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Objective:	Although	mesenchymal	stem/stromal	cells	 represent	a	
promising	 therapeutic	 strategy	 for	 acute	 respiratory	distress	syn-
drome,	 clinical	 translation	 faces	 challenges,	 including	 scarcity	 of	
bone	marrow	donors,	and	 reliance	on	bovine	serum	during	mes-

enchymal	 stem/stromal	 cell	 proliferation.	We	wished	 to	 compare	
mesenchymal	stem/stromal	cells	from	human	umbilical	cord,	grown	
in	xeno-free	conditions,	with	mesenchymal	stem/stromal	cells	from	
human	bone	marrow,	in	a	rat	model	of	Escherichia coli	pneumonia.	
In	addition,	we	wished	to	determine	the	potential	for	umbilical	cord-
mesenchymal	stem/stromal	cells	to	reduce	E. coli–induced	oxidant	
injury.
Design:	Randomized	animal	study.
Setting:	University	research	laboratory.
Subjects:	Male	Sprague-Dawley	rats.
Interventions:	Acute	respiratory	distress	syndrome	was	induced	
in	rats	by	intratracheal	instillation	of	E. coli	(1.5–2	×	109	CFU/kg).	 
“Series	 1”	 compared	 the	 effects	 of	 freshly	 thawed	 cryopre-
served	umbilical	cord-mesenchymal	stem/stromal	cells	with	bone	
marrow-mesenchymal	 stem/stromal	 cells	 on	physiologic	 indices	
of	 lung	 injury,	 cellular	 infiltration,	 and	 E. coli	 colony	 counts	 in	
bronchoalveolar	lavage.	“Series	2”	examined	the	effects	of	cryo-
preserved	 umbilical	 cord-mesenchymal	 stem/stromal	 cells	 on	
survival,	as	well	as	measures	of	 injury,	 inflammation	and	oxidant	
stress,	 including	 production	 of	 reactive	 oxidative	 species,	 reac-
tive	oxidative	species	scavenging	by	superoxide	dismutase-1	and	
superoxide	dismutase-2.
Measurements and Main Results:	In	“Series	1,”	animals	subjected	
to	E. coli	 pneumonia	 who	 received	 umbilical	 cord-mesenchymal	
stem/stromal	 cells	 had	 improvements	 in	 oxygenation,	 respira-
tory	static	compliance,	and	wet-to-dry	ratios	comparable	to	bone	
marrow-mesenchymal	stem/stromal	cell	 treatment.	E. coli	colony-
forming	units	in	bronchoalveolar	lavage	were	reduced	in	both	cell	
therapy	 groups,	 despite	 a	 reduction	 in	 bronchoalveolar	 lavage	
neutrophils.	 In	 series	 2,	 umbilical	 cord-mesenchymal	 stem/stro-
mal	cells	enhanced	animal	survival	and	decreased	alveolar	protein	
and	 proinflammatory	 cytokine	 concentrations,	 whereas	 increas-
ing	 interleukin-10	 concentrations.	 Umbilical	 cord-mesenchymal	 
stem/stromal	cell	therapy	decreased	nicotinamide	adenine	dinucle-
otide	phosphate-oxidase	2	and	inducible	nitric	oxide	synthase	and	
enhanced	lung	concentrations	of	superoxide	dismutase-2,	thereby	
reducing	lung	tissue	reactive	oxidative	species	concentrations.
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Conclusions:	Our	 results	demonstrate	 that	 freshly	 thawed	cryo-
preserved	 xeno-free	 human	 umbilical	 cord-mesenchymal	 stem/
stromal	cells	reduce	the	severity	of	rodent	E. coli–induced	acute	
respiratory	distress	syndrome.	Umbilical	cord-mesenchymal	stem/
stromal	cells,	 therefore,	 represent	an	attractive	option	 for	 future	
clinical	 trials	 in	 acute	 respiratory	 distress	 syndrome.	 (Crit Care 
Med	2017;	45:e202–e212)
Key Words:	 acute	 respiratory	 distress	 syndrome;	 mesenchymal	
stem/stromal	cells;	oxidative	stress;	sepsis;	umbilical	cord

Mesenchymal stem/stromal cells (MSCs) represent 
a promising therapeutic strategy for sepsis and 
acute respiratory distress syndrome (ARDS). MSCs 

reduce mortality, improve alveolar epithelial barrier function, 
and attenuate inflammation and lung injury in diverse pre-
clinical ARDS and sepsis animal models (1–7), including our 
model of repair from ventilator-induced lung injury (8) and 
Escherichia coli–induced pneumonia (9). The mechanisms of 
action of MSCs in ARDS are diverse and include the secretion 
of paracrine mediators and microparticles that reduce injury 
and inflammation and enhance cellular repair (10).

