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Abstract 
Premature birth is a leading cause of childhood morbidity and mortality and often followed by an arrest of postnatal lung development called 
bronchopulmonary dysplasia. Therapies using exogenous mesenchymal stromal cells (MSC) have proven highly efficacious in term-born rodent 
models of this disease, but effects of MSC in actual premature-born lungs are largely unknown. Here, we investigated thirteen non-human 
primates (baboons; Papio spp.) that were born at the limit of viability and given a single, intravenous dose of ten million human umbilical cord 
tissue-derived MSC per kilogram or placebo immediately after birth. Following two weeks of human-equivalent neonatal intensive care including 
mechanical ventilation, lung function testing and echocardiographic studies, lung tissues were analyzed using unbiased stereology. We noted 
that therapy with MSC was feasible, safe and without signs of engraftment when administered as controlled infusion over 15 minutes, but linked 
to adverse events when given faster. Administration of cells was associated with improved cardiovascular stability, but neither benefited lung 
structure, nor lung function after two weeks of extrauterine life. We concluded that a single, intravenous administration of MSC had no short- to 
mid-term lung-protective effects in extremely premature-born baboons, sharply contrasting data from term-born rodent models of arrested post-
natal lung development and urging for investigations on the mechanisms of cell-based therapies for diseases of prematurity in actual premature 
organisms.
Key words: bronchopulmonary dysplasia; lung development; extreme premature birth; cell therapy; adverse events; unbiased stereology.
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Graphical Abstract 

Significance Statement
Therapies using mesenchymal stem- or stromal cells (MSC) gained unprecedented attention as intervention for bronchopulmonary 
dysplasia (BPD), a common and incurable lung disease characterized by arrested pulmonary development after being born too early 
(“premature”). Using unbiased morphometric analysis methods, we here demonstrate that MSC—albeit being highly efficacious in 
term-born rodent models of BPD—do not benefit arrested lung development in extremely premature-born, ventilated baboons receiving 
2 weeks of human-equivalent neonatal intensive care. Our research suggests fundamentally different mechanisms of MSC action in 
extremely premature and term-born lungs, warranting further investigations.

Introduction
Prematurity—i.e., birth before completing 37 weeks of gesta-
tion—and its complications account for the highest number 
of deaths in children below the age of 5 years.1 The chronic 
lung disease bronchopulmonary dysplasia (BPD) is the most 
common complication of prematurity, characterized by post-
natal impairment of alveolarization (failure to increase the 
surface area available for gas exchange by formation of sec-
ondary alveolar septa) and vascularization (failure to increase 
the capillary vascular bed surface available for gas trans-
port by angiogenesis).2,3 Effective interventions preventing 
or counteracting established BPD are lacking,2,4 resulting in 
stagnant disease incidences despite continuous improvements 
in neonatal medicine.5 However, cell-based therapies utilizing 
exogenous mesenchymal stem- or stromal cells (MSC), a class 
of immune-evasive mesenchymal progenitor cells6 obtainable 
from a variety of tissues,7,8 showed remarkable lung-protective 
and lung-regenerative effects in adult lung injury9-11 and 
term-born rodent models of arrested lung development, thus 
sparking hope for an effective treatment of BPD.12-14 The effects 
of such cells upon the morphology and development of ex-
tremely premature-born lungs, however, remain unclear. Here, 
we evaluated feasibility, safety, and efficacy of an intravenous 
cell therapy with human umbilical cord-derived MSC using 
ventilated baboons receiving two weeks of human-equivalent 
neonatal intensive care therapy after extremely premature birth 
with 125 days of gestation (term: 185 days of gestation).

Materials and Methods
Cell Production and Quality Control
Following informed consent of the mother, we isolated MSC 
from the umbilical cord tissue of a term, healthy infant under 
current good manufacturing practice (cGMP) conditions 

based on a protocol we previously described.15 Briefly, 
we dissociated the disinfected, mechanically disrupted 
umbilical cord tissue using DNAse (F. Hoffmann-La 
Roche), hyaluronidase (Riemser Pharma) and collagenase 
(Nordmark Arzneimittel) and cultured so-obtained cells for 
two passages on membrane-based culture systems (Corning) 
in humidified, hypoxic (5% O2, 5% CO2) atmospheres to 
maintain their potency and avoid onset of cellular senes-
cence during cell production.16 GMP-compliant Dulbecco’s 
low glucose Modified Eagle Medium (Thermo Fisher) 
supplemented with 10% platelet-rich plasma17 was used as 
culture medium. We froze down the cell product at 8 × 106 
cells per mL in 90% human serum albumin, (50 mg/mL so-
lution; Baxter, Deerfield, IL, USA) and 10% dimethyl sulf-
oxide (WAK-Chemie) in a fixed-rate freezer for storage in 
the vapor phase of liquid nitrogen.

Characterization of the MSC product (Table 1) as per ISCT 
consensus criteria18 was performed using freshly thawed, once-
rinsed passage 2 cells prepared in exactly the same way as for 
injection. Flow cytometry, analyses of colony formation and 
tri-lineage differentiation potential were performed as previ-
ously described.19 We confirmed immunomodulatory potency 
of the employed cells by successful induction of indoleamine 
2,3-dioxygenase (IDO) transcription upon 24 hours of stim-
ulation20 with 10 ng/mL interferon-γ (R&D Systems), using 
a validated IDO primer assay (QuantiTect, Qiagen). To an-
alyze secretion of stanniocalcin-1 (R&D Systems) and FGF-
10 (Abbexa), both suggested to mediate MSC’s effects in the 
(newborn) lung,3,21,22 we obtained 24-hour, cell-free condi-
tioned medium as described.19

Trial Design
The aim of this study was to evaluate feasibility, safety, and 
efficacy of an intravenous cell therapy with human umbilical 
cord-derived MSC in extremely premature-born baboons. 
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We designed the trial based on the assumption that—like in 
rodents—therapy with MSC improves lung structure in al-
most every animal.13 Based on our access to stereology un-
biased by design to assess efficacy, we chose “improvement 
in surface area available for gas exchange vs. placebo” as 
primary outcome. This outcome is precisely assessable (eg, 
with a low, describable method-inherent variation CEStereol.; 
see below) and dichotomous (e.g., the probability of a purely 
random experimental outcome equals 0.5). We were therefore 
able to detect a significant difference at an α-level of 0.05 with 
as low as n = 5 animals per group (0.5n = 0.55 = 0.03125) if 
the parameter changes in the same direction in all animals, 
thus making the experiment conclusive.23 However, as the 
safety of an intravenous MSC therapy in actual premature 
beings is unclear,13,24 we included 3 extra animals in the treat-
ment group in case of cell therapy-related deaths or severe 
adverse events.

