactive oxygen species (ROS) which may induce bacterial killing via 

oxidative damage [87]. Song et al, 2016, demonstrated exosomal transfer of microRNA (miR-146a) to 

macrophages polarised to the M2 phenotype and was partially responsible for the beneficial effects of 

administering IL-1b primed MSCs in a CLP model of sepsis [89]. Others have demonstrated mitochondrial 

transfer from MSC EVs to macrophages and stimulation by MSC secreted factors, including PGE2, IDO, and TSG-

6, have a role in activation of the M2 anti-inflammatory phenotype [25,59,90,91]. In a rodent faecal sepsis 

model, induction of macrophage heme-oxygenase 1 (HO-1), an anti-oxidant, has been identified as a further 

pathway by which MSCs enhance macrophage phagocytosis and bacterial killing [83].  PGE2 and lipoxin A4 

mediated HO-1 expression in this model [83]. These studies identify PGE2 as a key mediator facilitating the 

antimicrobial effects of MSCs. In contrast, in a model of Pseudomonas Aerginosa pulmonary infection, adipose 



derived MSCs suppressed PGE2 production and exogenous PGE2 administration reduced the antimicrobial 

effects of MSCs [84], highlighting the complexity of PGE2 pathways in MSC signalling.  

Macrophage function may be further enhanced by the anti-apoptotic effects of MSCs.   In vitro, MSCs inhibited 

LPS induced apoptosis of alveolar macrophages, prolonging their lifespan, in part by suppressing Wnt/B-

catenin signalling pathways [60]. In addition to paracrine signalling, Jackson et al, 2016, demonstrated the 

importance of mitochondrial transfer in enhancing phagocytosis by alveolar macrophages [40]. In vitro studies 

demonstrated mitochondrial transfer to macrophages via tunnelling nanotubes (TNT). The consequent 

enhanced bioenergetic profile of the macrophages was associated with improved phagocytic uptake of 

bacteria. Inhibition of TNT formation reduced the antimicrobial effects of MSCs. This group have also 

demonstrated mitochondrial transfer to human monocyte derived macrophages (MDMs) can occur via EVs 

[59].    

 

 

 

 

 

 

 

 

 

 

 

 

 



4.0 Preclinical Studies of MSCs and MSC-derived products in ARDS and Sepsis   

4.1 Preclinical investigations of MSCs in ARDS and Sepsis: Small animal models  

Small animal models provide evidence that MSCs are efficacious in ARDS and sepsis. McIntyre et al, 2016, 

conducted a systematic review of preclinical models of ARDS and reported a meta-analysis of mortality 

outcomes following MSC administration compared with diseased control groups [92]. The majority of studies 

were conducted in rodent models and injury was induced by a variety of methods including direct and indirect 

infection, inflammation, trauma, and ventilation. MSC origin was described as syngenic (54%), xenogenic 

(37%), allogenic (9%), and autologous (3%).  In total, 70 studies were reviewed, however, only 17 studies 

reported mortality outcomes and were included in the meta-analysis (n = 612 in MSC group, n = 1361 in 

control group).  MSCs were reported to reduce the overall risk of death (Odds Ratio (OR) 0.24, 95% confidence 

interval (CI) 0.18 to 0.34) [92]. A subgroup analysis reported similar protective effects of MSC administration 

regardless of injury model, MSC source, route of administration, or MSC preparation.  

Lalu et al, 2016, conducted a systematic review of MSC therapy in preclinical models of sepsis and 41 relevant 

studies were identified, of which 18 studies reported mortality outcomes and were included in a meta-analysis 

(n = 504 in MSC group, n = 446 in control group) [93].  All were conducted in rodent models and methods to 

induce sepsis or sepsis-like injury included caecal ligation and puncture (CLP, 50%), live bacterial injection 

(10%), and bacterial component injection (40%). MSC origin included xenogenic (50%), syngeneic (40%), 

allogeneic (5%), and autologous (5%) and sources included bone marrow (60%), adipose tissue (20%), and 

umbilical cord (20%). A similar reduction in the risk of death was reported following MSC administration as was 

reported in the preclinical ARDS meta-analysis (OR 0.27, 95% CI 0.18 to 0.4) [93]. Subgroup analysis suggested 

MSC therapy in sepsis was effective regardless of dosing (< 1.0 x 106 cells/kg vs > 1.0 x 106 cells/kg), source or 

timing of administration (< 1 hour vs 1-6 hours following disease induction) of administration. The protective 

effect of MSC administration was maintained in sepsis models also administering resuscitation fluids and/or 

antibiotics.  In both the ARDS and sepsis meta-analysis, a subgroup analysis of MSC origin did not support a 

protective effect of autologous MSCs, however, this was derived from a single study evaluating autologous 

adipose derived MSCs administered in a rodent model via an intraperitoneal route.[94]  



Small animal models have provided considerable insight regarding the mechanisms of action of MSCs in 

models of ARDs and sepsis and consistently demonstrate the immunomodulatory, antimicrobial, and 

reparative effects, as previously discussed. More recently, small animal models have explored methods of 

optimising MSC function, which are explored further in Section 6. Limitations of preclinical models should also 

be considered. Both of the systematic reviews discussed here reported methodological limitations among 

included studies, including inadequate reporting of randomisation processes and blinding.  None of the 

included studies were considered low risk of bias [92,93]. Furthermore, Lalu et al, 2016, reported that 

publication bias exists, with an overestimation of effect size by 27%; although MSCs remained significantly 

associated with reduced mortality following adjustment for this (OR 0.34, 95% CI 0.22 to 0.52) [93].  

4.2 Preclinical investigations of MSCs in ARDS and Sepsis: Large animal models  

Large animal studies of MSC administration in models of ARDS and sepsis have facilitated study of systemic 

and pulmonary haemodynamics and pulmonary physiology following MSC administration [67,68,95]. MSC 

administration (10 x 106 cells/kg) 1 hour post injury in an ovine ARDS model, induced by cotton smoke 

insufflation and live bacterial instillation, attenuated increased pulmonary arterial pressure, reduced lung 

oedema, improved oxygenation, and increased arterial blood pressure at 24 hours [67]. While there is a 

theoretical risk of MSCs lodging in the pulmonary circulation, this model demonstrated no difference in 

pulmonary vascular resistance or pulmonary airway pressures between 5 or 10 x 106 cells/kg doses and 

controls at 24 hours. Similarly, in a swine oleic acid induced ARDS model, MSC administration (2 x 106 cells/kg) 

1 hour post injury demonstrated no early physiological differences following MSC administration, although 

follow up was limited to 4 hours [95].  Favourable outcomes at 48 hours following adipose derived MSC 

administration (2 x 106 cells) in an ovine smoke inhalation model have been demonstrated, with a reduction in 

lung oedema, increased oxygenation, and a reduction in airway pressures [96]. In a swine model of 

polymicrobial sepsis, umbilical cord MSC administration (1 x 106 cells/kg)  improved survival (0% untreated vs 

60% MSCs, n = 6 per group, p = 0.08), lowered vasopressor requirements, and improved oxygenation [68]. 

Furthermore, an improvement in mixed venous oxygen saturations (SvO2) and a reduction in lactate following 

MSC administration suggested a reduction in tissue hypoxia. Thus, large animal models of MSC administration 

in models of ARDS and sepsis have demonstrated safety and improved outcomes.  



MSC administration during extracorporeal membrane oxygenation (ECMO) has been investigated in large 

animal models of ARDS. Millar et al, 2020, demonstrated that endobronchial MSC administration in an ovine 

model of ARDS during ECMO improved indices of shock (vasopressor requirements, arterial pressure, lactate) 

and histological lung injury, although interestingly did not improve oxygenation or pulmonary mechanics [97]. 

An earlier study by Kocyildirim et al, 2017, had investigated MSC administration during ECMO in a swine LPS 

model [98].  Similarly, they demonstrated a trend towards reduced histological lung injury in a small study 

group (n = 3), however, no effects on oxygenation or haemodynamics were reported during a 4 hour period of 

follow up [98]. Of concern, the study by Millar et al, 2020, demonstrated the function of the membrane 

oxygenator was significantly impaired following MSC administration, with an increase in trans-oxygenator 

pressure gradient from 4 hours post MSC delivery [97]. MSCs by definition are plastic adherent and cells 

consistent with MSCs were found to be adherent to membrane oxygenator fibres following their 

administration during ECMO in this model [97]. This supported previous findings in an ex-vivo ECMO model, 

which similarly demonstrated that MSC avidity for binding to plastic surfaces impaired the function of a 

membrane oxygenator [99].  The authors concluded that MSC administration could not be recommended 

during ECMO. In an ongoing trial of MSC therapy in patients with COVID-19 ARDS, patients receiving ECMO are 

excluded [100].  

4.3 Preclinical investigations of MSCs in ARDS and Sepsis: Human ex-vivo lung perfusion (EVLP) models  

In human EVLP models of ARDS, induced by live bacteria and endotoxin, administration of human MSCs has 

demonstrated an ability to restore AFC, reduce lung oedema, and histological lung injury [58,101]. Lee et al, 

2013, further demonstrated that MSC administration in an E.coli EVLP model increased bacterial clearance, 

mediated by increased alveolar macrophage phagocytosis [58]. In an EVLP model by McAuley et al, 2014, MSC 

administration restored AFC in lungs rejected for transplantation with an impaired baseline AFC < 10% [102]. 

4.4 Preclinical investigations of MSCs in respiratory viral infection: insights for COVID-19  

MSCs have not been investigated in preclinical models of COVID-19.  MSC administration in viral models of 

lung injury may provide insight, however, they have reported conflicting findings (Table 1).  

In terms of lung inflammation, injury, and effect on survival, Chan et al, 2016, demonstrated in H5N1 infected 

aged mice, MSC administration 5 days post infection reduced histological lung injury, lung oedema, and pro-



inflammatory cytokines in BALF [103]. In this model survival benefit up to day 18 was demonstrated in aged 

mice but not in young mice. Loy et al, 2019, also investigated MSC administration 5 days post infection in a 

H5N1 murine model and demonstrated a reduction in body weight loss, pulmonary vascular permeability, and 

proinflammatory cytokines [104].  A trend towards improved survival was seen following MSC administration 

in this model, however, it did not achieve statistical significance [104].   Li et al, 2016, investigated early 

administration of MSCs in a murine H9N2 influenza model and reported reduced lung oedema, improved gas 

exchange, and a non-significant trend towards improved survival at day 3 [105]. In contrast, in vivo studies of 

murine and human MSC administration in small animal models of H1N1 infection have failed to demonstrate 

benefit in survival, histological lung injury, or inflammatory response [106,107].  However, administration of 

MSC derived extracellular vesicles (MSC-EVs), as a cell free alternative, has been demonstrated to be beneficial 

in a large animal swine model of H1N1 influenza [108]. In this study by Khatri et al, 2018, MSC EVs were 

administered 12 hours post infection and reduced histological lung injury was demonstrated, with only minor 

inflammatory cell infiltration compared to extensive lung lesions, characterised by inflammatory cell infiltrate, 

alveolar thickening, and alveolar collapse, which were seen in control H1N1 infected swine.  

Similarly, the effect of MSCs on viral load in these in vivo models is conflicting and is summarised in Table 1.  

Small animal models of H5N1 or H9N2 influenza have not supported antiviral activity of MSCs, with no 

difference in lung viral titres, despite a reduction in inflammation, lung oedema, and trends towards improved 

survival following MSC administration [104,105,109]. In contrast, Gotts et al, 2014, demonstrated a modest 

reduction in lung viral titres following MSC administration in H1N1 infected mice, despite the absence of any 

beneficial effects on histological or biochemical markers of lung injury [107].  

In the swine MSC-EV model described above, Khatri et al, 2016, demonstrated MSC-EV administration lowered 

nasal and lung viral titres 100-fold [108].  In vitro studies also support the antiviral activity of MSCs.  In swine 

lung epithelial cells (LECs) infected with H1N1 influenza, MSC-EVs reduced viral replication and viral induced 

LEC apoptosis [108]. Mechanisms underlying the antiviral mechanisms of MSCs require further investigation. 

The antiviral activity of MSC-EVs was reduced by pre-treatment of MSC-EVs with Rnase enzyme suggesting 

antiviral activity is mediated in part by the RNA content of MSC-EVs [108]. Antimicrobial peptides secreted by 

MSCs may also have a role in their antiviral activity, LL-37 for instance has been shown to have in vitro antiviral 

activity against influenza A [110].  MSCs are known to regulate immune cell responses in models of ARDS and 



sepsis, including induction of T-regulatory cells which aid viral clearance, but regulation of the immune cell 

response in respiratory viral models requires further investigation [62]. Importantly, despite the 

immunomodulatory actions of MSCs, in vivo studies have not demonstrated trends towards increased viral 

activity [103-108].  

Variation in the efficacy of MSCs in preclinical viral models may in part be explained by the response of MSCs 

and the host to different viral strains. In vitro studies have demonstrated that viral infection of human alveolar 

epithelial cells (AECs) with H5N1 and H7N9 influenza increased their protein permeability and decreased their 

fluid clearance, but this did not occur in H1N1 influenza infected  human AECs [103]. Further, in vitro studies 

have demonstrated MSCs possess influenza virus receptors and are susceptible to influenza viral infection, 

which may alter their functional properties [111]. The absence of such receptors on cell free alternatives, such 

as MSC-EVs, may contribute to their antiviral activity in the swine H1N1 model [108]. SARS-COV-2, the viral 

pathogen causing COVID-19, enters host cells by binding with Angiotensin Converting Enzyme-2 (ACE2) 

receptors on cell surfaces. It is therefore of interest that in a study of clinical grade MSCs for administration to 

COVID-19 patients the MSC population lacked ACE2 receptors [112]. Preclinical mouse models have limitations 

in the study of viral infections due to differences in cellular receptors for viral entry and innate immune 

responses, resulting in reduced susceptibility to human viruses and reduced disease severity [113]. Mice are 

not natural hosts for influenza virus: the virus requires repeated laboratory passage and adaptation before 

being able to initiate infection and replication in the murine respiratory tract [114].  This limits the use of 

murine models to study influenza pathogenesis. 

Transgenic mice expressing human ACE2 have been found to be a useful model for studying SARS-COV-2 and 

the study of MSCs in this model will provide interesting insights regarding their mechanisms and efficacy in 

COVID-19 [115]. 