More recently, MSCs have been tested in clinical trials in 
several conditions, taking advantage of their regenerative and 
reparative capacity (11–13) and also in their anti-inflamma-
tory and immunoregulatory activities (14–16). A phase I clin-
ical trial of MSCs in ARDS has been completed (17), and a 
phase II study is underway (NCT02097641).

Three key issues in relation to clinical translation of MSCs 
are cell source, cell manufacture, and cell storage. The scale-
up of bone marrow (BM) MSC manufacturing required for 
phase III clinical trials necessitates large-scale expansion 
and proliferation from each volunteer BM donor to gener-
ate sufficient therapeutic product (18). Culture-expanded 
MSCs undergo telomere shortening and gradually enter into 
senescence as they approach replicative exhaustion (19). 
These and other alterations of phenotype during extensive 
culture expansion may play a role in modifying their regen-
erative and immune suppressive properties or triggering an 
immune response limiting their survival and function in 
vivo. MSCs found in human umbilical cord (hUC) present 
some advantages over other stem cell tissue sources, particu-
larly in regard to the need for extensive culture expansion. 
UC is a plentiful, easily assessable biologic waste product. A 
single UC produces 10 times more early passage MSCs than 
a BM harvest, allowing generation of high numbers of early 
passage MSCs (20). In addition, all UC-MSCs are the same 
“age,” thus reducing variability, and potentially enhancing 
potency (21). Another important issue concerns the use of 
fetal bovine serum (FBS). FBS-based media remain a com-
mon standard in generating MSCs for basic research and 
clinical studies (22); however, the use of FBS is not desirable, 
raising several safety and other concerns, including the risk of 
contamination associated with viruses and prions, and a high 
content of xenogeneic proteins that can be associated with 

immunogenicity (23–26). Finally, MSCs must retain viability 
and efficacy following cryopreservation, storage, and trans-
port, to be feasible as a clinical therapy. Demonstration of 
efficacy when administered immediately following thawing is 
therefore a key translational step.

In the experiments reported here, we tested the efficacy of 
freshly thawed, cryopreserved MSCs, derived from hUC and 
propagated using xeno-free, serum-free, chemically defined 
media, in a rodent model of E. coli pneumonia-induced ARDS. 
We hypothesized that UC-MSCs would improve survival and 
physiologic parameters indicative of reduced lung injury, 
enhance host bacterial clearance, and decrease reactive oxygen 
species (ROS)–mediated injury.

MATERIALS AND METHODS
All work was approved by the Animal Ethics Committee of 
the National University of Ireland, Galway, and conducted 
under license from the Department of Health, Ireland (“Series 
1”), or by the Animal Care and Use Committee of the Keenan 
Research Centre for Biomedical Science of St Michael’s Hos-
pital, Toronto, and conducted under license from Health 
Canada (“Series 2”). Specific-pathogen-free adult male 
Sprague-Dawley rats (series 1: Charles River Laboratories, 
Kent, United Kingdom; series 2: Charles River Laboratories, 
Quebec, Canada) weighing between 350 and 450 g were used 
in all experiments.

Human MSCs
hUCs were obtained from full-term, consenting donors 
undergoing caesarean section at Mount Sinai Hospital, 
Toronto, Canada, according to a protocol approved by 
research ethics boards at both the University of Toronto and 
Mount Sinai Hospital’s Research Centre for Women’s and 
Infants’ Health. For isolation and culture of BM-MSCs, we 
used established criteria (8). Additional details are available 
in the supplemental data (Supplemental Digital Content 4, 
http://links.lww.com/CCM/C91).

Rodent E. coli–Induced Injury Protocol
E. coli Instillation. Two different serotypes of E. coli were 
used. Series 1 utilized serotype E5162 (serotype: O9 K30 H10), 
which was supplied by the National Collection of Type Cul-
tures, Central Public Health Laboratory, London, England. 
Series 2 serotype (ATCC 25922), obtained from American 
Type Culture Collection (ATCC, Manassas, VA), produced a 
more severe injury, resulting in mortality of approximately 
40% at 24 hours. Preliminary experiments were performed to 
determine the bacterial load of intratracheal E. coli required to 
produce a lung injury over a 24- or 48-hour period. Animals 
were anesthetized by inhalational induction with isoflurane 
and intraperitoneal 40 mg/kg ketamine (Pfizer, Kent, United 
Kingdom). After confirmation of depth of anesthesia by paw 
clamp, IV access was obtained via tail vein; laryngoscopy was 
performed and the animals were intubated with a size 14G IV 
catheter (BD Insyte; Becton Dickinson Ltd, Oxford, United 
Kingdom). 2 × 109 E. coli in a 300-μL phosphate buffered saline 
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(PBS) suspension was instilled into the trachea using a 1-mL 
syringe, and the animals were allowed to recover (27).

