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The role of neutrophil apoptosis in the resolution of acute
lung injury in newborn infants
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Background: The persistent airway neutrophilia observed in chronic lung disease of prematurity (CLD)
may reflect inappropriate suppression of neutrophil apoptosis.
Methods: 134 bronchoalveolar lavage (BAL) samples were obtained from 32 infants requiring mechanical
ventilation for respiratory distress syndrome (RDS): 13 infants (median gestation 26 weeks, range 23 to
28) subsequently developed CLD (CLD group), and 19 infants (gestation 31 weeks, range 25 to 39)
recovered fully (RDS group). A further 73 BAL samples were obtained from 20 infants (median age 2 days,
range 1 to 402) receiving extracorporeal membrane oxygenation (ECMO) for severe respiratory failure.
Results: Neutrophil apoptosis was increased in the RDS group (mean (SEM) neutrophil apoptosis on day 7
BAL: RDS 17.0 (8.6)% v CLD 0.7 (0.2)% (p,0.05)). BAL fluid obtained from RDS but not CLD patients was
proapoptotic to neutrophils (apoptosis ratio BAL fluid/saline control: day 1, RDS 9.8 (5.5) v CLD 1.2 (0.1)
(p,0.05); day 2, RDS 4.32 (2.8) v CLD 0.5 (0.4) (p,0.05)). There were similar findings in the ECMO
group: survivors had proapoptotic BAL fluid compared with non-survivors (apoptosis ratio day 1, survivors
7.9 (2.1) v non-survivors 2.1 (0.7) (p,0.05)).
Conclusions: Inappropriate suppression of neutrophil apoptosis may be associated with a poor outcome in
newborn infants with respiratory failure.

T
he neutrophil granulocyte is a major participant in the
acute inflammatory response in tissues, being recruited
from the circulation when local defences are over-

whelmed. The constitutively short life span of the neutrophil
is less than 24 hours in the circulation, and these cells are
exquisitely sensitive to apoptosis (programmed cell death).1 2

Apoptosis is important in the normal resolution phase of
inflammation, as it leads to functional downregulation3 and
to recognition and clearance of the apoptotic neutrophils by
macrophages.1 Neutrophil life span is extended in tissues4

and this, together with modulation of neutrophil apoptosis by
cytokines and other inflammatory mediators,5 6 suggests
active control of cell death during the course of inflammation
in vivo. Apoptosis of neutrophils present within the lung is
inappropriately suppressed in patients with acute respiratory
distress syndrome (ARDS), and the bronchoalveolar lavage
(BAL) fluid of such patients is antiapoptotic to human
neutrophils.7 This antiapoptotic effect was observed to be
maximal in the early stages of ARDS7 and to decline at later
time points. The suppression of apoptosis is predominantly
mediated through elaboration of antiapoptotic cytokines.7 8

We have previously found that neutrophils that have been
‘‘aged’’ in vitro but have not undergone apoptosis show
equivalent proinflammatory functions to freshly isolated
neutrophils, emphasising the potential of these cells to cause
tissue damage.3 We have also reported that airway neutro-
philia, shown on BAL studies, is associated with the
development of chronic lung disease of prematurity (CLD)
in preterm infants who require mechanical ventilation for
neonatal respiratory distress syndrome (RDS).9 We hypothe-
sised that the persistent airway neutrophilia observed in CLD
is caused by inappropriate suppression of neutrophil apop-
tosis. We therefore investigated neutrophil apoptosis in
infants who developed CLD following neonatal RDS (CLD
group) compared with those who recovered from RDS (RDS
group). Specifically, we investigated the proportion of
apoptotic neutrophils in bronchoalveolar lavage fluid at time
points up to 14 days in infants in the two groups receiving

mechanical ventilation; and whether BAL fluid from the CLD
and RDS groups differs in its effects on constitutive
neutrophil apoptosis in vivo.

METHODS
Patient groups
Infants with and without respiratory failure were recruited
into the study and divided into the following groups:

N Chronic lung disease of the newborn (CLD group): these infants
initially required mechanical ventilation for RDS. At
28 days of age they remained oxygen dependent and had
persistent chest x ray abnormalities.

