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Introduction

Bronchopulmonary dysplasia (BPD) is the respiratory
chronic lung disease of preterm newborns with a reported
incidence of 23% in infants born at 28 weeks or less gestation
and increasing up to 73% in infants born at 23 weeks.1 At the
histopathological level, BPD is the result of an arrest in lung
development with disruption of distal lung growth and
impaired alveologenesis and angiogenesis.

It is reported that when bone marrow-derived angiogenic
progenitor cells (BMDAC) have been injected in an animal
model of BPD, they showed a complete restoration of lung

structure.2Amoredetailedcharacterizationrevealed that they
expressed myeloid/macrophage markers, and when cultured,
they differentiated into macrophages supporting the hypoth-
esis that myeloid/macrophage lineage could take part in lung
restoration. In view of their plasticity and ability to react to
different environmental signals, macrophages have been clas-
sified according to their activation pathway into two main
groups:3,4 classically activated or alternatively activated cells.
Classically activated macrophages (M1) are activated during
cell-mediated immune response by IFN-γ and tumor necrosis
factor (TNF) produced by natural killer (NK) cells, antigen
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Abstract Monocyte-macrophages have a role in host defense and tissue remodeling. Classically
activated (M1) and alternatively activated (M2) macrophages from preterm newborns are
analyzed, and the role in acute respiratory distress syndrome (RDS) andbronchopulmonary
dysplasia (BPD) is evaluated. Observational study was conducted on the blood samples
(BSs) and tracheal aspirates (TAs) collected at 48 to 72 hours of life in preterm newborns.
Flow-cytometry was performed to identify monocytes and M1 or M2. Prenatal factors,
gestational age, birth weight, acute RDS and BPDwere assessed and related to theM1 and
M2 levels andM2/M1.Onehundrednine subjectswere included, and100were followedup.
M1 andM2 increase and decrease, respectively, according to the gestational age and birth
weight. Higher M2 and lowerM1 levels inTAs were found after maternal chorioamnionitis.
BPD patients have low M1 with high M2 in blood samples (BSs), as well as in tracheal
aspirates (TAs). No relationwas found between activation pattern and prenatal variables or
the RDS grade. The correlation between gestational age or birth weight and M1 could
reflect amorematuremacrophage system, capable to push undifferentiatedmacrophages
toward the classical pathway. We speculate that adequate early classical macrophage
activation could be crucial to protect lungs from post-natal injuries, preventing the
development of BPD.
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presenting cells, and T-cells. These macrophages have micro-
bicidal activity; they can produce nitric oxide, O2 radicals,
and inflammatory cytokines (e.g., Interleukin [IL]-1, IL-6, and
IL-23). Their importance in inflammatory reaction and their
pivotal role in host defense to infections and injury have been
extensively studied.5 Alternatively activated macrophages
(M2) are mainly activated by IL-4 and IL-13 released during
tissue injury. Under the control of these mediators, M2 pro-
duce high levels of anti-inflammatory cytokines (IL-1ra, IL-10,
and transforming growth factor beta [TGF-β]) and Arginase-1
that converts arginine to ornithine, precursor of polyamines,
and collagen necessary for matrix remodeling. M2 do not
produce nitric oxide or O2-radicals, and they lack in direct
killing ability. Finally they promote angiogenesis,6 tissue
repairing, and homeostasis.7

While the importance of the monocyte compartment in
tissue repair mechanism has already been demonstrated in
other organs,8 the specific role of macrophages in the physio-
logical and pathological lung development have not been
clarified yet. It is well known that M1 activation is associated
with production of reactive oxygen species and inflammatory
cytokines, which can substantially impair vascular function.
Indeed, impairedmicrocirculatory function in newborns with
respiratory distress syndromehas been directly documented.9

In newborns, microcirculation, endothelial dysfunction, and
vascular injury are huge and impacting fields of investigation
in correlation with macrophages polarization.