Assessment of Lung Injury. Twenty-four or 48 hours after 
E. coli instillation, animals were reanesthetized as described 
above; IV access were established via tail vein and anesthesia 
was maintained with alfaxalone (alfaxadone 0.9% and alfa-
dadolone acetate 0.3%). A tracheostomy tube was inserted, 
and intra-arterial access was sited in the carotid artery. Mus-
cle relaxation was induced with cisatracurium besylate, and 
the lungs were mechanically ventilated using a small animal 
ventilator (CWE SAR 830 AP; CWE Inc, Ardmore, PA) with 
30% O

2
 in 70% N

2
 at a respiratory rate of 80 min–1, tidal vol-

ume 6 mL kg–1, and positive end-expiratory pressure 2 cm 
H

2
O as previously described (27–29). Systemic arterial blood 

pressure and peak airway pressure were continually mea-
sured. Body temperature was maintained at 36–37.5°C. Lung 
static compliance and arterial blood gas analysis were mea-
sured after 20 minutes and were repeated on 100% O

2
 after 

15 minutes (29, 30).
Ex Vivo Analyses. Animals were then killed by exsanguina-

tion under anesthesia. The heart-lung block was dissected from 
the thorax; bronchoalveolar lavage (BAL) was performed; BAL 
fluid differential, leukocyte counts and lung bacterial colony 
counts were completed. BAL fluid was centrifuged, and the 
supernatant was snap frozen and stored at –80°C. BAL concen-
trations of tumor necrosis factor (TNF)-α, interleukin (IL)-6, 
and IL-10 were determined using enzyme-linked immunosor-
bent assay (R&D Systems, Minneapolis, MN), and BAL pro-
tein concentrations were measured (Bio-Rad protein Assay, 
Hercules, CA). The left lung was isolated and fixed (31, 32), 
and the extent of histologic lung damage was determined using 
quantitative stereological techniques (33). All ex vivo analyses 
(BAL analyses, wet-to-dry ratios, and histologic analyses) were 
performed by blinded investigators.

Western Blot Procedure. Western blot analysis was per-
formed according to an established protocol (34). Briefly, lung 
tissues were homogenized in TNE buffer (0.05 M Tris/HCl,   
pH 7.4, 0.1 M NaCl, 1 mM EDTA) supplemented with 1% Tri-
ton X-100 and protease/phosphatase inhibitors, and equal pro-
tein amounts were fractionated on 4–12% gradient NuPAGE 
gels (Invitrogen) and transferred to a polyvinylidene difluo-
ride membrane (Immobilon-P; Millipore, Bedford, MA). After 
blocking with 5% milk in Tris-Buffered Saline and Tween 20, 
the blot was incubated with primary antibody for 2 hours or 
overnight, followed by a secondary antibody conjugated with 
horseradish peroxidase for 1 hour. The following primary 
antibodies were used: inducible nitric oxide synthase (iNOS), 
1:1,000 (mouse IgG2a), gp91phox/Nox2, 1:1,000 (mouse 
IgG1), and Arginase 1, 1:1,000 (mouse IgG1); all three from 
BD Biosciences (Mississauga, ON, Canada); superoxide dis-
mutase (SOD) 1, 1:4,000 (goat IgG; R&D, Minneapolis, MN), 
SOD2, 1:3,000 (rabbit IgG; Lifespan Biosciences Seattle, WA), 
and TSG-6, 1:500 (mouse IgG; Santa Cruz Biotech. Inc., Dallas, 
TX). Signals were detected using an ECL-Plus kit (Amersham 
Biosciences, Piscataway, NJ). Band intensities were quantified 
and expressed relative to that of β-actin.

Estimation of Pulmonary Oxidative Stress by Amplex 
Red Assay. H

2
O

2
 levels were measured in lung tissue using 

an Amplex Red assay kit (Molecular Probes, Eugene, OR) in 
accordance with the manufacturer’s instructions. The right 
lung was homogenized in 25 mM HEPES buffer, pH 7.4, plus 
1 mM EDTA, and protease inhibitors. After centrifugation at 
6,000 × g for 5 minutes at 4°C, the supernatants were incu-
bated in a microtiter plate at room temperature for 30 minutes 
with amplex red and horseradish peroxidase. The effects of 100 
μM of apocynin (NADPH oxidase inhibitor; Sigma-Aldrich, 
Oakville, ON) on the reaction were tested. Fluorescence was 
quantified using 544-nm excitation and 590-nm emission, and 
levels were normalized for protein content.