N Respiratory distress syndrome (RDS group): these infants were
also ventilated for RDS but by 28 days were nursed in air
and had a normal chest x ray.

N Extracorporeal membrane oxygenation (ECMO group): these
were infants with severe respiratory failure as a result of
various conditions, including RDS, meconium aspiration
syndrome, and persistent pulmonary hypertension of the
newborn. Of those recruited, 14 survived and six did not.

N Controls: these infants received mechanical ventilation
perioperatively for surgical conditions for non-pulmonary
reasons, and were exposed to less than 28% inspired
oxygen.

Infants eligible for the CLD, RDS, and control groups but
with proven or strongly suspected sepsis were excluded from
the study. The diagnosis of sepsis was based on one or more
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Abbreviations: ARDS, acute respiratory distress syndrome; BAL,
bronchoalveolar lavage; CLD, chronic lung disease of prematurity;
ECMO, extracorporeal membrane oxygenation; GM-CSF, granulocyte-
macrophage colony stimulating factor; IL, interleukin; RDS, respiratory
distress syndrome; TNFa, tumour necrosis factor a; TRAIL, tumour
necrosis factor related apoptosis inducing ligand; TUNEL, TdT mediated
dUTP-biotin 39-OH nick-end labelling
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of the following: maternal fever or infection, prolonged
rupture of membranes (.48 hours), positive blood cultures
in the infant, positive endotracheal cultures, and raised or
relative increase in blood white cell count or C reactive
protein in the face of clinical suspicion of sepsis. Six infants
were excluded from the study because organisms were
identified from secretions obtained through the endotracheal
tube or because of central line sepsis.

Fully informed, written consent was obtained from the
parents of each infant. The study was approved by the
Leicestershire Health Authority research ethics committee.

Bronchoalveolar lavage
BAL was done twice weekly in the ventilated preterm infants
until 21 days of age or until extubation. In the infants
receiving ECMO, BAL was done daily for the first four days of
treatment. BAL was undertaken as previously described.9–11

Briefly, with the infant lying supine and the head turned to
the left, a 5 F catheter was gently inserted into the
endotracheal tube until resistance was felt. Two aliquots of
1 ml per kg of saline (0.9%) were instilled through the
catheter and immediately sucked back. The BAL samples
were processed within 20 minutes of the lavage procedure.
From the pooled aspirate, aliquots were taken for total and
differential cell count. The remainder of the aspirate was
centrifuged at 500 6g for 10 minutes at room temperature
and the supernatant stored at 270 C̊ for later analysis. All
subsequent analyses were done by investigators who were
blinded to the clinical diagnosis in each case.

Characterisation of BAL cells
Haemocytometer counting was used to obtain total cell
counts per ml of BAL fluid. Cytocentrifuge preparations were
made from a further aliquot of BAL fluid. At least 300 cells
were counted on each cytospin to provide a differential cell
count. In addition, apoptotic neutrophils, assessed morpho-
logically by the typically condensed nuclei, were counted and
expressed as a percentage of the total neutrophil count. As all
the counts were done before classification of the infants to
the retrospective diagnoses of CLD or RDS, the counts were
blind to the outcome.

Isolation of neutrophils
Human peripheral blood neutrophils were obtained from
healthy adult volunteers. Ethical approval was obtained from
the South Sheffield research ethics committee and all
subjects gave fully informed consent. Neutrophils were
isolated from citrated venous blood by dextran sedimentation
and centrifugation through a discontinuous plasma-Percoll
gradient (Amersham Pharmacia Biotech, Buckinghamshire,
UK) as previously described.12 Purity was assessed by
counting .500 cells on duplicate cytospin preparations and
was always .95%, with contaminating cells being almost
exclusively eosinophils.

