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CRITICAL CARE PERSPECTIVE

FIFTY YEARS OF RESEARCH IN ARDS
Cell-based Therapy for Acute Respiratory Distress Syndrome
Biology and Potential Therapeutic Value
John G. Laffey1,2 and Michael A. Matthay3,4

1Department of Anesthesia and 2Keenan Research Centre for Biomedical Science, St. Michael’s Hospital, University of Toronto, Toronto,
Ontario, Canada; and 3Department of Medicine and 4Department of Anesthesia, Cardiovascular Research Institute, University of
California, San Francisco, San Francisco, California

ORCID ID: 0000-0002-1246-9573 (J.G.L.).

Abstract

On the basis of several preclinical studies, cell-based therapy has
emerged as a potential new therapeutic for acute respiratory distress
syndrome (ARDS). Of the various cell-based therapy options,
mesenchymal stem/stromal cells (MSCs) frombonemarrow, adipose
tissue, andumbilical cord have themost experimental data to support
their potential efficacy for lung injury from both infectious and
noninfectious causes. Mechanistically, MSCs exert their beneficial
effects by release of paracrine factors, microvesicles, and transfer of
mitochondria, all of which have antiinflammatory and pro-resolving
effects on injured lung endothelium and alveolar epithelium,
including enhancing the resolution of pulmonary edema by up-
regulating sodium-dependent alveolar fluid clearance. MSCs also

have antimicrobial effects mediated by release of antimicrobial
factors and by up-regulating monocyte/macrophage phagocytosis.
Phase 2a clinical trials to establish safety inARDS are in progress, and
two phase 1 trials did not report any serious adverse events. Several
issues need further study, including: determining the optimal
methods for large-scale production, reconstitution of cryopreserved
cells for clinical use, defining cell potency assays, and determining the
therapeutic potential of conditioned media derived from MSCs.
Because ARDS is a heterogeneous syndrome, targeting MSCs to
patients with ARDS with a more hyperinflammatory endotype may
further enhance their potential for efficacy.

Keywords: mesenchymal stromal cells; pulmonary edema; acute
lung injury

Acute respiratory distress syndrome
(ARDS) constitutes a syndrome of acute
hypoxemic respiratory failure that develops
primarily from an increase in lung
endothelial and epithelial permeability
(1, 2). It accounts for more than 10% of
intensive care unit (ICU) admissions
worldwide, develops in up to 25% of
patients receiving mechanical ventilation
in the ICU, and has a mortality rate of
approximately 30 to 40% (2, 3), although
some of the mortality can be attributed to
coexisting morbidities and not just to the
respiratory failure itself. ARDS develops in
response to multiple predisposing factors,
including pneumonia, systemic sepsis, and

major surgery or multiple trauma, with
pulmonary and extrapulmonary sepsis
accounting for 75% of all predisposing
causes of ARDS (1). ARDS also confers a
considerable long-term disability burden,
with only 50% of survivors able to return
to work at 1 year, whereas cognitive,
psychological, and physical morbidity
persist for up to 5 years (4).

The pathologic hallmark of ARDS is
diffuse alveolar damage, with injury to both
the lung endothelium and epithelium (2).
Damage to the lung parenchyma results
from multiple mechanisms, including direct
injury by the inciting agent (e.g., bacteria
and their products, viral invasion, acid

injury after aspiration), by injury resulting
from activation of the immune system,
and by mechanical stretch–induced injury
induced by mechanical ventilation (2).
Immune system activation results in the
release of several proinflammatory
proteins and lipids and a predominantly
neutrophilic influx into the alveolar space
(2), leading to the generation of reactive
oxygen species and other factors that can
disrupt the alveolar–capillary barrier,
resulting in protein-rich pulmonary
edema and surfactant inactivation.
Physiologically, ARDS is characterized by
hypoxemia from ventilation–perfusion
mismatch and intrapulmonary shunt and
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an increase in the pulmonary dead space,
resulting in the need for positive pressure
ventilation (2).