 

 

 

 



5.0 Clinical trials of MSCs and MSC derived products in ARDS, sepsis and viral respiratory infections  

5.1: Safety in clinical trials  

Clinicaltrials.gov (accessed July 2020) records over 1100 registered clinical trials involving MSC therapy. MSC 

products have been approved for clinical use in Crohn’s perianal fistulae and graft versus host disease 

following successful Phase 3 clinical trials [116,117]. A recent systematic review and meta-analysis of 

intravascular MSC therapy between 1980 and April 2019 included 55 randomised control trials (RCTs) 

conducted in 12 different countries with a total of 2696 patients [118]. Conditions included cardiovascular, 

neurological, renal, liver, respiratory, endocrine, haematological/oncological malignancies, immune deficient 

and inflammatory conditions, general frailty, and sepsis. Overall, it was demonstrated MSC therapy compared 

to controls was associated with an increased risk of fever (Relative Risk (RR) = 2.48, 95% CI 1.27 to 4.86).  There 

was no difference between MSC therapy compared to controls in non-fever acute infusion-related toxicity, 

infection, thrombotic/embolic events, or malignancy (RR = 1.16, 0.99, 1.14, 0.93; 95% CI 0.70 to 1.91, 0.81 to 

1.21, 0.67 to 1.95, 0.60 to 1.45). Furthermore, the risk of death was significantly lower in the MSC treated 

group compared to controls (pooled analysis 40 studies, n = 1991 patients, RR 0.78, 95% CI 0.65 to 0.94), thus 

demonstrating the potential benefits and limited risks of MSC therapy.  Theoretical concerns regarding the 

tumorgenicity of MSCs have been raised but no signals of tumorigenic potential have been reported in clinical 

studies [118]. There is emerging evidence of anti-tumorigenic properties of MSCs, and MSC therapy is 

currently being investigated as a cancer therapy in clinical trials [119]. MSCs are reported to have pro-

coagulant effects in in vitro and in vivo studies, mediated in part through expression of tissue factor, however, 

this risk has not translated to clinical trials [118,120,121]. Ongoing safety evaluation, including long term 

follow up, remains important in MSC clinical trials.  

An interesting approach to this challenge is by the use of healthy volunteer disease simulating models.  MSC 

administration has been studied in a human in vivo model of LPS endotoxaemia. Perlee et al, 2018, evaluated 

the effects of intravenous administration of adipose derived MSCs on the early inflammatory response to 

intravenous LPS in healthy male subjects in a randomised placebo-controlled study. Participants were 

randomised to receive either placebo or 0.25, 1, or 4 x 106 cells/kg (n = 32, n = 8 per study group) [121]. MSCs 

were generally well tolerated with no difference in haemodynamic or respiratory parameters. An enhanced 

febrile response was demonstrated in subjects treated with the highest dose of MSCs (4 x 106 cells/kg).  Six 



adverse events (AEs) were reported, two of which were related to MSC administration, including throat 

irritation and pruritis. MSC administration modulated inflammatory cytokine responses, with increased IL-8, IL-

10 and TGF-b release. The administration of high dose MSCs (4 x 106 cells/kg) was associated with a transient 

increase in markers of coagulation activation, including thrombin-antithrombin complexes (TATc) and d-dimer. 

LPS administration resulted in a fibrinolytic response, with increased plasma concentration of tissue type 

plasminogen activator (tPA), which was attenuated by administration of high dose MSCs (4 x 106 cells/kg) 

[121]. In vitro studies of the MSCs used in these experiments suggested procoagulant effects were tissue factor 

dependent. Despite these procoagulant effects there was no evidence of clinically relevant thromboembolic 

events in this study [121].   

5.2  MSCs in ARDS and Sepsis clinical trials (Summary Table 2 and Table 3)   

Zheng et al, 2014, conducted a small Phase 1 randomised placebo-controlled trial of adipose derived MSC 

therapy in patients with moderate to severe ARDS. Patients received either a single infusion of MSCs (1 x 106 

cells/kg) or placebo (n = 6 in each group) within 48 hours of enrolment. No infusion related toxicity or serious 

adverse events (SAEs) were reported. SP-D levels, a marker of epithelial cell injury, were significantly 

decreased in the MSC group at day 5 compared to baseline, but did not differ significantly from the control 

group [122]. Yip et al, 2020, conducted a Phase 1 dose escalation study of umbilical cord derived MSCs in 

patients with moderate to severe ARDS who had failed to respond to conventional therapy at 5 days [123]. 

Patients received a single intravenous infusion of either 1, 5, or 10 x 106 cells/kg (n = 3 per dose). Three mild 

adverse events (AEs) related to MSC infusion were reported (n = 2 transient desaturation and hypotension; n = 

1 generalised rash), however, no dose limiting toxicity or SAEs were reported. Lv et al, 2020, conducted an 

open label, single arm study administering a single intravenous infusion of umbilical cord MSCs (1 x 106 

cells/kg) in patients with sustained moderate to severe ARDS after 24 hours of conventional therapy (n = 22).  

No infusion associated events within 24 hours were reported, however, there is a lack of event reporting 

beyond this [124]. 

Matthay et al, have undertaken Phase 1 and Phase 2 studies of allogeneic bone marrow derived MSC therapy 

in patients with moderate to severe ARDS (START 1 and START 2) [125,126]. Cryopreserved bone marrow 

derived MSCs were thawed and washed to remove the cryoprotectant dimethylsulfoxide (DMSO) prior to 

dilution for administration. In Phase 1, an open label dose escalation trial, no infusion associated AEs were 



reported and doses up to 10 x 106 cells/kg predicted body weight (PBW) were well tolerated. In Phase 2, a 

randomised double-blind placebo controlled trial, patients received either a single intravenous infusion of 

MSCs (10 x 106 cells/kg PBW) or placebo (n = 40 MSC group, n = 20 control group) [126]. Patients were 

excluded if ARDS had been present for more than 96 hours.  No infusion related AEs were reported. Mortality 

at day 28 and day 60 was non-significantly higher in the MSC group compared to the placebo group (Day 28: 

30% vs 15%, OR 2.5, p = 0.34; Day 60: 38% vs 25%, OR 1.8, p = 0.40). Baseline APACHE III score was higher in 

the MSC group, suggesting increased physiological disturbance, and adjustment for APACHE III score reduced 

the hazard ratio (HR) for mortality (D28 Adjusted HR 1.43, Unadjusted HR 2.15; D60 Adjusted HR 1.19, 

Unadjusted HR 1.68). A post-hoc analysis revealed cell viability following the wash process was lower than had 

been expected (range 36% to 85%). Viability dependent effects were seen with angiopoietin-2 (Ang-2), a 

marker of endothelial damage, which significantly decreased after administration of MSCs with a greater 

viability. Similarly, an association between improved oxygenation index and greater MSC viability was evident. 

The START investigators are currently recruiting to a Phase 2b RCT of MSC therapy in moderate to severe ARDS 

(STAT trial, NCT03818854) aiming to recruit 120 patients to receive 10 x 106 cells/kg or placebo within 120 

hours following ICU admission.  

MultiStem® bone marrow derived multipotent adult progenitor cells (MAPC) have been investigated in the 

Phase 1/2 MUST-ARDS clinical trial, an open label dose escalation study followed by randomised placebo-

controlled trial (NCT02611609). MAPC meet the minimal defining criteria for MSCs but are reported to have a 

greater proliferation capacity than traditional MSCs [22,127]. Preliminary results report MultiStem® treatment 

reduced 28-day mortality (from 40 to 25%), increased ventilator free days (from 9.2 to 12.9 days) and 

increased ICU-free days (from 9.2 to 10.3 days). However, the trial has only been reported in abstract form to 

date and is underpowered to assess clinical outcomes [128].  

Chen et al, 2020, published an open label study of menstrual blood-MSC therapy for H7N9 viral induced 

moderate to severe ARDS [129]. MSCs at a dose of 1 x 106 cells/kg were administered at varying stages of 

ARDS (defined as early or late) and patients received multiple infusions (either 3 or 4). No infusion related 

toxicity or SAEs were reported. A control group of 44 patients with H7N9 viral induced ARDS was included in 

the analysis, however, no detail on selection of the control group is provided.  Though survival was reported to 

be higher in the experimental group compared to the control group (82.4% vs 45.5).   



McIntyre et al, 2018, reported the Phase 1 Cellular Immunotherapy for Septic Shock (CISS) open label, dose 

escalation trial of bone marrow derived MSC therapy.  Patients received a single intravenous infusion of either 

0.3, 1 or 3 x 106 cells/kg (n= 3 per dose) within 30 hours of admission to ICU. No MSC infusion associated AEs 

or SAEs were reported [130]. No signals of safety concerns or efficacy were detected in serial biomarker 

measurements up to 72 hours following MSC administration.  Similarly, He et al, 2018, conducted an open 

label dose escalation trial of umbilical cord derived MSCs in patients with sepsis [131]. Patients with onset of 

severe sepsis within the previous 24 hours were enrolled to receive a single intravenous infusion of either 1, 2 

or 3 x 106 cell/kg (n = 5 per dose). No SAEs related to the MSC infusion within 24 hours following MSC therapy 

were reported. Mortality was comparable to a historical case matched control group (20%, 3/15 MSC group vs 

26%, 4/15 historical group). Pro-inflammatory biomarkers (including IL-6, IL-8, TNF-a, and CRP) declined 

between baseline and day 8 but no significant differences were identified between dose cohorts. Surviving 

patients were followed up for 18 months and no AEs were reported during this time. Thirdly, Galstyan et al, 

2018, reported an open label, randomised controlled trial of bone marrow derived MSC therapy for septic 

shock in neutropenic patients (WCC < 0.5 x 109/l). Patients received either conventional therapy for septic 

shock (CT group n = 15) or conventional therapy plus a single intravenous infusion of bone marrow derived 

MSCs at a dose of 1 x 106 cells/kg within 10 hours of onset of septic shock (CT + MSCs group n = 15) [132]. MSC 

therapy was well tolerated with no infusion related reactions or respiratory or cardiovascular compromise. 

MSC therapy was associated with increased 28-day survival (CT + MSC 60% (9/15) vs CT only 20% (3/15), p < 

0.05), however, no between group difference in survival was seen at 3 months and given the small sample size, 

conclusions regarding efficacy are limited.  

5.3 MSCs in COVID-19 trials and reports (Summary Table 4)    

MSC therapy in COVID-19 patients has been reported in open label, uncontrolled studies or on a 

compassionate use basis.  Leng et al, 2020, reported administration of 1 x 106 MSCs/kg to 7 patients with 

COVID-19 pneumonia who had failed to improve with conventional therapy [133]. A placebo control group (n = 

3) were enrolled in the study once all 7 patients in the MSC group had received the MSC intervention. 

Symptoms were reported to improve following MSC administration and no infusion related AEs were reported. 

The authors suggest an increase in peripheral blood regulatory T cells and dendritic cells in patients with more 

severe COVID-19, and reduction in circulating IL-10 and TNF-a levels, provide evidence of immunomodulation 



[133]. Chen et al, 2020, reported a retrospective review of 25 patients who received MSC therapy (between 1 

and 3 infusions of 1 x 106 cells/kg) for COVID 19 pneumonia [134]. Data reported is extremely limited, with no 

detail of baseline physiological status or COVID-19 severity. All patients are reported to have made a clinical 

improvement and 64% of patients had evidence of radiological improvement, though the definition of what 

constituted an improvement was not provided and there was no comparator group. Infusion related side 

effects were reported in 3 patients, including liver dysfunction, heart failure, and an allergic reaction, however, 

further detail of these events is absent [134]. Sengupta et al, 2020, have reported an open label cohort study 

investigating exosomes derived from bone marrow MSCs (ExoFloTM) as a treatment for severe COVID 19 

pneumonia [135]. Eligible patients had been symptomatic for more than 72 hours and had evidence of clinical 

deterioration, indicated by a decreasing PaO2/FiO2 ratio. A single intravenous infusion of ExoFloTM (15 ml in 

100ml saline) was administered to 24 patients with severe COVID 19 pneumonia, including patients who 

required supplemental oxygen or non-invasive ventilation (n = 21) and patients who required invasive 

mechanical ventilation due to hypoxaemic respiratory failure (n = 4). No infusion related events or treatment 

related AEs were observed.  Improvement in oxygenation was reported in 80% of patients following ExoFloTM 

administration. Acute phase reactants, including CRP, ferritin, and D-dimer were significantly reduced from 

baseline to day 5 following ExoFloTM administration [135].  

Sanchez-Guijo et al, 2020, report administration of adipose derived MSCs to mechanically ventilated patients 

with COVID-19 pneumonia on a compassionate use basis (n = 13) [136]. Severity of illness at baseline (and 

whether patients fulfil ARDS criteria) is unclear, however, patients were eligible to receive treatment when 

there was radiological evidence of > 50% disease progression over the previous 24 to 48 hours. Patients 

received between 1 and 3 intravenous infusions of a target dose of 1 x 106 cell/kg with the total number of 

infusions dependent on clinical response.  No adverse events related to MSC infusion were reported. Of note, 

patients who were successfully extubated at follow up at 16 days (n = 7, 53%) had received cells earlier than 

those who were not extubated (median time from intubation to MSC administration, 5 days vs 10 days).  

While these studies do not highlight safety concerns regarding the use of MSCs in COVID-19, their small 

sample size, potential for selection bias, and absence of an appropriate control group limit the conclusions 

that can be drawn and at present there is no conclusive evidence of efficacy for MSCs in COVID-19.  

Importantly, after a number of case series, a range of randomised controlled clinical trials of MSC therapy for 



COVID-19 has emerged (Table 4, including 8 studies investigating MSC administration in COVID-19 ARDS). 

Investigation in robust clinical trials is required to determine efficacy of MSC therapy in COVID-19 and it is 

hoped the rapid emergence of planned clinical trials will address this.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6.0  Optimising therapeutic potential of MSC therapy in ARDS, Sepsis and COVID-19  

6.1 Manufacturing Considerations  

MSCs are a heterogenous cell population which vary in their phenotype and functional characteristics 

depending on their source and methods of isolation and expansion, including the passage number (number of 

subdivisions in culture). Clinical studies in ARDS and sepsis have investigated MSCs from various sources 

(including adipose, umbilical cord (UC), and bone marrow (BM)), however, the optimal source is yet to be 

determined. In vitro studies have demonstrated UC tissue (Wharton’s Jelly) derived MSCs exhibit superior 

immunosuppressive properties compared to BM-MSCs, adipose-MSCs, and placental MSCs [137,138]. Alcayaga 

et al, 2015, demonstrated menstrual blood-MSCs have enhanced antimicrobial properties in vitro compared to 

BM-MSCs [45]. In a murine CLP model comparing UC-MSCs to BM-MSCs, UC-MSCs exhibited an enhanced anti-

inflammatory profile with increased T-regulatory cells within the lungs [139].  UC-MSCs but not BM-MSCs 

increased bacterial clearance and survival but differences between UC-MSCs and BM-MSCs were not 

significant. In rodent E.coli models, BM-MSCs demonstrated equivalence to UC-MSCs in improving 

oxygenation, lung compliance, bacterial clearance, BALF neutrophilia, and pro-inflammatory BALF cytokines 

[64,140]. MSCs from UC or placental sources may be practically advantageous as they are isolated from tissue 

sources that are readily available and usually biological waste products. They have been reported to have 

greater MSC density, providing a greater MSC yield, and have enhanced proliferation capacity therefore can be 

more rapidly expanded than other MSC sources [141].  