Ethics, Husbandry, and Fetal Treatment
Following institutional and external review and approval 
of the protocol (IACUC-UTHSCSA #20110096AP; USDA 

protocol #74-R-003; OLAW-NIH #D16-00048), we utilized 
the 125-day gestational (postmenstrual) age, 14 days 
ventilated baboon model of extreme prematurity described 
by Seidner et al.25 with slight modifications. All procedures 
involving the premature animals or their mothers were 
conducted in accordance with the current version of the 
Animal Welfare Act, the Animal Welfare Regulations and 
followed the US National Research Council’s Guide for the 
Care and Use of Laboratory Animals and the Public Health 
Service Policy on Humane Care and Use of Laboratory 
Animals.

Baboons (Papio anubis or Papio anubis × Papio 
cynocephalus) were housed in highly enriched social 
environments in outside facilities at the Southwest National 
Primate Research Center. Pregnant animals were subjected to 
clinical estrous cycle monitoring and ultrasonographic studies 
at estimated 70 and 100 days of gestation; obtained growth 
parameters were used to calculate gestational ages. To ac-
celerate fetal lung maturation,26 we administered two intra-
muscular doses of 6 mg betamethasone (American Regent) to 
pregnant animals (Fig. 1A).

Table 1. Characterization and release criteria of the employed umbilical cord tissue-derived mesenchymal stromal cell product.

 Methods Requirements Results 

Sterility*

  Cultivable bacteria Blood culture, aerobic, and anaerobic No growth after 7 days Sterile

  Mycoplasma spp. Mycoplasma culture No growth after 14 days Sterile

Cellular identity: 
immunophenotype †

  CD73 FACS: clone REA804; APC >90% positive vs. isotype 99.4% positive

  CD90 FACS: clone REA897; FITC >90% positive vs. isotype 99.0% positive

  CD105 FACS: clone REA794; VioBlue >90% positive vs. isotype 98.0% positive

  CD14/CD19/CD34/CD45 FACS: clones REA599, REA675, 
REA1164 and REA747; PE

< 10% positive vs. isotype 1.90% positive

  HLA-DR FACS: clone REA805; VioGreen < 10% positive vs. isotype 0.14% positive

Cellular identity: functional char-
acterization †

  Adherence to uncoated plastic 
surfaces

Seeding on standard cultureware Adherent cells after 48 h Confirmed

  Morphology Microscopy of adherent cells Spindle-shaped, fibroblast-like Confirmed

  Colony formation Limiting dilution assay >5 colonies per 1000 cells 19 per 1000 cells

  Adipogenic differentiation Staining: Oil Red O Stained intracellular lipid droplets in  
induced cells

Confirmed

PCR: FABP4 >1.5-fold upregulation in induced cells vs. 
uninduced control

1.7-fold 
upregulation

  Chondrogenic differentiation Staining: Alcian blue Stained extracellular glycosamino-glycanes 
in induced cells

Confirmed

  Osteogenic differentiation Staining: Alizarin red S Stained extracellular calcium deposits in 
induced cells

Confirmed

PCR: RUNX2 >1.5-fold upregulation in induced cells vs. 
uninduced control

4.5-fold 
upregulation

Cellular potency‡

  Immunomodulation PCR: IDO after stimulation with 
interferon-γ

>1 × 103-fold upregulation vs. unstimulated 
control

3.78 × 105-fold 
upregulation

  Secretion of stanniocalcin-1 ELISA: R&D Systems DY2958 >0.5 ng stanniocalcin-1/mL 2.0 ng/mL

  Secretion of fibroblast
growth factor 10 (FGF-10)

ELISA: Abbexa abx251302 >0.5 ng FGF-10/mL 13.7 ng/mL

*Analysed prior to cryopreservation as directed by the European Pharmacopoeia (Ph. Eur.).
†Analysed using freshly thawed, once rinsed passage 2 cells.
‡Analysed using freshly thawed, once rinsed passage 2 cells plated onto plastic cultureware.
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Delivery and Support of Transition
Pregnant baboons received general anesthesia and fetuses were 
delivered by primary caesarean section. Extremely premature-
born animals (Table 2) were weighed and placed in plastic 
wrap to prevent hypothermia. Baboons then received intra-
muscular ketamine (10 mg/kg; Putney), Vitamin K (0.5 mg; 
Hospira). We then intubated the animals orotracheally, using 
uncuffed endotracheal tubes (Vygon) and slowly instilled 
120 mg Poractant alfa (Chiesi Farmaceutici) via the lateral 
port of the tube. During this procedure, animals were started 
on pressure-controlled, continuous mandatory ventilation 
(PC-CMV) with a rate of 40 min−1, peak inspiratory pressure 
(PIP) of 30 cmH2O, positive end expiratory pressure (PEEP) 
of 5 cmH2O and a fraction of inspired oxygen (FiO2) of 0.4 
utilizing a VIP Gold Bird (CareFusion) respirator. Respiratory 
support was continuously adapted, based on heart rate and 
pre-ductal peripheral oxygen saturation (SPO2). A 21 G um-
bilical arterial catheter (UAC; Covidien/Medtronic) and a 24 
G peripheral inserted central venous catheter (PICC; Vygon) 
were placed as well as an orogastric tube. The mothers were 
closely monitored by the attending veterinarian staff after sur-
gical repair of incisions and returned to their colonies within 
2 to 4 weeks after the surgery.

Clinical Management
Extremely premature-born animals were cared for in 
humidified, heated incubators (Drägerwerk) as outlined 
in Fig. 1A. In brief, PC-CMV was continuously adapted to 
maintain paO2 between 7.3 and 9.3 kPa (55-70 mmHg) 
and paCO2 between 6.0 and 7.3 kPa (45-55 mmHg). 
Ketamine and midazolam (Akorn) were provided as required. 
Heparinized, sodium- and pH-adapted maintenance fluids 
(normal saline, half-normal saline, or sodium acetate with 1 
U/mL unfractionated heparin—all from Hospira) and an in-
dividually prepared, amino acid-rich, electrolyte, and glucose-
adapted total parenteral nutrition were infused alongside 
intravenous lipids. Maintenance fluid rates were adapted to 
maintain mean arterial pressures> >25 mmHg. If hypotensive, 
a maximum of 2 boluses (10 mL/kg) normal saline was given 
and escalated to inotropic therapy if required with dopa-
mine ± dobutamine (both from Hospira) up to doses of 20 µg/
kg/min, respectively. If hypotension persisted, hydrocortisone 
at 1 mg/kg every 12 hours was initiated and tapered as soon 
as possible. Acidosis was buffered with sodium bicarbonate 
(Hospira) at 1 mmol/kg. Animals were transfused with stored 
placental or maternal packed blood cells at 10  mL/kg if 
hematocrits persisted below 30%. To prevent sepsis, preemp-
tive ampicillin (50 mg/kg), gentamicin (2.5 mg/kg) and van-
comycin (15 mg/kg, all from Hospira) were given (Fig. 1A). 
Whole-body anteroposterior X-ray films were taken every 
24 hours to assess the lung, heart, intestines and evaluate 
the position of the endotracheal tube and the intravascular 
catheters. Echocardiographic studies were performed daily by 
a pediatric cardiologist; an open ductus arteriosus was neither 
treated medically, nor surgically.