Experimental Design
Series 1 compared the effects of freshly thawed MSCs derived 
from UC with MSCs from BM on physiologic indices of 
lung injury, cellular infiltration, and E. coli colony counts 
in BAL. Following intratracheal instillation of E. coli bac-
teria, animals were randomized to IV administration of  
1) vehicle (PBS, 300 μL); 2) 1 × 107 human BM-MSCs/kg;  
3) 1 × 107 hUC MSCs/kg. The severity of the lung injury was 
assessed after 48 hours. Series 2 examined the effects of MSCs 
from UC on survival, as well as measures of oxidant injury in 
BAL and tissues over 24 hours. Following intratracheal instilla-
tion of E. coli bacteria, animals were randomized to IV admin-
istration of 1) vehicle (PBS, 300 μL) or 2) 1 × 107 hUC MSCs. 
Sham animals received intratracheal PBS (Sham group) and 
intratracheal PBS plus IV UC-MSCs (PBS + UC MSCs group) 
24 hours prior to assessment of lung injury as above.

Statistical Analysis
Data were analyzed using GraphPad Prism (GraphPad soft-
ware, La Jolla, CA). The distribution of all data was tested for 
normality using Kolmogorov-Smirnov tests. Data were ana-
lyzed by one-way analysis of variance, with post hoc testing 
using Newman-Keuls multiple comparison test. In series 2, 
which examined survival, the log-rank test was used. Underly-
ing model assumptions were deemed appropriate on the basis 
of suitable residual plots. A two-tailed p value of less than 0.05 
was considered significant.

RESULTS

MSC Characterization in Serum-Free Medium
Adipogenic, osteogenic, and chondrogenic differentiation 
potential was comparable between FBS- and serum-free 
cultured cells (Supplemental Fig. 1, Supplemental Digi-
tal Content 1, http://links.lww.com/CCM/C88). UC-MSCs 
exhibited a similar surface phenotype regardless of whether 
they were grown in FBS or serum-free medium (Supple-
mental Fig. 2, Supplemental Digital Content 2, http://
links.lww.com/CCM/C89). UC-MSCs retained the ability 
to inhibit lymphocyte proliferation in serum-free condi-
tions (Supplemental Fig. 3, Supplemental Digital Content 
3, http://links.lww.com/CCM/C90).
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Flow characterization and differentiation assays are performed 
routinely on BM-MSCs isolated in our laboratory and have been 
described in previous publications (8, 35–37). MSCs were nega-
tive for hematopoietic markers CD34, CD133, CD45, and c-kit. 
MSCs expressed high levels of CD13, CD105, and CD73 and were 
low for Stro-1. MSCs were also negative for human leukocyte 
antigen (HLA)-DR (major histocompatibility complex [MHC] 
class II), but positive for HLA-ABC (MHC-class I).

Comparison With BM-MSCs
In series 1, animals subjected to E. coli pneumonia had decreases 
in arterial oxygenation and respiratory static compliance and 
increases in wet-to-dry ratios and neutrophilic inflammatory 
cell infiltration into the alveolar space (Figs. 1 and 2). Animals 
that received thawed cryopreserved UC-MSCs had improve-
ments in oxygenation (Figs. 1, A and B) comparable to that 
seen with BM-MSCs after 48 hours. Administration of BM-
MSCs and UC-MSCs resulted in improvements in respiratory 
static compliance at 48 hours (Fig. 1C). Animals that received 
either UC-MSCs or BM-MSCs had improvements in wet-
to-dry ratios versus PBS controls at 48 hours (Fig. 1D). Both 
BM-MSCs and UC-MSCs reduced BAL neutrophils (Fig. 2A).  
E. coli colony counts in BAL from animals that received either 
type of MSC were reduced at 48 hours in comparison to PBS 
controls (Fig. 2B).

Survival
In series 2, E. coli–induced ARDS significantly reduced the 
survival rate (60%, 12 of 20 rats surviving) at 24 hours com-
pared with the 100% survival rate (9 of 9) of the sham plus PBS 
group (p < 0.05) (Fig. 3). In pilot experiments, death occurred 
exclusively between 8 and 21 hours after E. coli, and while the 
animals remained sick, there were no additional deaths up to 
48 hours. The survival rate was improved by injection of UC-
MSCs post injury (80%, 12 of 15 rats surviving, p < 0.05 vs 
PBS group).