Assessment of neutrophil apoptosis in BAL
The apoptotic activity of the BAL fluid was assessed as
previously described.7 Neutrophils were suspended at a
concentration of 3.56106/ml in Roswell Park Memorial
Institute medium (RPMI), with 10% fetal calf serum and
with penicillin and streptomycin (100 U/l) (all from Life
Technologies Inc, Glasgow, UK).13 The ‘‘age’’ of neutrophils in
culture was calculated, designating this stage as time 0. A
100 ml aliquot of the neutrophil suspension was added to
100 ml of BAL fluid from the newborn infants, with normal
saline used as control. Cells were incubated in 96-well Falcon
‘‘Flexiwell’’ plates (not tissue culture treated; BD
Pharmingen, Cowley, Oxford, UK) at 37 C̊ in a 5% CO2

atmosphere for five hours. A five hour time point was chosen

because there is little (typically less than 5%) constitutive
apoptosis in control (untreated) populations, so a proapop-
totic effect of BAL fluid upon neutrophils should be
detected.14

At five hours, apoptosis was quantified by assessment of
nuclear morphology on Giemsa-stained cytocentrifuge pre-
parations, counting .300 cells per slide on duplicate
cytospins.1 13 This method has been shown to correlate closely
with other measurements of neutrophil apoptosis, including
Annexin V binding15 and shedding of CD16.16 In addition,
necrosis was assessed at all time points by exclusion of the
vital dye trypan blue, and was less than 2% unless otherwise
indicated. In the results section, the apoptotic activity of BAL
fluid is expressed as a ratio of the value in the saline control
in the same experiment.

Cytokine assays
The concentrations of tumour necrosis factor a (TNFa),
granulocyte-macrophage colony stimulating factor (GM-
CSF), and interleukin (IL)-10 were measured in BAL fluid
using commercially available enzyme linked immunosorbent
assays (ELISA) according to the manufacturer’s instructions
(R&D Systems, Oxfordshire, UK).

Statistical methods
Gestation and birth weight are expressed as the median
values and range. Only one sample was obtained from any
individual infant at any one time point, and the mean of
results from two cytospins is given. Total and differential cell
counts and the apoptotic activity of BAL fluid are expressed
as mean (SEM) of the number (n) of independent experi-
ments, with each experiment using cells from separate
donors and carried out in duplicate. Data from the controls
are only given for BAL fluid neutrophil apoptotic activity (see
fig 4A) as too few cells were present on the cytocentrifuge
preparations from these infants for reliable differential cell
counts to be obtained.

The apoptotic activity of BAL fluid is given relative to that
obtained for the saline control. Thus values of .1.0 imply
proapoptotic activity and ,1.0 imply antiapoptotic activity in
BAL fluid relative to saline.

The Mann-Whitney U test was used for comparisons
between patient groups, as the data were non-parametrically
distributed. Cell count data were compared by analysis of
variance (ANOVA) with the Bonferroni post-test, using the
Prism 3.0 program (GraphPad Software Inc, San Diego,
California, USA). Maximum values for each infant for BAL
fluid neutrophil activity during the first week of age were also
compared between the RDS and CLD groups. Correlations
between gestation, birth weight, and cytokines with BAL
neutrophil apoptotic activity were determined using the
Pearson correlation coefficient (R value). Results are con-
sidered statistically significant at a probability (p) value of
,0.05.

RESULTS
Patient characteristics
We obtained 134 BAL samples from 32 infants in the
neonatal unit. The characteristics of these infants are shown
in table 1. BAL samples were obtained from the CLD group at
time points up to 21 days. For the RDS group, data are shown
only up to 14 days for some of the analyses, as thereafter
there were too few samples available. No clinical differences
were noted between infants who were or were not treated
with antenatal corticosteroids. There were no significant
differences between the two groups for inspired oxygen or
ventilation variables during the first day of life. However,
when the gestational age and birth weight were compared
there were differences between the two groups (birth weight,
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p,0.001; gestation, p,0.001). We also studied nine control
infants (median birth weight 2240 g, range 900 to 3510;
median gestation 36 weeks, range 26–40). These infants
received mechanical ventilation but less than 28% inspired
oxygen.

We obtained a further 73 BAL samples from 20 infants
receiving ECMO (median age 2 days, range 1 to 402; median
weight 3.7 kg, range 2.5 to 10.0). Of these, 14 survived and
six did not. BAL samples were obtained daily for the first four
days of ECMO treatment. Of the survivors, six received
ECMO for meconium aspiration syndrome, three for sepsis,
two for congenital diaphragmatic hernia, and one each for
pneumonia, persistent pulmonary hypertension, and respira-
tory distress syndrome. One infant with congenital diaphrag-
matic hernia, two with persistent pulmonary hypertension,
and three with pneumonia did not survive.