Lack of Therapies for ARDS

Despite 5 decades of research, there is no
disease-modifying therapy for ARDS, and
management remains supportive. Improved
survival from ARDS over the past decade
has been achieved with the use of lung-
protective ventilation as well as prone
positioning and the use of muscle relaxants
in moderate to severe ARDS. After
resolution of shock, fluid-conservative
management increases the number of
ventilator-free days (2). The complexity and
diversity of the injury mechanisms, coupled
with the failure of multiple clinical trials of
pharmacologic therapies for ARDS (5),
suggest that targeting an intervention to a
single mediator or pathway may not be
sufficient to achieve a therapeutic effect. In
support of this perspective, the success of
lung-protective ventilation was probably
explained by multiple mechanisms of
therapeutic benefit for reducing lung injury
and enhancing repair with low tidal volume
and airway pressure–limited ventilation
(2). In addition, given the heterogeneity
of ARDS, identification of ARDS
subphenotypes or endotypes (6) may
facilitate focusing of therapeutic
interventions in ARDS subpopulations who
are most likely to benefit. Alternatively,
novel therapeutics that can target multiple
mechanisms of injury, maintain or augment
host defenses to pathogens, and facilitate
the lung repair process are promising.
In this regard, cell-based therapies with
mesenchymal stem/stromal cells (MSCs)
might fit this paradigm, with favorable
results in preclinical models, and
encouraging early-phase data suggesting
safety and tolerability of MSC-based
therapy in patients with ARDS. This
Perspective focuses on these approaches as
potential therapeutic agents for ARDS.

Stem Cells

Stem Cell Classification
There is a hierarchy of “stemness,” from
pluripotent cells, to multipotent cells, to
progenitor cells, where the capacity to
differentiate into different cell lineages is
progressively reduced. Another important

classification relates to their tissue source,
whether they are derived from embryonic
or adult tissues, and in the latter case,
which specific tissues they originate
from. The development of induced
pluripotent cells, achieved by the
reprogramming of mature adult cells
(usually fibroblasts) via the
overexpression of four primitive
transcription factors, to produce cells
with similar differentiation potential to
embryonic stem cells, has blurred this
distinction (7). Adult-derived stem cells,
such as MSCs, have a much more
limited differentiation potential
(primarily in vitro), but they can modulate
the immune response to tissue injury
and facilitate repair. “Progenitor” cells,
such as endothelial progenitor cells, which
are circulating cells involved in the
repair of endothelial cells and formation
of new blood vessels, have a more limited
differentiation capacity, being restricted
to a single lineage. A prior publication in
the Journal provided more detail on stem
cell classifications and challenges in this
field (8).

Cell-based Therapeutic Potential
Significant preclinical data support the
therapeutic potential of several stem cell
types for ARDS. Embryonic stem cells
have been differentiated to produce
functional airway epithelium (9),
whereas MSCs derived from ESCs
attenuate murine endotoxin and
bleomycin–induced lung injury (10).
Human induced pluripotent stem (iPS)
cells can also generate functional
respiratory cells (11), whereas in
preclinical studies, iPS cells decrease cold
ischemic injury in ex vivo perfused
human lungs (12), and the iPS secretome
(13) reduces rodent bleomycin-induced
lung injury. Endothelial progenitor cells
also show promise in several preclinical
models, including endotoxin lung injury
(14, 15). MSCs have been the most extensively
studied in preclinical studies of acute lung
injury, with more support for their potential as
a treatment for ARDS.

MSCs

MSCs were originally discovered in the bone
marrow, and criteria for identifying them
focused on the presence and absence of cell-
specific markers, adherence to plastic, and

their in vitro differentiation potential (16).
MSCs have a number of advantages. First,
they express minimal immunogenicity
because they have low expression of
major histocompatibility antigens, which
in turn permits allogeneic therapy
without immunosuppression. Second,
they can be stably expanded in vitro
while maintaining an undifferentiated
state, and it is feasible to generate
sufficient quantities for clinical use and
cryopreserve them before clinical use.
Third, they exert multiple effects on the
host immune response to injury, while
maintaining or augmenting the host
response to pathogens and facilitating
tissue repair. Fourth, they are available
for several tissue sources, including bone
marrow, adipose tissue, umbilical cord,
the placenta, and the pancreas (17, 18).
MSCs also have an excellent safety record
(search mesenchymal stem cell in
clinicaltrials.gov); they are in clinical
studies for a wide range of disease
processes and are approved for clinical
use for patients with steroid-resistant
graft-versus-host disease in a number of
countries, including Canada and Japan.