Cell Therapy
Right after birth of the animal, we quick-thawed the cell 
product, rinsed it once in normal saline, strained the suspen-
sion through a 40-µm mesh (BD Biosciences) and analyzed 
cell number and viability automatically (Countess II; Thermo 
Fisher). The mean of two independent measurements was 

used. We then injected 10 × 106 umbilical cord tissue-derived 
MSC per kg birth weight in either 2 mL/kg normal saline over 
two minutes (n = 1, first animal treated) or in a fixed volume 
of 1.5 mL normal saline (n = 7; all other animals) at a rate 
of 6 mL/hour. Injections were performed via the central ve-
nous catheter without an in-line filter device; normal saline 
(1.5 mL) without cells served as placebo. Animals were ran-
domly assigned to receive MSC or placebo.

Physiological Measurements
Arterial blood pressures were continuously obtained from 
a pressure transducer at the UAC, heart rates by electro-
cardiography and SPO2 by pulse oximetry. Ventilation 
parameters and fluid in- and outputs were recorded hourly, 
and so-obtained values averaged over 12 hour-intervals for 
analysis. We obtained arterial blood samples every 4 hours to 
monitor blood gases, electrolytes and glucose levels utilizing 
a cartridge-based analysis system (iStat; Abbot). Oxygenation 
and ventilation indices were calculated as described earlier.27 
Every 48 to 96 hours, a larger (350 µL) blood sample was 
drawn to obtain a differential blood count and routine 
blood chemistry (VetScan; Abaxis). If required, we ran fur-
ther analyses using the veterinarian laboratory services at the 
University of Texas Health Center San Antonio.

On day of life seven and again right before necropsy at 
day of life 14, animals were deeply sedated with ketamine 
and midazolam and received a single dose of pancuronium 
bromide (0.1  mg/kg, Hospira) to perform lung function 
testing using a FlexiVent system (SciReq) as described.27 In 
brief, respiratory support was changed from the ventilator to 
the FlexiVent set to the very same settings the animal was 
on prior to relaxation. We obtained data on compliance, re-
sistance and the total lung capacity using the maneuvers and 
protocols set by FlexiWare (version 5.3). After completion, 
the animal was connected back to the ventilator.

Patency of the ductus arteriosus, diameter and shunting 
direction alongside the flow patterns and peak Doppler 
velocities across the open ductus and the aortic and pulmo-
nary valves were evaluated every 24 hours. The ratio of pul-
monary to systemic blood flow Qp: Qs as surrogate for the 
total shunting volume was estimated from the Doppler flow 
signals obtained across the pulmonary and aortic valves. As 
all shunting across the open ductus was identified as flowing 
from the systemic into the pulmonary circulation (left to 
right), we estimated Qp indirectly from the flow across the 
aortic valve, whereas Qs was obtained by analyzing the flow 
across the pulmonary valve.

Analysis of Chest Radiographs
Digitalized X-ray films were analyzed to quantify radiographic 
severity28,29 of neonatal respiratory distress syndrome (RDS) 
up to day of life five. RDS was evaluated as grade I if diffuse, 
fine-granular densities were present; grade II if additional air 
bronchograms distal of the cardiac shadow were visible; and 
grade III if, in addition to the features described in grades 
I and II, the heart and/or diaphragm were partly not differ-
entiable from the lung parenchyma. Grade IV was defined 
as diffuse, bilateral atelectasis radiographically appearing as 
“white lung”. Additionally, lung transparency on day of life 
14 was evaluated by grading the transparency of every quad-
rant of the thorax image from 0 (no shadowing) over 1 (faint 
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Figure 1. Design of the study. (A) Clinical management of extremely premature-born, mechanically ventilated baboons. Abbreviations: FiO2: fraction 
of inspired oxygen; HOL: hour of life; paO2/paCO2: partial pressures of oxygen/carbon dioxide in the arterial blood; PC-CMV: pressure-controlled 
continuous mandatory ventilation; PEEP: positive end-expiratory pressure; PICC: peripheral inserted central venous catheter; PIP: positive inspiratory 
pressure; UAC: umbilical arterial catheter. UC-MSC: umbilical cord tissue-derived mesenchymal stromal cells. Asterisks (*) indicate timepoints of 
echocardiographic studies. (B) Sequential deconstruction of lung tissue into unambiguously identifiable structures. Counting of lung-testsystem 
interactions (points: P and intersections: I) enabled quantification of absolute and relative volumes, surfaces and thicknesses unbiased by design. PBV: 
peribronchial/perivascular connective tissue. Analyses and acquisition of reference volumes was performed at magnifications of 10 × 10 (entire lung 
structure) or 40 × 10 (subanalysis of non-parenchymatous tissues). Black scale bars: 100µm, white scale bars: 25µm. Staining toluidine blue on Technovit 
7100.
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shadowing) and 2 (distinct shadowing) to 3 (white lung) and 
summing up the four individual scores for every quadrant. 
All radiographic analyses were performed twice in a blinded 
way. In case of a discrepancy between the first and the second 
evaluation, and the worse of the two evaluations was used.

Preservation of Functional Lung Structure, 
Unbiased Sampling
After confirmed cardiocirculatory arrest of the animal, ven-
tilation was continued on unchanged settings while FiO2 
was gradually reduced to 0.21. A second endotracheal tube 
was inserted and gas-tightly secured via a tracheotomy 
while the orotracheal tube was retracted. After 2 minutes 
of further ventilation on unchanged settings, the venti-
lator was switched off at a PEEP of 10 cmH2O in expira-
tion. Following thoracotomy and removal of the heart-lung 
package with the clamped tube in place, a continuous pos-
itive airway pressure (CPAP) of 10 cmH2O was applied via 
a bubble-CPAP valve (BB Medical Technologies). The right 
bronchus was tied off, the right lung removed and cut into 
25-35 small pieces, which were snap-frozen in liquid ni-
trogen for subsequent unbiased sampling and analysis of cell 
engraftment and matrix composition. The right upper lobe 

was fixed by inflation with 10% neutral buffered formalin 
(Thermo Fisher) at a constant pressure of 20 cmH2O for 15 
minutes. After embedding in paraffin, 5 µm sections were 
stained with hematoxylin and eosin.

