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ABSTRACT

Background

Bronchopulmonary dysplasia (BPD) remains a major complication of prematurity and currently lacks efficient treatments. Mesenchymal
stem/stromal cells (MSCs) have been extensively explored as a potential therapy in several preclinical and clinical settings. Human and
animal MSCs have been shown to prevent and treat lung injury in various preclinical models of lung diseases, including experimental BPD.

Objectives

To determine if MSCs, administered intravenously or endotracheally, are safe and effective in preventing or treating BPD, or both, in preterm
infants.

Search methods

We used the standard search strategy of the Cochrane Neonatal Review Group to search the Cochrane Central Register of Controlled Trials
(CENTRAL 2016, Issue 10), MEDLINE via PubMed (1966 to 6 November 2016), Embase (1980 to 6 November 2016), and CINAHL (1982 to
6 November 2016). We also searched clinical trials databases, conference proceedings, and the reference lists of retrieved articles for
randomized controlled trials (RCTs) and quasi-RCTs.

Selection criteria

We considered RCTs and quasi-RCTs investigating prevention or treatment of BPD, or both, in preterm infants.
Data collection and analysis

Two review authors independently assessed trial quality according to prespecified criteria.

Main results

We found no RCTs or quasi-RCTs addressing the use of MSCs for prevention or treatment of BPD in premature infants. Two RCTs are currently
registered and ongoing.
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Authors' conclusions

There is insufficient evidence to determine the safety and efficacy of MSCs in the treatment or prevention of BPD in premature infants. The
results of the ongoing trials addressing this issue are expected in the near future.

PLAIN LANGUAGE SUMMARY

Stem cells for the prevention and treatment of bronchopulmonary dysplasia in preterm infants
Background

Bronchopulmonary dysplasia (BPD) is a chronic lung disease that often complicates the course of babies who are born too early.
Bronchopulmonary dysplasia can lead to serious health issues during childhood and later in life. There is currently no effective and safe
treatment for BPD. Mesenchymal stem cells (MSCs), cells that can multiply and turn into a different type of cell, can protect the damage to
newborn lungs in experimental models of BPD. Mesenchymal stem cells may bring new hope for untreatable health issues in babies born
too early, including BPD, and thus improve their survival and quality of life.

Review question
Are MSCs, administered intravenously or endotracheally, safe and effective in preventing or treating BPD, or both, in preterm infants?
Study characteristics

We found no clinical trials that addressed the use of MSCs for prevention or treatment of BPD in premature infants. However, some studies
are currently underway.

Key results

There is insufficient evidence to determine the safety and efficacy of MSCs for the treatment or prevention of BPD in premature infants.
The results of the ongoing trials are expected in the near future.
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BACKGROUND

Description of the condition

Bronchopulmonary dysplasia (BPD) is considered one of the
major complications of preterm birth (Farstad 2011; Jobe 2001).
Bronchopulmonary dysplasia develops as a consequence of
impaired lung development, exacerbated by the imbalance
between pro-inflammatory stimuli and anti-inflammatory defense
mechanisms typical of the preterm infant (Jobe 2001; Speer 2006).

The definition of BPD has been evolving since its first description
as 28 days of oxygen exposure with characteristic radiographic
changes (NIH 1979). Subsequently, oxygen dependency at 36
weeks' postmenstrual age was shown to better predict long-term
respiratory outcomes (Shennan 1988). The current definition of
BPD stratifies infants below 32 weeks requiring supplemental
oxygen for at least 28 days into three severity groups (mild,
moderate, and severe), depending on the presence and the
amount of supplemental oxygen and the mode of respiratory
support at 36 weeks' postmenstrual age (Ehrenkranz 2005; Jobe
2001). The ‘physiologic’ definition of BPD was proposed in an
attempt to address the significant intercenter variability in oxygen
administration (Lapcharoensap 2015). At 36 weeks' postmenstrual
age, infants receiving less than 30% supplemental oxygen are
challenged by reducing the fraction of administered oxygen
during a standardized test. Infants who are unable to maintain
saturations above 90% during the test are diagnosed with BPD
(Walsh 2003). The incidence of BPD varies depending on the
definition, complicating the course of up to 40% of the infants
born between 22 and 28 weeks' gestation (Stoll 2010). It must
be noted that, although by definition BPD cannot be diagnosed
before 28 days of life, a respiratory disease defined as oxygen
and/or ventilator-dependency from 7 to 28 days of life represents
the initial phase of the chronic process leading to BPD, thus
classified as "evolving BPD" (Walsh 2006). Infants suffering from
BPD are at increased risk of death and long-term pulmonary and
neurodevelopmental morbidities (Anderson 2006; Bhandari 2006).
Several treatments have been used in an attempt to prevent or treat
BPD. Unfortunately, even the most promising strategies have not
been able to confirm the initial enthusiasm in robust randomised
controlled trials (RCTs). A recent meta-analysis combining all the
available pharmacological options to prevent BPD found that
only five out of the 21 drugs tested (vitamin A, caffeine citrate,
dexamethasone, inositol, and clarithromycin) in RCTs may reduce
the incidence of BPD. Among these, meta-analysis could confirm
the data only for vitamin A and dexamethasone, due to the lack of
multiple trials for the other drugs (Beam 2014). Moreover, vitamin
A showed only a very modest effect (Darlow 2011), while the use
of dexamethasone is limited in preterm infants by its well-known
long- and short-term side effects (Watterberg 2010). Despite the
continuous advance of neonatal care, BPD remains a significant
burden for the preterm population, lacking a safe and effective
treatment.

Description of the intervention

Stem cells are primitive cells capable of extensive self renewal
with the potential to give rise to multiple differentiated cellular
phenotypes (Blau 2001). Among stem cells, mesenchymal stem
cells (MSCs) have been largely explored as a potential regenerative
therapy in several preclinical and clinical settings. Mesenchymal
stem cells are defined mainly by three criteria:

1. adherence to plastic in standard culture conditions;
2. expression and lack of specific surface markers;

3. multipotent differentiation potential along the osteogenic,
chondrogenic, and adipogenic lineages (Dominici 2006;
Krampera 2013).