Mechanisms of Action of
MSCs

Immune Modulation
MSCs can alter the behavior of both
adaptive and innate immune cells
and thereby reduce the deleterious
effects of inflammation (Figure 1A).
MSCs reduce proinflammatory
cytokine responses to injury and
enhance antiinflammatory cytokines,
such as IL-10, in both infectious (19, 20)
and sterile models of lung injury and
repair (21–23). In a trauma model of
unilateral lung contusion injury
followed by hemorrhagic shock,
MSCs decreased injury in part by
increasing the number of regulatory
T cells in the peripheral blood in rats
(24). MSCs alter the polarization of
alveolar macrophages to the M2-like
(antiinflammatory or pro-repair)
phenotype (25, 26).

Enhanced Bacterial Clearance
MSCs enhance the phagocytic ability of
macrophages in bacterial pneumonia and
peritoneal sepsis in mice and in an ex vivo
perfused human lung preparation (26–28).
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MSCs increased Escherichia coli bacterial
clearance and enhanced survival in rats (19).

Injury and Inflammation Resolution
Both rodent (21, 22) and human (23) bone
marrow–derived MSCs (hMSCs) enhanced
repair after ventilator-induced lung injury,
enhancing resolution of inflammation and
restoration of lung function and structure.
MSCs also increased recovery from
bleomycin-induced lung injury in mice (29).

Restoration of Capillary Barrier
Function
The MSC secretome or conditioned media
from MSCs prevented an increase in
alveolar epithelial permeability and injury
by restoring vectorial sodium and fluid
transport in injured rat alveolar epithelial
cells (30), repaired cytokine-injured human
alveolar epithelial type 2 cell monolayers by
release of angiopoietin-1 (31), and
enhanced alveolar fluid clearance in an ex

vivo endotoxin-injured human lung model,
in part by release of keratinocyte growth
factor (KGF) (27).

How MSCs Produce Their
Effects

Paracrine Mediators
Multiple MSC effects are mediated by
paracrine factors. The MSC-conditioned
media protected rats from bleomycin injury
by alleviating inflammatory markers and
apoptosis in the lung, reducing collagen
deposits and fibrosis (32). MSCs accelerated
the resolution of endotoxin-induced lung
injury in mice partly by the release of the
pro-resolving lipid mediator lipoxin A4, a
molecule derived from arachidonic acid
(33). The effects of MSCs on resolution of
ventilator-induced lung injury may be
dependent on KGF secretion (22). The
secretion of antimicrobial peptides, such as
LL-37, contributes to the antimicrobial

effects of MSCs (28). These pathways are
summarized in Figure 1A.

MSC-derived Microvesicles
MSC-derived microvesicles (MSC-MVs)
and exosomes can transfer cellular contents,
including mitochondria, mRNA, and
microRNA, to injured cells (34). MVs
derived from hMSCs reduced lung injury,
reduced bacterial load, and improved
survival in murine E. coli pneumonia (34)
(Figure 1B). MSC-MVs decreased LPS-
induced lung injury in mice in part
via a KGF-dependent mechanism (35).
MSC-MVs promoted alveolar fluid clearance
and improved airway compliance in
E. coli–injured ex vivo human lungs, effects
blocked with anti-CD44 treatment (36).

MSC-Dependent Effects
Some effects of MSCs appear to require the
cells to be present. Early recovery from
ventilator-induced lung injury was enhanced
by MSC therapy to a greater extent than with
the MSC secretome (37). There is also
evidence that exosomes from MSCs can
prevent neonatal lung injury in mice (38).