MSCs are traditionally isolated by plastic adherence, however, advanced isolation techniques using specific cell 

surface markers may be favoured in future ATMP regulatory requirements. Cell surface markers investigated 

as potential candidates for advanced MSC isolation include Stro-1, CD271, stage-specific embryonic antigen-4 

(SSEA-4), CD246, and CD362 (Syndecan-2). Unfortunately, cell surface markers identified to date have not 

provided functional advantages and limitations include the lack of universal expression by all MSCs and a lack 

of correlation with proliferation capacity, multipotency, and functionality [65,142].  CD362 (Syndecan-2) 

enriched MSCs have been investigated in bacterial and ventilator induced lung injury (VILI) models and 

demonstrated comparable reparative properties to traditionally isolated MSCs [64,65]. CD362 enriched MSCs 

are currently undergoing investigation in a Phase 1/2 clinical trial of ARDS and COVID-19 ARDS (NCT03042143) 

[100]. MSC expansion is essential to achieve sufficient therapeutic cell doses, however, Horie et al, 2020, have 



demonstrated expansion beyond passage 3 was associated with reduced therapeutic efficacy in a rodent E.coli 

model [64]. Traditionally, foetal bovine serum (FBS) has been used as culture medium for MSC expansion. 

Xeno-free culture mediums are an alternative which negate theoretical immune and infective risks and may 

confer functional advantages [143]. In a rodent E.coli model, UC-MSCs cultured in xeno-free medium retained 

their typical MSC phenotype and demonstrated efficacy [140]. Further investigation is required to determine 

the optimal culture conditions in models of ARDS and sepsis.   

Cryopreservation of allogeneic MSC therapies facilitates availability of ‘off the shelf’ products which are 

necessary for timely MSC administration in critical illness. Cryopreserved MSCs exhibit preserved 

immunomodulatory, reparative, and antimicrobial properties in models of ARDS and sepsis [47,64]. If clinical 

trials of MSCs in patients with sepsis, ARDS, and COVID-19 demonstrate efficacy, and approval for clinical use 

is granted, upscaling of MSC manufacturing will be required to facilitate patient access on a larger scale. 

Automated methods to aid large scale MSC production are currently being developed, including AUTOSTEM, a 

European commission funded research and innovation project [144].  

6.2 Preconditioning to enhance MSC activity (Summary Table 5) 

Preconditioning (or priming) during the manufacturing process involves exposure of MSCs to stimuli during 

culture and expansion to enhance their biological function, survival, and therapeutic efficacy. In models of 

ARDS and sepsis preconditioning with various agents has been investigated but has yet to translate to clinical 

trials. Horie et al, 2020, demonstrated in a rodent VILI model, MSCs primed with a combination of cytokines 

(IL-1b, TNF-a and IFN-g) enhanced resolution of histological evidence of VILI, restored oxygenation, improved 

lung compliance, and reduced lung oedema [145]. Baudry et al, 2019, demonstrated that IFN-g preconditioned 

MSCs, in a murine sepsis model, had beneficial effects on the microcirculation by increasing the flow of 

leucocytes, decreasing leucocyte adhesion, and increasing red blood cell velocity [77].  

Hypoxic preconditioned MSCs, in vitro, demonstrate increased migration, enhanced survival, pro-angiogenic 

and anti-apoptotic mechanisms [146-148]. Alcayaga et al, 2015, have demonstrated MSCs exposed to hypoxia 

in vitro have reduced expression of the antimicrobial peptide hepcidin, though the in vivo consequences on 

antimicrobial activity were not investigated [45]. Li et al, 2015, provide limited evidence of the benefit of 



hypoxic preconditioned MSCs in a murine LPS model with a reduction in BALF leucocyte and neutrophil 

infiltration, however, no data were reported on functional outcomes or cytokine analysis [149].  

Tsoyi et al, 2016, investigated carbon monoxide (CO) preconditioned MSCs (CO-MSCs) in a murine model of 

CLP sepsis and demonstrated enhanced survival, bacterial clearance, and improved liver and kidney function in 

comparison to nonpreconditioned MSCs [150]. CO-preconditioning appeared to enhance the therapeutic 

window for administration with benefits persisting with delayed administration of CO-MSCs. Mechanistic 

studies by Tsoyi et al, 2016, suggested CO-preconditioning enhanced MSC function by enhancing their lipid 

mediator production, particularly D series resolvins. Silencing of lipoxygenase pathways, involved in lipid 

mediator biosynthesis, diminished the enhanced efficacy of CO-MSCs in vitro and in vivo [150]. 

Eicosapentaenoic acid (EPA), a polyunsaturated fatty acid and precursor of pro-resolving lipid mediators, has 

also been investigated as a preconditioning agent for MSCs in a murine CLP model [54]. EPA preconditioning 

enhanced expression of PGE2, IL-10, resolvin-D1, and TGF-b1 by MSCs in vitro. In vivo, EPA preconditioned 

MSCs, compared to nonpreconditioned MSCs, enhanced survival, improved lung mechanics, reduced clinical 

severity scores, and further reduced evidence of distal organ injury.   

Endotoxin from strains of gram negative bacteria (Pseudomonas, Acinetobacter, and Acinetobacter inactivated 

lipid A LPS) and Staphylococcal enterotoxin B have been investigated as MSC preconditioning agents in murine 

peritoneal sepsis models [151,152]. Enhanced survival and improved bacterial clearance were demonstrated in 

vivo in mice treated with LPS-MSCs and Staphylococcal enterotoxin B-MSCs in comparison to naïve MSCs. In 

vitro studies suggested Staphylococcal enterotoxin B-MSCs and LPS-MSCs enhanced antimicrobial activity in 

part by enhanced expression of the antimicrobial peptides, Hepcidin and LL-37 [151,152].  

6.3 Gene transfection to enhance MSC activity (Summary Table 6) 

MSC transgenic studies have demonstrated the potential to enhance MSC function in models of ARDS and 

sepsis. Downregulation of hippo signalling pathways (via LATS2 knockdown) enhanced the efficacy of MSC 

administration in a murine LPS model [153]. Hippo signalling regulates cell proliferation and differentiation and 

its downregulation was shown to enhance survival of MSCs and increase differentiation to ATII cells. Enhanced 

regenerative properties were illustrated by increased resolution of histological lung injury and a reduction in 

lung fibrosis indicated by reduced collagen deposition [153]. Overexpression of the Wnt/B-catenin pathway 



has also been demonstrated to enhance the reparative effects of MSCs in a murine LPS model with increased 

MSC retention in the lung and differentiation to ATII cells [76]. Functional benefits of B-catenin overexpressing 

MSCs included decreased histological lung injury, decreased pulmonary vascular permeability, and a reduction 

in collagen deposition within the lungs. Increased occludin protein expression, indicating enhanced formation 

of endothelial tight junctions, was demonstrated with administration of both B-catenin overexpressing MSCs 

and Hippo downregulated MSCs [76,153]. In contrast, MSCs with knockdown of Stanniocalcin-2 (STC2), a 

regulator of calcium metabolism with known anti-apoptotic and anti-oxidant properties, diminished the 

beneficial effects of MSCs in a murine LPS model [154]. STC2 knockdown MSCs in vitro demonstrated 

increased expression of ROS, increased apoptosis, and were less effective modulators of alveolar macrophage 

activity [154]. STC2 knockdown MSCs had reduced expression of nuclear factor erythroid-2 related factor 2 

(Nrf2) and HO-1 genes, which are involved in oxidative stress responses. Nrf2 and HO-1 overexpression by 

MSCs has been demonstrated to enhance their beneficial effects in LPS models of ARDs [155,156]. 

The benefit of MSCs overexpressing growth factors, including KGF and HGF, has been demonstrated in models 

of ARDS. Chen et al, 2013, investigated KGF expressing MSCs in a murine LPS model and demonstrated 

increased KGF mRNA expression and KGF protein levels in lung tissues [157]. KGF expressing MSCs significantly 

improved lung oedema and microvascular permeability at 24 and 72 in comparison to both naïve MSCs and 

controls and demonstrated enhanced the immunomodulatory actions, with a reduction in BALF neutrophils 

and pro-inflammatory cytokines (IL-1b and TNF-a). Surfactant protein production was enhanced by KGF 

expressing MSCs leading the authors to postulate the enhanced benefit of KGF expressing MSCs is mediated by 

enhanced proliferation of ATII cells. Furthermore, in a rodent LPS model, the beneficial effects seen with naive 

MSCs were attenuated by KGF knockdown MSCs [158]. In a murine LPS model, HGF overexpressing MSCs 

enhanced the beneficial effects of MSCs, reducing lung oedema and reducing histological lung injury, while 

MSCs underexpressing HGF had reduced beneficial effects compared to naïve MSCs [61]. Administration of 

MSCs overexpressing Angiopoietin 1 has been shown to be protective in murine LPS models restoring 

pulmonary vascular permeability to levels comparable to control mice [70,159].  

Overexpression of the anti-inflammatory cytokine IL-10 enhances the immunosuppressive and antimicrobial 

potential of MSCs in live bacteria and endotoxin models of ARDS [160,161]. Jerkic et al, 2019, demonstrated IL-

10 expressing MSCs enhanced survival, bacterial clearance, and phagocytic activity of alveolar macrophages in 



a rodent E.coli pneumosepsis model [160]. Wang et al, 2018, similarly demonstrated IL-10 expressing MSCs 

enhanced survival and reduced markers of pulmonary vascular permeability in a murine LPS model [161]. 

Treatment with IL-10 expressing MSCs produced a persistent increase in serum IL-10 levels, in comparison to 

treatment with IL-10 alone, which only produced a transient peak in serum IL-10 levels. Thus, demonstrating 

altered gene expression by MSCs can enhance MSC function and produce sustained modulation of their 

immunoregulatory effects. 

6.4 MSC-derived products as cell free alternatives  

MSC extracellular vesicles (EVs), including microvesicles (MVs), nanovesicles (NVs) and exosomes, and MSC 

conditioned medium (CM), are cell free alternatives, which demonstrate efficacy in models of ARDS and sepsis 

[32,75,89,162-167]. MVs are small (100-1,000 nm) cell-derived particles containing proteins, mRNA, miRNA, 

and lipids, which arise from the plasma membrane and are formed by its outward blebbing. Exosomes are 

similar, however, arise from intraluminal vesicles, are smaller (30-100 nm), and are formed by fusion of 

intravesicular bodies with the plasma membrane. Both are secreted at a relatively slow rate, while 

nanovesicles, which share many similarities can be produced by serial extrusions of cells.  MSC EVs and MVs 

are associated with survival benefit in small animal models of E.coli pneumonia [165,166]. Similar to MSCs, 

MSC derived products have demonstrated immunomodulatory, antimicrobial, and reparative effects. Park et 

al, 2019, demonstrate in a model of peritoneal sepsis, that MSC NVs are capable of attenuating the systemic 

response to sepsis with maintenance of body temperature, a reduction in circulating cytokines, and 

attenuation of leucocyte responses [163]. In an E.coli EVLP model MSC MV administration restored AFC, 

reduced histological lung injury, and demonstrated antimicrobial properties with enhanced bacterial clearance 

[168]. While MSC MVs appear to harness many of the beneficial effects of MSCs in models of ARDS and sepsis, 

they may not be as efficacious as MSCs. Silva et al, 2019, demonstrated MSCs are superior to MSC EVs in their 

ability to restore markers of histological lung injury, modulate alveolar leucocyte infiltration, and reduce lung 

oedema [164]. In contrast, Monsel et al, 2015, demonstrated MSCs and MVs derived from MSCs were similarly 

efficacious [166]. Similar to MSCs, the potency of MSC MVs can be enhanced by priming approaches. Varkouhi 

et al, 2019, demonstrated MSC EVs from IFN-g primed MSCs have enhanced efficacy in comparison to MSC EVs 

from unprimed MSCs [165]. Song et al, 2016, demonstrated MSC exosomes from IL-1b primed MSCs 

significantly improved survival compared to exosomes from naïve MSCs in a model of CLP sepsis [89]. 



Several studies in models of ARDS have demonstrated MSC CM provides similar efficacy to MSCs alone 

[32,44,101]. However, in a rodent VILI model of ARDS, MSCs demonstrated superior efficacy to MSC CM alone 

during the early recovery from VILI [169]. Nonetheless, MSC CM presents a potential novel cell free alternative 

to MSCs and further investigation is required to determine if its therapeutic potential could be enhanced by 

dosing alterations, increased frequency of administration, or priming approaches. Nebulised MSC CM has been 

shown to maintain its antimicrobial activity in vitro and provides a direct route of administration, however, it 

has not been investigated in in vivo models [170]. Potential disadvantages to MSC CM include the challenge of 

delivering to the site of injury/inflammation and avoiding first pass metabolism in the liver, but also the 

absence of cells in a CM product means the product cannot respond to the environment, unlike MSCs 

themselves, which have been likened to a “living drug” [171]. 

6.5 Optimal dosing regimens  

The optimal dosing regimen for clinical administration of MSCs has not been determined. Clinical trials 

conducted to date in ARDS and sepsis have administered a single intravenous infusion of MSCs, with doses 

ranging from 0.3 x 106 cells/kg to 10 x 106 cells/kg. Dose dependent effects have been demonstrated in 

preclinical models of ARDS and sepsis [34,67,83]. Jerkic et al, 2020, have reported beneficial effects in a dose-

dependent manner with greatest benefit at a dose of 10 x 106 cells/kg (compared to placebo, 2 x 106  cells/kg 

and 5 x 106 cells/kg) in rodent models of polymicrobial systemic sepsis [83]. In a human LPS model, dose 

dependent adverse effects were demonstrated at the highest dose investigated (4 x 106 cells/kg) with 

enhanced febrile response and coagulation activation [121]. In clinical trials, doses up to 10 x 106 cells have 

been well tolerated without infusion related toxicity [125,130]. Dose dependent effects on measures of 

efficacy have not been demonstrated in clinical trials, however, the primary aim of dose escalation studies 

using different doses of MSCs has been to determine safety and the numbers of patients (n = 3 to 5) in each 

dose cohort has been too small to detect clinically significant differences in measures of efficacy 

[122,123,125,130,131]. It is noteworthy in the START Phase 2a trial, trends towards improvement in 

oxygenation index and biomarkers of endothelial damage (Ang-2) were greatest in patients receiving the 

highest number of viable cells, pointing towards potential dose dependent effects.[126] .  

Similarly, the efficacy of MSC EVs appears to be dose dependent. In a murine endotoxin model, doubling the 

MV dose from 15 microliters (uL) (equivalent to MVs released from 1.5 x 106 MSCs over 48 hrs) to 30 uL 



increased measures of efficacy, however, further doubling to 60 uL conferred no additional benefit [167]. MSC 

and MSC derived products, such as EVs and CM, are not equivalent in their functional activity. The MSC 

secretome within a given volume of CM will depend on both the quantity of MSCs it is exposed to and the 

duration of exposure. MSC EV preparations may vary in their composition, concentration, and activity 

depending on the nature of the MSCs they are derived from and the protocols used in their manufacture and 

separation [31]. It is therefore difficult to compare dosing regimens between studies. An effective potency 

assay to predict therapeutic efficacy would be an important development to allow direct comparison of MSC 

products, however, at present this is not available.  