To prepare lungs for unbiased stereology,30-33 we advanced 
an 18 gauge peripheral venous catheter (B. Braun Melsungen) 
through an insertion in the truncus pulmonalis communis 
until the tip was perceptible distally of the ductus arteriosus. A 
ligation between the ductus arteriosus and the tip of the cath-
eter and opening of the left atrium with an incision concluded 
the cannulation. We then perfused the left lung, while still 
on CPAP, with a mixture of 1.5% glutaraldehyde and 1.5% 
paraformaldehyde in 0.15  mol/L HEPES (all from Merck) 
at pH 7.35 with a pressure of 30 cmH2O for 15 minutes. 
Subsequently, the trachea was tied off, the endotracheal tube 
was retracted and the lung fixed for at least two further weeks 
in the very same fixative at 4 °C.

We then measured the volume VLung by fluid displace-
ment,34 using the mean of three independent measurements 
and obtained 8 to 16 lung pieces of ~0.5 cm3 using a smooth 
fractionator-based, systematic-uniformly-randomized (SUR) 
sampling approach.31 Required random decisions were made 
based on coin flips (for dichotomous decisions) or a random 
number generator relying on atmospheric noise (Randomness 
and Integrity Services). Following post-fixation with osmium 
tetroxide and uranyl acetate to avoid shrinking processes 
interfering with morphometry results,30,35 tissues were 
embedded in glycol methacrylate (Technovit 7100; Heraeus-
Kulzer). Semi-thin (1.5 µm), isotropic-uniformly-randomized 
(IUR) sections of the systematic-uniformly-randomized 
sampled (SURS) blocks were prepared. After staining with to-
luidine blue, slides were digitalized using an automated scan-
ning microscope (ZEISS Mikroskopie).

Lung Morphometry by Stereology
To investigate the structure of the lungs in an unbi-
ased, blinded and quantitative manner,30,36 we utilized 
design-based, computer-assisted stereology (newCAST/ 
Visiopharm). Following mathematically validated anal-
ysis methods,23,30,37 a combined test-system consisting of 
lines and crosses was projected over randomly orientated, 
SUR-sampled fields of view obtained from IUR-SURS tissue 
sections. We counted the number of points hitting the lung 
structures of interest or the number of intersections of test 
lines with the surface of gas-exchanging structures with pre-
defined structural cut-offs (Fig. 1B). Following previously 
described calculation pathways,30-32,37 we then obtained 
volume fractions, surface fractions, absolute volumes and 
surface areas of structures per lung and as well as mean 
septal thicknesses.

To assess the contribution of biological variation to the 
observed overall variation,37 we calculated the coefficient 
of error of the stereological analysis CEstereol. describing the 
analysis-inherent noise30 for every animal and parameter as 
reported.38

To obtain information on the spatial distribution of a struc-
tural feature within a single animal, we next separated the set 
of k SURS (fields of view) per animal in m = 25 systematic, 
uniform subsamples of 8-15 SURS each. We then calculated 
the parameter estimates R̂Sub. for every subsample 1 . . . m as 
described30,31,37 and obtained the sample variance s2(R̂Sub.) for 
every parameter and animal as per

Table 2. Baseline characteristics of animals receiving placebo or cell 
therapy with umbilical cord tissue-derived mesenchymal stromal cells 
(UC-MSC).

 Placebo (n = 5) UC-MSC (n = 8) 

Phenotypical characteris-
tics: no. (%)

  Papio anubis × Papio 
cynocephalus

3 (60) 5 (63)

  Female 3 (60) 5 (63)

  Singletons 5 (100) 8 (100)

Perinatal characteristics: 
no. (%)

  Complicated pregnancy 
course*

0 (0) 0 (0)

  Complete RDS-
prophylaxis

5 (100) 7 (88)

Perinatal characteristics: 
mean (range)

  Gestational age at birth 
[day]

126 (125-127) 126 (124-128)

  Birth weight [g] 367 (326-386) 372 (332-404)

Baseline vital parameters: 
mean (CI95%)†

  SpO2 [%] 91 (86-97) 92 (89-96)

  FiO2 0.40 (0.21-0.64) 0.29 (0.21-0.37)

  Mean airway pressure 
[cmH2O]

12.0 (11.8-12.2) 11.6 (11.1-12.1)

  Mean arterial blood 
pressure [mmHg]

36 (35-37) 31 (25-37)

  Heart rate [min−1] 169 (160-178) 171 (158-184)

*Infections, gestational diabetes, vaginal bleeding, or discordant growth of 
the fetus.
†Averaged over 60 minutes prior to administration of MSC or placebo. No 
significant (P < .05) differences between groups for any of the parameters 
by Fisher’s exact or Welch’s unequal variance t-test. Abbreviations: RDS, 
respiratory distress syndrome; CI95%, 95% confidence interval of the mean; 
SpO2, peripheral oxygen saturation; FiO2, fraction of inspired oxygen.
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s2(R̂Sub.) =
1

m− 1
×

m∑
i=1

Ä
R̂Sub.; i − RSub.

ä2

with RSub. being the arithmetic mean of R̂Sub.; 1...m We then 
calculated the coefficients of variance for every parameter es-
timate and animal as per

CV(R̂Sub.) =

»
s2(R̂Sub.)

RSub.

Thus, CV(R̂Sub.) describes the bandwidth of spatial distribu-
tion of a structural feature/ parameter within the individual 
organ and represents a surrogate parameter expressing its 
heterogeneity.

Lung Water Content and Lung Matrix Composition
Three SUR-sampled pieces of right lung tissue per animal 
were weighed before and after 24 hours of drying at 58 °C 
to calculate the wet-to-dry ratio as surrogate for the lung 
water content. We next quantified elastin in these dried 
samples by quantitative dye-binding methods (Biocolor 
Life Sciences). The amount of sulfated glycosaminoglycans 
(sGAG) was investigated using three further SURS lung 
pieces of approximately 10 mg wet each as directed by the 
manufacturer (Biocolor Life Sciences). Collagen content was 
measured indirectly by analyzing hydroxyproline (Merck) 
in three further uniform-randomized sampled lung pieces 
of 10 mg wet weight each. Concentrations of collagen were 
calculated after correcting for the hydroxyproline content 
of elastin.39

Analysis of Cell Engraftment
We searched for the short tandem repeat (STR)-signature 
of the employed cell product within isolated baboon DNA. 
Three SUR-sampled pieces of lung, liver, and spleen tissue 
per animal were obtained prior to isolation of genomic DNA 
using column-based techniques (Qiagen) and pooling of 
equal amounts DNA per animal. The same procedure was 
performed for frozen arterial blood pellets obtained during, 
and 24 or 72 hours after cell therapy and the administered 
cell product. We then ran 100  ng genomic DNA per an-
imal and sample using a highly sensitive, 17 loci-extended 
forensic STR analysis kit (AmpFLSTR NGM SElect) on an 
Applied Biosystems 3500 forensic genetic analyzer. Data was 
analyzed utilizing the GeneMapper ID-X software package 
(all from Thermo Fisher). The STR-pattern of the employed 
cell product, as well as baboon-specific STR were identified 
and separated from the signatures of other human DNA (lab-
oratory, medical and veterinarian staff) contaminating the 
samples.