Mitochondrial Transfer
MSCs can also transfer mitochondria to
injured alveolar epithelium (Figure 1B), an
effect that reduced endotoxin-induced lung
injury and increased survival in mice, perhaps
by a connexin-43–dependent mechanism that
enhanced intracellular ATP levels in the
injured epithelial cells (39). More recent work
has shown that mitochondrial transfer occurs
from MSCs to macrophages (40), in part via
tunneling nanotubes (41), and this transfer
can enhance macrophage phagocytosis.

Recent Translational and
Clinical Studies

Preclinical studies have focused on
validating mechanistic work in clinically
relevant models of ARDS with hMSCs, in an
effort to clearly test the clinical translation
potential and guide early-phase clinical trial
design.

Bacterial and Viral Infection
More than 75% of ARDS develops from
pulmonary or systemic sepsis (3). MSCs can
exert direct antibacterial effects via
secretion of antimicrobial peptides (28) and
modulate the immune system to enhance
their effectiveness in countering bacterial
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Figure 1. (A) The pathways by which mesenchymal stem/stromal cells (MSCs) can reduce lung injury
are illustrated in this diagram of an injured alveolus filled with protein-rich alveolar edema fluid.
Increased endothelial and epithelial repair can be mediated by release of angiopoietin-1 (ANG-1),
tumor necrosis factor (TNF)-stimulated gene 6 protein (TSG-6), and lipoxin A4 (LXA4), by reducing
neutrophil influx, decreasing neutrophil activation, and direct effects on improving endothelial and
epithelial barrier properties. Resolution of inflammation can be enhanced by the increased release of
IL-10 and decreased release of proinflammatory molecules such as TNF-a, mechanisms that are
mediated by LXA4 and prostaglandin E2 (PGE2). Increased alveolar fluid clearance can be stimulated
by the release of keratinocyte growth factor (KGF) by enhancing sodium-dependent alveolar fluid
clearance through epithelial sodium channel (ENaC). Increased phagocytosis can be mediated by the
transfer of microvesicles to macrophages from MSCs and also by release of the antimicrobial peptide
b-cathelicidin (LL-37). (B) This illustration is intended to emphasize the capacity of MSCs to transfer
mitochondria to injured alveolar epithelial cells, resulting in an increase in ATP, which can improve
bioenergetics and increase alveolar epithelial function, improving surfactant release and potentially
increasing alveolar fluid clearance. MSCs also release microvesicles (and exosomes not shown here)
that can carry biologically active material to alveolar epithelium and macrophages (see text for further
explanation). PMN= polymorphonuclear neutrophil.
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infection. Bone marrow–derived hMSCs
reduced lung injury, decreased bacterial
load, and improved survival in rats with
E. coli–induced pneumonia (19). Also,
cryopreserved, clinical-grade bone
marrow–derived hMSCs reduced bacterial-
induced injury to the alveolar epithelium
and enhanced E. coli clearance in an ex vivo
perfused human lung preparation (27). The
effects of MSCs in viral-induced lung injury
appear to depend on the specific viral
strain. MSCs significantly attenuated H9N2
avian influenza virus–induced acute lung
injury and inflammation in mice (42), and
they were also effective in H5N1 lung injury
in mice (43). In contrast, MSCs failed to
protect mice from lung injury caused by
influenza A pneumonia (a mouse-adapted
H1N1, PR8) (44, 45).

Large Animal Model
Bone marrow–derived hMSCs decreased
endotoxin-induced acute lung injury in a
sheep model (46). There was no organ
toxicity (cardiovascular, liver, pancreas, and
kidney) with hMSC treatment (46). To test
safety and efficacy, cryopreserved, clinical-
grade bone marrow–derived hMSCs were
studied in a ventilated sheep model of
Pseudomonas aeruginosa pneumonia with
severe lung injury and sepsis for 24 hours.
Compared with plasmalyte controls, there
were no adverse effects on hemodynamics
or other safety parameters, and the MSC-
treated sheep had improved oxygenation
(at both 5 and 10 million cells/kg) and
reduced pulmonary edema (only at 10
million cells/kg) (47).

