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Summary
Background Treatment with bone-marrow-derived mesenchymal stromal cells (MSCs) has shown benefits in 
preclinical models of acute respiratory distress syndrome (ARDS). Safety has not been established for administration 
of MSCs in critically ill patients with ARDS. We did a phase 2a trial to assess safety after administration of MSCs to 
patients with moderate to severe ARDS.

Methods We did a prospective, double-blind, multicentre, randomised trial to assess treatment with one intravenous 
dose of MSCs compared with placebo. We recruited ventilated patients with moderate to severe ARDS (ratio of partial 
pressure of oxygen to fractional inspired oxygen <27 kPa and positive end-expiratory pressure [PEEP] ≥8 cm H2O) in 
five university medical centres in the USA. Patients were randomly assigned 2:1 to receive either 10 × 10⁶/kg predicted 
bodyweight MSCs or placebo, according to a computer-generated schedule with a variable block design and stratified 
by site. We excluded patients younger than 18 years, those with trauma or moderate to severe liver disease, and those 
who had received cancer treatment in the previous 2 years. The primary endpoint was safety and all analyses were 
done by intention to treat. We also measured biomarkers in plasma. MSC viability was tested in a post-hoc analysis. 
This trial is registered with ClinicalTrials.gov, number NCT02097641.

Findings From March 24, 2014, to Feb 9, 2017 we screened 1038 patients, of whom 60 were eligible for and received 
treatment. No patient experienced any of the predefined MSC-related haemodynamic or respiratory adverse events. 
One patient in the MSC group died within 24 h of MSC infusion, but death was judged to be probably unrelated. 
28-day mortality did not differ between the groups (30% in the MSC group vs 15% in the placebo group, odds ratio 2·4, 
95% CI 0·5–15·1). At baseline, the MSC group had numerically higher mean scores than the placebo group for Acute 
Physiology and Chronic Health Evaluation III (APACHE III; 104 [SD 31] vs 89 [33]), minute ventilation (11·1 [3·2] vs 
9·6 [2·4] L/min), and PEEP (12·4 [3·7] vs 10·8 [2·6] cm H2O). After adjustment for APACHE III score, the hazard 
ratio for mortality at 28 days was 1·43 (95% CI 0·40–5·12, p=0·58). Viability of MSCs ranged from 36% to 85%.

Interpretation One dose of intravenous MSCs was safe in patients with moderate to severe ARDS. Larger trials are 
needed to assess efficacy, and the viability of MSCs must be improved.

Funding National Heart, Lung, and Blood Institute.

Copyright © 2018 Elsevier Ltd. All rights reserved.

Introduction
Acute respiratory distress syndrome (ARDS) is associated 
with protein-rich pulmonary oedema and acute respi-
ratory failure characterised by acute inflammation and 
injury to the lung and epithelia.1,2 In a multinational 
observational study, ARDS occurred in 10% of patients 
admitted to intensive-care units, and mortality among 
these patients was increased by more than 30% despite 
improvements in supportive care and ventilator 
management.3

In several preclinical studies using animal models of 
ARDS, treatment with mesenchymal stromal cells 
(MSCs) derived from bone marrow, umbilical cord, or 
adipose tissue has reduced the severity of acute lung 
injury from infectious and non-infectious causes.4,5 In 

a 24 h model of severe lung injury from bacterial 
pneumonia in sheep, human bone-marrow-derived 
MSCs improved oxygenation and reduced extravascular 
lung water compared with a placebo control, without 
adverse haemodynamic effects or respiratory comprom-
ise.6 In addition, allogeneic MSCs derived from human 
bone marrow were effective in models of acute lung 
injury in ex-vivo perfused human lung preparations 
injured with endotoxin or Gram-negative bacteria.7,8 In 
some studies the MSCs were administered intravenously 
and in others they were administered by the intratracheal 
or intrabronchial routes. The preclinical data overall 
indicate reduced lung vascular and epithelial permeability 
to protein, increased clearance of alveolar oedema fluid, 
and anti-inflammatory and antimicrobial properties, 
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which support the thera peutic potential of bone-marrow-
derived MSCs for ARDS.9

Several clinical trials have suggested that patients with 
moderate to severe ARDS (ratio of partial pressure of 
oxygen to fractional inspired oxygen [PaO2:FiO2] <27 kPa), 
in whom lung inflammation and diffuse alveolar damage 
are increased,10 have differential and greater responses to 
treatments than patients with mild ARDS (PaO2:FiO2 
27–40 kPa). Given this difference in response, the 
increased mortality risk in patients with moderate to 
severe ARDS (29–48%),11 and the multipotent effects of 
cell-based therapies,12 we tested MSC-based treatment in 
patients with moderate to severe ARDS.