Statistics
All data were analyzed and visualized using R.40 Testing 
for outliers was performed on all data; no outliers were 
identified and all available data is analyzed, presented and 
discussed. Event frequencies were compared using Fisher’s 
exact test. Ratio-scaled data was pre-tested for normality 
using a Shapiro-Wilk test and then compared using either 
Welch’s two-sided, unequal variance t-test for normally, or a 
two-sided Mann-Whitney-U-test for not normally distributed 
data. For multiple comparisons, adjusted levels of significance 

were calculated using Šidák’s correction procedure with an 
overall type I-error probability of α = 0.05. To visualize ratio-
scaled data, t-distributed 95% confidence intervals of the 
means were calculated.

Results
Administration of MSC Is Safe and Feasible in 
Extremely Premature-Born Primates
Preparation of freshly thawed, once-rinsed UC-MSC per kilo-
gram was fast (<30 minutes from start of thawing process to 
injection-ready cell suspension) and feasible. We recorded a 
mean viability of 95% (range: 93% to 97%) in the single-cell 
suspension immediately before injection.

Cardiorespiratory deterioration and subsequent renal 
failure were observed in the very first animal receiving cells 
as manual, central venous push of the entire dose UC-MSC 
in 2  mL normal saline/kg over 2 minutes (Supplementary 
Fig. S1), leading to an adaption of the protocol and exclu-
sion of this animal from further analyses. In all other animals 
receiving the dose of 10 × 106 UC-MSC/kg as slow infusion 
in 4 mL/kg normal saline (mean; range 3.7-4.5 mL/kg) over 
15 minutes via the central venous line, no acute adverse 
reactions—particularly none pointing towards anaphylaxis 
or pulmonary embolism—were observed (Fig. 2A-D). None 
of the adverse events noted during subsequent neonatal crit-
ical care were specifically attributable to prior administration 
of UC-MSC (Table 3). In particular, no signs of emerging 
kidney failure were seen (Fig. 2E-I and Supplementary Fig. 
S2). Forensic STR analyses confirmed absence of exogenous 
MSC in unbiased lung, liver and spleen tissue samples 14 
days after injection (Fig. 2J-L) while the signature of injected 
cells was unambiguously identifiable in arterial blood drawn 
during (intravenous) infusion of the cell product, but not after 
24 or 72 hours.

Administration of MSC Is Linked to Improved 
Cardiovascular Stability
We noted that while ventilation parameters and ductus 
arteriosus patency did not differ, significantly fewer amounts 
of fluids and drugs to maintain mean arterial blood 
pressures ≥ 25 mmHg were required in animals receiving 
UC-MSC as compared to those being given placebo (Fig. 
3A-D and Supplementary Fig. S3A-C). Particularly the need 
for inotropic medication (dopamine/ dobutamine) was effec-
tively reduced by cell therapy.

No Effects of Exogenous MSC in Extremely 
Premature-Born, Ventilated Lungs
Administration of UC-MSC had no impact upon the inci-
dence and radiographic severity of neonatal respiratory dis-
tress syndrome and was not associated with alterations in 
radiographic lung structure on day of life 14 (Fig. 4A,B and 
Supplementary Fig. S4). Injection of cells had no beneficial ef-
fect upon compliance or total lung capacity on day of life 14 
(Fig. 4C, D), and as compared to placebo, airway resistances 
trended even higher in the treated group—albeit not reaching 
levels of significance (Fig. 4E).

Following protection of functional lung structure by in-
travascular fixation on CPAP, systematic deconstruction of 
lung structure using stereology led to identification of pre-
viously undescribed41 cell-rich, “condensed” parts in the 
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Figure 2. Controlled administration of MSC is safe in critically ill, extremely premature-born baboons. Progression of the (A) heart rate, (B) oxygenation 
index, (C) ventilation index and the (D) peak pulmonary valve velocity (PPVEL) after administration of UC-MSC or placebo, respectively. PPVEL integrates 
pulmonary perfusion and pulmonary arterial pressure and is expected to drop in cases of substantial changes in pulmonary vascular resistance or right 
ventricular function (eg, in cases of significant pulmonary arterial obstructions due to the intravenously administered cells). Every graph/ line in (B-D) 
represents data from one animal; data is presented as averaged over 120 minutes (A) or six hours (B, C). Echocardiographic studies depicted in (D) 
were either performed prior to (three animals receiving placebo, three UC-MSC) or four hours after the intervention (two animals receiving placebo, 
three UC-MSC) and again after 24 hours of life in all animals. The timepoint of intervention is indicated with a triangle (▼). See Supplementary Fig. S1 for 
information on the clinical course and progression of adverse events in a single extremely premature-born baboon receiving UC-MSC over two minutes 
and Supplementary Fig. S2 for information on the renal function of the investigated animals. Progression of (E) the oxygenation and (F) the ventilation 
index over 2 weeks of neonatal critical care, depicted as group means (solid curves) and 95% confidence interval of the means (dotted curves), 
averaged over 24-hour intervals. (G) Progression of the left ventricular end-diastolic diameter (LVEDD), an estimator of ventricular volume in situations 
with active left-to-right shunting through an open ductus arteriosus. Data is also depicted as group mean with CI95%. The first echocardiographic study 
was performed between the first and sixth hour of life (timepoint zero), thereafter every day. (H) Blood balance (ie, the difference between transfused 
and withdrawn blood volumes) on day of life 14, summed up over the entire course of neonatal intensive care. Horizontal bars indicate group means. 
(I) Temporal progression of the hematocrit during neonatal critical care, averaged over 12-hour intervals. No significant (P < .05) differences between 
groups by Mann-Whitney-U (H) or Welch’s two-sided, unequal variance t-test with test level adjustment using Šidák’s correction, comparing data for 
every timepoint (A-G, I). Circular barplots (J-L) depicting size (in base pairs—bp—on the circular x-axis) and number of short tandem repeats (y-axis) on 
each allele of investigated short tandem repeat (STR)-loci. Equally coloured bars of comparable transcript size indicate the two alleles of an STR-locus, 
the single dark-grey bar the assay control (amelogenin) and the light-grey bars the four baboon-specific, constant amplificates. STR signature of (J) the 
employed cell product and (K) an arterial blood sample drawn after approximately one third of the cell dose was given intravenously (positive control). (L) 
Representative result of an STR analysis of blood drawn 24 hours (n = 7) or 72 hours (n = 7) after cell administration; or of systematic—uniform sampled 
pieces of spleen (n = 4), liver (n = 4), or lung (n = 7) obtained on day of life 14 after cell administration. All samples were analysed individually, and 2-4 
of the baboon-specific, constant amplificates (light grey) were found per sample and animal besides the assay control (dark grey). Moreover, several 
human STR-patterns not matching the pattern of the injected cell product were detected in samples and tracked down to the researchers performing 
the necropsies (not shown).

non-functional parenchyma of the ventilated lungs that—in 
contrast to atelectatic areas—showed no signs of aeration, 
no identifiable epithelial structures and were not inflatable 
with liquid fixatives (Figs. 1B and 4F, Supplementary Fig. 
S5). These rather rare structures (mean 8.31% of the entire 
lung volume; confidence interval of the mean CI95% 4.46% 

to 12.16%) were distributed throughout the lungs of all ani-
mals, regardless the treatment.