Although bone marrow is the major source of isolation, MSCs can
be obtained from any tissue. Although MSCs have been isolated
from any tissue (da Silva Meirelles 2006), most of the sites are
not clinically relevant due to the difficulty in harvesting. Bone
marrow and adipose tissue are the most utilized adult sources
of MSCs (Dmitrieva 2012). Lately, MSCs obtained from perinatal
tissues and umbilical cord blood have attracted particular interest
thanks to their unique advantages in terms of availability, reduced
immunogenicity, and pronounced differentiating potential (Batsali
2013; Sullivan 2008).

Beyond the cell source, several factors involving the manufacturing
of the final stem cell product can affect the efficacy of MSC therapy.
Among these, the aging of the cells with increasing passages may
have significant consequences on their function (Bellayr 2014;
Wagner 2008). A passage is the process of removing cells from a
culture flask and plating them into more culture flasks. Passaging
and expansion is necessary to obtain a sufficient number of cells for
transplantation. However, early-passage cells may have superior
therapeutic potential and thus improve the chances of success of
the stem cell therapy in clinical trials.

The type of transplant (autologous or allogeneic) may vyield
different results (Alagesan 2014). Autologous transplantation
of MSCs (from the same patient) is particularly appealing
in terms of lower risks for infections and immune rejection.
However, MSCs are characterized by low immunogenicity, although
immune rejection is still theoretically possible. On the other
hand, allogeneic transplantation (from a donor) offers significant
practical advantages.

Human and animal bone marrow-derived and cord-derived MSCs
have been shown to prevent and treat lung injury in various
preclinical models of lung diseases, including experimental BPD
(Baker 2014). Their broad-spectrum clinical potential in the
respiratory field is currently under investigation in numerous
clinical trials (Antunes 2014). Possible side effects of MSC
administration are immune rejection and tumor formation,
although these are rather hypothetical possibilities. Mesenchymal
stem cell safety has been documented in several clinical trials and
confirmed in a recent meta-analysis in adult patients (Lalu 2012).
In preclinical models of BPD, MSC administration in the first days
of life was not associated with long-term adverse lung effects or
tumor formation at the total-body computed tomography scan
(Pierro 2013). A recent phase | study showed that the intratracheal
transplantation of human cord-derived MSCs in preterm infants at
high risk for BPD seems to be safe and feasible (Chang 2014).

How the intervention might work

Mesenchymal stem cells represent a perfect candidate
for allogeneic transplantation, thanks to their paramount
immunomodulatory properties, which allow them to reduce the
risk for immune rejection (Gebler 2012). The mechanism of action
of MSCs is still under investigation. However, MSCs seem to exert
their therapeutic effects thanks to the paracrine secretion of
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anti-inflammatory, antioxidant, anti-apoptotic, trophic, and pro-
angiogenic factors (Murphy 2013).

Mesenchymal stem cells and their products seem to ameliorate
many critical aspects of BPD pathogenesis in preclinical models,
by mitigating lung inflammation, inducing vascular and alveolar
growth, and inhibiting lung fibrosis (Aslam 2009; Chang 2011,
van Haaften 2009). These effects are confirmed by the significant
improvement of lung function tests and long-term exercise
tolerance in MSC-treated animals (Pierro 2013).

Why it is important to do this review

Bronchopulmonary dysplasia represents a significant burden for
the preterm population and lacks an effective treatment. Stem
cells, particularly MSCs, may have the potential to regenerate lung
tissue and substantially improve the outcome of this disease. To
our knowledge this is the first review addressing MSC treatment in
patients affected or at risk for BPD.

OBJECTIVES

To determine if MSCs, administered intravenously or
endotracheally, are safe and effective in preventing or treating BPD,
or both, in preterm infants.

We performed the following specific comparisons.

1. Prevention: to determine if MSCs administered intravenously or
endotracheally within the first week of life can prevent BPD in
extremely preterm infants less than 26 weeks' gestation.

2. Treatment of evolving BPD: to determine if MSCs administered
intravenously or endotracheally at more than one week of age
but less than 36 weeks' postmenstrual age can prevent BPD in
preterm infants on supplemental oxygen or respiratory support.

3. Treatment of established BPD: to determine if MSCs
administered intravenously or endotracheally at = 36 weeks'
postmenstrual age can reduce mortality in preterm infants on
respiratory support and/or supplemental oxygen > 30%.

We would also conduct subgroup analyses including gestational
age, source of stem cells, type of graft, route of administration, MSC
dose, number of doses, passages, disease severity at time of study
entry, and exposure to postnatal steroids (Subgroup analysis and
investigation of heterogeneity).

METHODS

Criteria for considering studies for this review
Types of studies
We considered RCTs and quasi-RCTs.

Types of participants
Prevention studies

o High-risk preterm infants: extremely preterm infants (< 26
weeks' gestation) < one week of age.

Treatment studies

« Preterm infants with evolving BPD: preterm infants > one week
of age but < 36 weeks' postmenstrual age on supplemental
oxygen and invasive (conventional mechanical ventilation or

high frequency oscillatory ventilation) or non-invasive (nasal
continuous positive airway pressure, bilevel positive airway
pressure, non-invasive positive pressure ventilation, high flow
nasal cannula) respiratory support.

o Preterm infants with established BPD: preterm infants =
36 weeks' postmenstrual age on invasive or non-invasive
respiratory support and/or supplemental oxygen > 30%.

Types of interventions

Mesenchymal stem cells compared to control (placebo, steroids,
or no treatment), including all types of transplantation regardless
of cell source (bone marrow, cord blood versus Wharton's
jelly, placenta, adipose tissue, peripheral blood), type of
graft (autologous or allogeneic), route of cell administration
(endotracheal or intravenous), and dose.