This study aims to analyze the early balance between two
major macrophage subpopulations (M1 and M2) and their
relationship with prenatal factors (chorioamnionitis, cesar-
ean section [CS], twins pregnancy, and antenatal steroids
administration), gestational age (GA), and birthweight (BW).
A further aim was to assess whether the levels of macro-
phages subtypes at birth are associated with the severity of
acute disease (RDS, fraction of inspired oxygen-FiO2) and
chronic lung disease (mechanical ventilation [MV] time, O2

therapy duration, and BPD) in a preterm newborns group.

Materials and Methods

Study Design
Preterm newborns admitted to a level III Neonatal Intensive
Care Unit of the Women’s and Children’s Health Department,
Padova, Italy from January 2013 toApril 2015were included in
this observational longitudinal study. Exclusion criteria were
major malformations and major cardiovascular defects.
An ethylenediaminetetraacetic acid (EDTA) blood sample (BS
¼ 0.5mL)during routinepatientevaluationwascollectedat48
to 72 hours of life, median age 50 hours, was stored in culture
medium (Roswell Park Memorial Institute medium [RPMI]),
and was immediately sent to the local department of labora-
tory medicine. Overall patients being intubated at the same
time, a TAs sample was also collected during a routine
endotracheal (ET)-tube suction. Both samples were analyzed
by flow cytometry to identify M1 and M2. Clinical data
assessment of the enrolled patients includes (1) prenatal
factors: histological chorioamnionitis (presence of more
than 10 polymorph nuclear leukocytes/high-powered field,10

CS, twins pregnancy, and antenatal steroids administration);
(2) biological features: GA andBW; (3) severity of acute RDS at
sampling: radiological RDS grade11 and FiO2 levels; and (4)
presence and severity of chronic lung disease: mechanical
ventilation (MV) time, O2 therapy duration, and BPD (oxygen
support at 36 weeks postmenstrual age).12 Our Neonatal
Intensive Care Unit (NICU) policy is that the infant breathing
spontaneously, with RDS, is first treated with continuous
positive airway pressure (CPAP or high-flow nasal cannula)
or neonatal nasal intermittent positive pressure ventilation
(NIPPV). Patients with neonatal RDS require endotracheal
intubationandadministrationof surfactant.Moreover intuba-
tion and MV are indicated for patients who fail to respond to
less invasive forms of ventilation and are carried out with low
tidal volumes (4–6 mL/kg) with permissive hypercapnia (par-
tial pressure of carbon dioxide [PaCO2] 50–55 mm Hg). In our
practice, intubation andMVare initiatedwhen one ormore of
the following criteria are verified: respiratory acidosis, i.e., an
arterial pH<7.2 andpartial pressure of arterial carbondioxide
(PaCO2) >60 to 65 mm Hg; hypoxemia documented by an
arterial partial pressure of oxygen (PaO2)<50 mmHg, despite
oxygen supplementation, or when the fraction of inspired
concentration (FiO2) exceeds 0.40 on CPAP; and apnea. Overall
our TAs were obtained from newborns intubated and were
submitted toMV (synchronized or high-frequency oscillatory)
before surfactantadministration. Sincesparsedataaresuitable
in the field of macrophage phenotype and BPD13 or RDS, an
ex ante sample size calculation seems difficult to reach. We
choose to collect TAs and BSs within the third day of life to
avoid confounding biased infections or the inflammatory
factors rising in patients submitted to prolonged ventilation.

Sample Analysis
Sample preparation was performed according to the National
Committee for Clinical Laboratory Standards (NCCLS) (H42-
A2) guidelines.14 One hundred microliters of EDTA BSs or TAs,
preserved in a specific culture medium (RPMI), were added to
an aliquot of monoclonal antibody as suggested by the man-
ufacturer and had been incubated for 15 minutes at room
temperature. The following color combination of monoclonal
antibodies was used: CD14-PE, CD45-ECD, CD33-PeCy5, and
CD16-PeCy7 (Beckman-Coulter). Staining was always under-
taken on the day of sampling.