Blinded stereological quantification of lung structure re-
vealed no significant differences between groups; particularly, 
the alveolar surfaces available for gas exchange, the volumes 
of functional parenchyma in the lungs and the mean septal 
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thickness did not differ with prior administration of UC-MSC 
(Fig. 4G-I). To further validate these findings, we calculated 
the analysis-inherent coefficients of error CEStereol., confirming 
precise stereological measurements with CVBiol.> 90% 
(Supplementary Table S1).

Using subsampling techniques to quantify the spatial dis-
tribution of structural features, we detected no impact of 
cell therapy on prematurity-inherent heterogeneity of lung 
structure (Supplementary Fig. S6). No significant changes in 
lung water content or lung matrix composition were noted 
after cell administration in unbiased samples of lung tissue 
(Fig. 4K-M), and stereological parameters indicative of early 
remodeling of airways and pulmonary arteries—pathologies 
linked to poor long-term outcome of BPD2,42,43—were not 
altered two weeks after UC-MSC infusion (Fig. 4N-O, 
Supplementary Fig. S7).

Discussion
Here, we report the rather surprising finding that exogenous, 
systemically administered umbilical cord tissue-derived 

mesenchymal stromal cells do not ameliorate arrested 
lung development in extremely premature-born, ventilated 
baboons. Albeit being safe and leading to a significant 
cardiocirculatory stabilization of the critically ill animals, 
no improvements in lung function, lung matrix composi-
tion or lung structure were noted 14 days after cell therapy. 
These findings are in stark contrast to previous data showing 
that exogenous MSC from various sources—including the 
umbilical cord tissue—effectively prevent and rescue the 
hyperoxia-induced arrest of lung development in term-born 
rodent models of BPD.13,44-46 We therefore asked whether 
we have tested the right drug, given at the right dose and 
the right time via the right route to the right patient47 and 
analyzed the obtained data using the right methods.

Drug
Our decision to use UC-MSC was based on the superior 
availability of the cells, enabling the generation of young, 
minimally expanded MSC not only for research, but also 
for further clinical applications.14,48 UC-MSC have been 
demonstrated to outperform MSC from other sources in 

Table 3. Severe adverse events and adverse events during neonatal intensive care.

 Placebo (n = 5) UC- MSC (n = 7)

Events: no. Animals: no. (%) Events: no. Animals: no. (%) 

Any severe adverse event 1 1 (20) 3 2 (29)

Any non-severe adverse event 31 5 (100) 34 7 (100)

Mean events per animal 6.4 5.3

Severe adverse events

  Death 0 0 0 0

  Cardiopulmonary resuscitation 0 0 1 1 (14)

  Pulmonary hemorrhage 1 1 (20) 2 2 (29)

Adverse events*

  Acidosis, severe 1 1 (20) 3 3 (43)

  Arrhythmia 1 1 (20) 0 0

  Hyperbilirubinemia 1 1 (20) 0 0

  Hyperglycemia 0 0 1 1 (14)

  Hyperkalemia 1 1 (20) 1 1 (14)

  Hypernatremia 0 0 1 1 (14)

  Hypoglycemia, severe 3 3 (60) 3 3 (43)

  Hypokalemia 4 3 (60) 5 3 (43)

  Hyponatremia 4 4 (80) 5 4 (57)

  Hypotension requiring at least one catecholamine 4 4 (80) 1 1 (14)

  Hypotension requiring hydrocortisone 1 1 (20) 0 0

  Macrohematuria 0 0 1 1 (14)

  Microhematuria 4 4 (80) 7 7 (100)

  Oliguria 4 2 (40) 2 2 (29)

  Peripheral arterial occlusion 1 1 (20) 0 0

  Positive blood cultures 0 0 1 1 (14)

  Proteinuria 1 1 (20) 3 3 (43)

  Tachycardia 1 1 (20) 0 0

*Events were defined as: acidosis, severe—arterial pH below 7.0 after day of life (DOL)1; hyperbilirubinemia—total bilirubin over 300 µmol/L at any 
time during the clinical course; hyperglycemia—blood glucose over 11.1 mmol/L; hyperkalemia—potassium over 5.5 mmol/L; hypernatremia—sodium 
over 150 mmol/L; hypoglycemia, severe—glucose below 1.0 mmol/L after DOL1; hypokalemia—potassium below 3.0 mmol/L; hyponatremia—sodium 
below 130 mmol/L; proteinuria—moderate or large protein by dipstick in at least two tests within 24 hours, regardless of total proteinuria duration; 
microhematuria—moderate or large blood by dipstick in at least two tests within 24 hours, regardless of total hematuria duration; Oliguria—less than 
0.5 mL/kg/hour for at least 4 hours within a 24-hour period after DOL1; tachycardia—heart rate above 220 beats per minute.
No significant (P < .05) differences in overall event frequency or frequency of any specific adverse event were detected by Fisher’s exact test.
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Figure 3. Umbilical cord tissue-derived mesenchymal stromal cells benefit cardiovascular stability in critically ill, extremely premature-born baboons. 
(A) Presence of an open ductus arteriosus, assessed by daily echocardiography. Every bar represents an animal; solid lines an open, gaps a closed 
ductus arteriosus. Opaque parts indicate days where the ductus was not assessable by echocardiography. All observed shunting occurred from the 
systemic into the pulmonal circulation (left-to-right). No significant differences between groups, comparing data for every 24-hour interval. (B) Temporal 
progression of the mean arterial pressure, depicted as group mean (solid curves) with 95% confidence interval of the mean (CI95%; dotted curves). 
No significant differences between groups, comparing data for every twelve-hour interval. (C) Event probability for continuing the experiment without 
requiring escalating interventions (normal saline bolus, dopamine, dobutamine, hydrocortisone) to maintain mean arterial blood pressures ≥ 25 mmHg. 
Only the start of a new intervention was defined as event; event frequencies were compared on day of life 14. (D) Cumulative doses of medications 
in animals requiring interventions for cardiovascular insufficiency. Every row in the lollipop chart represents one animal. See Supplementary Fig. 
S3 for further information on the volume status of the animals. All data derives from five placebo and seven MSC-treated animals. Statistics: Event 
frequencies in (A) and (C) were compared using Fisher’s exact method. Welch’s two-sided, unequal variance t-test followed by multiple testing 
adjustment using Šidák’s correction was used to compare data presented in (B).