Total cell, absolute neutrophil, and alveolar
macrophage cell counts
The mean (SEM) total cell counts in BAL fluid from the RDS
group increased from 258 (74)6104/ml on day 1 of age to 368
(107)6104/ml by day 4, before decreasing rapidly to
,60.06104/ml on days 10 and 14 (fig 1). In the CLD infants,
however, the BAL fluid total cell counts were 1246104/ml at
day 1, increased gradually to 382 (180)6104/ml by day 10,
before declining to 193 (105)6104/ml by 17 days. There was a
significant difference in BAL cellularity between the two

groups on day 10: RDS, 39 (3.0)6104/ml v CLD, 382
(180)6104/ml (p,0.05).

Absolute BAL neutrophil counts in the RDS group
decreased from 215 (57)6104/ml on day 1 to 176
(40)6104/ml on day 4 before decreasing to ,60.06104/ml
on days 10 and 14 (fig 2A). In the CLD infants, the neutrophil
counts increased from 116 (24)6104/ml on day 1 to
326 (180)6104/ml on day 10, before declining to 162
(106)6104/ml by day 17. The difference in cellularity between
the two groups was thus largely attributable to an increase in
neutrophil numbers in the CLD group at day 10 (fig 2A), as
we have shown in previous studies.9

BAL alveolar macrophage counts, in contrast, increased in
the RDS group from 43 (27)6104/ml on day 1 to 177
(74)6104/ml on day 4, before decreasing to ,15.06104/ml
thereafter between 7 and 14 days of age (fig 2B). In the CLD
group, the alveolar macrophage count was ,30.06104/ml on
all days studied, except for a slight increase on day 10, to 56
(26)6104/ml. Counts were significantly higher in the RDS
group than the CLD group at day 4 (RDS, 177 (74)6104/ml;
CLD, 29.0 (6.5)6104/ml; p,0.05) but thereafter no differ-
ences were found between the two groups.

Assessment of neutrophil apoptosis in cells obtained
by bronchoalveolar lavage
The percentage of neutrophils that showed light microscopic
features of apoptosis (fig 3A) was determined by a blinded

Table 1 Patient characteristics

CLD RDS

Number 13 19
Gestation (weeks) 26 (23 to 28) 31 (25 to 39)�
Birth weight (g) 750 (630 to 1070) 1400 (720 to 4160)�
Antenatal dexamethasone 12/13 (92%) 10/19 (53%)
Surfactant* 12/13 (92%) 16/19 (84%)
PIP (mean first 24 hours) 17 (14 to 36) 16 (11 to 22)
MAP (mean first 24 hours) 8 (4 to 18) 7 (4 to 13)
Fio2 (mean first 24 hours) 0.37 (0.24 to 1.00) 0.32 (0.21 to 0.76)

*CurosurfH, Chiesi Pharmaceuticals, Parma, Italy.
�Significant differences were noted between the two groups for birth
weight and gestation (both p,0.001).
CLD, chronic lung disease; Fio2, inspired fractional oxygen; MAP, mean
airway pressure; PIP, peak inspiratory pressure; RDS, respiratory distress
syndrome.
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Figure 1 Total cell counts in bronchoalveolar lavage (BAL) fluid
obtained from ventilated preterm infants who progressed to develop
chronic lung disease of prematurity (CLD) and who recovered from the
neonatal respiratory distress syndrome (RDS). The numbers beside each
point are the number of BAL samples available for analysis. *p,0.05.
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Figure 2 (A) Absolute neutrophil count and (B) alveolar macrophage
count in bronchoalveolar lavage (BAL) fluid obtained from ventilated
preterm infants who progressed to develop chronic lung disease of
prematurity (CLD) and those who recovered from the neonatal
respiratory distress syndrome (RDS). The numbers beside each point are
the number of BAL samples available for analysis. *p,0.05.
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observer counting duplicate cytospins. The results are
shown in fig 3B. In the RDS infants, the percentage
of apoptotic PMN increased from 1.0 (0.4)% on day 1 to
17.0 (8.6)% on day 7, before decreasing to 0.8 (0.8)% on
day 14 of age. In contrast, the percentage of apoptotic
neutrophils in BAL from infants developing CLD was
4.1 (1.2)% on day 1 but ,1.8% thereafter until 21 days of
age. At day 7 there was a significantly greater proportion of
apoptotic PMN in the RDS group than in the CLD group
(p,0.05).