As a first step in testing safety, we did a phase 1, 
open-label, dose-escalation trial in nine patients with 
mod    erate to severe ARDS, using 1, 5, and 10 × 10⁶ MSCs/kg 
predicted bodyweight. Infusions at all doses were well 
tolerated.13 Therefore, we obtained approval from the 
US Food and Drug Administration (FDA) to do a 
randomised, double-blind, placebo-controlled, phase 2a 
trial to test the safety of intravenous treatment with the 
highest dose in patients with moderate to severe ARDS. 

Methods
Study design and patients
START was a double-blind, randomised, placebo-con-
trolled, phase 2a trial that was done in five university 
medical centres in the USA (University of California 
San Francisco, Stanford University, University of 
Pittsburgh Medical Center, Ohio State University, and 
Massachusetts General Hospital). Eligible patients were 
endotracheally intubated, had a PaO2:FiO2 less than 
27 kPa, were mechanically ventilated with at least 
8 cm H2O positive-end expiratory pressure (PEEP), had 
bilateral pulmonary infiltrates consistent with pulmonary 
oedema on chest radiographs, and had no clinical evidence 

of left-heart failure or volume overload as the primary 
cause of the pulmonary oedema. A protocol amendment 
was made to allow enrolment of patients with PEEP of 
5 cm H2O if they had evidence of barotrauma.

Exclusion criteria (appendix) included age younger 
than 18 years, ARDS present for more than 96 h, 
pregnancy or breastfeeding, being an inmate in the 
prison system, having received treatment for cancer in 
the past 2 years (except non-melanoma skin cancer), 
having an underlying medical status with life expectancy 
less than 6 months, moderate to severe liver disease 
(Child-Pugh score >12), severe chronic lung disease with 
the use of home oxygen, or partial arterial pressure of 
carbon dioxide greater than 7 kPa, and not being 
committed to full support (ie, had do not resuscitate or 
limit on life support orders).

The trial was approved by the institutional review boards 
at each medical centre, the FDA (15331), and the National 
Heart, Lung, and Blood Institute (U01HL108713). The 
clinical protocol is available in the appendix. A data safety 
monitoring board approved the trial design and reviewed 
serious adverse events and the results after 20 and 
40 patients had been enrolled. Written informed consent 
was obtained from patients or authorised surrogates.

Randomisation and masking
Patients were randomly assigned (2:1) to receive either 
10 × 10⁶ MSC/kg predicted bodyweight or placebo (Plasma-
Lyte A, Baxter, Deerfield, IL, USA). The randomisation had 
a variable block design, was stratified by site, and the 
sequence was generated by computer. The allocation 
sequence could be accessed by each cell laboratory through 
a dedicated website. Personnel in the cell laboratories were 
not masked, but patients, clinical staff, and investigators 
were unaware of treatment assign ment. To maintain 
masking of the investigators and clinicians, bags containing 
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Research in context

Evidence before this study
We searched PubMed for studies published between Jan 1, 2003, 
and Jan 1, 2013, with the search string “(acute respiratory 
distress syndrome OR acute lung injury) AND (marrow-derived 
mesenchymal stem cells) AND (‘2003/01/01’[Date –Publication]: 
‘2013/01/01’ [Date –Publication])” and no language restrictions. 
Preclinical studies of ARDS in small and large animals and 
perfused ex-vivo human lung preparations have shown 
therapeutic benefits after treatment with bone-marrow-derived 
mesenchymal stromal cells (MSCs). Based on these findings, 
clinical studies were done to assess the effects of MSCs to treat 
ARDS. One dose-escalation trial of 1, 5, and 10 × 10⁶ MSCs/kg 
predicted bodyweight in nine patients with moderate to severe 
ARDS indicated that the highest dose could be well tolerated. 
We obtained regulatory approval from the US Food and Drug 
Administration to do a phase 2a multicentre, randomised, 
double-blind trial of MSCs to assess safety.

Added value of this study
In patients with moderate to severe ARDS based on 
prespecified haemodynamic and respiratory parameters, 
MSC therapy was well tolerated. Clinical outcomes did not 
differ significantly between groups, but post-hoc analyses 
showed a trend for improvement in oxygenation index in the 
MSC group. Post-thaw viability of MSCs emerged as a 
potentially important factor in the biological and clinical 
effects of this treatment for ARDS. 

Implications of all the available evidence
Our results support the finding that single-dose intravenous MSC 
therapy is well tolerated in patients with moderate to severe 
ARDS. Measurement of biomarkers suggested that endothelial 
injury is significantly reduced, and that the effect is associated 
with higher viability of MSCs after thawing. Further well powered 
trials are needed to assess efficacy. 