The frequency of MSC administration is a further consideration. In a rodent E.coli model, multiple dosing at 6 

hours and 12 hours conferred additional efficacy to MSC administration compared to administration at 6 hours 

alone [64]. A clear safety signal for MSCs in human subjects is required prior to proceeding to multiple dosing 

regimens and some investigators have proceeded to this approach based on the safety information currently 

available. The SEPCELL Phase 2 randomised placebo controlled trial of two intravenous infusions of allogeneic 

adipose derived MSCs (160 x 106 cells per dose at days 1 and 3) in patients with severe community acquired 

bacterial pneumonia has indicated it completed enrolment (n = 84) in March 2020 and study completion, 

including follow up to day 90, is expected in July 2020 (NCT 03158727, status available at 

https://clinicaltrials.gov/ct2/show/NCT03158727, last accessed July 2020). In clinical trials registered to 

investigate COVID-19 there is variation in both the MSC dose and frequency of administration (see Table 4). 

The rationale for variation in dosing regimens in this population is unclear and lacks the evidence base usually 

required during the clinical development process.  

 

  



7.0 Conclusion  

Preclinical investigations provide compelling evidence for the potential immunomodulatory, reparative, and 

antimicrobial effects of MSCs in models of ARDS and sepsis. Preclinical investigation has shown antiviral and 

reparative effects in some but not all animal models of influenza. These preclinical insights provide a 

therapeutic rationale for MSC treatment in patients with ARDS, sepsis, and COVID-19 ARDS.   The mechanisms 

by which MSCs exert their effects are diverse and include paracrine signalling, direct antimicrobial actions, and 

transfer of mRNA, miRNA, and cellular organelles, including mitochondria, via direct cell contact and 

extracellular vesicles. Where other therapies in ARDS and sepsis targeting specific pathways have failed to 

show efficacy, the multiple mechanisms of actions of MSC therapy are hypothesised to address multiple 

complex pathogenic mechanisms. Clinical trials of MSC therapy in ARDS and sepsis to date have been small, 

early phase studies with the primary aim of evaluating safety, with reassuring safety data to date. Reports of 

MSC therapy for COVID-19 have been in the setting of small, uncontrolled studies with methodological 

limitations. Clinical trials of MSC therapy in ARDS, sepsis, and COVID-19 are ongoing and will provide further 

insights into the safety and efficacy of MSC therapy in these conditions. There is much potential to optimise 

the therapeutic efficacy of MSC products through manufacturing conditions, preconditioning and altered gene 

expression. Furthermore, MSC derived products such as extracellular vesicles and conditioned medium offer 

promise as cell free alternatives to MSCs.  

 

 

 

 

 

 

 

 



8.0 Expert opinion    

Despite an abundance of pre-clinical evidence and early clinical evidence supporting the role of MSCs in ARDS 

and sepsis, a number of challenges remain in optimising the therapeutic potential of MSCs in these conditions. 

Determination of the optimal therapeutic product requires consideration to be given to optimising the cell 

source, method of isolation, and culture conditions. While preclinical investigations suggest dose dependent 

effects and potential benefits of multiple dosing regimens, this remains to be determined in clinical trials. It is 

recognised that many factors can enhance MSC function including growth medium, preconditioning agents, 

and altered gene expression. Cell-free alternatives, including extracellular vesicles and conditioned medium, 

also have promise. Preclinical investigations support each of these approaches individually, however, few have 

translated into clinical practice. At present, there is no effective potency assay to predict the therapeutic 

efficacy of MSCs. Development of a potency assay would help identify the most effective strategies to optimise 

MSC therapeutic function and aid translation of these strategies into clinical product development. The 

heterogenicity of MSC products presents challenges in their clinical development, with each individual MSC 

product requiring robust evaluation in a clinical trial setting. The failure of one MSC product to demonstrate 

efficacy in a clinical trial does not discount all MSC products. Determining the optimal characteristics of MSC 

products specifically for ARDS and sepsis is essential to optimise clinical trial outcomes and strive towards 

successful clinical development. 

Numerous early phase clinical trials of MSC products are underway in the setting of ARDS and sepsis, with 

many COVID-19 studies emerging. As ATMPs, clinical trials of MSCs present regulatory burdens in excess of 

other investigational medicinal products. The additional infrastructure required to facilitate MSC manufacture 

and delivery further complicates clinical trials. It is unsurprising therefore that many registered MSC clinical 

trials are not completed. Nonetheless, several completed MSC trials in ARDS and sepsis have demonstrated 

delivery of this therapy to critically ill patients is feasible in small numbers of patients. Larger, methodologically 

robust, clinical trials are required to evaluate the safety, efficacy, and feasibility of MSC products in these 

patient populations. If clinical trials in ARDS, sepsis, and COVID-19 demonstrate efficacy, advancement of MSC 

products to clinical implementation will provide further logistical challenges. Ideally, potency assays which 

predict the therapeutic efficacy of MSCs should be developed and assessed within the remit of an MSC clinical 

trial. Upscaling of manufacturing will be required to ensure ease of availability; unique infrastructure and 



trained personnel will also be required to deliver an effective cell therapy service. Consideration of these 

challenges during the clinical development of MSC products is required to ensure future implementation and 

delivery of this therapy to critically ill patients with ARDS and sepsis is achievable.   

In relation to COVID-19, preclinical investigations in ARDS, sepsis, and respiratory viral infections provide 

insight into the therapeutic potential of MSCs for this novel pathogen. It is biologically plausible the 

immunomodulatory, reparative, and antiviral properties elicited in these models could translate to COVID-19. 

The scale, rapidity, and poor outcomes of the COVID-19 pandemic have resulted in the rapid emergence of 

clinical trials of MSC therapy in COVID-19. Despite the rapid advancement to clinical trials, evaluation of MSC 

therapy within models of COVID-19 ARDS is essential and should be prioritised to further understand the 

actions and potential efficacy of MSCs in COVID-19.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1: In vivo studies of MSCs in viral respiratory models   

Ref. Author Year Species Viral 
Strain 

Intervention Outcomes Antiviral effects 

104 Loy 2019 Murine H5N1 UC hMSC 
IV 5 x 105 

cells 
5 days PI 
 

Ý survival (not significant) 
Ý body weight 
ß vascular permeability 
Û histological lung injury 
ß IP-10 (CXCL10), MCP-1 
(CCL2), RANTES (CCL5), IL-6, 
TNFa, IL-1b, IL-8 
 

Û Lung viral titres 
(day 7 & day 10 PI) 

108 Khatri 2018 Swine H1N1 BM sMSC-
EVs 
IT 80 ug/kg 
12 hours PI 

ß histological lung injury 
ß vascular permeability 
ß TNFa ß CXCL10 Ý IL-10 (not 
significant) 

ß Nasal or lung viral 
titres (nasal day 1 and 3 
PI, lung day 3 post EV 
administration) 

103 Chan 2016 Murine H5N1 BM hMSC 
IV 5 x 105 
cells 
Day 5 PI 

In aged but not young mice: 
Ý survival 
ß lung oedema and vascular 
permeability 
ß histological lung injury 
In BAL fluid: 
ß CD4+ T cells and NK cells 
Ý macrophages 
ß IP-10 (CXCL10), MCP-1 
(CCL2), MCP-3(CCL7), MIP-1, 
RANTES (CCL5), IL-4, IL-17, 
TNFa 
 

Û Lung viral titres 
(day 7 & day 10 PI) 

105 Li 2016 Murine H9N2 BM mMSC 
IV 1 x 105 
cells 
30 mins or 
Day 1 PI 
 

Ý survival (not significant) 
ß lung oedema 
ß histological lung injury 
Ý oxygenation 
In serum and/or BAL fluid: 
ß GM-CSF, MIG (CXCL9), IL-
1a, IL-6, TNFa, IFY-y Ý IL-10 
 

Û Lung viral titres 
(day 3 PI) 

107 Gotts 2014 Murine H1N1 mMSC or 
hMSC 
IV 5 x 105 
cells 
Day 5 and 
Day 6 PI 

Û weight loss 
Û vascular permeability 
Û lung oedema 
Û histological lung injury 
 
 

ß Lung viral titres 
(day 7 PI) 

106 Darwish 2013 Murine H1N1 BM mMSC or 
hMSC 
IV 2.5 or 5 x 
105 cells 
Day 0, 2 or 
day 5 PI 

Û survival 
Û weight loss 
Û chemokine/cytokines 
Û BAL inflammatory cells 
 

Û Lung viral titres 
(day 6 PI) 

 

hMSC – human Mesenchymal Stromal Cells; mMSC – murine Mesenchymal Stromal Cells; sMSC – swine 
Mesenchymal Stromal Cells; MSC-EVs – Mesenchymal Stromal Cell derived extracellular vesicles; BM – Bone 
Marrow; UC – Umbilical cord; IV – Intravenous infusion; IT – Intrathecal; PI – post infection; BAL – 
bronchioalveolar lavage; Ý increased; ß decreased; Û no effect 



Table 2: Clinical trials MSCs in ARDS 

 

Ref. Author, Year or 
Registration  

Trial 
design 

Patient 
recruitment 

MSC 
source  

MSC route/dose/ 
number of infusions  

Main findings  

129 Chen, 2020 Cohort 
study  

N = 17 
(MSCs) 
N = 42 
(control) 

Allo 
menstrual 
blood  
 

IV,  
1 x 106/kg, 
3 or 4 

No MSC infusion related 
acute toxicity  
Mortality  
17.6 % vs 54.5%  
(MSCs vs control p = 
0.006) 

124 Lv, 2020 
 

Single 
arm, 
open 
label  

N = 22  Allo UC  IV, 
1 x 106 cells/kg, 
1 

No infusion associated 
events  
D60 Mortality 45% 

123 Yip, 2020 
 

Open 
label, 
dose 
escalation 

N = 9  Allo UC  IV, 
1, 5 and 10 x 106 
cells/kg, 
1 

3 mild adverse events 
related to treatment  
In-hospital mortality 
33%  

126 Matthay, 2019 
 

RCT N = 60  
(40 MSC : 
20 control)  

Allo BM IV, 
10 x 106 cells/kg PBW, 
1 

No infusion associated 
events  
D28 mortality 30% vs 
15% 
(MSCs vs control;  
OR 2.4, CI 0.5 – 15.1) 
 

128 Bellingan, 2019 
NCT02611609  
 

Phase 1: 
Open 
label, 
dose 
escalation 
Phase 2: 
RCT 

Phase 1:  
N = 9  
 
Phase 2: 
N = 30  
(20 MSC : 
10 control)  
 

Multistem®  
Allo BM 
MAPC 

Phase 1:  
IV, 
300 and 900 x 106 
cells, 
1 
Phase 2:  
IV 
900 x 106 cells, 
1 

Single grade 1 possible 
infusion related reaction  
No serious adverse 
events   
D28 mortality 25% vs 
40% (MSC vs control) 
 

125 Wilson, 2015 
 

Open 
label, 
dose 
escalation 

N = 9   Allo BM IV, 
1, 5 and 10 x 106 
cells/kg PBW, 
1 

No infusion associated 
events or treatment 
related adverse events  
D60 mortality 22%  

122 Zheng, 2014 
 

RCT N = 12   
(6 MSC :  
6 control)  
 

Allo AT  IV, 
1 x 106 cells/kg, 
1 

No serious adverse 
events related to study 
drugs  

 NCT02804945 
 

Single 
arm, 
open 
label  

N = 20 Unknown  IV, 
3 x 106 cells/kg, 
1 

Completed, not 
published  

 REALIST  
NCT020421143 

Phase 1: 
Open 
Label 
Dose 
escalation  
 
Phase 2:  
RCT 

Phase 1:  
N = 9  
 
Phase 2: 
N = 60  
(30 MSC : 
30 control) 

Allo 
CD362+ UC 
MSC 

Phase 1:  
IV, 
100, 200 and 400 x 
106 cells, 
1  
Phase 2:  
IV, 
400 x 106 cells, 
1 

Phase 1 Complete  
 
Phase 2 Recruiting  

 STAT trial  
NCT03818854 

RCT N = 120  Allo BM 
MSC 

IV,  
10 x 106 cells/kg, 
1 

Recruiting  

 



RCT – Randomised controlled trial; Allo – Allogeneic; BM – Bone Marrow; UC – Umbilical cord; AT – Adipose 
tissue; IV – Intravenous; PBW – predicted body weight 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3: Clinical trials MSCs in Sepsis  

 

Ref Author, Year or 
Registration  

Trial 
design 

Patient 
recruitment 

MSC 
source  

MSC route/dose/ 
number of infusions  

Main findings  

131 He,  
2018 
 

Open 
label, 
dose 
escalation 

N = 15 Allo UC 
MSCs 

IV  
1, 2 or 3 x 106 cells/kg, 
1 

No MSC infusion 
associated events or 
SAEs 
 

130 McIntyre, 2018  
 

Open 
label, 
dose 
escalation 

N = 9  Allo BM 
MSCs 

IV  
0.3, 1 or 3 x 106 
cells/kg, 
1 

No MSC infusion 
associated adverse 
events or SAEs  
 
 

132 Galstyan,  
2018 

Open 
label RCT 

N = 30  
MSC group 
= 15 
Control = 
15   
 

BM MSCs  
 

IV, 
1 x 106 cells/kg, 
1 

28-day survival 20% vs 
60%  
(MSC vs control, p < 
0.05) 
  
 

 SEPCELL  
NCT03158727 

RCT N = 84  Allo AT 
MSCs 

IV,  
160 x 106 cells/dose, 
2 

Completed July 2020  

 CISS 2  
NCT03369275 
 

RCT N = 114 Allo BM 
MSCs 

IV, 
300 x 106 cells, 
2 

Not yet recruiting  

 CHOCMSC 
NCT02883803 

RCT N = 66  MSCs 
(source 
unknown) 

IV 
1 x 106 cells/kg, 
1 

Not yet recruiting  

 

RCT – Randomised controlled trial; Allo – Allogeneic; BM – Bone Marrow; UC – Umbilical cord; AT – Adipose 
tissue; IV – Intravenous; PBW – predicted body weight 

 

 

 

 

 

 

 

 

 

 



Table 4: Clinical reports & trials MSCs in COVID-19  

 

Ref Author, Year  
or 
Registration 

Population  Trial design Patient 
recruitment  

Cell  
source  

MSC  
route/dose/ 
number of 
infusions 

Main findings  

136 Sanchez-
Guijo, 2020  

COVID 19  
Pneumonia  
IMV 

Retrospective 
review  

N = 13  Allo AT 
MSCs 

IV, 
1 x 106 cells/kg, 
1-3 
 
 

No adverse 
events  

134 Chen, 2020 COVID 19 
pneumonia  

Retrospective 
review 

N = 25 Unknown IV, 
1 x 106/kg, 
1-3 

3 treatment 
related adverse 
events 
reported  

135 Sengupta, 
2020 

COVID 19 
pneumonia  

Open label 
study  

N = 24  ExofloTM 

(BM MSC 
derived 
exosomes)  