Inflammation and Injury
In series 2, animals that received UC-MSCs had reduced 
alveolar infiltration of WBCs overall, and neutrophils in par-
ticular, compared with controls (supplemental data, Supple-
mental Digital Content 4, http://links.lww.com/CCM/C91). 
BAL protein was reduced in the animals that received UC-
MSCs (Fig. 4A), while BAL levels of TNF-α and IL-6 were also 
reduced (Fig. 4, B and C). Levels of the anti-inflammatory 
proteins IL-10 and TNF-inducible gene 6 levels were increased 
(Fig. 4D; Supplemental Fig. 4A, Supplemental Digital Con-
tent 5, http://links.lww.com/CCM/C92). Histologic stereologic 
analysis demonstrated increased airspace levels in rats treated 
with UC-MSCs versus PBS controls (Fig. 5 A–D).

Oxidant Injury
ROS levels in lung tissue were estimated using an Amplex red 
fluorescent enzymatic assay, which measures hydrogen per-
oxide. Animals that received UC-MSCs had reduced levels of 
ROS (Fig. 6A), compared with animals that received vehicle 

(PBS). nicotinamide adenine dinucleotide phosphate-oxidase 
2 (NOX-2), a key regulator of ROS production, was upregu-
lated in animals that were injured with E. coli, an effect that was 
markedly attenuated by the treatment with UC-MSCs (Fig. 6, B 
and D). iNOS was also increased in rats after 24 hours of E. coli 
pneumonia, whereas treatment with UC-MSCs also attenuated 
this increase (Fig. 6, C and D). Of note, the expression of NOX2 
and particularly iNOS showed some intragroup variability. To 
ensure accurate estimation of protein expression, Western blot 
analysis was performed at least three times with different sets 
of samples. Arginase 1, which promotes an M2 phenotype in 
macrophages and competes with iNOS and eNOS for argi-
nine, thus preventing the formation of ROS by these enzymes, 
was increased in lung tissue of animals treated with UC-MSCs 
(Supplemental Fig. 4B, Supplemental Digital Content 5, http://
links.lww.com/CCM/C92). SOD2, an antioxidant enzyme, was 
also increased in rats treated with UC-MSCs, in comparison to 
sham animals and E. coli–injured PBS-treated controls (Supple-
mental Fig. 4C, Supplemental Digital Content 5, http://links.
lww.com/CCM/C92). Inhibition of NOX-2 activity with apoc-
ynin in vitro reduced ROS levels in lungs of animals infected 
with E coli and had no further effect on ROS production in UC-
MSC–treated animals (Supplemental Fig. 4D, Supplemental 
Digital Content 5, http://links.lww.com/CCM/C92).

DISCUSSION
The studies outlined in the article demonstrate the effective-
ness of UC-MSCs in a clinically relevant model of pneumonia-
induced ARDS. The beneficial effects on oxygenation, respiratory 
static compliance, and inflammatory cell infiltration were com-
parable to those with BM-MSCs, which been established as the 
“gold-standard” MSC, and are currently undergoing testing in 
a clinical trial (17). In addition, we establish that the reduction 
in alveolar neutrophilic infiltration that accompanies the use of 
MSCs leads to reduced overall oxidant generation and modifica-
tion of ROS-generating and scavenging pathways.

MSCs have been shown to be effective in enhancing bac-
terial clearance, modulating damaging inflammation and 
enhancing tissue repair in preclinical models of ARDS and 
in the isolated human lung (8–10, 38, 39). To date, the most 
common source of MSCs has been the BM, but aspirating 
BM from the patient is an invasive procedure. In addition, it 
has been demonstrated that the yield and the differentiation 
potential of BM-MSCs decreases with age (40). Therefore, BM 
is a limited source of MSCs for scale up to large clinical trials. 
Indeed, treatment of patients with MSCs from BM that have 
been extensively culture expanded has led to highly variable 
outcomes (18, 41). Clinical data in graft versus host disease 
suggest that late passage random donor MSCs are less effec-
tive than comparable early passage MSCs in regard to survival 
outcomes (42). Therefore, the search for alternative sources of 
MSCs is of significant value. UC may represent an attractive 
tissue source of MSCs for lung injury. hUC stem cells can be 
collected at no risk to the donor, have low immunoreactiv-
ity, and have low inherent pathogen transmission. Preclinical 
investigation of these cells is at an early stage. Ahn et al (43) 
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compared MSCs derived from UC blood, MSCs from adipose 
tissue and UC blood mononuclear cells in newborn rats sub-
jected to hyperoxic lung injury. Human UC-MSCs exhibited 
the most potent therapeutic effect in vivo and in vitro. Liu et al 
(44) demonstrated that UC-MSCs delivered intraperitoneally 
at a high dose restored lung mechanics and increased alveolar 
septal wall thickness in hyperoxia-exposed mice. Pierro et al 
(45) demonstrated that both UC-MSCs, delivered pre or post 
injury, prevented arrested alveolar and capillary growth in 
newborn rats exposed to hyperoxia. Importantly, long-term (6 
mo) safety and efficacy was demonstrated in this model. These 
and other studies demonstrating the efficacy of UC-MSCs in 
preclinical models of bronchopulmonary dysplasia (BPD) has 