After incubation, BSs erythrocyteswere lysedwith TQ-prep
(Beckman-Coulter), while TAs samples erythrocytes had been
lysed with a lysing solution with ammonium chloride for
5minutes. Sampleswere then acquired on theflowcytometer.

Four-color analysis was performed on a Navios flow
cytometer (Beckman-Coulter). Acquisition was run until
30,000 and 10,000 events were detected, for BSs and TAs
respectively. Data analyses were made with CXP software
(Beckman-Coulter). Using the appropriate “gating” ap-
proach, the relative frequencies were determined for total
monocytes/macrophages (CD33 þ /SSlow) and, among these,
for classically activated macrophages (CD14þþ/CD16–) and
alternatively activated macrophages (CD14þ/CD16þ).8,13,15

M1 and M2 levels were expressed as percentage of macro-
phage subtypes among the whole population ►Fig. 1A.
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Internal quality control (IQC), the so-called Immunotrol,
performed daily, consisted of a liquid preparation of human
stabilized red and white blood cells that was processed as a
routine sample with the reagents in use. If the IQCwas within
the acceptable range, sample acquisition and analysis were
performed. The UK Neqas External Quality Assessment “Leu-
cocyte Immunophenotyping” external QC was performed.

Ethical Approval
Ethical approval for the study was obtained from the local
ethics committee (AOP 2724P/Nov 2012), and informed
consent was obtained from parents.

Statistical Analysis
Mean and standard deviation (SD) values are reported for
continuous variables, whereas for categorical variables, per-
centage values are presented. Since the normal distribution
of macrophages sub-types (M1 and M2) was confirmed by
the Kolmogorov normality test, their association with other
variables has been analyzed by mean of t-test, linear regres-
sion, and variance analysis (Dell Statistics 13 andGraph Pad 6
Software). Odds ratio for BPD have been calculated, after
categorization of macrophages levels through “median split”
technique, by mean of a model of binary logistic regression
(IBM SPSS Software). Significance level was set at p < 0.05.

Fig. 1 (A) Flow cytometer. Isolation of macrophages by CD33, followed by using CD14 and CD16 to identify CAM ed AAM. (Square A:
macrophages CD33þ/SSlow; square B: CAM, M2, CD14þþ/CD16–; and square C: AAM, M1, CD14þ/CD16þ). (B) After turning macrophages
pools into categorical variables through “median split” categorization the association with development of BPD was calculated. By the binary
logistic regression, a positive relation (OR > 1) was found among M2 and M2/M1 with BPD, negative (OR < 1) between M1 and BPD, in the BSs),
and TAs. Whether binary logistic regression was corrected by GA and BW, the relation with BPD lacks in significance. Odds and confidence
intervals are shown; red is significant. Square A: blue, macrophages CD33þ/side scatter low; green are granulocytes; square B: violet, CAM, M2,
CD14þ/CD16�; square C: yellow, AAM, M1, CD14þCD16þ. AAM, alternatively activated macrophages; BPD, bronchopulmonary dysplasia; BSs,
blood samples; BW, birth weight; CAM, classically activated macrophages; GA gestational age; OR, odds ratio; SSlow, side scatter low; TAs,
tracheal aspirates.
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Results

Atotal of 108pretermnewborns (49male and59 female)were
included in the study, with a mean GA of 29þ1/7 weeks and a
BW of 1274 g. Among them, 49% were born before 28 gesta-
tional weeks, 87% after CS, 22% after chorioamnionitis, 25%
were twins, and 77% had received antenatal steroids. At the
time of sampling, almost all subjects had RDS (mid-degree)
with a mean FiO2 of 0.31.