Ex Vivo Human Lung
Bone marrow–derived hMSCs or the
conditioned media of MSCs can restore
alveolar fluid clearance in an ex vivo
preparation of perfused human lungs, in
part by up-regulating sodium-dependent
resolution of alveolar edema (48).
Subsequent studies in the ex vivo perfused
human lung showed that microvesicles
from MSCs could enhance alveolar fluid
clearance, an effect that was blocked by
anti-CD44 antibody treatment, indicating
that the CD44 receptor plays a role in the
internalization of the microvesicles in the
lung epithelial cells (36). These findings are
supported by an experimental study in
which endobronchial-delivered hMSCs
improved lung compliance in lungs
transplanted from non–heart-beating
donors in pigs (49).

Insights from Clinical Studies
MSCs have been reported to be safe in clinical
trials for several diseases (50) and are in clinical
use for steroid-resistant graft-versus-host
disease. For patients with ARDS from
pneumonia, sepsis, or aspiration, there were
no safety issues in a phase 1b dose-escalation
study that tested three doses of human bone
marrow–derived MSCs (1, 5, and 10 million
MSCs/kg ideal body weight) given
intravenously over 1 hour in nine patients
with moderate to severe ARDS defined as a
PaO2

/FIO2
less than 200 mmHg ventilated with

at least 8 cm H2O positive end-expiratory
pressure (NCT 01775774) (51). This research
group is now conducting a randomized,
blinded phase 2a safety trial in 60 patients
(40 treated with MSCs at 106 MSCs/kg ideal
body weight and 20 with plasmalyte placebo;
NCT 02097641). The primary endpoint for
this 60-patient trial is safety; it is not powered
for efficacy endpoints. The Food and Drug
Administration mandated clear evidence of
safety in a phase 2a ARDS trial before the
conduct of a larger phase 2b trial that could be
powered for respiratory endpoints. Zheng and
colleagues demonstrated that a low dose of 1
million adipose-derived hMSCs/kg was well
tolerated in a phase 1b study (52). Recently
published trials of hMSCs for ARDS and
studies in progress are summarized in Table 1.

Advancing the Therapeutic
Potential of MSCs for ARDS

Better MSC Characterization
There is no single specific cell surface
marker that identifies MSCs. Furthermore,
there is no clear relationship between cell
surface markers or functional characteristics
and their therapeutic properties in various
preclinical models. A recent publication
from the International Society for Cellular
Therapy addressed several of these issues
and recommended approaches that could
improve characterization of MSCs with
quantitative RNA analysis of selected gene
products, flow cytometry of functionally
relevant surface markers, and protein-based
assays of the paracrine products also known
as the secretome (18).

Alternative MSC Sources
Although most of the preclinical and
translational work has focused on bone
marrow–derived MSCs, recent interest
has focused on adipose- and umbilical
cord–derived MSCs as potentially more

plentiful MSC sources. MSCs from these
different tissues exhibit differential
toll-like receptor expression and
immunosuppressive potential (53), which
may cause differential immune-modulating
effects that may be important in ARDS.
Adipose tissue–derived MSCs have
demonstrated efficacy in preclinical models
of ischemia–reperfusion lung injury
(54), radiation injury (55), and bacterial
(P. aeruginosa) infection (56). Umbilical cord
MSCs have also demonstrated efficacy in
relevant preclinical models, and placenta-
derived MSCs demonstrated efficacy both
in vitro and in an endotoxin-injured perfused
human lung preparation (57). Most recently,
cryopreserved, xenogeneic material–free
umbilical cord–derived MSCs showed
comparable efficacy to bone marrow–derived
MSCs (58). Both umbilical cord– and
adipose-derived MSCs are being tested in
early-phase clinical trials (NCT 02444455 and
NCT 01902082, respectively) for ARDS.