culminated in recent phase 1 and 2 clinical trials. Currently, 
eight clinical trials of MSC therapy for BPD have been regis-
tered with ClinicalTrials.gov. The results of the first completed 
study, an open-label, single-center, phase 1 clinical study, dem-
onstrating the safety and efficacy of UC-MSCs for BPD, were 
recently published (46).

Studies evaluating the effects of UC-MSCs in clinically 
relevant adult models of ARDS are more limited. Kim et al 
(47) examined the effects of intratracheal delivery of human 
UC-MSCs on survival, histology, and lung inflammation in 
mice with E. coli–induced ARDS. MSCs increased survival and 
reduced inflammation, injury, and bacterial counts in the lung 
for up to 7 days post injury. Another study by Sun et al (48)  

Figure 1. Mesenchymal stem/stromal cells (MSCs) from bone marrow (BM) and umbilical cord (UC) reduce physiologic impairment during Escherichia 
coli pneumonia. Histograms (mean and sd) demonstrating that MSCs derived from either BM or UC increased the partial pressure of oxygen in arterial 
blood (A and B), increased static lung compliance (C), and reduced lung wet-to-dry weight ratios (D), 48 hr following induction of E. coli pneumonia, 
compared to vehicle (n = 8–10 animals in E. coli groups, n = 4 in sham group). E. coli + BM-MSCs = animals that received intratracheal E. coli and 
IV BM-MSCs, E. coli + PBS = animals that received intratracheal E. coli, E. coli + UC-MSCs = animals that received intra-tracheal E. coli and IV 
UC-MSCs, Sham + PBS = animals that received IV PBS. *Significantly different (p < 0.05) versus E. coli + PBS group. # Significantly different  
(p < 0.05) versus corresponding sham group. PBS = phosphate buffered saline.

http://ClinicalTrials.gov


Copyright © 2016 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

Online	Laboratory	Investigations

Critical	Care	Medicine	 www.ccmjournal.org e207

evaluated the effects of intratracheal delivery of human 
UC-MSCs in mice injured with LPS and demonstrated 
increased survival accompanied by decreased inflammation 
and enhanced expansion of CD4+CD25+Foxp3+ T-regulatory 
cells. Li et al (49) administered UC-MSCs systemically to rats 
injured by intraperitoneal injection of LPS. Survival and indi-
ces of inflammation and injury were improved in the animals 
treated with MSCs, along with some evidence of reduced oxi-
dative stress.

The reduction in overall oxidant generation in animals 
treated with UC-MSCs in the current study is important. 
Oxidative stress contributes significantly to acute lung injury 
(50), arising primarily from the oxidative burst of pulmo-
nary neutrophils and macrophages. Similar pathways leading 
to oxidant generation can occur in endothelial and alveolar 

epithelial cells, but the majority of oxidants in the lung arise 
from stimulated phagocytic cells (51, 52). ROS in these cells 
are produced mainly by NADPH oxidase 2 (Nox2) and iNOS, 
which produces large amounts of NO (51, 53). ROS have been 
implicated in the pathogenesis of ARDS and Nox and/or iNOS 
inhibitors are seen as potential therapeutic agents (54, 55). 
However, barriers to clinical translation remain, including 
poor specificity of the available inhibitors and the concern that 
complete inhibition of NADPH oxidases and/or iNOS may 
impair activation states of phagocytes (56, 57). Results from 
our study indicate that UC-MSCs cause incomplete inhibition 
of Nox2 and iNOS. The reduced expression of ROS-generating 
enzymes in our model of ARDS may play a part in prevent-
ing ROS overproduction and thus account for the observed 
reduction in lung tissue damage. Although MSCs themselves 
are capable of effectively scavenging peroxide and peroxyni-
trite, due to the constitutive expression of the antioxidant 
enzymes SOD 1 and 2, catalase and glutathione peroxidase 
(58), the markedly reduced pulmonary influx of neutrophils 
after treatment with MSCs undoubtedly plays a significant 
role in reduced oxidant production. Nevertheless, the function 
of remaining neutrophils and macrophages is intact or even 
enhanced, as rats treated with UC-MSCs have enhanced clear-
ance of E. coli. In addition, the increased SOD2 observed in the 
cell-treated animals may play a role in reduced overall ROS and 
ROS-mediated injury.