See Online for appendix
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the study products and intravenous tubing had opaque 
coverings applied in the cell laboratories. No measures 
were taken to check the success of masking. For data 
analysis, investigators were unaware of treatment allocation 
until the database was fully cleaned and locked.

Procedures
Allogeneic MSCs derived from human bone marrow 
were prepared from three donors (aged 18–45 years, one 
woman and two men) with support from the National 
Heart, Lung, and Blood Institute Production Assistance 
for Cellular Therapies Program at the University of 
Minnesota (Minneapolis, MN, USA). MSCs were 
manufactured from fresh (four lots) or cryopreserved 
(eight lots) bone marrow. The mononuclear cell fraction 
was enriched with Ficoll. Mononuclear cells were tested 
for nucleated cell count, differential, viability, flow 
cytometry (CD105, CD73, CD90, CD45, CD34, CD14, 
CD19, and HLA-DR), and sterility before seeding at 
100 000 cells/cm² for culture. At 70% confluence, MSCs 
were lifted and passaged at a low density (40–50 cells/cm²) 
into 24 cell factories. At 70–80% confluence, the MSCs 
were harvested, washed, resuspended, and cryopreserved. 
Karyotyping (G banding) was done for all lots of MSCs 
and was normal. The criterion for release of MSCs from 
the University of Minnesota was at least 70% viability.

The cryopreserved MSCs were shipped to the clinical 
sites frozen at a maximum temperature of –150°C, in a 
validated liquid nitrogen dry shipper with a continuous 
temperature monitoring device. Upon receipt, the cellular 
product was inspected and stored in a controlled, 
continuously monitored liquid nitrogen storage tank. 
Before administration, the MSCs were thawed, washed to 
remove dimethyl sulfoxide (DMSO), and resuspended in 
Plasma-Lyte A by a local cell therapy laboratory. DMSO 
was removed because studies in sheep with Pseudomonas 
aeruginosa pneumonia suggested that efficacy of MSCs 
would be decreased without this step before intravenous 
administration.6 The total volume of the MSC or placebo 
infusion was 100 mL. Viability of infused MSCs was 
determined by trypan blue exclusion after the MSCs had 
been thawed and prepared for infusion at each of the 
clinical sites. The time to measurement of viability after 
MSC preparation was approximately 1 h, although no time 
range was specified in the standard operating procedures.

After a patient had been clinically stable for 2 h 
(transcutaneous oxygen saturation 88–95% without the 
need for FiO2 >0·8 or PEEP >20 cm H2O and use of 
maximum two vasopressors, <0·1 µg/kg per min 
epinephrine, or both, for blood pressure support) in the 
supine position, infusion was started with a standard 
blood filter tubing set with a pore size of 170 µm. The 
study product was infused by gravity over 60–80 min. 
The infusion rate, based on the droplet count, was 
controlled by a physician investigator who remained at 
the patient’s bedside for the duration of the infusion and 
in the intensive care unit for 6 h after the start of infusion 

to monitor for any signs of adverse reaction. All patients 
were ventilated according to the modified ARDS Network 
lower tidal volume protocol.14 

Theoretically, MSC infusion could increase pulmonary 
vascular resistance in the presence of injured pulmonary 
microcirculation, potentially by aggregating or clumping 
in capillaries or small arterioles. Subsequent potential 
risks are acute right heart failure, impaired cardiac output, 
and haemo dynamic instability. Additionally, infusion of 
MSCs could potentially worsen ventilation−perfusion 
mismatch and result in further impairment of oxygenation 
or carbon dioxide excretion. All patients, therefore, were 
monitored closely for any changes in a prescribed list of 
respiratory or cardiovascular parameters (panel). The 
incidence and nature of all serious adverse events were 
reviewed and independently assessed by the data safety 
monitoring board to determine whether they were related 
to MSC administration, with special focus on events that 
would be unexpected in a critically ill patient with ARDS. 
Additionally, we measured creatinine, total bilirubin, and 
alanine aminotransferase concentrations in serum on 
days 3, 7, and 14 after infusion if patients were still in 
hospital. Methods for data collection and in-study 
measurements are described elsewhere.15

Clinical and biological outcomes
The primary outcome of the study was the safety 
of the MSC infusion, assessed with prespecified 
infusion-associated adverse events focused on acute 
haemo dynamic or respiratory compromise (panel). 
The secondary outcomes were all-cause mortality at 

Panel: Prespecified infusion-associated adverse events

Within 6 h of study product infusion
• Increase in vasopressor dose to the following values or 

higher:
• Norepinephrine 10 µg/min
• Phenylephrine 100 µg/min
• Dopamine 10 µg/kg per min
• Epinephrine 0·1 µg/kg per min

or addition of a third vasopressor
• New ventricular tachycardia, ventricular fibrillation or 

asystole
• New cardiac arrhythmia requiring cardioversion
• Hypoxaemia requiring an increase in FiO2 of 0·2 or more 

and an increase in PEEP of 5·0 or more to maintain SpO2 in 
the target range of 88–95%