One hundred patients were followed up, mean MV and O2

therapy durationwere 9.1 and17.8 days, respectively, andBPD
was diagnosed in 22 of them (►Table 1). TAs and BSs were
adequate for flow cytometry analysis in 96/108 and 97/108
patients, respectively.

Macrophage Profile and Prenatal Factors
Unaffected newborns showed a higher level of M1
cells versus maternal chorioamnionitis newborns in BSs
(p ¼ 0.013, ►Fig. 2A1) and TAs (p ¼ 0.007, ►Fig. 2A4) and
lower levels of M2 (p ¼ 0.02, ►Fig. 2A5) and M2/M1
(p ¼ 0.004, ►Fig. 2A6). CS, twins pregnancy, and antenatal
steroid administration did not show differences except for a
higher level ofM2 andM2/M1 in the BSs of patient born from
CS (p < 0.05) and a higher level of M2 in TAs (p < 0.01) after
antenatal steroids (►Table 2 and 3, ►Fig. 2).

Macrophage profile and biological features:
BSs and TAs show a direct correlation between levels of M1
with GA (►Fig. 3) (BSs: R2 ¼ 0.40, p < 0.001,►Fig. 3A1; TAs:
R2 ¼ 0.40, p < 0.001, ►Fig. 3A4). Similarly M1 correlate with
BW (BSs: R2 ¼ 0.42, p < 0.001, ►Fig. 3B1; TAs: R2 ¼ 0.42,
p < 0.001, ►Fig. 3B4). Levels of M2 are instead inversely
correlated with GA (BSs: R2 ¼ 0.06, p < 0.014, ►Fig. 3A2;
TAs: R2 ¼ 0.23, p < 0.001, ►Fig. 3A5) and with BW (BSs:
R2 ¼ 0.06, p ¼ 0.016, ►Fig. 3B2; TAs: R2 ¼ 0.26,
p < 0.001, ►Fig. 3B5). The same applies to M2/M1 with GA
(BSs: R2 ¼ 0.14, p < 0.001, ►Fig. 3A3; TAs: R2 ¼ 0.24,
p < 0.001, ►Fig. 3A6) and with BW (BSs: R2 ¼ 0.20,
p ¼ 0.003, ►Fig. 3B3; TAs: R2 ¼ 0.24, p < 0.001, ►Fig. 3B6).

Macrophage profile and respiratory distress
syndrome:
Variance analysis did not show any significant difference
between macrophage distribution and RDS grades.
Similarly, linear regression failed to reveal any correlation
between macrophage subtypes and FiO2 at the time of
sampling.

Macrophage profile and chronic lung disease
Linear regressionanalysisshowsan inversecorrelationbetween
levels of M1 and MV time (►Fig. 2 and 4, ►Table 4) (BSs:
R2 ¼ 0.20, p < 0.001, ►Fig. 4A1; TAs: R2 ¼ 0.23,
p < 0.001, ►Fig. 4A4) as well as O2 therapy duration (BSs:
R2 ¼ 0.20, p < 0.001, ►Fig. 4B1; TAs: R2 ¼ 0.10,
p < 0.001, ►Fig. 4B4). Levels of M2 are directly correlated
with MV time (BSs: R2 ¼ 0.05, p ¼ 0.04, ►Fig. 4A2; TAs:
R2 ¼ 0.20, p < 0.001, ►Fig. 4A5) and O2 therapy duration
(BSs: R2 ¼ 0.07, p ¼ 0.01, ►Fig. 4B2; TAs: R2 ¼ 0.12,
p < 0.009,►Fig. 4B5). SimilarlyM2/M1 increasewith duration
of MV (BSs: R2 ¼ 0.10, p ¼ 0.002, ►Fig. 4A3; TAs: R2 ¼ 0.23,
p < 0.001, ►Fig. 4A6) and of O2 duration (BSs: R2 ¼ 0.16,
p < 0.001, ►Fig. 4B3; TAs: R2 ¼ 0.06, p ¼ 0.06, ►Fig. 4B6).
Consistently, samples from patients who subsequently devel-
oped BDP show at birth lower levels of M1 (BSs:
p ¼ 0.000, ►Fig. 2B1; TAs: p ¼ 0.000, ►Fig. 2B4), increased
levels of M2 (BSs: NS, ►Fig. 2B2; TAs p ¼ 0.003, ►Fig. 2B5)
and of M2/M1 (BSs: p ¼ 0.005, ►Fig. 2B3; TAs:
p ¼ 0.005,►Fig. 2B6). After categorization of variables referred
to levels of macrophages subtypes through “median split”, the
association with presence or absence of BPD was analyzed by
means of binary logistic regression. When M2/M1 is over the
median value, the odds for BPD are from 4.3 (BSs, p ¼ 0.016) to
15.5 (TAs, p ¼ 0.02) times higher. When corrected for GA and
BW, the odds for BPD are not statistically significant (►Fig. 1B).