MSCs have been historically cultured in basal medium 
(Dulbecco’s Modified Eagle Medium or α-Minimum Essential 
Medium) with the addition of FBS as a source of growth fac-
tors, cytokines, and mitogens, raising a general concern due to 
the possible diffusion of communicable diseases, such as prion-
transmitted bovine spongiform encephalopathy. Added to this, 
more patients are predicted to respond adversely if repeated 

Figure 2. Mesenchymal stem/stromal cells (MSCs) from bone marrow 
(BM) and umbilical cord (UC) decrease inflammation and enhance 
bacterial clearance during Escherichia coli pneumonia. Histograms (mean 
and sd) demonstrating that MSC therapy decreased bronchoalveolar 
lavage (BAL) neutrophil counts (A), and reduced E. coli colony counts in 
BAL (B), 48 hr following induction of E. coli pneumonia, compared with 
vehicle (n = 8–10 animals per group). E. coli + BM-MSCs = animals that 
received intratracheal E coli and IV BM-MSCs, E. coli + PBS = animals 
that received intratracheal E. coli, E. coli + UC-MSCs = animals that 
received intratracheal E. coli and IV UC-MSCs, Sham + PBS = animals 
that received IV phosphate buffered saline (PBS). *Significantly different 
(p < 0.05) versus E. coli + PBS group. #Significantly different (p < 0.05) 
versus corresponding sham group. *Significantly (p < 0.05) different from 
PBS group. PBS = phosphate buffered saline.

Figure 3. Mesenchymal stem/stromal cells (MSCs) from umbilical cord 
(UC) improve survival after Escherichia coli pneumonia. Kaplan-Meier 
curve demonstrating that umbilical cord MSCs improved survival over 24 hr 
after induction of E. coli pneumonia (n = 5–9 for sham groups; n= 15–20 
for E. coli groups). E. coli + PBS = animals that received intratracheal E. 
coli and IV PBS, E. coli + UC-MSCs = animals that received intratracheal 
E. coli and IV UC-MSCs, MSCs = animals that received MSCs, Sham = 
animals that received intratracheal PBS, Sham + UC-MSCs = animals 
that received intratracheal PBS and IV UC-MSCs. *Significantly different 
(p < 0.05) versus E. coli + PBS group. #Significantly different (p < 0.05) 
versus corresponding sham group. PBS = phosphate buffered saline.
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administrations are required because anaphylactic reactions 
have been noted in several patients who received repeated 
administrations of dendritic cells or lymphocytes cultured in 
FBS (24–26). In one clinical trial for the treatment of osteogen-
esis imperfecta, a patient with antibodies against bovine serum 
proteins was identified after treatment with MSCs grown in 
medium containing FBS; this patient did not exhibit successful 
cellular engraftment (59). Finally, FBS batches may differ from 
one another, which could impact on the proliferation rate and 
hamper reproducibility and consistency of the production pro-
cess. Because the culture medium components are important in 
determining the properties of MSCs (60) and because the use 
of animal components in the medium to prepare cells results in 
lot-to-lot variations and limits the therapeutic uses of the cells, 
we tested hUC MSCs grown in xeno free, serum-free, chemi-
cally defined medium. In the process, we confirmed the thera-
peutic efficacy of UC-MSCs grown without serum. Therefore, 

the procedure used here offers novel and effective methods for 
preparing MSCs for research and clinical trials in ARDS.

The current study adds considerably to this literature for 
a number of reasons. First, it provides clear evidence for the 
efficacy of UC-MSCs in a highly relevant preclinical model of 
E. coli–induced ARDS, extending prior findings in murine and 
noninfectious models. In our study, rodents were subjected 
to two different strains of E. coli that are known pathogens in 
humans. Second, these data demonstrate the efficacy of xeno-
free UC-MSC preparations. Bovine serum is an important 
component of the vast majority of MSC propagation tech-
niques, and its absence during MSC culture could potentially 
affect the therapeutic capacity of the cells. Finally, the ease of 
clinical translation of these findings is emphasized by the fact 
that the UC-MSCs were prepared (thawed prior to the admin-
istration in serum-free conditions) and administered (systemi-
cally, after establishment of injury) as in a clinical trial.