IV, 
15 ml ExofloTM, 
1 

No infusion 
related 
reactions or 
adverse events   

112 Leng, 2020  COVID 19 
pneumonia  

Case series  N = 7  Unknown  IV,  
1 x 106/kg, 
1 

No acute 
infusion related 
or allergic 
reactions  

 NCT04366063 
 

COVID 19 
ARDS  
 

Open label 
RCT  

N = 60 Unknown  IV, 
100 × 106 
cells/dose, 
2 

Recruiting  

 NCT04355728 
 

COVID 19 
ARDS 

Randomised, 
blinded 
outcome 
assessor  

N = 24 UC MSCs IV, 
100 x 106 
cells/dose, 
2 
 

Recruiting 

 NCT04348461 
 

COVID 19 
ARDS 

RCT N = 100 Allo AT 
MSCs 

IV,  
1.5 x 106 
cells/kg, 
2 

Not yet 
recruiting 

 NCT04371393 
 

COVID 19 
ARDS  
 

RCT N = 300 Mesoblast  
Remestemc
el-L 
BM MSCs 

IV, 
2 x 106 cells/kg, 
2 

Recruiting 

 NCT04345601 
 

COVID 19 
ARDS 

Open label N = 30 BM MSCs IV, 
1 x 108 
cells/dose, 
1 

Not yet 
recruiting  

 NCT03042143 
COVID 19 
REALIST 

COVID 19 
ARDS 

RCT N = 60 REALIST 
Orbcel-C  
Allo UC 
CD362+ 
MSCs 

IV, 
400 x 106 
cells/dose, 
1  

Recruiting  

 NCT04377334 COVID 19 
ARDS  

Open label 
RCT 

N = 40 Allo BM 
MSCs 

Unknown Not yet 
recruiting  

 NCT04333368 
STROMA-
CoV2 

COVID 19 
ARDS  
 

RCT N = 60 UC WJ MSCs IV, 
1 x 106 cells/kg, 
3 

Recruiting 



 NCT04269525 
 

COVID 19 
pneumonia in 
ICU  
 

Open label N = 10 UC MSCs IV, 
9.9 x 107 
cells/dose, 
4 

Recruiting  

 ACTRN126200
00478910 

COVID 19 
pneumonia  

RCT N = 24 UC MSCs  IV, 
5 x 106 cells/kg, 
1 

Not yet 
recruiting  

 NCT04315987 
 

COVID 19 
pneumonia  

Open label N = 66 NestCell® 
(source N/S)  
 

IV, 
2 x 107 cells, 
3-4 

Not yet 
recruiting  

 NCT04252118 COVID 19 
pneumonia 

Open label  N = 20 MSCs N/S 
 

IV, 
3 x 107 
cells/dose, 
3 

Recruiting 

 NCT04366323 COVID 19 
pneumonia 

Open label 
RCT 

N = 26 Allo AT 
MSCs 

IV, 
80 x 106 
cells/dose, 
2 

Not yet 
recruiting 

 NCT04313322 COVID 19 Open label N = 5 Allo WJ 
MSCs 

IV, 
1 x 106 cells/kg, 
3  

Recruiting  

 NCT04336254 COVID 19 
pneumonia 

RCT N = 20 Allo DP 
MSCs 

IV, 
3 x 107 
cells/dose,  
3 

Recruiting  

 NCT04288102 
 

COVID 19 
pneumonia 

RCT N = 90 MSCs N/S IV, 
4 x 107 
cells/dose,  
3 

Recruiting  

 NCT04346368 COVID 19 
pneumonia 

RCT N = 20 BM MSCs IV, 
1 x 106 cells/kg, 
1 

Not yet 
recruiting  

 NCT04273646 
 

COVID 19 
pneumonia 

Open label 
RCT 

N = 48 UC MSCs IV, 
0.5 x 106 

cells/kg, 
4 

Not yet 
recruiting  

 NCT04348435 
 

Risk of 
occupational 
exposure 
COVID 19  

RCT N = 100 Allo AT 
MSCs 

IVI, 
50, 100 or 200 x 
106 cells/dose, 
5 

Enrolling by 
invitation  

 NCT04349631 Risk of 
occupational 
exposure 
COVID 19  

Unknown Unknown  Auto AT 
MSCs 

IV, 
Dose unknown,  
5  

Enrolling by 
invitation 

 NCT04339660 
 

COVID 19 
pneumonia 

RCT N = 30 UC MSCs IV, 
1 x 106 cells/kg, 
2  

Recruiting  

 NCT04302519 
 

COVID 19 
pneumonia 

Open label  N = 24 DP MSCs IV, 
1 x 106 cells/kg, 
3 

Not yet 
recruiting 

 NCT04352803 
 

Hospitalized 
COVID 19 

Open label  
RCT 

N = 20 Auto AT 
MSCs 

IV, 
0.5 x 106 
cells/kg, 
1 

Not yet 
recruiting  

 NCT04371601 
 

COVID 19 
pneumonia 

Open label 
RCT 
 

N = 60 UC MSCs IV,  
10 x 106 cells/kg, 
4 

Active, not 
recruiting 

 NCT04366271 
MESCEL-
COVID19 

COVID 19 
pneumonia 

Open label 
RCT 

N = 106 UC MSCs IV, 
Dose unknown, 
1 

Not yet 
recruiting 

 NCT04362189 
 

Hospitalised 
COVID 19 

RCT  
 

N = 110 Allo AT 
MSCs 

IV, 
100 x 106/dose, 

Not yet 
recruiting  



4 
 NCT04361942 

 
COVID 19 
pneumonia in 
ICU 

RCT N = 24 Allo MSCs  IV, 
1 x 106/kg, 
1 

Recruiting  

 NCT04341610 
ASC COVID-19 

COVID 19 
pneumonia 

RCT N = 40 AT MSCs IV, 
100 x 106 
cells/dose 
1 

Not yet 
recruiting  

 NCT04276987 
 

COVID 19 
pneumonia 

Unknown N = 30 Exosomes 
from Allo AT 
MSCs  

Nebulised,  
2 x 108 nano 
vesicles/3mL, 
5 

Not yet 
recruiting  

 
IV – Intravenous; RCT – Randomised controlled trial; Allo – Allogeneic; BM – Bone Marrow; UC – Umbilical 
cord; AT – Adipose tissue; PBW – predicted body weight; IMV – invasive mechanical ventilation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 5: Studies of MSC pre-conditioning 

Ref Author Year Model Preconditioning  MSC source  Main findings  
64 Horie  2020 Rodent VILI 

model 
Cytokines (IL-1B, 
TNFa, IFN-y)  

BM hMSC 
 

Ýenhanced resolution of 
histological lung injury 
Ýoxygenation 
Ýlung compliance by 
cytokine preactivated MSCs  
ßlung oedema  
ßBALF protein  
ß BALF cell counts  

77 Baudry 
 

2019 Murine sepsis 
model 

IFN-y BM hMSC Beneficial effect on 
microcirculation by 
increasing flow of WBCs, 
decreasing adhesion of 
WBCs, and increasing the 
average red blood cell 
velocity  

164 Silva 2019 Murine LPS 
model  

ARDS serum  BM mMSC or 
EVs  
 

ßalveolar collapse – MSCs > 
EVs  
ßneutrophil infiltration – 
MSCs > EVs  
 ßinterstitial oedema and 
collagen deposition – MSCs 
not EVs  
ßBALF cell count – MSCs = 
EVs 
ßBALF protein MSCs = EV  
Improved lung mechanics – 
MSCs not EVs  
In pARDS: ßTNFa, IL-6, KC, 
VEGF, TGFb– MSCs = EVs  
In Non-pARDS: ßTNFa, IL-6 
(MSCs=EVs), ßKC 
(MSCs>EVs), VEGF (MSCs 
only) Û TGFb  

54 Silva 2019 Murine CLP 
model  

Eicosapentaenoic 
acid  

Adipose mMSC  
 

EPA MSCs Ý expression 
PGE-2, IL-10, TGFb, RvD1  
Ýsurvival 
ßClinical severity score  
Improved lung mechanics  
ßalveolar collapse, 
interstitial oedema, alveolar 
septal inflammation 
ßneutrophil 
infiltration(lung) 
 ßcollagen deposition 
ßIL1-B, KC, TFGb 
ÝVEGF in EPA-MSCs 
ÛIL-10 
ßperipheral cell counts  
ßinjury to distal organs 
(liver, kidney, heart, spleen, 
small bowel)  

151 Saeedi 2019 Murine sepsis 
model 

LPS, oxidative 
stress, serum 
deprivation 

BM mMSC 
  

Ý survival 
ß bacterial load   
ßIL-4 & TNFa  
ÝIL-10 (  
ßAST/ALT by LPS 
preconditioned MSCs  



152 Saeedi 2019 Murine  
peritoneal 
sepsis model  

Staphylococcal 
Enterotoxin B  

BM mMSC Ý survival 
ß bacterial load  
ßIL-4 & TNFa  
ÝIL1-0  
ßAST/ALT 

150 Tsoyi  2016 Murine CLP 
model  

Carbon monoxide BM mMSC  
  

Ý survival  
ßcell death in spleen of CO-
MSCs 
ßALT/AST & creatinine  
ßbacterial load  
Ýclearance of apoptotic 
neutrophils (efferocytosis) 

149 Li  2015 Murine LPS 
model 

Ischaemic/hypoxic 
preconditioning 
(30, 60 or 90 mins) 

BM hMSC or 
Exosome  
  

ßBAL WCC/neutrophil 
count 
MSC exosome ßBAL MIP2, 
BAL Protein  

85 Zhao 2014 Murine CLP 
model  

TLR 3 ligand, poly 
(I:C)  

UC hMSC 
 

Poly (I:C) enhanced 
expression of COX2, IDO, IL-
6 and IL-8 and reduced 
expression of TGFb 
Ý survival 
ß bacterial load  
ßIL-6, TNFa, KC, CCL5 with 
P-MSCs   
ßCreatinine, Amylase, BUN, 
ALT 

 

hMSC – human Mesenchymal Stromal Cell; mMSC – murine Mesenchymal Stromal Cell; EV –Extracellular 
vesicle; BM – Bone Marrow; UC – Umbilical cord; BALF – Bronchoalveolar lavage fluid; CLP – Caecal ligation 
and puncture; VILI – Ventilator induced lung injury; WBCs – White blood cells; WCC – White cell count; BUN – 
Blood urea nitrogen; EPA - Eicosapentaenoic acid; CO – Carbon monoxide; LPS - Lipopolysaccharide Ý 
increased; ß decreased; Û no effect 

 

 

 

 

 

 

 

 

 



Table 6: studies of MSC genetic modification 

Ref Author Year  Model  Gene expression  MSC source Main Findings  
154 Lv  2020 Murine LPS 

model 
Stanniocalcin-2 (STC-
2) knockdown 
(lentiviral 
transfection) 

BM hMSC ßhistological lung injury 
ßlung vascular permeability  
ßBALF leucocyte count 
ßTNFa & IL-17A 
Ýantioxidant activity  

160 Jerkic  2019 Rodent E.coli 
pneumosepsis 
model  

IL-10 expression (IL-10 
recombinant 
adenovirus)  

UC hMSCs Ýsurvival  
Ýlung compliance 
IL-10 MSCs Ý oxygenation 
ßalveolar fluid protein  
ßbacterial load/Ý 
phagocytosis 
IL-10 MSCs ß alveolar 
neutrophils and Ý 
macrophages 
ßTNFa & IL-6  
Rodent IL-10 not Ý 
Human IL-10 Ý in IL-10 MSC 
group  

153 Li 2019 Murine LPS 
model 

Lats 1 downregulation 
(lentiviral 
transfection)  

mMSC 
 

ßhistological lung injury  
ßlung fibrosis 
score/collagen deposition 
ßlung oedema  
ßBALF TP/Albumin 
Ýoccludin expression  
ßIL-1b and IL-6  
ÝIL-4 and IL-10  

61 Lu 2019 Murine LPS 
model 

HGF under- or over- 
expression (lentiviral 
transfection)  

mMSC  
 

ßLung injury  
ßDendritic cell aggregation 
in lung 

155 Chen 2019 Rodent LPS 
model 

Heme-oxygenase-1 
expression 
(HO-1 lentivirus 
transfection)  

BM rMSC 
 

ÝHO-1 mRNA and protein 
expression (enhanced by 
HO1+MSCs) 
Ýsurvival   
ßhistological lung injury  
ßBALF neutrophils  
ßTNFa, IL-1b, NF-kB  
ÝHGF, KGF, IL-10  

161 Wang 
 

2018 Murine LPS 
model 

IL-10 overexpression 
(retroviral 
transfection)  

 Ý survival   
ßweight loss 
ßBALF protein  
ßBALF TNFa 
Ý IL-10  
Ý IL-10 producing T cells and 
B cells in spleen and lung  

156 Zhang  2018 Murine LPS 
model   

Nrf2 overexpression 
(lentiviral 
transfection)  

Adipose hMSC  
  

ßhistological lung injury  
ßlung epithelial cell 
apoptosis 
ßW:D ratio 
ßcollagen deposition  
ßIL-1b, IL-6 
ÝIL-10 
ÝNrf2 mRNA and protein 
exp in lungs 

75 Tang 2017 Murine LPS 
model 

Ang-1 under 
expression (Ang-1 
siRNA lentivirus 
transfection)  

MV (from BM- 
hMSC)  
 

ÝBALF Ang-1 
ßBALF neutrophils  
ßBALF MIP2 
ßBALF Albumin 



ßEvan’s blue dye leakage 
ßhistological lung injury 

76 Cai 2015 Murine LPS 
model 

B-catenin expression  BM mMSC  
 

ßhistological lung injury 
MSCs still detectable in 
lungs at 14 days 
ßBALF protein  
ßKGF at day 3 but Ý day 14  
ßIL-1b and IL-6 BALF 
ÝIL-10 BALF 
ßcollagen deposition at day 
14 

158 Li 2015 Rodent LPS 
model 

KGF underexpression  
(transfection KGF 
siRNA)  

BM MSC 
 

ßhistological lung injury 
(attenuated in KGF 
knockdown MSCs) 
ßW:D ratio 

157 Chen 2013 Murine LPS 
model  

KGF overexpression   ßmicrovascular permeability  
ßlung injury  
ßIL-1b, TNFa  
ÝIncreased IL10  

159 Xu 2008 Murine LPS 
model 

Ang-1 overexpression BM mMSC 
 

ÝAng-1 expression  
ßBAL protein  
ßTNFa  
ßMPO activity  
ßhistological lung injury  

70 Mei 2007 Murine LPS 
model 

Ang-1 overexpression BM mMSC  
 

ßBALF total/neutrophil 
count 
ß histological lung injury   
ßIFN-y, TNFa, IL-6, IL-1b  
ßBALF protein, albumin, 
IgM 
Evidence of apoptosis 
reduced (caspase 3/7)  

 

hMSC – human Mesenchymal Stromal Cell; mMSC – murine Mesenchymal Stromal Cell; EV –Extracellular 
vesicle; BM – Bone Marrow; UC – Umbilical cord; BALF – Bronchoalveolar lavage fluid; CLP – Caecal ligation 
and puncture; VILI – Ventilator induced lung injury; WBCs – White blood cells; WCC – White cell count; BUN – 
Blood urea nitrogen; TP – Total protein; ALB - Albumin; W:D – Lung wet:dry ratio: LPS - Lipopolysaccharide Ý 
increased; ß decreased; Û no effect 

 

 

 

 

 

 

 



Annotated references  

*[1] Berlin definition of ARDS  

*[2] Sepsis 3 Consensus definition of Sepsis and Septic Shock  

*[17] Comprehensive review of clinical trials of pharmacological interventions in ARDS  

*[18] Emerging evidence of benefit of dexamethasone in ARDS  

*[22] Defining criteria of MSCs  

*[40] Mitochondrial transfer via tunnelling nanotubules enhances macrophage phagocytosis in vitro and in 

vivo models of ARDS  

*[35] In vivo model demonstrating antimicrobial effects of MSCs in gram-negative sepsis.  