• Clinical scenario consistent with transfusion incompatibility 
or transfusion-related infection (eg, urticaria, new 
bronchospasm)

Within 24 h of study product infusion
• Any cardiac arrest or death

FiO2=fractional concentration of oxygen. PEEP=positive end-expiratory pressure. 
SpO2=peripheral capillary oxygen saturation.
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day 28 and day 60, number of ventilator-free days to day 
28, duration of ventilation in patients alive at day 28, 
number of intensive-care-free days to day 28, number of 
days free from organ failure to day 28 (cardiovascular, 
coagulation, hepatic, and renal), and the sequential organ 
failure assessment (SOFA) score.16 For respiratory 
parameters, we calculated the oxygenation index with the 
following validated measure of respiratory function,17,18

and with the lung injury score.19 Biological markers 
of endothelial injury (angiopoietin 2), inflammation 
(interleukin [IL]-6 and IL-8), and alveolar epithelial injury 
(receptor for advanced glycation end products [RAGE]) 
were measured in plasma collected at baseline, 6 h, and 
24 h after infusion, and were measured with ELISA kits 
(R&D Systems, Minneapolis, MN, USA).

Post-hoc study of MSC viability
After the trial was completed, MSC viability after 
thawing was found to be variable. Therefore, the 

University of California, San Francisco bone marrow 
transplant labora tory assessed the effects of washing to 
remove DMSO between thawing and resuspension 
of the MSCs in Plasma-Lyte A for infusion compared 
with simple thawing and dilution. We thawed MSCs that 
had originally been prepared for the trial but were not 
used. We measured the proportions of viable MSCs with 
trypan blue exclusion at 0, 30, 60, 120, and 180 min after 
removal from cryopreservation to simulate the time 
from before thawing to completing clinical infusion.

Statistical analysis
Because safety was the primary endpoint, we did not 
calculate sample size on the basis of an efficacy 
endpoint. We therefore used the FDA’s recommendation 
that 60 patients randomly assigned in a ratio of 2:1 would 
be enough to assess the primary endpoint. Analyses 
were done by intention to treat. Descriptive analyses of 
the variables were expressed as mean (SD), median 
(IQR), or number (%). All-cause mortality at 28 days 
and 60 days was analysed with Cox proportional hazard 
models and reported as hazard ratios (HRs) with 
95% CIs. We also report HRs after adjustment for Acute 
Physiology and Chronic Health Evaluation III (APACHE 
III) scores to resolve imbalances in severity of illness at 
baseline. To investigate the effects of MSC treatment on 
biomarker concentrations in plasma, we used the 
Mann-Whitney-Wilcoxon test on the original scale 
or ANCOVA after log transformation to compare 
values in the MSC and placebo groups at baseline 
(0 h) with results at 6 and 24 h after the start of infusion. 
In a post-hoc analysis, MSC viability at the time of 
administration was separated into tertiles and biomarker 
changes within 24 h from the start of infusion were 
compared between tertiles and between the MSC and 
placebo groups.

Two-sided p values less than 0·05 were significant. All 
statistical analyses were done with Stata software, version 
12.0. The independent data safety monitoring board 
reviewed safety data after 20 and 40 patients were 
enrolled. This trial is registered with ClinicalTrials.gov, 
number NCT02097641.

Role of the funding source
The funder of the study had no role in the study design, 
data collection, data analysis, data interpretation, or 
writing of this report. The corresponding author had full 
access to all the data in the study and had final 
responsibility for the decision to submit for publication. 

Results
From March 24, 2014, to Feb 9, 2017, 1038 patients were 
screened for eligibility, of whom 975 were excluded, 
and 63 were randomly assigned to a treatment group 
(figure 1). Three patients were not eligible for treatment 
after randomisation and, therefore, 40 patients received 
MSCs and 20 patients received placebo (figure 1). All 

975 excluded*
 264 active malignancies requiring treatment in previous
 2 years (except non-melanoma skin cancer)
 104 >96 h since meeting Berlin criteria
 103 severe chronic respiratory disease
 99 moderate to severe liver failure
 63 >50% risk of death in 6 months
 55 unable to provide consent
 45 major trauma in the previous 5 days
 41 received extracorporeal life support or high-frequency oscillatory
  ventilation
 40 moribund
 40 documented DVT or pulmonary embolism
 36 not committed to full support†
 22 WHO class III or IV pulmonary hypertension
 128 other reasons

43 assigned to receive MSC infusion

3 excluded
    2 did not meet baseline stability criteria
    1 patient’s PaO₂2:FIO₂ >27 kPa

40 received MSC infusion and included
 in analysis

20 assigned to receive placebo infusion

20 received placebo infusion and
      included in analysis

63 randomly assigned to a treatment group

1038 patients screened

Figure 1: Trial profile
DVT=deep-vein thrombosis. MSC=mesenchymal stromal cell. PaO2:FiO2=ratio of partial pressure of oxygen to 
fractional inspired oxygen. *Numbers total more than 975 because some patients met multiple exclusion criteria. 
†Do not resuscitate or limit on life support order in place. 

oxygenation index=
FiO₂(%) × mean airway pressure

PaO₂
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patients received their allocated treatments and were 
included in all outcome analyses.