Types of outcome measures
Primary outcomes

1. All comparisons (prevention and treatment trials)
a. Mortality prior to hospital discharge (from any cause)

2. Prevention trials
a. Neonatal mortality (mortality < 28 days of age) from any
cause

b. Chronic lung disease/BPD
i. Oxygen requirement at 28 to 30 days of age

ii. Oxygen requirement at 36 weeks' postmenstrual age

c. Death or chronic lung disease
i. Death or oxygen requirement at 28 to 30 days of age
ii. Death or oxygen requirement at 36 weeks' postmenstrual
age
3. Treatment of evolving BPD
a. Oxygen requirement at 36 weeks' postmenstrual age
b. Death or oxygen requirement at 36 weeks' postmenstrual age

Secondary outcomes

1. Pneumothorax

2. Air leak syndromes (including pulmonary
emphysema, pneumothorax, pneumomediastinum)

3. Pulmonary hemorrhage

4. Patent ductus arteriosus (that has been treated with cyclo-
oxygenase inhibitor or surgery)

interstitial

5. Culture-confirmed bacterial sepsis
6. Culture-confirmed fungal sepsis

7. Necrotizing enterocolitis (defined as Bell stage Il or greater) (Bell
1978)

8. Periventricular leukomalacia

9. Retinopathy of prematurity in infants examined (all stages and
severe (stage 3 or greater)) (ICCROP 2005)

10.Intraventricular hemorrhage (any grade and severe (grade 3 to
4)) (Papile 1978)

11.Pulmonary hypertension (defined by Doppler ultrasound)
12.Days on assisted ventilation

13.Days on supplemental oxygen

14.Length of hospital stay (days)

15.Cerebral palsy at 18 to 24 months' corrected age

Mesenchymal stem cells for the prevention and treatment of bronchopulmonary dysplasia in preterm infants (Review) 4
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16.Neurodevelopmental outcome at approximately two years'
corrected age (acceptable range 18 months to 28 months)
including: cerebral palsy, delayed neurodevelopment (Bayley
Scales of Infant Development Mental Developmental Index <
70), legal blindness (< 20/200 visual acuity), and hearing deficit
(aided or <60 dB on audiometric testing)
a. We defined the composite outcome 'neurodevelopmental
impairment' as having any one of the aforementioned
deficits.

17.Rehospitalization in the first two years of life

18.Safety outcomes defined as tumor formation, immune-
rejection, or any serious adverse event (certain, probable, or
possible according to the World Health Organization probability
scale)

We considered post hoc analyses for any unexpected adverse
effects reported by the studies.

Search methods for identification of studies

We used the criteria and standard methods of Cochrane and
Cochrane Neonatal (see the Cochrane Neonatal search strategy for
specialized register).

Electronic searches

We conducted a comprehensive search including the Cochrane
Central Register of Controlled Trials (CENTRAL) (2016, Issue 10) in
the Cochrane Library, MEDLINE via PubMed (1966 to 6 November
2016), Embase (1980 to 6 November2016), and CINAHL (Cumulative
Index to Nursing and Allied Health Literature) (1982 to 6 November
2016) using the following search terms: (stem cell OR Mesenchymal)
AND (BPD OR bronchopulmonary dysplasia OR lung disease OR CLD
OR chronic lung disease OR respiratory distress syndrome), plus
database-specific limiters for RCTs and neonates (see Appendix 1
for the full search strategies for each database). We did not apply
language restrictions.

We searched the bibliography cited in each publication obtained in
order to identify additional relevant articles.

Searching other resources

We handsearched the abstracts of the Society for Pediatric
Research for the years 1985 to 1999 using the keyword 'stem
cells'. We electronically searched the abstracts of the Pediatric
Academic Societies from 2000 to 2014 through the Pediatric
Academic Societies' 2000 to 2014 Archive Abstracts2View site
(www.abstracts2view.com/pasall/).

We checked references and cross-references from identified
studies. We handsearched abstracts from the proceedings of the
Pediatric Academic Societies Meetings (from January 1990 to
present). We did not impose any language restrictions.

We searched clinical trials registries (6 November 2016) for ongoing
or recently completed trials: US National Institutes of Health
Ongoing Trials Register ClinicalTrials.gov (clinicaltrials.gov), the
World Health Organization International Clinical Trials Registry
Platform (WHO ICTRP) (www.who.int/ictrp/en/), and the ISRCTN
registry (www.isrctn.com/).

Data collection and analysis
Selection of studies

Two review authors (MP, BT) independently searched the literature
as described above. We considered only RCTs and quasi-RCTs
fulfilling the above criteria for inclusion in the review. We excluded
studies published only in abstract form unless the final results
of the trial were reported and all necessary information could
be ascertained from the abstract or authors, or both. Two review
authors (MP, BT) selected studies separately. Any disagreements
were resolved by discussion involving all review authors.

Data extraction and management

Two review authors (MP, BT) independently extracted, assessed,
and coded data using a form designed specifically for this review.

We collected information regarding the method of randomization,
blinding, drug intervention, stratification, and whether the trial
was single-center or multicenter for each included study. We noted
information regarding trial participants including gestational age
criteria, birth weight criteria, and other inclusion or exclusion
criteria. We extracted information on primary and secondary
outcomes (Primary outcomes; Secondary outcomes). When any
questions arose or additional data were required, we contacted the
authors.

For each study, one review author (MP) entered data into
Cochrane's statistical software Review Manager 5 (RevMan 2014),
and a second review author (BT) checked the entered data.
We planned to replace any standard error of the mean by the
corresponding standard deviation. We resolved any disagreements
by discussion.

Assessment of risk of bias in included studies

We planned to assess risk of bias according to selection bias
(quality of randomization, allocation concealment/blinding of
randomization), performance bias (blinding of intervention),
attrition bias (completeness of follow-up), and detection bias
(blinding of outcome measurement), selective reporting bias, or
other bias using Cochrane's tool for assessing risk of bias (Higgins
2011). We planned to assess each domain as 'low risk,' 'high risk,' or
'unclear risk.' Any disagreements would be resolved by discussion
involving all review authors.

We planned to evaluate the following issues and enter the
information into a 'Risk of bias' table (Higgins 2011).

« Sequence generation (checking for possible selection bias).
o Was the allocation sequence adequately generated?
o For each included study, we planned to categorize the
method used to generate the allocation sequence as:
m adequate (any truly random process, e.g. random number
table, computer random number generator);
m inadequate (any non-random process, e.g. odd or even
date of birth, hospital or clinic record number);
m unclear.
« Allocation concealment (checking for possible selection bias).
o Was allocation adequately concealed?
o For each included study, we planned to categorize the
method used to conceal the allocation sequence as:

Mesenchymal stem cells for the prevention and treatment of bronchopulmonary dysplasia in preterm infants (Review) 5
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m adequate (e.g. telephone or central randomization,
consecutively numbered, sealed, opaque envelopes);

m inadequate (open random allocation, unsealed or non-
opaque envelopes, alternation, date of birth);

m unclear.