terms of their anti-inflammatory48,49 and pro-angiogenic50 po-
tential, making them the (theoretical) optimal cell therapy for 
diseases suspected to be driven by inflammation and arrested 
vascularization like BPD.2,14,51 Here, we used a clinical-grade, 
passage 2, hypoxia-expanded16 umbilical cord tissue-derived 
MSC product manufactured in accordance with current good 
manufacturing practice (cGMP) conditions to mimic an 
eventual clinical application as closely as anyhow possible. 
Besides quality and potency controls required by regulatory 
agencies, we performed additional investigations confirming 
extensive secretion of FGF-10 and STC-1 factors linked to 
the beneficial effects of MSC in rodent models of (neonatal) 
lung injury.19,21,22 Moreover, UC-MSC obtained using the very 
same (but not cGMP-certified) protocol have been shown to 
effectively reduce mortality and bacterial load in a murine 
model of neonatal sepsis;15 rescued arrested lung develop-
ment in hyperoxia-exposed rodents;44 and produced extra-
cellular vesicles protecting the lungs and brains of newborn 
rats,52 thus demonstrating their overall therapeutic capacity 
in neonatal organisms. We used freshly-thawed, once-rinsed 
cell suspensions to mimic an eventual clinical administra-
tion of the cells without sub-culturing processes as closely 
as possible14,53 and show that—contrasting previous clinical 
reports54—viability of the cells was not compromised by 
this preparation process. UC-MSC from only one batch/one 
donor were used to eliminate the impact of batch-to-batch 

variability on our experiments. Together, we concluded that 
the cell product we tested in here harbors the quality, in vitro 
potency and (term-born rodent model-tested) in vivo efficacy 
to ameliorate arrested alveolarization. Whether administra-
tion of cell-free, MSC-derived drug preparations like con-
ditioned medium55 or exosomes52,56 would lead to different 
effects in extremely premature-born organisms is unclear.

Dose
Most studies using MSC for arrested lung development in 
neonatal rodents used fixed doses and do not report or nor-
malize to actual birth or body weights.13 Estimations of cell 
doses from average birth weights revealed single, intrave-
nously applied doses ranging from 3 × 106 to 1 × 108 MSC/
kg in published laboratory studies.47 Clinical data, how-
ever, suggests safety of individual intravenous cell doses 
up to 10 × 106 MSC/kg in critically ill, adult patients.54,57 
We therefore chose the maximum dose with sound clin-
ical safety evidence and demonstrate that at 10 × 106 MSC/
kg, first putative cell-related adverse events (cardiorespi-
ratory deterioration, renal failure) occurred in extremely 
premature-born animals when this dose was given too fast. 
We concluded that the dose we administered was appro-
priate to cause a clinical impact and within the range at 
which pulmonary effects were seen in rodent models of 
arrested lung development.
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Timing
Available rodent data predominantly derives from studies 
testing preventive administration of MSC13 (ie, an adminis-
tration prior to or during pulmonary injury), albeit increasing 
evidence for an effective rescue of arrested lung development 
exists.44 However, as comparative studies suggested stronger 
preventive than regenerative effects of MSC,58 we here 
administered MSC immediately after birth to protect the ex-
treme premature lung from the arrest of alveolarization.

Route
In term-born rodent models of arrested postnatal lung devel-
opment, cells are predominantly administered intratracheally; 

a first phase II clinical trial also investigated intratracheally 
administered MSC.59 However, meta-analyses of rodent-
derived data suggest more pronounced pulmonary effects of 
MSC when administered intravenously.13 Clinical routine also 
shows that more and more extremely premature-born infants 
are not intubated for respiratory support in the delivery room 
and managed using non-invasive ventilation techniques and 
less invasive surfactant application strategies,60,61 making 
intratracheal administration of MSC via an endotracheal tube 
in a prospective preventive clinical setting unlikely. We there-
fore administered the cells intravenously as they directly reach 
the lungs after injection62 and are suspected to also exert mul-
tiple pleiotropic—in particular neuroprotective—effects.63

Figure 4. No pulmonary effects of exogenous MSC in extremely premature-born, ventilated baboons. (A) Maximum stage of neonatal respiratory distress 
syndrome (RDS) in the first five days of life and (B) lung transparency sum scores on day of life 14. All animals had radiographic signs of RDS from birth 
on; see Supplementary Fig. S4 for representative baboon chest X-ray films. Datapoints represent results from two individual, blinded image analyses 
per animal. (C) Total lung capacity, (D) dynamic lung compliance and (E) airway resistance after 14 days of mechanical ventilation. (F) Low-magnification 
photomicrograph showcasing the heterogenous pulmonary architecture an extremely premature-born, 14-day ventilated baboon lung with a side-by-side 
of atelectatic and emphysematous lung areas. Scale bar = 500 µm. Staining with toluidine blue on 1.5 µm semi-thin Technovit 7100 sections. Also refer to 
Supplementary Fig. S5. Results of unbiased stereological analyses of the pulmonary structure: (G) Total alveolar epithelial surfaces in the functional and 
atelectatic parenchyma (total lung surface) as well as in the functional parenchyma only; (H) volume fractions of functional, atelectatic and condensed 
parenchyma, and (I) mean septal thickness in the functional parenchyma in the lungs of extremely premature-born, ventilated non-human primates 14 
days after injection of UC-MSC or placebo. Every datapoint represents mean results of 9-16 (range) isotropic uniformly-randomized, systematic uniformly 
randomized-sampled pieces of lung tissue (IUR-SURS) per animal; 270 ± 41 (mean ± standard deviation) systematic, uniformly-randomized (SUR) 
sampled fields of view were analyzed per lung. Refer to Supplementary Fig. S6 and Table S1 for results of further stereological analyses. (J) Analysis of 
lung water content. Every datapoint represents the mean evaporated mass from of three individual SUR-sampled lung pieces per animal. Quantification 
of the pulmonary extracellular matrix components (K) elastin, (L) collagen and (M) sulphated glycosaminoglycans (sGAG), expressed as µg per mg dried 
lung tissue. The mean of three individually analysed SUR-sampled lung pieces make one datapoint. Quantification of the (O) airway mucosa volume and 
(P) the pulmonary vascular wall volume in relation to the overall vascular or airway volume, respectively. Datapoints represent results from analyses of 
622 ± 78 (mean ± standard deviation) SUR-sampled fields of view on 9-16 (range) IUR-SURS per animal. Also see Supplementary Fig. S7. Horizontal bars 
indicate group means in all graphs and every dot represents data from one animal. No significant (P < .05) differences between UC-MSC and placebo-
receiving animals for any of the presented data by Welch’s 2-sided, unequal variance t-test following Shapiro-Wilk testing.
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Patient
The aim of our study was to investigate a single, preven-
tive, intravenous dose of MSC in extremely premature-born 
organisms. The employed baboon model is perfectly suited 
for this question as it mimics the significant majority of clin-
ical features of actual human infants at high risk for BPD 
and—in contrast to any other model—includes extreme pre-
mature birth with extreme pulmonary immaturity as condicio 
sine qua non for BPD. However, the model is only represen-
tative for extremely premature infants born without inflam-
matory antecedents, preeclampsia or intrauterine growth 
restriction, thus excluding a significant proportion of putative 
BPD patients and calling for carefully designed clinical trials. 
The same holds true for long-term studies; our experimental 
protocol allowed only for analyses of immediate to mid-term 
(up to two weeks) effects, thus making detection of long-term 
pulmonary effects or the generation of data on survival or ex-
ercise capacity after MSC administration not possible.