Discussion

Despite notable advances in management of preterm birth,
BPD still represents a major complication with an important
short- and long-term burden on quality of life of affected
newborn infants. A variety of prenatal and postnatal injuries
(MV, O2 toxicity, infections, patent ductus arteriosus, fluid
overload, chorioamnionitis, and nutritional deficits) im-
paired the lung, which is immature and not able to react

Table 1 Clinical data of the studied newborns

Clinical data Mean (SD); n (%)

Overall 108

Female 59 (54)

GA
<28 wk
>28 wk

29 wkþ1/7 d (3 wkþ1 d)
53 (49)
55 (51)

BW (g) 1274.1 (648.6)

CS 94 (87)

Twins 27 (25)

Chorioamnionitis 19/85 (22.3)

Antenatal steroids 77 (71.3)

RDS
Mid degree

105 (97.2)
2.1 (0.8)

FiO2 (%) 0.31 (16.7)

Surfactant 85 (78.7)

Surfactant doses/newborn 1.6 (0,8)

Followed-up 100 (92.5)

MV (d) 9.1 (11.8)

O2 therapy (d) 17.8 (25.6)

O2 therapy plus ventilation
at 28 d

42 (42)

BPD 22 (22)

Abbreviations: BW, birth weight; BPD, bronchopulmonary dysplasia; CS,
cesarean section; GA gestational age; MV, mechanical ventilation; RDS,
respiratory distress syndrome; SD, standard deviation.
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adequately to the pathological noxae. Many of the affected
patients are extremely premature who are exposed to pro-
longed ventilation for lung RDS, but others will initially have
few signs of respiratory disease.

While the goal in BPD therapy would be to promote a full
structural and functional recovery guiding a correct lung
development, current therapeutic approaches mainly treat
symptoms and are of limited benefit.

Fig. 2 (A) Chorioamnionitis and macrophages from blood samples (BSs) and tracheal aspirates, (TAs). Box and whiskers plots show the level of
M1, M2, and M2/M1 in the BSs (1–3 squares) and TAs (4–6 squares). Horizontal axes show 0: no chorioamnionitis and 1: chorioamnionitis.
M1 percentages decrease in the BSs and TAs from neonates born under chorioamnionitis, when compared to the unaffected. No changes were
found for M2 or M2/M1 in the BSs, against in the TAs M2, and M2/M1 rose in newborns under chorioamnionitis. (B) Bronchopulmonary dysplasia
(BPD), and macrophages samples from BSs and TAs. Box and whiskers plots show the level of M1, M2, and M2/M1 in the BSs (1–3 squares) and
TAs (4–6 squares). Horizontal axes show 0: no BPD and 1: BPD. M2/M1 increase in the BSs and TAs from neonates who develop BPD, when
compared to the unaffected. M1 decrease in newborns that develop BPD, either in the BSs or TAs, against M2 increase in TAs of the BPD patients.
BPD, bronchopulmonary dysplasia; BSs, blood samples; TAs, tracheal aspirates.
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The innate immune system, particularly the monocyte-
macrophage system, is known to play a crucial role not only
in first line defense against pathogens, but also in tissue
remodeling and repair processes. Cells, such as M1, can react
to the stimulus with a non-specific response aimed to remove
pathogens, dead cells, and debris by phagocytosis. Only after
this first phase, cells with reparative and immunosuppressive
effect can take part in the process of tissue remodeling and
restoring; among them are the M2. We hypothesized that
these self-defense and reparative mechanisms based on
macrophages activation could be involved in BPD develop-
ment, as suggested by a previous study on animal model.2