Determining Cell Potency
A key translational step is the validation
of an assay that constitutes an index of
cell potency. Although there are several
potential candidate potency assays,
including components of the MSC
secretome, none have been clearly validated
yet for this purpose. Cell viability assays
after thawing of cryopreserved cells before
administration provide data regarding the
viability but not the potency of the cells. The
Food and Drug Administration normally
requires cell potency assays for phase 3
trials, but more work needs to be done to
develop cell potency assays in phase 2 trials.
Our recommendation is that the cell lysates of
MSC be tested for potency by measuring
several of the best-established paracrine
factors that mediate some of the benefit
in acute lung injury, including KGF,
angiopietin-1, tumor necrosis factor-
a–stimulated gene 6 (TSG-6), and IL-1ra.
There have been some experimental
approaches designed to enhance the
potency of MSCs, including serum
deprivation, exposure to hypoxia, and
transfection, although none of these
strategies has been well validated in
preclinical models yet (59).

Batch Heterogeneity and
Cryopreservation
A challenge in translating hMSCs to clinical
use in ARDS is the issue of batch-to-batch
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MSC heterogeneity. Although cell donors
are extensively screened to rule out systemic
illnesses and undergo screening for a panel
of infectious diseases (including HIV-1,
HIV-2, hepatitis B, hepatitis C, human
T-lymphotropic virus I/II, cytomegalovirus,
and syphilis), other donor-related variables,
such as age, may be important. MSCs from
aging (murine) donors demonstrate reduced
therapeutic efficacy (60). Umbilical cord
MSCs may have less batch variability, as the
donor conditions are more uniform, but
this remains to be determined. Differences
in expression of effector molecules may
also be important. Lee and colleagues
demonstrated that the expression of TSG-6
in MSCs paralleled efficacy in vivo (61). The
impact of other donor-related variables,
such as genetic variants, is unknown but
potentially important.

Variations in production and
cryopreservation methods may impart
variability in the function of MSCs when

tested in preclinical models or in patients for
specific clinical disorders. One approach has
been to thaw the cryopreserved MSCs and
then suspend them in plasmalyte before
administration; with this approach, the
MSCs are given with the dimethyl sulfoxide
(DMSO), an agent frequently used in cell
cryopreservation, and without removing
cell debris, a standard approach in most
industry-supported trials that have used
MSCs. However, concerns exist regarding
the potential for DMSO to exert toxic effects
on stored cells, reducing efficacy after
transplantation (62). Unpublished data
from the studies by Asmussen and
colleagues demonstrated that hMSCs were
less effective in their ovine bacterial
pneumonia model (47) when given directly
after thawing, compared with hMSCs that
had been washed to remove DMSO before
administration (S. Asmussen, personal
communication). In the phase 1 and 2
ARDS clinical trials from the University

of California in San Francisco, DMSO
and cell debris are removed by
centrifugation after the cryopreserved
MSCs have been thawed and the cells
suspended in plasmalyte before intravenous
administration. This latter approach
retained efficacy of the MSCs in both
small and large animal preclinical studies
of lung injury (26, 27, 51).

hMSC Dosage Regimens
Although preclinical data exist
demonstrating efficacy for intravenous and
intrapulmonary MSC administration, there
are no clear data demonstrating the
superiority of either route (21, 22). The
therapeutic potential of additional hMSC
doses also remains to be determined.
Consequently, current clinical studies
are focused on single-dose hMSC
administration via the less-invasive
intravenous route, with the START (Stem
Cells for Acute Respiratory Distress

Table 1. Selected Clinical Trials of Mesenchymal Stem/Stromal Cells for Acute Respiratory Distress Syndrome

Study Study Type MSC Type and Dose Study Status/Key Findings

START (51) Phase 1b dose escalation
clinical trial in moderate to
severe ARDS

Intravenous infusion of 1, 5, or
10 million hBM MSCs/kg

Study complete; all hMSC doses
well tolerated. No adverse
effects detected

Adipose-derived Mesenchymal
Stem Cells in Acute Respiratory
Distress Syndrome (NCT
01902082) (52)

Phase 1b clinical trial in patients
with ARDS

Intravenous infusion of human
adipose MSCs; dose 1
million/kg

Low dose of 1 million
adipose-derived hMSCs/kg was
well tolerated

START (NCT 02097641) Phase 2a safety clinical trial in
moderate to severe ARDS

Intravenous infusion,
hBM-derived MSCs; 10 million
cells/kg

Patient recruitment in progress

UCMSC-ALI (NCT 02444455) Phase 1–2 clinical trial Intravenous infusion, human
umbilical cord–derived MSCs;
53 105/kg once a day, three
doses