« Blinding (checking for possible performance bias).
o Was knowledge of the allocated intervention adequately
prevented during the study? At study entry? At the time of
outcome assessment?

o For each included study, we planned to categorize the
methods used to blind study participants and personnel from
knowledge of which intervention a participant received.

o We would assess blinding separately for different outcomes
or classes of outcomes.

o Insomesituations there might have been partial blinding, for
example where outcomes were self reported by unblinded
participants, but they were recorded by blinded personnel
without knowledge of group assignment. Where needed, we
would add 'partial' to the list of options for assessing quality
of blinding.

o We planned to categorize the methods as:

m adequate, inadequate, or unclear for participants;

m adequate, inadequate, or unclear for personnel;
m adequate, inadequate, or unclear for outcome assessors.

« Incomplete outcome data (checking for possible attrition bias
through withdrawals, dropouts, protocol deviations).
o Were incomplete outcome data adequately addressed?

o For each included study and for each outcome, we would
describe the completeness of data including attrition and
exclusions from the analysis.

o We planned to note whether attrition and exclusions were
reported, the numbers included in the analysis at each stage
(compared with the total randomized participants), reasons
for attrition or exclusion where reported, and whether
missing data were balanced across groups or were related to
outcomes.

o Where sufficient information was reported or supplied by
the trial authors, we would re-include missing data in the
analyses.

o We planned to categorize the methods as:
m adequate (<20% missing data);
m inadequate (= 20% missing data);
m unclear.

« Selective reporting bias.

o Were reports of the study free of the suggestion of selective
outcome reporting?

o For each included study, we planned to describe how we
investigated the possibility of selective outcome reporting
bias and what we found. We planned to assess the methods
as:

m adequate (where it was clear that all of the study's
prespecified outcomes and all expected outcomes of
interest to the review had been reported);

m inadequate (where not all of the study's prespecified
outcomes had been reported; one or more reported
primary outcomes were not prespecified; outcomes of
interest were reported incompletely and so could not

be used; the study failed to include the results of a key
outcome that would have been expected to be reported);

m unclear.

« Other sources of bias.

o Was the study apparently free of other problems that could
putit at a high risk of bias?

o For each included study, we planned to describe any
important concerns we had about other possible sources of
bias (e.g. whether there was a potential source of bias related
to the specific study design or whether the trial was stopped
early owing to some data-dependent process).

o We planned to assess whether each study was free of other
problems that could put it at risk of bias as:

m yes;
m Nno;
m unclear.

We planned to explore the impact of the level of bias through
undertaking sensitivity analyses if needed.

Measures of treatment effect

We planned to use risk ratios (RRs), risk differences (RDs), numbers
needed to treat for an additional beneficial outcome (NNTB)
or numbers needed to treat for an additional harmful outcome
(NNTH) for categorical variables, and weighted mean differences
(WMDs) for continuous variables. We planned to replace any within-
group standard error of the mean (SEM) reported in a trial by its
corresponding standard deviation (SD) using the formula SD = SEM
x YN. We planned to report 95% confidence intervals (Cls) for each
statistic.

We planned to perform the statistical analyses using Review
Manager 5 (RevMan 2014). We planned to analyze categorical
data using RRs and RDs. For statistically significant outcomes, we
would calculate NNTB or NNTH. We planned to analyze continuous
data using WMDs and standardized mean differences (SMDs). We
planned to report the 95% Cls on all estimates.

Unit of analysis issues

We planned to include all RCTs and quasi-RCTs in which the unit of
allocation was the individual infant.

Dealing with missing data

When any questions arose or additional data were required, we
contacted the authors.

Assessment of heterogeneity

We planned to assess the magnitude of heterogeneity of treatment
effects using the 12 statistic. We planned to consider an 12 value
of greater than 60% as indicative of high heterogeneity. We also
planned to inspect each forest plot carefully for heterogeneity, as
indicated by lack of overlapping Cls of individual trials.

We planned to estimate the treatment effects of individual trials
and examined heterogeneity among trials by inspecting the forest
plots and quantifying the impact of heterogeneity using the 12
statistic. We would grade the degree of heterogeneity as follows:

« less than 25%: no heterogeneity;
o 25% to 49%: low heterogeneity;
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« 50% to 75%: moderate heterogeneity;
« greater than 75%: substantial heterogeneity.

In case of statistical heterogeneity (12 > 50%), we would explore
the possible causes (e.g. differences in study quality, participants,
intervention regimens, or outcome assessments).

Assessment of reporting biases

We planned to examine the possibility of within-study selective
outcome reporting for each study included in the review. We
searched for trial protocols of included trials on electronic sources
such as PubMed, ClinicalTrials.gov, and the WHO ICTRP in order
to assess whether outcome reporting seemed to be sufficiently
complete and transparent. We planned to investigate publication
bias using funnel plots if we included at least 10 clinical trials in the
review (Egger 1997; Higgins 2011).

Data synthesis

We planned to use a fixed-effect model to pool data for meta-
analyses.

If we identified multiple studies that we thought to be sufficiently
similar, we planned to perform meta-analysis using Review
Manager 5 (RevMan 2014). For categorical outcomes, we would
calculate the typical estimates of RRs and RDs with their
corresponding 95% Cls; for continuous outcomes we planned to
calculate MDs or a summary estimate for SMDs with their respective
95% Cls. When we judged meta-analysis to be inappropriate, we
planned to analyze and interpret individual trials separately.

Quality of evidence

We planned to use the GRADE approach, as outlined in the GRADE
Handbook (Schiinemann 2013), to assess the quality of evidence
for the following (clinically relevant) outcomes:

« neonatal mortality (mortality < 28 days of age) from any cause;

« chronic lung disease/BPD defined as oxygen requirement at 28
to 30 days of age;

« chronic lung disease/BPD defined as oxygen requirement at 36
weeks' postmenstrual age;

« death or oxygen requirement at 36 weeks' postmenstrual age;
« cerebral palsy at 18 to 24 months' corrected age;

« neurodevelopmental outcome at approximately two years'
corrected age (acceptable range 18 months to 28 months)
including cerebral palsy, delayed neurodevelopment (Bayley
Scales of Infant Development Mental Developmental Index <
70), legal blindness (< 20/200 visual acuity), and hearing deficit
(aided or <60 dB on audiometric testing).