Modulation of neutrophil apoptosis by BAL fluid
Incubation of peripheral blood neutrophils with day 1 BAL
fluid from RDS infants resulted in an 11.0-fold induction in
apoptosis relative to saline control. The proapoptotic effect of
BAL fluid lessened gradually to 0.6 (0.25) by day 7 (fig 4A).
In contrast, the proapoptotic activity of BAL fluid from CLD
infants was ,2.0 throughout the 21 days studied. For
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Figure 3 (A) Photomicrographs of cytocentrifuge slides prepared from
bronchoalveolar lavage (BAL) fluid showing presence of apoptotic
neutrophils (i, ii) and an alveolar macrophage engulfing an apoptotic
neutrophil (iii). Solid arrowheads illustrate apoptotic neutrophils; these
show morphological changes associated with apoptosis, including cell
shrinkage and nuclear condensation. Unfilled arrowheads highlight
healthy, non-apoptotic cells, which retain hypersegmented nuclear
structure. (B) Percentage of apoptotic neutrophils shown for cells
obtained from bronchoalveolar lavage in ventilated preterm infants who
developed and recovered fully from the neonatal respiratory distress
syndrome (RDS) v those who progressed to develop chronic lung disease
of prematurity (CLD). The numbers beside each point are the number of
BAL samples available for analysis. *p,0.05.
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recovered fully from the neonatal respiratory distress syndrome (RDS)
and those who progressed to develop chronic lung disease of
prematurity (CLD). (B) Moderate correlation between BAL fluid neutrophil
apoptotic activity and gestational age (R = 0.50, p,0.05). (C) Apoptotic
activity of BAL fluid from infants who received extracorporeal membrane
oxygenation for severe respiratory failure. The apoptotic activity of BAL
fluid is expressed as a ratio of value for the saline control in the same
experiment. The mean (SEM) percentage apoptosis for the saline control
was 1.4 (0.2)%, n = 10. The numbers beside each point are the number
of BAL samples available for analysis. ECMO, extracorporeal
membrane oxygenation. *p,0.05.

964 Kotecha, Mildner, Prince, et al

www.thoraxjnl.com

http://thorax.bmj.com


comparison, BAL fluid obtained from control infants showed
a mean 2.9-fold induction of apoptosis on day 1, which fell
to,1.3-fold thereafter until 7 days of age. The proapoptotic
effect of RDS fluid on neutrophils was greater than that of
CLD or control fluid on both day 1 and day 2 (p,0.05).

We also analysed the data by comparing the maximum
BAL fluid neutrophil activity during the first week of life in
CLD and RDS infants, and noted a significant difference
between the two groups: CLD, 1.3 (interquartile range (IQR),
0.8 to 2.0) v RDS 1.9 (1.5 to 3.3) (p,0.05), mean difference
0.78, 95% confidence interval 0.11 to 1.83. The maximum
value was achieved in the RDS infants at a median age of 2.0
days (IQR 1 to 2) and in the CLD infants at a later age of 4.0
days (IQR 2 to 7) (median difference 2.0, 95% CI 0.001 to
3.000, p,0.05). To determine if the BAL proapoptotic activity
was related to either the gestation age or the birth weight of
the infant, we compared gestational age and birth weight
with the proapoptotic activity of the BAL fluid at day 1. A
correlation was found between the BAL fluid neutrophil
activity at day 1 and gestational age (fig 4B) (R = 0.5,
p,0.05) but not birth weight (R,0.10, p.0.05).