Age, sex, and cause of ARDS were similar in the 
two groups at baseline (table 1). Scores were numerically 
higher in the MSC group than in the placebo group for 
severity of illness (SOFA and APACHE III) and 
respiratory parameters (minute ventilation and PEEP; 
table 1).

No patients had any of the prespecified adverse 
haemodynamic or respiratory safety events during study 
product infusion or within 6 h from the start of infusion 
(one-sided 97·5% CI 0–0·09). One patient in the MSC 
group had a fatal cardiopulmonary arrest 20 h after the 

start of product infusion and following a sustained 
fibreoptic bronchoscopy for clinical indications. This 
patient had a pre-existing history of coronary artery 
disease. The DSMB judged that the death was probably 
not related to the MSC infusion. All other deaths occurred 
after 24 h, and most were attributable to multiorgan 
failure after withdrawal of life support. The 6-month and 
12-month follow-up data are provided in the appendix.

Mortality at 28 and 60 days was non-significantly 
higher in the MSC group than in the placebo group 
(table 2). The number of ventilator-free and organ-failure-
free days were all numerically fewer in the MSC group 
than in the placebo group, but the differences were not 
significant (table 2). The number of intensive-care-free 
days was higher in the placebo group than in the 
MSC group (table 2). Further data on the prespecified 
secondary endpoints and the SOFA score at 3, 7, and 
14 days are provided in the appendix. After adjustment 
for APACHE III score, the HRs for 28-day and 60-day 
mortality remained non-significant but moved towards 1 
(figure 2).

The oxygenation index was numerically higher in the 
MSC group than in the placebo group at baseline 

Mesenchymal 
stromal cell group 
(n=40)

Placebo group 
(n=20)

Patients’ characteristics

Age (years) 55 (17) 55 (20)

Men/women 23 (58%)/17 
(42%)

10 (50%)/10 
(50%)

Cause of ARDS

Sepsis with pneumonia 19 (48%) 12 (60%)

Sepsis without pneumonia 5 (13%) 2 (10%)

Pneumonia without sepsis 11 (28%) 5 (25%)

Aspiration only 4 (10%) 1 (5%)

Other 1 (3%) 0

Arterial pressure (mm Hg) 75 (10) 76 (9)

Taking vasopressors at the time 
of infusion

24 (60%) 9 (45%)

SOFA score 8·1 (3·3) 6·9 (2·7)

APACHE III score 104 (31) 89 (33)

Respiratory characteristics

Minute ventilation (L/min) 11·1 (3·2) 9·6 (2·4)

Respiratory rate (breaths/min) 27·8 (6·6) 24·5 (6·3)

Tidal volume (mL/kg PBW) 6·3 (0·9) 6·1 (0·7)

Mean airway pressure (cm H2O) 17·8 (4·9) 16·4 (3·6)

Plateau airway pressure (cm H2O) 26·4 (5·7) 23·7 (5·1)

PEEP (cm H2O) 12·4 (3·7) 10·8 (2·6)

Driving pressure (cm H2O) 14·0 (4·1) 12·5 (4·3)

PaO2:FiO2 (kPa) 18·1 (4·3) 19·1 (5·2)

Oxygenation index (kPa)* 98·7 (78·1–123·3) 95·6 (71·6–113·8)

Lung injury score 3·1 (0·4) 3·0 (0·5)

Ventilation mode

Volume control 37 (93%) 17 (85%)

Pressure-regulated volume 
control

1 (3%) 2 (10%)

Other 2 (5%) 1 (5%)

Data are n (%), mean (SD), or median (IQR); percentage values might not sum 
100% due to rounding. ARDS=acute respiratory distress syndrome; SOFA=sequential 
organ failure assessment. APACHE III=Acute Physiology and Chronic Health 
Evaluation III score. PBW=predicted bodyweight. PEEP=positive end-expiratory 
pressure. PaO2:FiO2=ratio of partial pressure of oxygen to fractional inspired oxygen. 
Oxygenation index=FiO2 × mean airway pressure / PaO2. *Unavailable for 
three patients in the mesenchymal stromal cell group and one in the placebo group 
because mean airway pressure was not recorded.