Airway macrophages mostly differentiate after birth, but
they can be detected also in fetal lung where they differentiate
under the influence of the localmicroenvironment (cytokines,
surfactant, alveolar cells, and bronchial epithelium).16

Our analysis showed that macrophage activation pattern at
birth changedwith GA: in our population, a low GA and a low
BW correlate with higher levels of M2 and lower levels of M1
cells, both inBSs andTAs.We can speculate that in thepreterm
newborn, themacrophage system is immature, not capable to
push undifferentiated macrophages toward a classical activa-
tion pathway. Our analysis would be consistent with previous
findings, which show a deficit of the immune system, from a
qualitative rather than a quantitative point of view.

Available data so far show a defective immune response
type Th1 in favor of a Th2 response in newborn and in
particular in those who were born prematurely.17,18 In addi-
tion, also cytokines profile is different, characterized by a
deficit of pro-inflammatory IL-1 or Il-6 and TNF-α produc-
tion,19,20 with a prevalence of anti-inflammatory IL-10 and
TGF-β.21,22 Our results are in line with the hypothesis that
preterm newborns are defective in macrophage function and
activation, related to impaired cytokines production.19

Furthermore, the associationwe foundbetweenmorepreterm
delivery and higher level ofM2 agreeswith recent studies that
compared term and pretermmacrophages activation status.13

This condition could be influenced by the immune tolerance
state present at the maternal–fetal interface level during
pregnancy.23 Maternal macrophages activation has been
widely studied both in physiological and pathological preg-
nancy since they seem to play a crucial role. After an early
inflammatory phase in which macrophage undergo an M1
polarization to ensure the trophoblastic implantation, a tran-
sition to the predominantM2 profile characterizes the second
and third trimesters. It has been suggested that this macro-
phage state is able to set up an immunosuppressive environ-
ment to prevent the fetal reject.24,25 Finally, the last phase of
physiological gestation sees a rise in inflammatory cytokines
and M1 cells during labor. This late gestation shift of the
macrophage activation status could explain the low M1 level
in preterm newborn, as a result of the uterine anti-inflamma-
tory response at that stage of pregnancy.

The analysis of association between macrophage subsets
and chorioamnionitis has shown a higher M2 level in the
group of patients born after chorioamnionitis. This result
may sound unexpected since during an infectious disease an
inflammatory response with activation of M1 cells would be
expected. Nonetheless, available data in the literature have
not shown any M1 polarization during chorioamnionitis at
the maternal–fetal interface.24,26

In conclusion, we can assume that the evolutionary
advantage of an attenuated inflammatory response in utero,
necessary for an adequate fetal growth, could reflect on the
immune system state of the preterm newborn.