Two review authors would independently assess the quality of the
evidence for each of the outcomes above. We planned to consider
evidence from RCTs as high quality, but downgrade the evidence
one level for serious (or two levels for very serious) limitations
based upon the following: design (risk of bias), consistency across
studies, directness of the evidence, precision of estimates, and
presence of publication bias. We planned to use the GRADEpro
Guideline Development Tool to create a ‘Summary of findings’ table
to report the quality of the evidence (GRADEpro GDT).

The GRADE approach results in an assessment of the quality of a
body of evidence in one of the following four grades.

1. High: We are very confident that the true effect lies close to that
of the estimate of the effect.

2. Moderate: We are moderately confident in the effect estimate:
the true effect is likely to be close to the estimate of the effect,
but there is a possibility that it was substantially different.

3. Low: Our confidence in the effect estimate is limited: the true
effect could be substantially different from the estimate of the
effect.

4. Very low: We have very little confidence in the effect estimate:
the true effect was likely to be substantially different from the
estimate of the effect.

Subgroup analysis and investigation of heterogeneity

« Gestational age: <26 weeks; 26 to 30 weeks; > 30 weeks

« Source of stem cells: bone marrow; cord blood; Wharton's jelly;
placenta; adipose tissue; peripheral blood

« Type of graft: autologous; allogeneic

« Route of administration: intravenous; endotracheal
+ MSCdose: 1to9x106/kg; 1to 9 x 107/kg

« Number of doses: multiple or single administration
« Passage: <3versus 3 to 6 versus > 6

+ Disease severity at time of study entry
o Prevention: invasive respiratory support with fraction of
inspired oxygen (FiO,) > 0.3 versus invasive respiratory with

FiO, < 0.3 versus non-invasive respiratory support

o Treatment of evolving BPD: invasive respiratory support with
FiO, > 0.3 versus invasive respiratory with FiO, < 0.3 versus
non-invasive respiratory support

o Treatment of established BPD: invasive respiratory support
with FiO, > 0.3 versus invasive respiratory with FiO, < 0.3

versus non-invasive respiratory support versus FiO, > 0.3 on
spontaneous breathing

« Infants who had previously received postnatal steroids
for prevention or treatment of chronic lung disease
(dexamethasone, hydrocortisone)

Sensitivity analysis

Differencesin study design of included trials might affect the results
of the systematic review. We planned to perform a sensitivity
analysis to compare the effects of stem cells in truly randomized
trials as opposed to quasi-randomized trials.

RESULTS

Description of studies
Results of the search

From an initial search of 1349 citations, we extracted 2 studies for
further examination. We excluded both studies from the review (see
Characteristics of excluded studies table and PRISMA study flow
diagram Figure 1).
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Our search of ClinicalTrials.gov identified 10 registered studies, of
which 2 protocols were randomized trials addressing the use of
MSCs for prevention or treatment of BPD in premature infants (see
Characteristics of ongoing studies table). Three non-randomized
phase 1 trials are also currently registered on our targeted patient

group.
Included studies

No studies were identified.

Excluded studies

Two studies were identified but excluded.

Chang 2014 (ClinicalTrials.gov identifier NCT01297205): this is the
first published trial on the use of MSCs for BPD in preterm infants
with evolving BPD (5 to 14 days requiring continuous ventilatory
support). It is dose-escalation trial, assessing safety and feasibility
of a single, intratracheal administration of umbilical cord blood-
derived MSCs, starting from a low dose of 1 x 107 cells/kg for the
first three patients, up to the higher dose of 2 x 107 cells/kg for
the next six patients. Infants were enrolled between February and
September 2011. The authors reported no serious adverse effects
or dose-limiting toxicity. Levels of pro-inflammatory cytokines
(interleukin-6, interleukin-8, matrix metalloproteinase-9, tumor
necrosis factor-a, and transforming growth factor-b 1) in tracheal
aspirates were reduced after MSC transplantation. The enrolled
infants were also compared with historical controls (between
January 2009 and November 2011). Bronchopulmonary dysplasia
severity appeared to be lower in the transplant recipients, and rates
of other adverse outcomes did not differ between the comparison
group and transplant recipients. We excluded this study because it
was a phase 1 trial and, as such, did not meet the inclusion criteria.

Rudnicki 2015 (ClinicalTrials.gov identifier NCT02050971): this is
a prospective single-center study in which preterm infants born
below 32 weeks of gestation were randomized to either autologous
cord blood transfusion or allogeneic red blood cell transfusion,
in order to treat anemia of prematurity. We excluded this study
because it was not focused on MSCs and BPD.

Ongoing studies

Our search of PubMed, ClinicalTrials.gov, and the WHO ICTRP
revealed two protocols of ongoing randomized trials on our
targeted patient group (see Characteristics of ongoing studies
table).

NCT01207869: the study 'Intratracheal umbilical cord-derived
mesenchymal stem cells for severe bronchopulmonary dysplasia’
is a phase 2, double-blind, randomized trial on established BPD.
Infants up to six months of age with severe BPD are randomized to
anintratracheal administration of either MSCs or normalsaline. The
status of this Taiwanese study is unknown, having not been verified
in the past seven years. We were unable to retrieve information on
this study.

NCT01828957: the study 'Efficacy and safety evaluation of
Pneumostem versus a control group for treatment of BPD in
premature infants' is a double-blind, randomized trial on evolving
BPD. Preterm infants less than 29 weeks of gestation are
randomized to an intratracheal single dose of allogeneic cord
blood-derived MSCs or normal saline, if they are still ventilated

(FiO, > 0.25) from 5 to 14 days of life. The Korean study includes
a registered follow-up to 60 months (NCT01897987). We contacted
the researchers, who are currently analyzing the data and have
also completed the follow-up enrollment. This study constitutes
the phase 2 of the previously published phase 1 trial (Chang 2014).

Two non-randomized trials are also currently registered on our
targeted patient group.

NCT02381366: this is a US phase 1 safety study on evolving
BPD. In this dose-escalation trial, the researchers are testing
two different intratracheal doses (10 and 20 millions of cells) of
human allogeneic umbilical cord blood-derived MSCs in preterm
infants born between 23 and 28 weeks' gestation, on mechanical
ventilation (FiO, > 0.25) between 5 and 14 days of life. The cells are
frozen and administered within 24 hours from thawing. Enrollment
of the study has been completed and the researchers are currently
analyzing the data.