Table 1: Baseline characteristics

Mesenchymal 
stromal cell 
group (n=40)

Placebo group 
(n=20)

Odds ratio* or 
median difference 
(95% CI)

p value

Mortality to day 28 12 (30%) 3 (15%) 2·4 (0·5 to 15·1) 0·34

Mortality to day 60 15 (38%) 5 (25%) 1·8 (0·5 to 7·6) 0·40

Number of ventilator-free days to day 28 2 (0 to 23) 17 (0 to 24) 0 (–12 to 0) 0·28

Number of ICU-free days to day 28 2 (0 to 19) 14 (7 to 20) –5 (–11 to 0) 0·05

Number of organ-failure-free days to day 28

Cardiovascular 18 (7 to 24) 24 (19 to 27) –4 (–10 to 0) 0·09

Coagulation 28 (17 to 28) 28 (28 to 28) 0 (–3 to 0) 0·10

Hepatic 28 (16 to 28) 28 (25 to 28) 0 (0 to 0) 0·43

Renal 28 (7 to 28) 28 (25 to 28) 0 (–5 to 0) 0·25

Non-pulmonary organs 12 (2 to 24) 22 (13 to 25) –4 (–13 to 0) 0·10

Duration of ventilation in survivors to 
day 28 (days)

12 (4 to 24) 8 (4 to 15) 2 (–3 to 10) 0·51

Data are n (%), odds ratio (95% CI), or median (IQR) with median difference (95% CI calculated by Hodges-Lehmann 
method). Fisher’s exact test was used to compare categorical variables, and Mann-Whitney U test for continuous 
variables. ICU=intensive-care unit. *Calculated for mortality. 

Table 2: Main clinical outcomes

HR (95% CI)

Day 28 mortality
Unadjusted model
Adjusted for APACHE III score

Day 60 mortality
Unadjusted model
Adjusted for APACHE III score

0·24
0·58

0·32
0·74

 
 2·15 (0·61–7·61)
 1·43 (0·40–5·12)

 
 1·68 (0·61–4·62)
 1·19 (0·43–3·34)

HR (95% Cl)

p value

1 3 820 7654

Figure 2: Mortality to day 28 and day 60 for mesenchymal stromal cell therapy versus placebo
APACHE III=Acute Physiology and Chronic Health Evaluation III score; HR=hazard ratio.
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(appendix). Over the following 2 days, oxygenation index 
in the MSC group reduced but not by significantly more 
than in the placebo group. A similar pattern in reduction 
of oxygenation index was seen in patients who remained 
intubated for 2 days (appendix).

At baseline, protein C concentration in plasma was 
numerically lower in the MSC group than in the placebo 
group, but no other biomarkers differed between groups 
at baseline (table 3). Concentrations of angiopoietin 2 had 
reduced by 6 h after the start of infusion in the MSC 
group (figure 3). No changes from baseline were seen for 
IL-6, IL-8, RAGE, or protein C concentrations at 6 or 24 h 
in either group.

After completing the study, the viability of MSCs at the 
time of study product preparation was found to range 
widely from 36% to 85%. Tertiles of viability were 
36–56% (n=14 recipients), 57–69% (n=13), and 70–85% 
(n=13). In our post-hoc analysis of viability-dependent 
effects on biomarkers, we found no differences for IL-6, 

IL-8, or RAGE at baseline (appendix p 5), but after 
adjustment for baseline biomarker values, concentrations 
of angio poietin 2 decreased progressively, and in the 
intermediate and the highest tertiles of MSC viability 
were significantly lower than in the placebo group 
(appendix). In addition, oxygenation index seemed to 
improve from baseline to 2 days after the start of infusion 
in the intermediate and highest tertiles of MSC viability, 
albeit non-significantly (appendix). Further comparisons 
of secondary outcomes with the placebo group and 
between MSC tertiles are provided in the appendix.

Washing to remove DMSO during preparation was 
associated with a notable reduction in the proportion of 
viable MSCs compared with simple thawing (figure 4). 
We found no significant differences in MSC viability 
among the donors (appendix). MSC viability was higher 
at one preparation site than the other four (appendix), 
but we could identify no differences in processing of 
MSCs in the viability measurements.

Discussion
In this double-blind, randomised, placebo-controlled 
phase 2a trial, we found no MSC-related predefined 
haemodynamic or respiratory adverse events within 6 h 
of the start of infusion in 40 patients with moderate to 
severe ARDS. One patient died within 24 h of receiving 
MSCs but the DSMB judged the death unlikely to be 
related to administration of the cell product.