To further address the possibility that proapoptotic BAL
fluid was associated with a better clinical outcome, we
studied a cohort of infants who were treated with ECMO. We
had previously shown a significant improvement in BAL
neutrophilia in this cohort who survived the course of ECMO
when compared with infants who did not.17 We hypothesised
that those ECMO infants who survived might—as with the
RDS cohort—have BAL fluid with a proapoptotic effect upon
neutrophils and that this might be associated with resolution
of acute lung injury. The BAL proapoptotic activity of ECMO
survivors was 1.7 (0.4) when placed on ECMO (day 0),
increased to 7.9 (2.1) on day 1, and then decreased to 3.1
(0.8) on day 3 of ECMO (fig 4C). In the infants who received
ECMO but did not survive, the BAL fluid apoptotic activity
was ,3.1 throughout the treatment. On day 1 of ECMO
treatment there was greater proapoptotic activity in BAL fluid
of survivors than of non-survivors (p,0.05).

Relation of soluble factors to apoptotic activity of BAL
fluid
Soluble factors present in BAL fluid can affect the survival of
neutrophils.7 Because of the very small sample volumes
obtained from the infants (typically less than 0.5 ml/kg), we
were limited to the study of a small number of candidate
cytokines. We measured GM-CSF, as this has been shown to
prolong neutrophil survival both in vitro5 and in vivo7 8;
TNFa, which has a proapoptotic effect upon neutrophils at
the time point studied18; and IL-10, because high levels of this
anti-inflammatory cytokine are proapoptotic19 20 and are
associated with a poorer outcome in patients with pneumo-
nia.21 Both GM-CSF22 and TNFa23 have been shown to be
increased in infants who develop CLD compared with those
who recover from RDS, and IL-10 may be deficient in infants
who develop CLD.24

We measured BAL fluid levels of each of these cytokines by
ELISA and correlated them with BAL fluid apoptotic activity
in all the groups studied. All three cytokines were detected,
either in all samples (TNFa) or in the majority of samples. No
relations were identified, however, between BAL levels of
TNFa, GM-CSF, or IL-10 on day 1 and the numbers of
apoptotic neutrophils present in BAL fluid at day 1, nor with
BAL neutrophil apoptotic activity at day 1(all R2,0.25,
p.0.10; data not shown). Comparisons were only made at
day 1 as too few samples were available thereafter.

DISCUSSION
In these studies we showed that the development of chronic
lung disease following neonatal respiratory distress syndrome

is associated with persistent neutrophilia in BAL fluid,
compared with preterm infants in whom RDS resolves, and
we confirmed previous studies showing that this difference
becomes apparent at day 10 of age.9 25 We hypothesised that
the observed difference in neutrophil numbers could reflect
differences in the regulation of neutrophil apoptosis between
the two groups. We showed that the CLD group had reduced
neutrophil apoptosis at day 7 compared with the RDS group,
suggesting that increased survival may be a mechanism of
neutrophil persistence in CLD. Furthermore, BAL fluid
obtained from the RDS group was found to have a significant
proapoptotic effect on peripheral blood neutrophils on days 1
and 2 of ventilation—an effect that was not seen in the CLD
group. These results suggest that both the resolution of
inflammation and a favourable clinical outcome were
associated with higher rates of apoptosis and a proapoptotic
lavage fluid.

We confirmed these findings in a second patient group—
those receiving treatment with ECMO—among whom we
have previously shown a lack of resolution of pulmonary
neutrophilia in the poor prognosis group (non-survivors).17

Again, a proapoptotic BAL fluid was associated with
improved clinical outcome (that is, survival). Although the
ECMO group was a heterogeneous group of patients in terms
of their underlying diagnosis, with some having an inflam-
matory pathology (for example, pneumonia, meconium
aspiration, RDS) and others not (persistent pulmonary
hypertension of the newborn, congenital diaphragmatic
hernia), both groups were represented in survivors and
non-survivors. As both groups had received prolonged
mechanical ventilation and had been exposed to high
concentrations of oxygen before being placed on ECMO,
pulmonary inflammation was also present in both groups.
The data support the observation that a favourable outcome
of pulmonary inflammation is associated with enhanced
neutrophil apoptosis.