NCT02443961: this is a Spanish phase 1 safety trial on infants with
evolving BPD. Three doses of 5 million umbilical cord-derived MSCs
are administered to infants born below 28 weeks' gestation, if they
are still on mechanical ventilation (FiO, > 0.4) at 14 + 2 days of
life. Cells are thawed one week before administration, expanded to
passage 6 to 10, and administered intravenously in three weekly
doses.

Studies in other neonatal populations

NCT01284673: 'Characterization of the cord blood stem cell in
situation of neonatal asphyxia'

NCT02274428: 'Phase 1 clinical trial of PNEUMOSTEM treatment in
premature infants with intraventricular hemorrhage'

Risk of bias in included studies

We found no studies meeting the inclusion criteria for this review.

Effects of interventions

We found no studies meeting the inclusion criteria for this review.
DISCUSSION

We found no published RCTs or quasi-RCTs addressing the effect
of MSC administration for prevention or treatment of BPD in
premature infants. However, cell-based therapy is a burgeoning
field, and the coming years will likely mark a turning point,
since promising animal data have already prompted the clinical
translation of MSCs for numerous diseases, including BPD.

The first trial on the use of MSCs in preterm infants was published
in 2014 (Chang 2014). This phase 1 dose-escalation trial showed
the safety and feasibility of a single, intratracheal administration of
allogeneic umbilical cord blood-derived MSCs in premature infants
with evolving BPD (5 to 14 days of life with deteriorating respiratory
conditions). The authors reported no serious adverse effects or
dose-limiting toxicity. We excluded this study from our review
becauseitis a phase 1 trial and, as such, did not meet our inclusion
criteria. The follow-up of this trial was recently published, and
no significant adverse respiratory, growth, or neurodevelopmental
effects were detected in the MSC-treated infants up to 24 months
(Ahn 2017). This same group also has completed the enrollment
for the first RCT on the same patient population (NCT01828957).
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The primary outcomes in this phase 2 trial are incidence of BPD
(moderate to severe) and mortality at 36 weeks' postmenstrual age.
A US phase 1 safety and feasibility study testing the effects of a
single intratracheal dose of allogeneic cord blood-derived MSCs
in premature infants with evolving BPD has completed participant
enrollment, and the results will be available in the next few
months (NCT02381366). A Spanish phase 1 trial is expected to start
enrollmentin 2017. Infants with evolving BPD (= 14 days of life) will
be treated intravenously with cord-derived MSCs (NCT02443961).

Phase 1 and 2 trials are currently focusing on evolving BPD,
which seems at this point to be the most appropriate target
population. However, evolving BPD is not a well-defined entity,
and it carries a wide range of morbidities and mortality. In
the group of infants enrolled in the ongoing studies, previous
epidemiological data have reported a mortality rate ranging from
3% to 75% and a risk of moderate to severe BPD from 39% to 100%,
depending on the severity of the disease and patient characteristics
including sex, race, and birth weight (Lughon 2011). Stratification
at randomization, based on outcome predictors or severity of
the disease at study entry, would prevent inconsistency in the
comparison groups, improving the design of future phase 2 studies.

It must be noted that factors including trial design (i.e. timing
and route of administration) and manufacturing procedures greatly
affect MSC activity, requiring careful interpretation in data analysis
or combining results in meta-analysis. Animal studies have shown
that early (as opposed to rescue) (Pierro 2013), intratracheal (as
opposed to intravenous) (Chang 2009), MSC administration seems
to be most efficient in the treatment of experimental BPD. As a
result of the knowledge gained from these preclinical data, all the
studies (phase 1 and 2) are currently assessing the administration
of allogeneic cord-derived or cord blood-derived MSCs to preterm
infants with evolving BPD (early administration). In the Spanish
study, umbilical cord-derived cells are thawed one week before
administration, expanded to passage 6 to 10, and administered
intravenously in three weekly doses. The Korean and US studies are
testing intratracheally administered umbilical cord blood-derived
MSCs. The products are frozen and administered within 24 hours
from thawing, and the cells are passage 3 to 6. These two studies
are using the same pharmaceutical product. The similarities in the
design of the ongoing studies should theoretically facilitate the
combination of study results into a meta-analysis, which would be
unreliable if the study conditions were too different. In addition to
the trial design, numerous and more complex variables specifically
related to the manufacturing of the product need to be taken into
account. The manufacturing process of MSCs includes: cell source
selection, isolation, expansion/culture conditions, cryostorage,
thawing procedure, and lot release. With regard to cell source,
perinatal tissue (fetal, placental, umbilical cord, and amniotic)
may provide MSCs with greater potency and self renewal than
older adult sources (bone marrow, adipose tissue) (Batsali 2013).
Among perinatal tissues, cord-derived cells can rely on the most
robust protocol of harvesting. However, even when using the same
source and complying with good tissue practice (cGTP) and good
manufacturing practice (cGMP) requirements (FDA 2011; Sensebe
2011), the protocols currently in use for MSC production are quite
dissimilar (Ilkebe 2014). Even small variation in the processing
methods, such as starting material, plating density, devices used
for MSC culture and separation, culture media, media supplements
or growth factors, oxygen concentration during culture, passage
number, and substances added for cryopreservation, may change

the final characteristics and the functionality of the MSC-based
product (Panchalingam 2015; Waszak 2012). The use of potency
assays may improve the characterization of MSC behavior and
the prediction of their clinical efficacy, but these are currently
not available. Since one single assay would only marginally
ascertain the product peculiarities, the development of multiple
complementary assays (assay matrix), may be better suited to
describe different biological, immunological, and analytical MSC
features (Galipeau 2015). Ideally, the release of an MSC lot should
always include disclosure of its 'strength' in terms of tissue
repair and immunomodulation based on potency assays. The
definition of standardized protocols for MSC production and the
expansion of potency optimal requirements are to be considered
a prerequisite for scale-up of MSC therapies. Unfortunately,
despite the availability of several manufacturing systems, a mutual
reference platform does not yet exist. In order to allow for eventual
subgroup analysis, all the manufacturing protocols should be
detailed in the methods section. The editors and reviewers should
possibly ask for comprehensive checklists, available for readers,
describing in minute detail each step of MSC manufacturing.