Analyzing the relation between macrophages and the
severity of acute RDS, no association has been found with
both radiological picture and O2 levels. This is possibly due to

Table 2 Chorioamnionitis and macrophages from BSs and TAs

Mean (SD) Chorioamnionitis
(n ¼ 16) BSs

No chorioamnionitis
(n ¼ 58) BSs

p Chorioamnionitis
(n ¼ 13) TAs

No chorioamnionitis
(n ¼ 39) TAs

p

M1 57.3 (17.2) 66.9 (12.4) 0.013 49.5 (24.6) 68.1 (19.7) 0.007

M2 6.67 (3.6) 7.67 (5.00) NS 17.2 (12.5) 9.90 (8.49) 0.02

M2/M1 0.14 (0.09) 0.13 (0.10) NS 0.54 (0.50) 0.21 (0.27) 0.004

Abbreviations: BSs, blood samples; SD, standard deviation; TAs, tracheal aspirates.
Note: M1 percentages decrease in the BSs and TAs from neonates born under chorioamnionitis, when compared to the unaffected. No changes were
found for M2 or M2/M1 in the BSs, against in the TAs M2, and M2/M1 rose in newborns under chorioamnionitis.

Table 3 AS and macrophages from BSs and TAs: M2 rose under AS treatment

Mean (SD) AS
(n ¼ 20)
BSs

No AS
(n ¼ 70)
BSs

p AS
(n ¼ 42)
TAs

No AS
(n ¼ 19)
TAs

p

M1 63.4 (19.1) 64.3 (13.4) NS 60.8 (21.8) 61.1 (23.5) NS

M2 7.5 (5.6) 7.3 (4.1) NS 14.8 (6.7) 6,3 (5.8) 0.01

M2/M1 0.17 (0.30) 0.13 (0.30) NS 0.31 (0.34) 0.29 (0.41) NS

Abbreviations: AS, antenatal steroids; BSs, blood samples; SD, standard deviation; TAs, tracheal aspirates.
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Fig. 3 (A) Linear regressions between GA with macrophages percentage in the BSs (1–3 squares) and TAs (4–6 squares). (B) Linear regressions
between BW with macrophages percentage in the BSs (1–3 squares) and TAs (4–6 squares). The best relation is found between M1 with GA and
with BW in the BSs and TAs. Against the M2 and M2/M1 (from BSs and TAs) are decreasing with GA and BW. BW, birth weight; GA gestational age;
TAs, tracheal aspirates.

Table 4 BPD and macrophages from BSs and TAs

Mean (SD) BPD
(n ¼ 20) BSs

No BPD
(n ¼ 67) BSs

p BPD
(n ¼ 11) TAs

No BPD
(n ¼ 45) TAs

p

M1 52.2 (16.2) 68.7 (13.0) 0.000 39.9 (19.0) 65.9 (20.2) 0.000

M2 8.81 (4.60) 6.7 (4.30) 0.07 19.1 (6.70) 10.3 (9.00) 0.003

M2/M1 0.22 (0.28) 0.11 (0.09) 0.005 0.57 (0.31) 0.24 (0.34) 0.005

Abbreviations: BPD, bronchopulmonary dysplasia; BSs, blood samples; SD, standard deviation; TAs, tracheal aspirates.
Note: M2/M1 increase in the BSs and TAs from neonates who develop BPD, when compared to the unaffected. M1 decrease in newborns that develop
BPD, either in the BSs and TAs, against M2 decrease in BPD patients.
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the presence of many contributing factors that determine
RDS severity, e.g., surfactant administration and concomi-
tant pneumonia. Conversely, predictors of BPD, such as MV
and O2 duration, were associated to both a higher level of M2
and that of M2/M1. Our study shows that babies who do not
develop BPD have lower M2 levels and M2/M1 both in BSs
and TAs in the first days of life, with higher M1 level. This

predominant classical activation of the macrophage popula-
tion could represent an appropriate early reaction to the
injury with inflammatory and first-line cells recruitment. On
the other side, the lack of this immediate response could
expose the lungs to a more severe damage. Moreover, it
affects the activation of secondary phase cells, reducing the
possibility of tissue repair. It is important to remember that