There is evidence from our previous in vitro studies that
inhibition of neutrophil apoptosis by a range of cytokines and
bacterial products3 5 is associated with preservation of
neutrophil proinflammatory functions—for example, respira-
tory burst, degranulation—and thus of the capacity to cause
bystander tissue injury.3 5 An animal model of chronic
inflammation (bleomycin injury) has also produced evidence
for neutrophil activation up to 21 days after a pulmonary
insult.26

In the RDS group, the maximum apoptosis inducing
activity of BAL fluid was detected on days 1 and 2, whereas
the ‘‘wave’’ of apoptotic neutrophils was detected between
days 4 and 10. The reasons for this time lag are unclear but
may reflect the greatly extended life span of inflammatory
compared with peripheral blood neutrophils. In animal
models the half life of inflammatory neutrophils has been
estimated to be several days,26 so that even where the rate of
apoptosis is significantly accelerated there may be a lag
between elaboration of a proapoptotic factor in BAL fluid and
the detection of increased numbers of apoptotic cells.

The current data also support a major role for apoptosis in
the clearance of neutrophils from the lung in neonatal
pulmonary inflammation. For instance, the total neutrophil
counts in the RDS group decreased from a mean of 1766104/
ml at day 7 to 406104/ml on day 10, concomitant with the
identification of up to 17% apoptotic neutrophils in the BAL
fluid.

Matute-Bello et al studied neutrophil apoptosis in ARDS
and showed that neutrophil apoptosis was detected at low
levels in BAL throughout the course of ARDS.7 Moreover, BAL
fluid from ARDS patients suppressed constitutive neutrophil
apoptosis, whereas fluid from normal volunteers did not.7

This inappropriate suppression of neutrophil apoptosis is
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analogous to the findings in our CLD group and was
abrogated by blocking antibodies to G-CSF (granulocyte
colony stimulating factor) and GM-CSF.7 In that study the
investigators were unable to show an association between
higher rates of neutrophil apoptosis and survival, although
mean apoptosis was higher in the survivors than in those
who died (2.4% v 1.8%).

Increased numbers of macrophages were noted in the RDS
group at day 4 (fig 2A), preceding the increase in apoptotic
neutrophils that was evident on day 7 (fig 2B). It is
conceivable that the alveolar macrophages play a role in
induction of neutrophil apoptosis that is likely to be in
addition to the proapoptotic effect of BAL on days 1 and 2.
Potential mechanisms for such induction by alveolar macro-
phages might include cell surface expression of death
ligands—for example, Fas13 or TRAIL (tumour necrosis factor
related apoptosis inducing ligand)27—which are proapoptotic
for neutrophils and are known to be expressed on macro-
phage populations.28 29 In addition, these macrophages may
play a role in clearance of apoptotic neutrophils. We
attempted to quantify ingested apoptotic bodies and were
able to detect examples (fig 3A), but at insufficient levels for
a valid comparison of the RDS and CLD groups. A probable
explanation is that light microscopic evaluation is substan-
tially less sensitive than other methods—for example, TUNEL
staining (which we found to be superior in unrelated studies
on murine models of pulmonary inflammation) or electron
microscopy.7 Alternatively, clearance of macrophages that
have ingested apoptotic cells may occur rapidly through
lymphatics.30 In the present studies, only two cytospins were
available for each data point. In future studies, we hope to
obtain additional cytospin preparations for immunohisto-
chemistry (for macrophage death receptor expression) and
TUNEL staining (for ingested apoptotic cells). Unfortunately,
total cell numbers are too small for flow cytometry to be
feasible for the majority of time points.

We considered whether the observed differences in BAL
fluid modulation of apoptosis might be attributable to other
factors to which the babies were exposed. Corticosteroids are
known to inhibit neutrophil apoptosis, but at higher
concentrations than are likely to be present in BAL fluid
after antenatal dexamethasone treatment.31 None of the
infants in the study received postnatal corticosteroids.
Hypoxia has also been shown to prolong neutrophil survival,
but at levels of hypoxia of ,1% oxygen.32 The degree of
respiratory failure was similar between the two groups at the
onset of ventilation, and tissue oxygenation was maintained
in most cases, so this is unlikely to be relevant to our studies.
The volume of fluid returned after the BAL procedure was
similar between the CLD and RDS groups. In accordance to
the recent recommendations of the European Respiratory
Society’s task force on bronchoalveolar lavage studies in
children, we did not normalise for dilution of BAL fluid by
using urea, secretory component of IgA, or albumin.33