*[41] In vivo model demonstrating reparative effects of MSCs in a CLP model of sepsis.   

*[43] In vivo model demonstrating reparative effects of MSCs in ventilator induced lung injury  

*[73] Reparative and immunomodulatory effects of MSC microvesicles in human ex vivo lung perfusion model.     

*[58] Reparative, antimicrobial and immunomodulatory effects of MSCs in human ex vivo lung perfusion 

model with lung injury induced by live bacteria.  

*[121] Intravenous MSC administration in healthy human subjects in an LPS endotoxaemia model.   

**[118] Comprehensive systematic review and meta-analysis of intravascular MSC therapy for a range of 

conditions.  

**[126] A Phase 2a randomised placebo-controlled trial of Bone Marrow derived MSCs in moderate to severe 

ARDS.  

**[130] An open label Phase 1 dose escalation trial of Bone Marrow derived MSCs in septic shock.  

 

 

 



1. Ranieri VM, Rubenfeld GD, Thompson BT, et al. Acute respiratory distress syndrome: 
the Berlin Definition. JAMA. 2012;307(23):2526-33. 

2. Singer M, Deutschman CS, Seymour CW, et al. The Third International Consensus 
Definitions for Sepsis and Septic Shock (Sepsis-3) Consensus Definitions for Sepsis 
and Septic Shock Consensus Definitions for Sepsis and Septic Shock. JAMA. 
2016;315(8):801-810. 

3. Bellani G, Laffey JG, Pham T, et al. Epidemiology, Patterns of Care, and Mortality for 
Patients With Acute Respiratory Distress Syndrome in Intensive Care Units in 50 
Countries. JAMA. 2016;315(8):788-800. 

4. Sakr Y, Jaschinski U, Wittebole X, et al. Sepsis in Intensive Care Unit Patients: 
Worldwide Data From the Intensive Care over Nations Audit. Open Forum Infect Dis. 
2018;5(12):ofy313. 

5. Vincent JL, Jones G, David S, et al. Frequency and mortality of septic shock in Europe 
and North America: a systematic review and meta-analysis. Crit Care. 
2019;23(1):196. 

6. Herridge MS, Tansey CM, Matte A, et al. Functional disability 5 years after acute 
respiratory distress syndrome. N Engl J Med. 2011;364(14):1293-304. 

7. Bienvenu OJ, Friedman LA, Colantuoni E, et al. Psychiatric symptoms after acute 
respiratory distress syndrome: a 5-year longitudinal study. Intensive Care Med. 
2018;44(1):38-47. 

8. Shankar-Hari M, Rubenfeld GD. Understanding Long-Term Outcomes Following 
Sepsis: Implications and Challenges. Curr Infect Dis Rep. 2016;18(11):37-37. 

9. Agus A, Hulme C, Verghis RM, et al. Simvastatin for patients with acute respiratory 
distress syndrome: long-term outcomes and cost-effectiveness from a randomised 
controlled trial. Crit Care. 2017;21(1):108. 

10. Westwood M, Ramaekers B, Whiting P, et al. Procalcitonin testing to guide antibiotic 
therapy for the treatment of sepsis in intensive care settings and for suspected 
bacterial infection in emergency department settings: a systematic review and cost-
effectiveness analysis. Health Technol Assess. 2015;19(96):v-xxv. 

11. Gotts JE, Matthay MA. Sepsis: pathophysiology and clinical management. BMJ. 
2016;353:i1585. 

12. MacSweeney RM, McAuley DF. Acute respiratory distress syndrome. Lancet. 
2016;388(10058):2416-2430. 

13. Ziehr DR, Alladina J, Petri CR, et al. Respiratory Pathophysiology of Mechanically 
Ventilated Patients with COVID-19: A Cohort Study. Am J Resp Crit Care Med. 
2020;201(12):1560-1564. 

14. Docherty AB, Harrison EM, Green CA, et al. Features of 20 133 UK patients in hospital 
with covid-19 using the ISARIC WHO Clinical Characterisation Protocol: prospective 
observational cohort study. BMJ. 2020;369:m1985. 

15. Griffiths MJD, McAuley DF, Perkins GD, et al. Guidelines on the management of 
acute respiratory distress syndrome. BMJ Open Resp Res. 2019;6(1):e000420. 

16. Rhodes A, Evans LE, Alhazzani W, et al. Surviving Sepsis Campaign: International 
Guidelines for Management of Sepsis and Septic Shock: 2016. Crit Care Med. 
2017;45(3). 

17. Shaw TD, McAuley DF, O'Kane CM. Emerging drugs for treating the acute respiratory 
distress syndrome. Expert Opin Emerg Drugs. 2019;24(1):29-41. 



18. Villar J, Ferrando C, Martínez D, et al. Dexamethasone treatment for the acute 
respiratory distress syndrome: a multicentre, randomised controlled trial. Lancet 
Respir Med. 2020;8(3):267-276. 

19. Beigel JH, Tomashek KM, Dodd LE, et al. Remdesivir for the Treatment of Covid-19 — 
Final Report. N Engl J Med. 2020. Ahead of print doi:10.1056/NEJMoa2007764. 

20. Horby P, Lim WS, Emberson JR, et al. Dexamethasone in Hospitalized Patients with 
Covid-19 — Preliminary Report. New England Journal of Medicine. 2020. Ahead of 
print doi:10.1056/NEJMoa2021436.  

21. Boyle AJ, O'Kane CM, McAuley DF. Where next for cell-based therapy in ARDS. 
Thorax. 2019;74(1):13-15. 

22. Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria for defining multipotent 
mesenchymal stromal cells. The International Society for Cellular Therapy position 
statement. Cytotherapy. 2006;8(4):315-7. 

23. Horwitz EM, le K, Dominici M, et al. Clarification of the nomenclature for MSC: The 
International Society for Cellular Therapy position statement. Cytotherapy. 
2005;7:393-5. 

24. Gupta N, Krasnodembskaya A, Kapetanaki M, et al. Mesenchymal stem cells enhance 
survival and bacterial clearance in murine Escherichia coli pneumonia. Thorax. 
2012;67(6):533-9. 

25. Nemeth K, Leelahavanichkul A, Yuen PS, et al. Bone marrow stromal cells attenuate 
sepsis via prostaglandin E(2)-dependent reprogramming of host macrophages to 
increase their interleukin-10 production. Nat Med. 2009;15(1):42-9. 

26. Gupta N, Su X, Popov B, et al. Intrapulmonary delivery of bone marrow-derived 
mesenchymal stem cells improves survival and attenuates endotoxin-induced acute 
lung injury in mice. J Immunol. 2007;179(3):1855-63. 

27. Caplan AI. Mesenchymal stem cells. J Orthop Res. 1991;9(5):641-50. 
28. Mushahary D, Spittler A, Kasper C, et al. Isolation, cultivation, and characterization of 

human mesenchymal stem cells. Cytometry. 2018;93(1):19-31. 
29. Friedenstein AJ, Petrakova KV, Kurolesova AI, et al. Heterotopic transplants of bone 

marrow. Transplantation. 1968;6(2):230-247. 
30. Le Blanc K, Tammik C, Rosendahl K, et al. HLA expression and immunologic 

properties of differentiated and undifferentiated mesenchymal stem cells. Exp 
Hematol. 2003;31(10):890-6. 

31. Witwer KW, Van Balkom BWM, Bruno S, et al. Defining mesenchymal stromal cell 
(MSC)-derived small extracellular vesicles for therapeutic applications. J Extracell 
Vesicles. 2019;8(1):1609206-1609206. 

32. Ionescu L, Byrne RN, van Haaften T, et al. Stem cell conditioned medium improves 
acute lung injury in mice: in vivo evidence for stem cell paracrine action. Am J Physiol 
Lung Cell Mol Physiol. 2012;303(11):L967-77. 

33. Yang Y, Hu S, Xu X, et al. The Vascular Endothelial Growth Factors-Expressing 
Character of Mesenchymal Stem Cells Plays a Positive Role in Treatment of Acute 
Lung Injury In Vivo. Mediators Inflamm. 2016;2016:2347938. 

34. Devaney J, Horie S, Masterson C, et al. Human mesenchymal stromal cells decrease 
the severity of acute lung injury induced by E. coli in the rat. Thorax. 2015;70(7):625-
35. 

35. Krasnodembskaya A, Samarani G, Song Y, et al. Human mesenchymal stem cells 
reduce mortality and bacteremia in gram-negative sepsis in mice in part by 



enhancing the phagocytic activity of blood monocytes. Am J Physiol Lung Cell Mol 
Physiol. 2012;302(10):L1003-13. 

36. Shin S, Kim Y, Jeong S, et al. The therapeutic effect of human adult stem cells derived 
from adipose tissue in endotoxemic rat model. Int J Med Sci. 2013;10(1):8-18. 

37. Zhu H, Xiong Y, Xia Y, et al. Therapeutic Effects of Human Umbilical Cord-Derived 
Mesenchymal Stem Cells in Acute Lung Injury Mice. Sci Rep. 2017;7:39889. 

38. Perlee D, de Vos AF, Scicluna BP, et al. Human Adipose-Derived Mesenchymal Stem 
Cells Modify Lung Immunity and Improve Antibacterial Defense in Pneumosepsis 
Caused by Klebsiella pneumoniae. Stem Cells Transl Med. 2019;8(8):785-796. 

39. Pedrazza L, Cunha AA, Luft C, et al. Mesenchymal stem cells improves survival in LPS-
induced acute lung injury acting through inhibition of NETs formation. J Cell Physiol. 
2017;232(12):3552-3564. 

40. Jackson MV, Morrison TJ, Doherty DF, et al. Mitochondrial Transfer via Tunneling 
Nanotubes is an Important Mechanism by Which Mesenchymal Stem Cells Enhance 
Macrophage Phagocytosis in the In Vitro and In Vivo Models of ARDS. Stem Cells. 
2016;34(8):2210-23. 

41. Condor JM, Rodrigues CE, Sousa Moreira R, et al. Treatment With Human Wharton's 
Jelly-Derived Mesenchymal Stem Cells Attenuates Sepsis-Induced Kidney Injury, Liver 
Injury, and Endothelial Dysfunction. Stem Cells Transl Med. 2016;5(8):1048-57. 

42. Rocheteau P, Chatre L, Briand D, et al. Sepsis induces long-term metabolic and 
mitochondrial muscle stem cell dysfunction amenable by mesenchymal stem cell 
therapy. Nat Comms. 2015;6(1):10145. 

43. Hayes M, Masterson C, Devaney J, et al. Therapeutic efficacy of human mesenchymal 
stromal cells in the repair of established ventilator-induced lung injury in the rat. 
Anesthesiology. 2015;122(2):363-73. 

44. Curley GF, Ansari B, Hayes M, et al. Effects of intratracheal mesenchymal stromal cell 
therapy during recovery and resolution after ventilator-induced lung injury. 
Anesthesiology. 2013;118(4):924-32. 

45. Alcayaga-Miranda F, Cuenca J, Martin A, et al. Combination therapy of menstrual 
derived mesenchymal stem cells and antibiotics ameliorates survival in sepsis. Stem 
Cell Res Ther. 2015;6:199. 

46. Sung DK, Chang YS, Sung SI, et al. Antibacterial effect of mesenchymal stem cells 
against Escherichia coli is mediated by secretion of beta- defensin- 2 via toll- like 
receptor 4 signalling. Cellular Microbiology. 2016;18(3):424-436. 

47. Tan Y, Salkhordeh M, Wang JP, et al. Thawed Mesenchymal Stem Cell Product Shows 
Comparable Immunomodulatory Potency to Cultured Cells In Vitro and in 
Polymicrobial Septic Animals. Sci Rep. 2019;9(1):18078. 

48. Hu S, Li J, Xu X, et al. The hepatocyte growth factor-expressing character is required 
for mesenchymal stem cells to protect the lung injured by lipopolysaccharide in vivo 
[Research Support, Non-U.S. Gov't]. Stem Cell Res Ther. 2016;7(1):66. 

49. Yilmaz S, Inandiklioglu N, Yildizdas D, et al. Mesenchymal stem cell: does it work in 
an experimental model with acute respiratory distress syndrome? Stem Cell Rev. 
2013;9(1):80-92. 

50. Hackstein H, Lippitsch A, Krug P, et al. Prospectively defined murine mesenchymal 
stem cells inhibit Klebsiella pneumoniae-induced acute lung injury and improve 
pneumonia survival. Respir Res. 2015;16(1):123. 



51. Curley GF, Hayes M, Ansari B, et al. Mesenchymal stem cells enhance recovery and 
repair following ventilator-induced lung injury in the rat. Thorax. 2012;67(6):496-
501. 

52. Danchuk S, Ylostalo JH, Hossain F, et al. Human multipotent stromal cells attenuate 
lipopolysaccharide-induced acute lung injury in mice via secretion of tumor necrosis 
factor-alpha-induced protein 6. Stem Cell Res Ther. 2011;2(3):27. 

53. Zhang S, Danchuk SD, Bonvillain RW, et al. Interleukin 6 mediates the therapeutic 
effects of adipose-derived stromal/stem cells in lipopolysaccharide-induced acute 
lung injury. Stem Cells. 2014;32(6):1616-28. 

54. Silva JD, Lopes-Pacheco M, de Castro LL, et al. Eicosapentaenoic acid potentiates the 
therapeutic effects of adipose tissue-derived mesenchymal stromal cells on lung and 
distal organ injury in experimental sepsis. Stem Cell Res Ther. 2019;10(1):264. 

55. Kim JY, Kim DH, Kim JH, et al. Soluble intracellular adhesion molecule-1 secreted by 
human umbilical cord blood-derived mesenchymal stem cell reduces amyloid-β 
plaques. Cell Death Differ. 2012;19(4):680-91. 

56. Scheller J, Chalaris A, Schmidt-Arras D, et al. The pro- and anti-inflammatory 
properties of the cytokine interleukin-6. Biochim Biophys Acta. 2011;1813(5):878-88. 

57. Hall SR, Tsoyi K, Ith B, et al. Mesenchymal stromal cells improve survival during 
sepsis in the absence of heme oxygenase-1: the importance of neutrophils. Stem 
Cells. 2013;31(2):397-407. 