Figure 4. Mesenchymal stem/stromal cells (MSCs) from umbilical cord (UC) modulate the inflammatory response to Escherichia coli pneumonia. 
Histograms (mean and sd) demonstrating that UC-MSC therapy decreased bronchoalveolar lavage (BAL) protein (A), decreased BAL tumor necrosis 
factor (TNF)-α concentrations (B) and BAL interleukin (IL)-6 concentrations (C), and increased BAL IL-10 (D) concentrations, 24 hr following induction 
of E. coli pneumonia, compared with sham (n = 5–9 for sham groups; n= 15–20 for E. coli groups). E. coli + PBS = animals that received intratracheal 
E. coli and IV PBS, E. coli + UC-MSCs= animals that received intra-tracheal E. coli and IV UC-MSCs, Sham = animals that received intra-tracheal PBS, 
Sham + UC-MSCs = animals that received intratracheal PBS and IV UC-MSCs. *Significantly different (p < 0.05) versus E. coli + PBS group.  
# Significantly different (p < 0.05) versus corresponding sham group. PBS = phosphate buffered saline.
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There are a number of limitations to these studies. First, while 
we provide data to demonstrate that UC-MSCs are comparable 
to BM-MSCs in ameliorating physiologic lung injury, we did not 
provide an exhaustive comparison of the effects of cell source on 
mechanisms of lung injury. The immunomodulatory and tissue 
reparative effects of BM-MSCs are well documented in a vari-
ety of models of lung injury (8–10). The purpose of the present 
study was to examine the therapeutic efficacy of UC-MSCs and 
provide evidence for a potential mechanism of action. Second, 
our studies were performed in a rodent model and caution must 
be exercised in extrapolating to the clinical situation. However, 
we used a clinically relevant model of ARDS—E. coli pneumo-
nia, utilizing human MSCs. Thus, these findings strongly sug-
gest that UC-MSCs may have therapeutic potential for human 
ARDS. Third, we did not use a control cell group, such as a fibro-
blast group. In our previous experiment, rodent fibroblasts had 
no beneficial effect (8), whereas in experiments using human 
fibroblasts in rodents, some parameters indicative of injury were 
worsened (9). Therefore, we believe that a fibroblast control is 
not necessary for these studies. Fourth, we compared previously 
cryopreserved, thawed UC-MSCs to BM-MSCS that were never 
frozen. However, the effects of cryopreservation, if present, tend 
to reduce therapeutic efficacy of MSCs (18), and therefore any 

effect of cryopreservation in this study would have diminished 
the effects of UC-MSCs over those of the noncryopreserved 
BM-MSCs. Furthermore, we have compared the effects of cryo-
preserved versus noncryopreserved MSCs in a separate study 
and found no alteration in effect (9). Finally, we do not provide 
data on a single overall mechanism of action of MSCs. Our stud-
ies to date (8–10, 39), and those of other groups (38, 61, 62), 
indicate that the effects of MSCs on, for example, innate and 
adaptive immunity, including antimicrobial effects, are varied, 
context dependent, and not encapsulated by a single secreted 
mediator or group of mediators. Instead, we have demonstrated 
the therapeutic efficacy of UC-MSCs grown in xeno-free condi-
tions, along with effects on an important mechanism of injury 
in pneumonia-induced ARDS, ROS-mediated tissue injury.

CONCLUSION
Freshly thawed UC-MSCs, grown in xeno-free medium, dem-
onstrate a clear benefit in this study, where survival and physi-
ologic injury are reduced by their systemic administration in a 
clinically relevant model of E. coli–induced ARDS. In addition, 
a comprehensive assessment of ROS production indicates a 
novel mechanism of action, namely, a reduction in ROS over-
production and injury.

Figure 5. Mesenchymal stem/stromal cells (MSCs) from umbilical cord (UC) reduce structural lung injury following Escherichia coli pneumonia. 
Histograms demonstrating that UC-MSC therapy reduced histologic injury as evidenced by decreased alveolar lung tissue (A) and increased alveolar 
airspace fraction (B). Representative photomicrographs of lung from a sham animal (C), a phosphate-buffered saline (PBS)-treated (D), and a UC-MSC 
treated (E) animal demonstrate reduced lung injury in the UC-MSC–treated group at 24 hr. Scale bar, 200 μm. PBS = animals that received phosphate 
buffered saline, UC-MSCs = animals that received umbilical cord MSCs (n = 8 per group). *Significantly (p < 0.05) different from PBS group.
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