Although one potential factor that may modulate neutrophil
apoptosis is surfactant, the use of exogenous surfactant was
similar between the two groups (CLD 92%, RDS 84% (NS)).
Furthermore, previous studies with peripheral blood neutro-
phils have not suggested a major proapoptotic effect of
surfactant.34

One clear difference between the CLD and RDS groups was
that the CLD group was significantly more premature
(median gestation 26 weeks compared with 31 weeks). It is
possible that, with increasing prematurity, neutrophils are
more resistant to apoptosis. We noted a relation between the
apoptosis inducing effect of the first available BAL fluid
sample from each infant and gestation but not birth weight.
It needs to be clarified further whether the data observed
reflect immature neutrophil apoptotic mechanisms in pre-

term infants, who are thus less likely to clear their
neutrophils effectively. Allgaier et al have studied neutrophils
purified from umbilical cord blood of neonates and have
shown that they undergo apoptosis at a slower constitutive
rate than adult neutrophils, and also that they are more
resistant to the effects of the ligation of the Fas death
receptor.35 It is possible, therefore, that age related differences
in apoptosis susceptibility may influence the results observed.
Nonetheless, we have shown clear differences in the effects
of BAL fluid of CLD and RDS patients upon apoptosis of
healthy adult neutrophils. This is most probably attributable
to the presence or absence of soluble modulators of apoptosis.
Prematurity could also be associated with inability to
elaborate a proapoptotic factor or factors in the lung.

Within the limitations of the sample volumes obtained we
attempted to identify soluble factors that might influence
rates of apoptosis. In general, the ability of cytokines and
other inflammatory mediators to modulate neutrophil
apoptosis is well recognised,5 6 and many of these factors
are present in BAL fluid in both adults7 36 and neonates with
RDS.9–11 37 Raised levels of GM-CSF have been associated with
ARDS7 35 and CLD,22 and blocking antibodies have been
shown to abrogate the antiapoptotic effect of BAL fluid from
ARDS.7 Other studies, however, have not found this associa-
tion,38 but have instead shown increases in IL-8 and G-CSF
(the latter also found by Matute-Bello7). A cohort study
suggested that levels of G-CSF or GM-CSF in BAL fluid were
not, however, predictive of development of ARDS.36 We could
not identify a correlation between GM-CSF levels and
percentage neutrophil apoptosis, although a difference in
GM-CSF levels between infants with RDS and CLD has
previously been reported.22 The same was true for TNFa,
which is known to be proapoptotic to human neutrophils at
five hours, the time point used in our studies.18 Similarly,
levels of IL-10—which are increased in ARDS39 40 and are
known to inhibit cytokine mediated delay of neutrophil
apoptosis19—were not associated with rates of apoptosis or
with different patient groups. A recent report by Oei and
colleagues did not find a relation between IL-10 in tracheal
fluid and neutrophil apoptosis in preterm infants at risk of
developing CLD.41 The lack of association of any single factor
with the overall percentage of neutrophil apoptosis is not
surprising, given the number of cytokines shown to be
present in the inflamed lung. Identification of factors that
correlate with outcome would, however, be of potential
clinical use. Other potential factors that may modulate the
neutrophil apoptotic process include Fas ligand42 and IL-2,43

but we were unable to investigate these factors further
because of the limited availability of BAL fluid from
ventilated preterm infants.

Conclusions
These studies have shown that persistent airway neutrophilia
in chronic lung disease is associated with inappropriately low
rates of neutrophil apoptosis and failure to generate a
proapoptotic BAL fluid. Conversely, resolution of lung
inflammation in the RDS group is associated with higher
rates of apoptosis and proapoptotic BAL fluid. These findings
suggest that clinical outcome might be predictable from
assessment of BAL fluid early in the development of ARDS
and also that strategies to induce neutrophil apoptosis could
be associated with improved outcome.
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