Mortality at 28 and 60 days was numerically but not 
statistically higher in the MSC group than in the placebo 
group. The numerical difference might have been driven 
by imbalances in the severity of illness, represented by 
SOFA and APACHE III scores, at baseline. Several base-
line respiratory variables (minute ventilation, respiratory 
rate, oxygenation index, and PEEP level) indicated that 
respiratory failure might have been more severe in the 
MSC group than in the placebo group. Although neither 
the unadjusted nor the adjusted analyses showed 
significant differences in the secondary outcomes, we 
recognise that the higher mortality in the MSC group 
could represent an unfavourable effect of MSCs. 
Nevertheless, mortality in the placebo group was lower 
than anticipated,12 whereas that in the MSC group was as 

Baseline Change from baseline to 6 h Change from baseline to 24 h

Mesenchymal stromal cell 
group (n=39)

Placebo group (n=19) Mesenchymal stromal 
cell group (n=39)

Placebo group (n=19) Mesenchymal stromal 
cell group (n=39)

Placebo group (n=19)

Angiopoietin 2 (pg/mL) 12 004 (9701 to 23 110) 9387 (6558 to 13 261) –1120 (–4706 to –66)* 287 (–1005 to 2374) –2080 (–6404 to 47) –537 (–4294 to 1029)

Interleukin 6 (pg/mL) 167 (61 to 541) 164 (30 to 300) –51 (–124 to 4) –20 (–71 to 17) –34 (–137 to 4) –43 (–165 to 39)

Interleukin 8 (pg/mL) 56 (34 to 90) 40 (26 to 69) –2 (–24 to 3) –1 (–8 to 1) –5 (–34 to 4) –5 (–17 to –1)

RAGE (pg/mL) 2065 (994 to 4296) 1818 (1235 to 5190) –326 (–888 to –45) –322 (–624 to –93) –393 (–1118 to –78) –411 (–1057 to –110)

Protein C (pg/mL) 60 (44 to 76)† 75 (58 to 105) 2 (–3 to 6) 0 (–16 to 5) 4 (–5 to 10) 1 (–11 to 21)

Data are median (IQR). Differences in biomarker concentrations between the mesenchymal stromal cell group and control group were calculated with the Mann-Whitney-Wilcoxon test. RAGE=receptor for 
advanced glycation end products. *p=0·006 for change before log transformation. †p=0·052 for difference between groups.

Table 3: Comparison of biomarker concentrations in plasma at baseline and at 6 h and 24 h after start of infusion
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Figure 3: Changes in angiopoietin 2 concentrations in plasma from baseline to 6 and 24 h
Data are mean (SE) after log transformation. MSC=mesenchymal stromal cell. *p=0·005 compared with placebo.
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anticipated. Additionally, drawing conclusions from this 
small clinical trial is difficult due to wide CIs for the 
secondary endpoints.

Post-hoc analysis indicated reductions in oxygenation 
index over the 2 days following infusion among patients 
who received MSCs compared with those who received 
placebo. This analysis is limited for several reasons, 
including death, extubation, and some missing data. We 
attempted to account for these effects by doing a paired 
analysis only in patients intubated during the 2 days after 
infusion, and the findings remained similar. However, 
the numerical improvement in oxygenation should not 
be overinterpreted as a favourable finding until it has 
been assessed further in a larger trial.

The decrease of concentrations of angiopoietin 2 in 
plasma was significantly greater in the MSC group than 
in the placebo group 6 h after the start of infusion. 
This decrease suggests a biological effect of the MSC 
treatment. Angiopoietin 2 is a well recognised mediator 
and biomarker of pulmonary20 and systemic vascular 
injury.21 We have found previously that angiopoietin-2 
concentrations have important predictive value for the 
development of ARDS.22 In addition, they robustly 
predict poor clinical outcomes in adults23 and children24 
with ARDS, and are recognised as pathogenetic and 
prognostic factors in patients with pneumonia.25 The 
reductions in angiopoietin-2 concentrations in this trial 
might have been related to the release of anti-
inflammatory factors that can moderate lung injury.5 No 
significant changes were seen in concentrations of IL-6, 
IL-8, RAGE, or protein C.

The most unanticipated finding in this trial, found 
only after study completion, was the wide range of 