Patient recruitment in progress

A Phase 1/2 Study to Assess
MultiStem Therapy in Acute
Respiratory Distress Syndrome
(NCT 02611609)

Phase 1–2 clinical trial Intravenous infusion, “low” and
“high” dose hBM-derived
MSCs

Patient recruitment in progress

REALIST (NCT 03042143) Phase 1–2 clinical trial Intravenous infusion; 1, 5, or 10
million human umbilical
cord–derived CD362-positive
MSCs

Not yet recruiting patients

Mesenchymal Stem Cells (MSCs)
for Treatment of Acute
Respiratory Distress Syndrome
(ARDS) in Stem Cell Transplant
Patients (NCT 02804945)

Phase 2 clinical trial Intravenous infusion; 13 107

cells/kg; hBM-derived MSCs
Not yet recruiting patients

Definition of abbreviations: ARDS = acute respiratory distress syndrome; hBM= human bone marrow; hMSC= human mesenchymal stem/stromal cell;
MSC =mesenchymal stem/stromal cell; REALIST = Repair of Acute Respiratory Distress Syndrome by Stromal Cell Administration; START = Human
Mesenchymal Stem Cells for Acute Respiratory Distress Syndrome; UCMSC-ALI = Human Umbilical-Cord–derived Mesenchymal Stem Cell Therapy in
Acute Lung Injury.
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Syndrome) trial demonstrating safety for
this approach (51).

Other Adverse Effects
The SafeCell systematic review of eight
randomized controlled clinical trials of
MSC therapy did not find any evidence
for MSC-induced complications, including
acute infusional toxicity, organ system
complications, infection, death, or
malignancy (63). The START trial
demonstrated that doses of hMSCs up to
10 million/kg were well tolerated in patients
with ARDS (51). Nevertheless, the potential
remains for MSCs to exert longer-term
adverse effects in patients with ARDS, such
as pulmonary fibrosis, underlining the need
for long-term follow-up studies in these
patients.

Target ARDS Population
ARDS is a clinical syndrome rather than a
disease. The clinical criteria are sensitive but
lack specificity. Therefore, although the
criteria are a good screening tool for ARDS,
a significant proportion of patients who
fulfill the clinical criteria may not actually
have primarily acute lung injury. In the

ARDS network trials, 29% of patients had an
elevated pulmonary arterial wedge pressure
greater than 18 mm Hg at the time of entry
into the trial (64). In addition, recent studies
that used latent class analysis of ARDS
network clinical trials with measurement of
plasma biomarkers and clinical variables
have indicated that about 35% of patients
with ARDS have a hyperinflammatory
endotype, which correlated with a higher
mortality and differential responses to
therapy with positive end-expiratory
pressure and a conservative fluid strategy
(6, 65). Conceivably, patients with ARDS
with a hyperinflammatory endotype might
be better candidates for therapy with MSCs.
As an experimental example of this
hypothesis, MSCs were not effective in a
mouse model of H1N1 influenza lung
injury (44) but were effective in the more
inflammatory H5N1 influenza mouse
model of lung injury (43). Inclusion of all
patients in a clinical trial to determine
efficacy of MSCs may dilute any potential
signal for efficacy, reducing the effective
power of a clinical study and degrading
statistical power and effect size estimates of
clinical studies in ARDS, reducing the

power of these studies to detect important
differences (66).

Conclusions

Cell-based therapies offer promise for the
treatment of ARDS. MSC-based therapies
can be administered as an allogeneic
therapy, have strong preclinical data
demonstrating efficacy, and can be scaled up
for clinical use. More studies are needed
to reduce variability in cell batches and
to identify potency assays that measure
products of MSCs that are important in
mediating the therapeutic effects in ARDS.
MSCs are in early-phase clinical trials for
safety, and the next steps should be to
conduct phase 2b trials that are powered
for respiratory endpoints, perhaps in
patients with a more proinflammatory
endotype. n
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