Fig. 4 (A) Linear regressions between the duration of theMVand themacrophages percentage in the BSs (1–3 squares) and TAs (4–6 squares). (B) Linear
regressions between the duration ofO2 therapy and themacrophages percentage in the BSs (1–3 squares) and TAs (4–6 squares). Thebest relation is found
betweenM2 and M2/M1 with MV and O2 therapy in the BSs and TAs. Against the M1 is inversely related (from BSs and TAs) with MV and O2 duration. BSs,
blood samples; MV, mechanical ventilation; TAs, tracheal aspirates.
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our study analyses the early activation of macrophages, not
the inflammatory state at the time of BPD assessment. BPD
itself has been described for a long time as an inflammatory
mediated disease, but, especially in the so called “new
BPD”,27,28 the primum movens of the disease is far from
being a simple inflammatory reaction and is more related to
a simplification of the lung structure due to the vascular and
alveolar immaturity. An adequate inflammatory reaction
should not be simply considered as a cause of tissue damage;
on the contrary, it represents the first-line response to the
injury without which no tissue repair could be subsequently
achieved. Neonates who cannot promote these mechanisms
of self-defense and have lowerM1 levels during the first days
of life could be more susceptible to BPD. Consequently, the
macrophage activation status could predict the BPD devel-
opment. We have observed that when the M2/M1 exceeds
the median value, BPD odds increases 4 to 15 times, respec-
tively, for TAs and BSs. The statistical significance of this
association failed when corrected for GA and BW. Conse-
quently, we also assume cautiously the macrophages’ polar-
ization as predictor variable toward BPD development.

The main limitations of the present study are related to
the analysis of macrophages level at a single time point and
the impossibility to monitor the macrophage system activa-
tion during the development of BPD.

To better analyze the role of M1 and M2 in BPD, further
studies should be designed to detect the level of multiple
cytokines involved in macrophages activation and differ-
entiation. The level we found in macrophages pools may
show a time-related polarization or gene expression,
which interplay with more complicated pathways in the
alveolar and vascular lung architecture, i.e., VEGF,29

NOTCH,30 and other crucial signaling for vascular and
alveolar morphogenesis.31

In conclusion, our study has analyzed the monocyte-
macrophage system in a group of premature babies showing
a deficit of classical activation pathway in the infants born
at the earliest gestational age. In addition, babies who
developed BPD presented, at birth, a lower level of classical
activated macrophages and higher levels of alternative
activated macrophages. We speculate that in preterm in-
fants the innate immune system is immature and unable to
push undifferentiated macrophages toward the classical
activation pathway, and it is still affected by the immune
tolerance status of the maternal–fetal interface.32 In this
context, early classical macrophage activation could be seen
as not only a reaction to lung injury, but most importantly,
as a crucial step to start an appropriate defense–repair
response to protect the lungs from post-natal injuries,
preventing the BPD. A paradoxical increase in M1 polariza-
tion seems to correlate with a normal lung growth. How-
ever, we know that M1 pool makes enhanced oxidant
production, carrying out the activation of fatty acids synth-
esis, which directly contributes to the inflammatory re-
sponse.33 In addition, it is well known that this M1
activation, associated with production of reactive oxygen
species and inflammatory cytokines, can substantially im-
pair vascular function. Indeed, impaired microcirculatory

function in newborns with respiratory distress syndrome
has been directly documented.9 An increase in M2 was
found under antenatal maternal steroids. This data disagree
with the assumption that several maturational steps, more
than the influence from perinatal factors, are challenging in
the immune defense in very preterm newborns during the
neonatal period.34

Since M1 mechanism is already well known as to be pro-
inflammatory, we wonder whether this early mechanism
results to be protective in the late lung development path-
ways. Furthermore, a “time-related inflammation” in lung
macrophages pools may exert several responses in the
function of the preterm immune system, and more inter-
estingly, it seems to participate differently in lung devel-
opment and differentiation of alveolar epithelial cells.
However, the macrophages are still so far to show some
diagnostic value and to retain some therapeutic applica-
tions. Further studies are needed to confirm this hypothesis
and to assess the role of cytokines involved in macrophages
activation.
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