58. Lee JW, Krasnodembskaya A, McKenna DH, et al. Therapeutic effects of human 
mesenchymal stem cells in ex vivo human lungs injured with live bacteria. Am J Resp 
Crit Care Med. 2013;187(7):751-760. 

59. Morrison TJ, Jackson MV, Cunningham EK, et al. Mesenchymal Stromal Cells 
Modulate Macrophages in Clinically Relevant Lung Injury Models by Extracellular 
Vesicle Mitochondrial Transfer. Am J Respir Crit Care Med. 2017 Nov;196(10):1275-
1286. 

60. Li B, Zhang H, Zeng M, et al. Bone marrow mesenchymal stem cells protect alveolar 
macrophages from lipopolysaccharide-induced apoptosis partially by inhibiting the 
Wnt/beta-catenin pathway. Cell Biol Int. 2015;39(2):192-200. 

61. Lu Z, Chang W, Meng S, et al. Mesenchymal stem cells induce dendritic cell immune 
tolerance via paracrine hepatocyte growth factor to alleviate acute lung injury. Stem 
Cell Res Ther. 2019;10(1):372-372. 

62. Chao YH, Wu HP, Wu KH, et al. An increase in CD3+CD4+CD25+ regulatory T cells 
after administration of umbilical cord-derived mesenchymal stem cells during sepsis. 
PLoS One. 2014;9(10):e110338. 

63. Laroye C, Boufenzer A, Jolly L, et al. Bone marrow vs Wharton’s jelly mesenchymal 
stem cells in experimental sepsis: a comparative study. Stem Cell Res Ther. 
2019;10(1):192. 

64. Horie S, Masterson C, Brady J, et al. Umbilical cord-derived CD362(+) mesenchymal 
stromal cells for E. coli pneumonia: impact of dose regimen, passage, 
cryopreservation, and antibiotic therapy. Stem Cell Res Ther. 2020;11(1):116. 

65. Masterson C, Devaney J, Horie S, et al. Syndecan-2-positive, Bone Marrow-derived 
Human Mesenchymal Stromal Cells Attenuate Bacterial-induced Acute Lung Injury 
and Enhance Resolution of Ventilator-induced Lung Injury in Rats. Anesthesiology. 
2018;129(3):502-516. 



66. Zhang Z, Li W, Heng Z, et al. Combination therapy of human umbilical cord 
mesenchymal stem cells and FTY720 attenuates acute lung injury induced by 
lipopolysaccharide in a murine model. Oncotarget. 2017;8(44):77407-77414. 

67. Asmussen S, Ito H, Traber DL, et al. Human mesenchymal stem cells reduce the 
severity of acute lung injury in a sheep model of bacterial pneumonia. Thorax. 
2014;69(9):819-25. 

68. Laroye C, Lemarié J, Boufenzer A, et al. Clinical-grade mesenchymal stem cells 
derived from umbilical cord improve septic shock in pigs. Intensive Care Med Exp. 
2018;6(1):24-24. 

69. Yagi H, Soto-Gutierrez A, Kitagawa Y, et al. Bone marrow mesenchymal stromal cells 
attenuate organ injury induced by LPS and burn. Cell Transplant. 2010;19(6):823-30. 

70. Mei SH, McCarter SD, Deng Y, et al. Prevention of LPS-induced acute lung injury in 
mice by mesenchymal stem cells overexpressing angiopoietin 1. PLoS Med. 
2007;4(9):e269. 

71. Pati S, Gerber MH, Menge TD, et al. Bone marrow derived mesenchymal stem cells 
inhibit inflammation and preserve vascular endothelial integrity in the lungs after 
hemorrhagic shock. PLoS One. 2011;6(9):e25171. 

72. Zhu Y-G, Feng X-M, Abbott J, et al. Human mesenchymal stem cell microvesicles for 
treatment of Escherichia coli endotoxin-induced acute lung injury in mice. Stem 
Cells. 2014;32(1):116-125. 

73. Gennai S, Monsel A, Hao Q, et al. Microvesicles Derived From Human Mesenchymal 
Stem Cells Restore Alveolar Fluid Clearance in Human Lungs Rejected for 
Transplantation. Am J Transplant. 2015;15(9):2404-12. 

74. Ragni E, Banfi F, Barilani M, et al. Extracellular Vesicle-Shuttled mRNA in 
Mesenchymal Stem Cell Communication. Stem Cells. 2017;35(4):1093-1105. 

75. Tang XD, Shi L, Monsel A, et al. Mesenchymal Stem Cell Microvesicles Attenuate 
Acute Lung Injury in Mice Partly Mediated by Ang-1 mRNA. Stem Cells. 
2017;35(7):1849-1859. 

76. Cai SX, Liu AR, Chen S, et al. Activation of Wnt/beta-catenin signalling promotes 
mesenchymal stem cells to repair injured alveolar epithelium induced by 
lipopolysaccharide in mice. Stem Cell Res Ther. 2015;6:65. 

77. Baudry N, Starck J, Aussel C, et al. Effect of Preconditioned Mesenchymal Stromal 
Cells on Early Microvascular Disturbance in a Mouse Sepsis Model. Stem Cells Dev. 
2019;28(24):1595-1606. 

78. Islam MN, Das SR, Emin MT, et al. Mitochondrial transfer from bone-marrow-derived 
stromal cells to pulmonary alveoli protects against acute lung injury. Nat Med. 
2012;18(5):759-65. 

79. Islam D, Huang Y, Fanelli V, et al. Identification and Modulation of Microenvironment 
Is Crucial for Effective Mesenchymal Stromal Cell Therapy in Acute Lung Injury. Am J 
Respir Crit Care Med. 2019;199(10):1214-1224. 

80. Abreu SC, Rolandsson Enes S, Dearborn J, et al. Lung inflammatory environments 
differentially alter mesenchymal stromal cell behavior. Am J Physiol Lung Cell Mol 
Physiol. 2019;317(6):L823-l831. 

81. Krasnodembskaya A, Song Y, Fang X, et al. Antibacterial effect of human 
mesenchymal stem cells is mediated in part from secretion of the antimicrobial 
peptide LL-37. Stem Cells. 2010;28(12):2229-38. 



82. Mei SHJ, Haitsma JJ, Dos Santos CC, et al. Mesenchymal Stem Cells Reduce 
Inflammation while Enhancing Bacterial Clearance and Improving Survival in Sepsis. 
Am J Resp Crit Care Med. 2010;182(8):1047-1057. 

83. Jerkic M, Gagnon S, Rabani R, et al. Human Umbilical Cord Mesenchymal Stromal 
Cells Attenuate Systemic Sepsis in Part by Enhancing Peritoneal Macrophage 
Bacterial Killing via Heme Oxygenase-1 Induction in Rats. Anesthesiology. 
2020;132(1):140-154. 

84. Mao YX, Xu JF, Seeley EJ, et al. Adipose Tissue-Derived Mesenchymal Stem Cells 
Attenuate Pulmonary Infection Caused by Pseudomonas aeruginosa via Inhibiting 
Overproduction of Prostaglandin E2. Stem Cells. 2015;33(7):2331-42. 

85. Zhao X, Liu D, Gong W, et al. The toll-like receptor 3 ligand, poly(I:C), improves 
immunosuppressive function and therapeutic effect of mesenchymal stem cells on 
sepsis via inhibiting MiR-143. Stem Cells. 2014;32(2):521-33. 

86. Najar M, Krayem M, Meuleman N, et al. Mesenchymal Stromal Cells and Toll-Like 
Receptor Priming: A Critical Review. Immune Netw. 2017;17(2):89-102. 

87. Rabani R, Volchuk A, Jerkic M, et al. Mesenchymal stem cells enhance NOX2-
dependent reactive oxygen species production and bacterial killing in macrophages 
during sepsis. Eur Respir J. 2018;51(4):1702021. 

88. Kim J, Hematti P. Mesenchymal stem cell-educated macrophages: a novel type of 
alternatively activated macrophages. Exp Hematol. 2009;37(12):1445-53. 

89. Song Y, Dou H, Li X, et al. Exosomal miR-146a Contributes to the Enhanced 
Therapeutic Efficacy of Interleukin-1β-Primed Mesenchymal Stem Cells Against 
Sepsis. Stem Cells. 2017;35(5):1208-1221. 

90. François M, Romieu-Mourez R, Li M, et al. Human MSC suppression correlates with 
cytokine induction of indoleamine 2,3-dioxygenase and bystander M2 macrophage 
differentiation. Mol Ther. 2012;20(1):187-95. 

91. Mittal M, Tiruppathi C, Nepal S, et al. TNFα-stimulated gene-6 (TSG6) activates 
macrophage phenotype transition to prevent inflammatory lung injury. Proc Natl Acd 
Sci U S A 2016;113(50):E8151-E8158. 

92. McIntyre LA, Moher D, Fergusson DA, et al. Efficacy of Mesenchymal Stromal Cell 
Therapy for Acute Lung Injury in Preclinical Animal Models: A Systematic Review. 
PLoS One. 2016;11(1):e0147170. 

93. Lalu MM, Sullivan KJ, Mei SH, et al. Evaluating mesenchymal stem cell therapy for 
sepsis with preclinical meta-analyses prior to initiating a first-in-human trial. ELife. 
2016;5:e17850. 

94. Chang CL, Leu S, Sung HC, et al. Impact of apoptotic adipose-derived mesenchymal 
stem cells on attenuating organ damage and reducing mortality in rat sepsis 
syndrome induced by cecal puncture and ligation. J Transl Med. 2012;10:244. 

95. Moodley Y, Sturm M, Shaw K, et al. Human mesenchymal stem cells attenuate early 
damage in a ventilated pig model of acute lung injury. Stem Cell Res. 2016;17(1):25-
31. 

96. Ihara K, Fukuda S, Enkhtaivan B, et al. Adipose-derived stem cells attenuate 
pulmonary microvascular hyperpermeability after smoke inhalation. PLoS One. 
2017;12(10):e0185937. 

97. Millar JE, Bartnikowski N, Passmore MR, et al. Combined Mesenchymal Stromal Cell 
Therapy and ECMO in ARDS: A Controlled Experimental Study in Sheep. Am J Respir 
Crit Care Med. 2020;202(3):383-392. 



98. Kocyildirim E, Cárdenes N, Ting A, et al. The Use of GMP-Produced Bone Marrow-
Derived Stem Cells in Combination with Extracorporeal Membrane Oxygenation in 
ARDS: An Animal Model. ASAIO J. 2017;63(3):324-332. 

99. Millar JE, von Bahr V, Malfertheiner MV, et al. Administration of mesenchymal stem 
cells during ECMO results in a rapid decline in oxygenator performance. Thorax. 
2019;74(2):194. 

100. Gorman E, Shankar-Hari M, Hopkins P, et al. Repair of Acute Respiratory Distress 
Syndrome by Stromal Cell Administration in COVID-19 (REALIST-COVID-19): A 
structured summary of a study protocol for a randomised, controlled trial. Trials. 
2020;21(1):462. 

101. Lee JW, Fang X, Gupta N, et al. Allogeneic human mesenchymal stem cells for 
treatment of E. coli endotoxin-induced acute lung injury in the ex vivo perfused 
human lung. Proc Natl Acad Sci U S A. 2009;106(38):16357-16362. 

102. McAuley DF, Curley GF, Hamid UI, et al. Clinical grade allogeneic human 
mesenchymal stem cells restore alveolar fluid clearance in human lungs rejected for 
transplantation. Am J Physiol Lung Cell Mol Physiol. 2014;306(9):L809-15. 

103. Chan MCW, Kuok DIT, Leung CYH, et al. Human mesenchymal stromal cells reduce 
influenza A H5N1-associated acute lung injury in vitro and in vivo. Proc Natl Acad Sci 
U S A. 2016;113(13):3621. 

104. Loy H, Kuok DIT, Hui KPY, et al. Therapeutic Implications of Human Umbilical Cord 
Mesenchymal Stromal Cells in Attenuating Influenza A(H5N1) Virus-Associated Acute 
Lung Injury. J Infect Dis. 2019;219(2):186-196. 

105. Li Y, Xu J, Shi W, et al. Mesenchymal stromal cell treatment prevents H9N2 avian 
influenza virus-induced acute lung injury in mice. Stem Cell Res Ther. 2016;7(1):159. 

106. Darwish I, Banner D, Mubareka S, et al. Mesenchymal stromal (stem) cell therapy 
fails to improve outcomes in experimental severe influenza. PLoS One. 
2013;8(8):e71761. 

107. Gotts JE, Abbott J, Matthay MA. Influenza causes prolonged disruption of the 
alveolar-capillary barrier in mice unresponsive to mesenchymal stem cell therapy. 
Am J Physiol Lung Cell Mol Physiol. 2014;307(5):L395-406. 

108. Khatri M, Richardson LA, Meulia T. Mesenchymal stem cell-derived extracellular 
vesicles attenuate influenza virus-induced acute lung injury in a pig model. Stem Cell 
Res Ther. 2018;9(1):17. 

109. Chan MC, Kuok DI, Leung CY, et al. Human mesenchymal stromal cells reduce 
influenza A H5N1-associated acute lung injury in vitro and in vivo. Proc Natl Acad Sci 
U S A. 2016;113(13):3621-6. 

110. Tripathi S, Tecle T, Verma A, et al. The human cathelicidin LL-37 inhibits influenza A 
viruses through a mechanism distinct from that of surfactant protein D or defensins. 
J Gen Virol. 2013;94(Pt 1):40-49. 

111. Khatri M, Saif YM. Influenza virus infects bone marrow mesenchymal stromal cells in 
vitro: implications for bone marrow transplantation. Cell Transplant. 2013;22(3):461-
8. 

112. Leng Z, Zhu R, Hou W, et al. Transplantation of ACE2(-) Mesenchymal Stem Cells 
Improves the Outcome of Patients with COVID-19 Pneumonia. Aging Dis. 
2020;11(2):216-228. 



113. Krishnakumar V, Durairajan SSK, Alagarasu K, et al. Recent Updates on Mouse 
Models for Human Immunodeficiency, Influenza, and Dengue Viral Infections. 
Viruses. 2019;11(3):252. 

114. Ilyushina NA, Khalenkov AM, Seiler JP, et al. Adaptation of pandemic H1N1 influenza 
viruses in mice. J Virol. 2010;84(17):8607-16. 

115. Jiang R-D, Liu M-Q, Chen Y, et al. Pathogenesis of SARS-CoV-2 in Transgenic Mice 
Expressing Human Angiotensin-Converting Enzyme 2. Cell. 2020;182(1):50-58.e8. 

116. Panes J, Garcia-Olmo D, Van Assche G, et al. Expanded allogeneic adipose-derived 
mesenchymal stem cells (Cx601) for complex perianal fistulas in Crohn's disease: a 
phase 3 randomised, double-blind controlled trial. Lancet. 2016;388(10051):1281-90. 

117. Kebriaei P, Hayes J, Daly A, et al. A Phase 3 Randomized Study of Remestemcel-L 
versus Placebo Added to Second-Line Therapy in Patients with Steroid-Refractory 
Acute Graft-versus-Host Disease. Biol Blood Marrow Transplant. 2019;26(5):835-844. 