Analysis
We eventually asked whether we have used the right analysis 
methodology. As diffuse lung structural changes are a cen-
tral feature of BPD,43,64 we aimed at protecting the structural 
integrity of the lungs during the perfusion fixation process 
as described above rather than artificially opening up all 
atelectatic areas by intratracheal inflation with a liquid fix-
ative. We utilized methods to minimize tissue shrinkage, a 
central problem spoiling morphometric results when using 
traditional paraffin-based embedding methods,35 and em-
ployed unbiased sampling methods to obtain truly represen-
tative material for biochemical and morphometric analyses. 
Morphometric analyses were performed in a blinded and 
entirely unbiased manner.30 Subsequent calculations of 
stereology-inherent coefficients of error confirmed precise 
analyses30,37 using the herein applied stereological evalua-
tion regimen, ruling out inaccurate morphometric analyses as 
cause for the not detected effect.

Given the widespread use of rather bias-prone morpho-
metric analyses methods30,36 when evaluating morpholog-
ical aspects of rodent lung development, the possibility that 
published improvements in alveolarization and vasculariza-
tion attributed to MSC administration are to some degree 
artificial exists and needs to be considered. However, most 
studies also reported improvements in non-morphometric, 
physiological parameters like lung function, exercise capacity 
or survival with MSC therapy, ruling out that reported effects 
of MSC in rodents are purely anecdotal.

We therefore concluded that albeit giving an optimal cell-
based therapeutic to the best available preclinical BPD model 
using a clinically justifiable dose, time and route and then 
analyzing lung development using unbiased methods, we were 
unable to detect any of the beneficial pulmonary effects of 
MSC seen in term-born rodent models of arrested lung devel-
opment. The mechanisms of MSC action have been attributed 
to both, paracrine and direct cell-cell mediated processes, pu-
tatively accounting for the pleitropic effect of these cells even-
tually leading to regeneration of the injured neonatal lung.47,65 
However, the biology behind these processes has so far been 
investigated in term-born, neonatal rodents only. It is unclear 
whether an extreme premature-born lung cell disturbed by 
the extrauterine environment senses and reacts to the signals 
exerted by an exogenous MSC in the same biological way a 

term-born lung cell physiologically adapted to extrauterine 
life does. Importantly, the therapeutic efficacy of exogenous 
MSC depends on the—in particular inflammatory—mi-
croenvironment the cells encounter after administration in 
vivo.6,66,67 Whether such a microenvironment exists in extreme 
premature-born lungs at the time the cells were administered 
in our study is also unclear.

Our research therefore raises the central question whether 
exogenous MSC act fundamentally different in term- and 
preterm-born organisms, warranting investigations on the 
composition and the cellular dynamics of the extreme prema-
ture pulmonary microenvironment in extrauterine conditions. 
Such investigations would help figuring out whether delayed 
or repeated MSC administrations to extreme premature-born 
lungs harbor the potential to prompt effects different than the 
ones observed here and may have implications on the general-
izability of research using term-born animal models to inves-
tigate pathologies unique to premature organisms.

We however report several novel secondary results: Using an 
unbiased systematic approach to deconstruct lungs into unam-
biguously identifiable structures, we discovered condensed parts 
of the 14 day-ventilated premature-born pulmonary paren-
chyma that, to our best knowledge, have not been described so 
far. In contrast to atelectatic areas or putative artifacts generated 
during perfusion fixation of aerated lungs, these structures were 
also present in lung samples fixed by instillation with liquid 
fixatives. The nature of these structures is elusive. They are de-
tectable in every ventilated animal regardless the treatment, 
thus ruling out an immune reaction to administered UC-MSC. 
The structures show no signs of encapsulation or morphology 
conclusive with abscesses, granuloma, fibrinous-purulent im-
mune cell reaction or fibrosis, are distributed throughout the 
lungs and show no obvious association to other lung structures 
like larger airways or intrapulmonary lymph nodes. Further 
differentiation of the cells in these areas is desirable, but cur-
rently hampered by the absence of validated baboon-specific 
antibodies and relative sparseness of these structures. We specu-
late that they represent the morphological correlates of alveolitis 
and collapse induration processes following prolonged (micro)
atelectasis, a pathomechanism previously described in the devel-
opment of adult lung fibrosis.68,69 How these structures develop 
in mechanically ventilated extreme premature-born lungs, and 
whether their progression and/or persistence contributes to the 
pathogenesis of BPD needs to be investigated.

We also report that a systemic administration of UC-MSC 
was associated with improved cardiovascular stability of 
critically ill, extremely premature-born baboons. This is con-
sistent with recent data from genetically engineered MSC in 
mechanically ventilated sheep;70 we speculate that this effect 
of UC-MSC is mediated by an improvement of capillary and 
vascular integrity as previously described in vitro.53

Eventually, we report that MSC—albeit exerting an overall 
favorable safety profile in non-neonatal patients57—harbor 
the potential to cause systemic side effects if given too fast 
and/or in a too concentrated manner (here: 5 million MSC/
kg/min in 1 mL/kg/min) while not showing such effects when 
given at 0.6-0.7 million MSC/kg/min in 0.25-0.3 ml/kg/min, 
generating valuable data for future MSC-based clinical trials.

Conclusions
We provide evidence that a single, systemic administration 
of UC-MSC right after birth benefits cardiovascular stability, 
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but neither improves lung structure, nor lung function. This 
contrast with results gained from term-born animal models 
of BPD and suggests that exogenous MSC act fundamentally 
different in term-born and extremely premature-born lungs. 
Our findings call for further efforts defining the modes of 
action of exogenous MSC in the extreme premature lung to 
harness their therapeutic impact while averting potentially 
deleterious side effects.
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