MSC viability after preparation for infusion (36–85%). 
Sub stantial variations had not been anticipated and, 
therefore, we planned no checks of viability during the 
trial. Because of this finding, we did a post-hoc analysis, 
which showed a significant viability-dependent effect 
on angiopoietin-2 concentrations in plasma 6 h after 
administration. No effect on angiopoietin 2 was seen in 
the lowest viability tertile, but significant differences 
between groups were seen in the intermediate (p=0·02) 
and highest tertiles (p=0·001). We also saw a slight 
improve ment in oxygenation index on day 2 in the 
intermediate and highest viability tertiles. No other 
significant differences were seen, although there was a 
favourable shift of the adjusted HR for mortality in the 
higher MSC viability tertiles. Although the differences 
are incon clusive, they suggest that there is potential for 
improved efficacy of MSCs with adequate viability. We 
suggest two explanations for the variation in MSC 
viability in this trial. First, a study from the University 
of Minnesota, which has a centre that produces MSCs, 
showed 14% less eventual MSC viability by flow 
cytometry with cell products derived from cryo-
preserved rather than fresh bone marrow.26 Second, our 
procedure in the trial to remove the DMSO from the 
thawed MSCs also seemed to reduce MSC viability. 
The scientific justification for the wash step was based 
on unpublished data from our sheep studies of 
P aeruginosa pneumonia which suggested that DMSO 
lowered the efficacy of MSC on oxygenation.6 For 
future trials, we will obtain all MSCs from the 
University of Minnesota and will use those showing 
100% viability before distribution. We will also 
eliminate the wash step for removal of DMSO.

Some questions remain about the biology and clinical 
testing of MSCs harvested from bone marrow, umbilical 
cord, or adipose tissue. An important issue is the 
uncertainty about the effects of live and dead MSCs.27 
Some data suggest that live and dead human cells 
evoke similar responses in mouse lungs and in some 
experimental studies, dead cells have produced favourable 
immune responses after being phagocytised by mono-
cytes or macrophages.27 More research is needed to 
optimise the methods for MSC cryopreservation, thawing, 
and production of MSCs for clinical trials.

Several other therapy-related issues deserve comment. 
The optimum delivery route for MSC therapy for ARDS 
has not been established. In our preclinical studies we 
used intrabronchial, intratracheal, and intravenous routes, 
all of which were associated with efficacy.7,9 Because of an 
excellent safety track record of MSC administration by the 
intravenous route in other clinical disorders, the FDA 
advised us to test the intravenous route in our safety trials 
of MSCs for ARDS, as this would probably be more 
reasonable for eventual regu latory approval than admini-
stration by the intra bronchial route. We aimed to give 
MSC therapy in the exudative phase of ARDS. In one 
study, 74 (90%) of 82 patients who died within 7 days of 
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diagnosis of ARDS had post-mortem evidence of the 
exudative phase of lung injury and minimal evidence of 
fibrosis.10 Because we treated patients within 7 days of 
ARDS diagnosis, it seems likely that administration of 
MSCs during the exudative phase was achieved.

We screened a large number of patients for this trial to 
be able to recruit 60 (6%). In multiple phase 3 trials done by 
the National Heart, Lung, and Blood Institute ARDS 
Network, approximately 10% of screened popu-
lations were enrolled. We have noted differences between 
observational studies and clinical trials of ARDS in the 
selection of patients and the presence of comorbidities 
relative to the higher mortality reported.28 The results of 
clinical trials in which screening includes several exclusion 
criteria, as in this trial, are not necessarily generalisable to 
the broader unselected population of ARDS patients. If 
such trials test supportive care interventions, such as low 
tidal volume or fluid conservative therapy, the findings 
might have broader relevance,2 but, for pharmacological 
and cell-based therapies, extrapolation of the findings 
might not be appropriate.

Further limitations of this trial were that the sample 
size was too small to reliably assess efficacy. For example, 
the Billiards trial,29 which tested a strategy of reduced 
tidal volume ventilation against an established strategy in 
52 patients with ARDS, showed no difference in clinical 
outcomes between groups. By contrast, the larger phase 3 
ARMA trial of 861 patients30 showed reduced in-hospital 
mortality with low tidal volume ventilation. The findings 
of phase 2 trials in ARDS, in which CIs are often wide, 
therefore, have limited generalisability.31 Additionally, 
some analyses in this trial were done post hoc without 
adjustment for multiple comparisons.

This randomised, double-blind, phase 2a trial of 
treatment with human bone-marrow-derived MSCs for 
moderate to severe ARDS in critically ill patients, 
including patients with vasopressor-dependent shock at 
baseline, showed no infusion-related haemodynamic or 
respiratory adverse events. The patients in the MSC 
group had numerically higher disease severity scores 
than those in the placebo group at baseline, but 
mortality did not differ significantly between groups. 
Concentrations of angiopoietin 2 in plasma were 
significantly reduced at 6 h in MSC recipients. An 
important finding was that MSC viability had a 
significant viability-dependent effect on angiopoietin-2 
con cen trations. We anticipate being able to avoid wide 
variability in MSC viability in future trials by changes to 
product preparation methods. Larger trials will be 
needed to test the efficacy of MSCs for ARDS. We are 
planning a phase 2b trial in 120 patients that will be 
powered to detect efficacy for respiratory endpoints, 
with oxygenation index as the primary endpoint.
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