The purity of the MSC lot is another crucial issue. After sample
collection, other cells, in particular fibroblasts, which share some
phenotypic features with MSCs, should be removed. One way to
obtain a pure MSC product is based on cell selection, conformed
to the expression or lack of surface markers (Dominici 2006).
However, the definition of MSCs and their characterization is
still evolving (Galipeau 2015; Mendicino 2014), with new markers
continuing to be identified (Shen 2015). More advanced and specific
characterization protocols are needed to improve MSC quality and
therapeutic potential. It is possible that MSC lots considered to
be pure according to current knowledge will be proven to express
different degrees of purity, if newer or more numerous markers
are applied. Moreover, although only circumstantial so far, the
evidence that donor-related MSC characteristics are likely to have a
role on the final product is emerging. As an example, female cord-
derived MSCs show better lung protection compared to male cord-
derived MSCs in a rodent model of neonatal hyperoxia-induced
lung injury (Sammour 2016). Similarly, it is possible that other
factors comprising, but not limited to, gestational age at harvesting,
placental diseases, chorioamnionitis, and maternal or fetal factors,
may alter the efficacy of the cells. It would be ideal to store a sample
of each MSC lot and record all possible clinical details on the donor,
allowing for subsequent analysis as new knowledge arises.

Safety of MSC is a pivotal issue. Few meta-analyses, either
combining the data obtained in any clinical setting ((Lalu 2012)
or including studies specific to a certain group of diseases, such
as adult respiratory health issues (Zhao 2017), showed no serious
adverse effects after MSC administration. However, the level of
evidence is low, and the safety of stem cells needs confirmation by
more robust and compelling data. Moreover, some cases of adverse
events linked to MSC administration have been reported (Ning
2008; Song 2015). The US Food and Drug Administration strongly
recommends that scientists and pharmaceutical companies be
committed to the principles of adequate evidence generation when
dealing with regenerative medicine, in order to ensure that the
eventual adoption of this therapy has a favorable and well-defined
risk-benefit balance (Marks 2017). Mesenchymal stem cells are
thought to sense the pathological signals sent by damaged tissues
and act consequently to repair the defect. However, it cannot be
excluded that some signals could be misinterpreted by stem cells,
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leading to unexpected outcomes. As consequence, RCTs and meta-
analysis are more likely to provide functional information when
addressing the issue of safety in one specific disease.

In conclusion, resources should be organized in order to comprise
proper long-term follow-up, possibly up to school age, for safety
and efficacy endpoints.

AUTHORS' CONCLUSIONS

Implications for practice

There is insufficient evidence to determine the safety and efficacy
of mesenchymal stem cells (MSCs) for the treatment or prevention
of BPD in premature infants.

Implications for research

Continuous research and communication between basic science
and the pharmaceutical industry are paramount for the future of

regenerative medicine. Three distinct research targets are likely to
simultaneously and independently change the face of stem cell
therapy in the near future: (i) newer insight into characterization
of MSCs and standardization of potency assays; (ii) well-designed
preclinical studies to provide strong rationale for clinical trials; and
(iii) rigorous clinical trials to put the current preclinical evidence to
the test andyield the required knowledge. These three separate but
interrelated levels of research should continuously influence and
redirect each other. While more knowledge is developed, ongoing
and future trials will need to provide for possible retrospective re-
evaluation (through registries of patientsincluded in MSC trials and
storage of MSC lots) of the results based on future unpredictable
discoveries.

Long-term follow-up is paramount, and all treated infants should
be enrolled in a registry.
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CHARACTERISTICS OF STUDIES

Characteristics of excluded studies [ordered by study ID]

Study Reason for exclusion

Chang 2014 Phase 1 dose-escalation trial to assess the safety and feasibility of a single, intratracheal transplan-
tation of human umbilical cord blood-derived mesenchymal stem cells in 9 preterm infants at high
risk for bronchopulmonary dysplasia.

ClinicalTrials.gov identifier NCT01297205

Rudnicki 2015 Not focused on mesenchymal stem cells and bronchopulmonary dysplasia.

Single-center, prospective study of the feasibility, safety, and tolerability of autologous whole cord
blood transplant in preterm infants born at less than 32 weeks of gestational age who developed
anemia of prematurity.

ClinicalTrials.gov identifier NCT02050971

Characteristics of ongoing studies [ordered by study ID]

NCT01207869

Trial name or title Intratracheal umbilical cord-derived mesenchymal stem cells for severe bronchopulmonary dys-
plasia

Methods Randomized double-blind controlled trial
Recruitment: active, not recruiting

Participants Infants affected by severe BPD up to 6 months of life

Interventions Interventions: umbilical cord-derived MSCs (3 x 106 cells per kg of the infant's weight), instilled
through a 6 French end-hole catheter inserted in the endotracheal tube.
Placebo comparator: normal saline (same amount of MSCs suspension) instilled through a 6 French
end-hole catheter inserted in the endotracheal tube.

Outcomes Primary outcome measures: the correlation between the cytokine concentrations in the bron-
choalveolar fluid and pulmonary arterial pressure.
Secondary outcome measures: BPD severity score ranging from 0 to 6 on the serial chest radi-
ographs.

Starting date June 2010

Contact information Bai-Horng Su, MD, PhD, Chairman of Department of Pediatrics, China Medical University Hospital

Notes Recruitment: active, not recruiting
Study results: no results available
Last update: September 2010
clinicaltrials.gov/show/NCT01207869
Study has passed its completion date and status has not been verified in more than 2 years.
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NCT01284673

Trial name or title

Characterization of the cord blood stem cell in situation of neonatal asphyxia

Methods

Descriptive, bicentre study on 10 cord blood samples from newborn infants with neonatal asphyx-
ia (5) according to predefined criteria, compared to healthy neonates (5). The total duration of the
study will be 2 years. Parents will be informed and a signed parental consent will be asked in the
hours following birth before the in vitro study.

Participants

Conditions: respiratory distress syndrome

Interventions

In vitro characterization of the cord blood stem cell

Outcomes

Biological analysis will include elementary analyses for cell quality control, endothelial progenitor
exploration, and investigation of MSC function and of their neuronal differentiation potential (on
fresh and frozen samples).

Starting date

Recruitment: completed
Study results: no results available

Contact information

Sponsor: Assistance Publique Hopitaux De Marseille

Notes

clinicaltrials.gov/show/NCT01284673

Study has passed its completion date and status has not been verified in more than 2 years.