118. Thompson M, Mei SHJ, Wolfe D, et al. Cell therapy with intravascular administration 
of mesenchymal stromal cells continues to appear safe: An updated systematic 
review and meta-analysis. EClinicalMedicine. 2020;19:100249. 

119. Hmadcha A, Martin-Montalvo A, Gauthier BR, et al. Therapeutic Potential of 
Mesenchymal Stem Cells for Cancer Therapy. Frontiers in Bioengineering and 
Biotechnology. 2020;8:43. 

120. Tatsumi K, Ohashi K, Matsubara Y, et al. Tissue factor triggers procoagulation in 
transplanted mesenchymal stem cells leading to thromboembolism. Biochem 
Biophys Res Commun. 2013;431(2):203-9. 

121. Perlee D, van Vught LA, Scicluna BP, et al. Intravenous Infusion of Human Adipose 
Mesenchymal Stem Cells Modifies the Host Response to Lipopolysaccharide in 
Humans: A Randomized, Single-Blind, Parallel Group, Placebo Controlled Trial. Stem 
Cells. 2018;36(11):1778-1788. 

122. Zheng G, Huang L, Tong H, et al. Treatment of acute respiratory distress syndrome 
with allogeneic adipose-derived mesenchymal stem cells: a randomized, placebo-
controlled pilot study. Respir Res. 2014;15:39. 

123. Yip HK, Fang WF, Li YC, et al. Human Umbilical Cord-Derived Mesenchymal Stem 
Cells for Acute Respiratory Distress Syndrome. Crit Care Med. 2020;48(5):e391-e399. 

124. Lv H, Chen W, Xiang AP, et al. Mesenchymal stromal cells as a salvage treatment for 
confirmed acute respiratory distress syndrome: preliminary data from a single-arm 
study. Intensive Care Med. 2020;46(10):1944-1947. 

125. Wilson JG, Liu KD, Zhuo H, et al. Mesenchymal stem (stromal) cells for treatment of 
ARDS: a phase 1 clinical trial. Lancet Resp Med. 2015 Jan;3(1):24-32. 

126. Matthay MA, Calfee CS, Zhuo H, et al. Treatment with allogeneic mesenchymal 
stromal cells for moderate to severe acute respiratory distress syndrome (START 
study): a randomised phase 2a safety trial. Lancet Resp Med. 2019;7(2):154-162. 

127. Khan RS, Newsome PN. A Comparison of Phenotypic and Functional Properties of 
Mesenchymal Stromal Cells and Multipotent Adult Progenitor Cells. Front Immunol. 
2019;10(1952). 

128. Bellingan GJ, Jacono F, Bannard-Smith, J, et al. Primary analysis of a Phase 1/2 study 
to assess MultiStem cell therapy, a regenerative advanced therapy medicinal 
product (ATMP), in acute respiratory distress syndrome (MUST-ARDS) (ABSTRACT). 
Am J Respir Crit Care Med. 2020;201:A7353. 



129. Chen J, Hu C, Chen L, et al. Clinical study of mesenchymal stem cell treating acute 
respiratory distress syndrome induced by epidemic Influenza A (H7N9) infection, a 
hint for COVID-19 treatment. Engineering. 2020. Ahead of print doi: 
10.1016/j.eng.2020.02.006. 

130. McIntyre LA, Stewart DJ, Mei SHJ, et al. Cellular Immunotherapy for Septic Shock. A 
Phase I Clinical Trial. Am J Respir Crit Care Med. 2018;197(3):337-347. 

131. He X, Ai S, Guo W, et al. Umbilical cord-derived mesenchymal stem (stromal) cells for 
treatment of severe sepsis: aphase 1 clinical trial. Transl Res. 2018;199:52-61. 

132. Galstyan G MP, Parovichnikova E, Kuzmina L, et al. The results of the single center 
pilot randomized Russian clinical trial of Mesenchymal Stromal Cells in Severe 
Neutropenic Patients with Septic Shock (RUMCESS). In J Blood Res Dis. 2018;5:033. 

133. Leng Z, Zhu R, How W, et al. Transplantation of ACE2- Mesenchymal Stem Cells 
Improves the Outcome of Patients with COVID-19 Pneumonia. Aging Dis. 
2020;11(2):216-228. 

134. Chen X, Shan Y, Wen Y, et al. Mesenchymal stem cell therapy in severe COVID-19: A 
retrospective study of short-term treatment efficacy and side effects. J Infect. 
2020;81(4):647-679. 

135. Sengupta V, Sengupta S, Lazo A, Jr., et al. Exosomes Derived from Bone Marrow 
Mesenchymal Stem Cells as Treatment for Severe COVID-19. Stem Cells Dev. 
2020;29(12):747-754. 

136. Sánchez-Guijo F, García-Arranz M, López-Parra M, et al. Adipose-derived 
mesenchymal stromal cells for the treatment of patients with severe SARS-CoV-2 
pneumonia requiring mechanical ventilation. A proof of concept study. 
EClinicalMedicine. 2020;25:100454. 

137. Li X, Bai J, Ji X, et al. Comprehensive characterization of four different populations of 
human mesenchymal stem cells as regards their immune properties, proliferation 
and differentiation. Int J Mol Med. 2014;34(3):695-704. 

138. Bárcia RN, Santos JM, Filipe M, et al. What Makes Umbilical Cord Tissue-Derived 
Mesenchymal Stromal Cells Superior Immunomodulators When Compared to Bone 
Marrow Derived Mesenchymal Stromal Cells? Stem Cells Int. 2015;2015:583984. 

139. Laroye C, Boufenzer A, Jolly L, et al. Bone marrow vs Wharton's jelly mesenchymal 
stem cells in experimental sepsis: a comparative study. Stem Cell Res Ther. 
2019;10(1):192. 

140. Curley GF, Jerkic M, Dixon S, et al. Cryopreserved, Xeno-Free Human Umbilical Cord 
Mesenchymal Stromal Cells Reduce Lung Injury Severity and Bacterial Burden in 
Rodent Escherichia coli-Induced Acute Respiratory Distress Syndrome. Crit Care 
Med. 2017;45(2):e202-e212. 

141. Hua J, Gong J, Meng H, et al. Comparison of different methods for the isolation of 
mesenchymal stem cells from umbilical cord matrix: proliferation and multilineage 
differentiation as compared to mesenchymal stem cells from umbilical cord blood 
and bone marrow. Cell Biol Int. 2013; Ahead of print doi 10.1002/cbin.10188. 

142. Lv F-J, Tuan RS, Cheung KMC, et al. Concise review: the surface markers and identity 
of human mesenchymal stem cells. Stem Cells. 2014;32(6):1408-1419. 

143. Bobis-Wozowicz S, Kmiotek K, Kania K, et al. Diverse impact of xeno-free conditions 
on biological and regenerative properties of hUC-MSCs and their extracellular 
vesicles. J Mol Med. 2017;95(2):205-220. 



144. Rafiq QA, Twomey K, Kulik M, et al. Developing an automated robotic factory for 
novel stem cell therapy production. Regen Med. 2016;11(4):351-354. 

145. Horie S, Gaynard S, Murphy M, et al. Cytokine pre-activation of cryopreserved 
xenogeneic-free human mesenchymal stromal cells enhances resolution and repair 
following ventilator-induced lung injury potentially via a KGF-dependent mechanism. 
Intensive Care Med Exp. 2020;8(1):8. 

146. Lee SG, Joe YA. Autophagy mediates enhancement of proangiogenic activity by 
hypoxia in mesenchymal stromal/stem cells. Biochem Biophys Res Commun. 
2018;501(4):941-947. 

147. Meng SS, Xu XP, Chang W, et al. LincRNA-p21 promotes mesenchymal stem cell 
migration capacity and survival through hypoxic preconditioning. Stem Cell Res Ther. 
2018;9(1):280. 

148. Bader AM, Klose K, Bieback K, et al. Hypoxic Preconditioning Increases Survival and 
Pro-Angiogenic Capacity of Human Cord Blood Mesenchymal Stromal Cells In Vitro. 
PLoS One. 2015;10(9):e0138477. 

149. Li L, Jin S, Zhang Y. Ischemic preconditioning potentiates the protective effect of 
mesenchymal stem cells on endotoxin-induced acute lung injury in mice through 
secretion of exosome. Int J Clin Exp Med. 2015;8(3):3825-32. 

150. Tsoyi K, Hall SR, Dalli J, et al. Carbon Monoxide Improves Efficacy of Mesenchymal 
Stromal Cells During Sepsis by Production of Specialized Proresolving Lipid 
Mediators. Crit Care Med. 2016;44(12):e1236-e1245. 

151. Saeedi P, Halabian R, Fooladi AAI. Antimicrobial effects of mesenchymal stem cells 
primed by modified LPS on bacterial clearance in sepsis. J Cell Physiol. 
2019;234(4):4970-4986. 

152. Saeedi P, Halabian R, Fooladi AAI. Mesenchymal stem cells preconditioned by 
staphylococcal enterotoxin B enhance survival and bacterial clearance in murine 
sepsis model. Cytotherapy. 2019;21(1):41-53. 

153. Li L, Dong L, Zhang J, et al. Mesenchymal stem cells with downregulated Hippo 
signaling attenuate lung injury in mice with lipopolysaccharideinduced acute 
respiratory distress syndrome. Int J Mol Med. 2019;43(3):1241-1252. 

154. Lv H, Liu Q, Sun Y, et al. Mesenchymal stromal cells ameliorate acute lung injury 
induced by LPS mainly through stanniocalcin-2 mediating macrophage polarization. 
Ann Transl Med. 2020;8(6):334-334. 

155. Chen X, Wu S, Tang L, et al. Mesenchymal stem cells overexpressing heme 
oxygenase-1 ameliorate lipopolysaccharide-induced acute lung injury in rats. J Cell 
Physiol. 2019;234(5):7301-7319. 

156. Zhang S, Jiang W, Ma L, et al. Nrf2 transfection enhances the efficacy of human 
amniotic mesenchymal stem cells to repair lung injury induced by 
lipopolysaccharide. J Cell Biochem. 2018;119(2):1627-1636. 

157. Chen J, Li C, Gao X, et al. Keratinocyte Growth Factor Gene Delivery via Mesenchymal 
Stem Cells Protects against Lipopolysaccharide-Induced Acute Lung Injury in Mice. 
PLoS One. 2013;8(12):e83303. 

158. Li JW, Wu X. Mesenchymal stem cells ameliorate LPS-induced acute lung injury 
through KGF promoting alveolar fluid clearance of alveolar type II cells. Eur Rev Med 
Pharmacol Sci. 2015;19(13):2368-78. 



159. Xu J, Qu J, Cao L, et al. Mesenchymal stem cell-based angiopoietin-1 gene therapy 
for acute lung injury induced by lipopolysaccharide in mice. J Pathol. 
2008;214(4):472-81. 

160. Jerkic M, Masterson C, Ormesher L, et al. Overexpression of IL-10 Enhances the 
Efficacy of Human Umbilical-Cord-Derived Mesenchymal Stromal Cells in E. coli 
Pneumosepsis. J Clin Med. 2019 ;8(6):847. 

161. Wang C, Lv D, Zhang X, et al. Interleukin-10-Overexpressing Mesenchymal Stromal 
Cells Induce a Series of Regulatory Effects in the Inflammatory System and Promote 
the Survival of Endotoxin-Induced Acute Lung Injury in Mice Model. DNA Cell Biol. 
2018;37(1):53-61. 

162. Su VY, Lin CS, Hung SC, et al. Mesenchymal Stem Cell-Conditioned Medium Induces 
Neutrophil Apoptosis Associated with Inhibition of the NF-kappaB Pathway in 
Endotoxin-Induced Acute Lung Injury. Int J Mol Sci. 2019;20(9):2208. 

163. Park KS, Svennerholm K, Shelke GV, et al. Mesenchymal stromal cell-derived 
nanovesicles ameliorate bacterial outer membrane vesicle-induced sepsis via IL-10. 
Stem Cell Res Ther. 2019;10(1):231. 

164. Silva JD, de Castro LL, Braga CL, et al. Mesenchymal Stromal Cells Are More Effective 
Than Their Extracellular Vesicles at Reducing Lung Injury Regardless of Acute 
Respiratory Distress Syndrome Etiology. Stem Cells Int. 2019;2019:8262849. 

165. Varkouhi AK, Jerkic M, Ormesher L, et al. Extracellular Vesicles from Interferon-
gamma-primed Human Umbilical Cord Mesenchymal Stromal Cells Reduce 
Escherichia coli-induced Acute Lung Injury in Rats. Anesthesiology. 2019;130(5):778-
790. 

166. Monsel A, Zhu YG, Gennai S, et al. Therapeutic Effects of Human Mesenchymal Stem 
Cell-derived Microvesicles in Severe Pneumonia in Mice. Am J Respir Crit Care Med. 
2015;192(3):324-36. 

167. Zhu YG, Feng XM, Abbott J, et al. Human mesenchymal stem cell microvesicles for 
treatment of Escherichia coli endotoxin-induced acute lung injury in mice. Stem 
Cells. 2014;32(1):116-25. 

168. Park J, Kim S, Lim H, et al. Therapeutic effects of human mesenchymal stem cell 
microvesicles in an ex vivo perfused human lung injured with severe E. coli 
pneumonia. Thorax. 2019;74(1):43-50. 

169. Hayes M, Curley GF, Masterson C, et al. Mesenchymal stromal cells are more 
effective than the MSC secretome in diminishing injury and enhancing recovery 
following ventilator-induced lung injury. Intensive Care Med Exp. 2015;3(1):29. 

170. McCarthy SD, Horgan E, Ali A, et al. Nebulized Mesenchymal Stem Cell Derived 
Conditioned Medium Retains Antibacterial Properties Against Clinical Pathogen 
Isolates. J Aerosol Med Pulm Drug Deliv. 2020;33(3):140-152. 

171. Li M, Luo X, Lv X, et al. In vivo human adipose-derived mesenchymal stem cell 
tracking after intra-articular delivery in a rat osteoarthritis model. Stem Cell Res 
Ther. 2016;7(1):160-160. 

 



Mesenchymal stromal cells for acute respiratory distress syndrome
(ARDS), sepsis and COVID 19 infection: optimising the therapeutic
potential
Gorman, E., Millar, J., McAuley, D., & O'Kane, C. (2020). Mesenchymal stromal cells for acute respiratory
distress syndrome (ARDS), sepsis and COVID 19 infection: optimising the therapeutic potential. Expert review of
respiratory medicine. https://doi.org/10.1080/17476348.2021.1848555

Published in:
Expert review of respiratory medicine

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:19. Nov. 2020

https://doi.org/10.1080/17476348.2021.1848555
https://pure.qub.ac.uk/en/publications/mesenchymal-stromal-cells-for-acute-respiratory-distress-syndrome-ards-sepsis-and-covid-19-infection-optimising-the-therapeutic-potential(4e25a1a0-de57-49dc-92d0-83017041b019).html



	Expert_review_manuscript_final_accepted_version (1)
	Figure_1_final_expert_review_copy