NCT01632475

Trial name or title

Follow-up study of safety and efficacy of Pneumostem in premature infants with bronchopul-
monary dysplasia

Methods

Participants

Conditions: bronchopulmonary dysplasia

Interventions

Interventions: biological: Pneumostem

Outcomes

Starting date

Recruitment: active, not recruiting
Study results: no results available

Contact information

Notes

clinicaltrials.gov/show/NCT01632475

Study has passed its completion date and status has not been verified in more than 2 years.

NCT01828957

Trial name or title

Efficacy and safety evaluation of Pneumostem versus a control group for treatment of BPD in pre-
mature infants
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Methods

Randomized double-blind controlled trial

Participants

Preterm infants < 29 weeks’ gestation with evolving BPD (intubated and ventilated with deteriorat-
ing respiratory conditions) from 5 to 14 days of life

Interventions

Interventions: a single intratracheal administration of allogeneic cord blood-derived MSCs. Cells
are passage 3 to 6 at a dose of 1 x 107 cells/kg. The product is frozen and thawed overnight before
administration.

Placebo comparator: normal saline

Outcomes

Primary outcome measures: incidence of BPD (moderate to severe) or mortality at 36 weeks' post-
menstrual age.

Secondary outcome measures: complications of prematurity, days of oxygen/respiratory support,
postnatal steroids, length of stay, body growth.

Starting date

April 2013

Contact information

Won-Soon Park, MD, PhD, Department of Pediatrics, Samsung Medical Center

Ai-Rhan Kim, Department of Neonatology, Asan Medical Center

Notes Recruitment: active, not recruiting
clinicaltrials.gov/show/NCT01828957
Study has passed its completion date and status has not been verified in more than 2 years.
NCT01897987

Trial name or title

Follow-up safety and efficacy evaluation on subjects who completed PNEUMOSTEM phase-Il clini-
cal trial

Methods

Recruitment: recruiting
Study results: no results available

Participants

Conditions: bronchopulmonary dysplasia

Interventions

Interventions: biological: Pneumostem

Placebo comparator: normal saline

Outcomes

Starting date

Contact information

Notes

clinicaltrials.gov/show/NCT01897987

Study has passed its completion date and status has not been verified in more than 2 years.
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NCT02023788

Trial name or title Long-term safety and efficacy follow-up study of PNEUMOSTEM in patients who completed PNEU-
MOSTEM phase-I study

Methods Recruitment: active, not recruiting
Study results: no results available

Participants Conditions: bronchopulmonary dysplasia; respiratory tract infections; premature birth of newborn

Interventions Interventions: biological: PNEUMOSTEM

Outcomes

Starting date

Contact information

Notes clinicaltrials.gov/show/NCT02023788

Study has passed its completion date and status has not been verified in more than 2 years.

NCT02274428

Trial name or title Phase 1 clinical trial of PNEUMOSTEM treatment in premature infants with intraventricular hemor-
rhage

Methods Single group assignment; not a randomized controlled trial

Participants Inclusion criteria:

« 23to 34 weeks
« intraventricular hemorrhage grade 3 to 4, confirmed with brain ultrasonogram
« within 7 days after intraventricular hemorrhage diagnosis

Exclusion criteria:

« severe congenital anomaly

« intrauterine intracranial bleeding

« intracranial infection

« severe congenital infection

« active and uncontrolled infection, C-reactive protein > 10 mg/dL
« Platelet count <50,000/mL

« severe metabolic acidosis (pH < 7.1, Base excess < -20)

Interventions Drug: Pneumostem

Outcomes Primary outcome measures: unsuspected death or anaphylactic shock within 6 hours after Pneu-
mostem transplantation.
Secondary outcome measures: death or hydrocephalus requiring shunt operation.

Starting date

Contact information

Notes clinicaltrials.gov/ct2/show/NCT02274428
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Study has passed its completion date and status has not been verified in more than 2 years.

NCT02381366

Trial name or title

Safety and efficacy of two dose levels of PNEUMOSTEM in premature infants at high risk for bron-
chopulmonary dysplasia (BPD) - a US study

Methods

Recruitment: recruiting
Study results: no results available

Participants

Conditions: bronchopulmonary dysplasia

Interventions

Interventions: biological: human umbilical cord blood-derived MSCs

Outcomes

Starting date

Contact information

Notes

clinicaltrials.gov/show/NCT02381366

Study has passed its completion date and status has not been verified in more than 2 years.

NCT02443961

Trial name or title

Mesenchymal stem cell therapy for bronchopulmonary dysplasia in preterm babies

Methods

Recruitment: not yet recruiting
Study results: no results available

Participants

Conditions: bronchopulmonary dysplasia

Interventions

Interventions: biological: mesenchymal stem cell therapy

Outcomes

Starting date

Contact information

Notes

clinicaltrials.gov/show/NCT02443961

Study has passed its completion date and status has not been verified in more than 2 years.

NCT02673788

Trial name or title

Follow-up study of safety and efficacy of Pneumostem in premature infants with intraventric-
ular hemorrhage

Methods
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NCT02673788 (Continued)

Participants

Interventions

Outcomes

Starting date

Contact information

Notes clinicaltrials.gov/show/NCT02673788

Study has passed its completion date and status has not been verified in more than 2 years.

BPD: bronchopulmonary dysplasia
MSC: mesenchymal stem cell

APPENDICES

Appendix 1. Standard search methodology

PubMed: ((randomized controlled trial [pt] OR controlled clinical trial [pt] OR randomized [tiab] OR placebo [tiab] OR drug therapy [sh] OR
randomly [tiab] OR trial [tiab] OR groups [tiab]) NOT (animals [mh] NOT humans [mh]))

Cinahl: (randomized controlled trial OR controlled clinical trial OR randomized OR placebo OR clinical trials as topic OR randomly OR trial
OR PT clinical trial)

Embase: (human not animal) AND (randomized controlled trial or controlled clinical trial or randomized or placebo or clinical trials as
topic or randomly or trial or clinical trial)

Cochrane Library: No additional limiters
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DIFFERENCES BETWEEN PROTOCOL AND REVIEW
We excluded the separate search for long-term neurodevelopmental sequelae, as we believe the initial search is comprehensive.
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