0031-3998/03/5401-0052
PEDIATRIC RESEARCH
Copyright © 2003 International Pediatric Research Foundation, Inc.

Vol. 54, No. 1, 2003
Printed in U.S.A.

Monocyte Function in Preterm, Term,
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ABSTRACT

The preterm infant has functionally immature monocytes. The
effects of common clinical interventions and exposures that
might modulate inflammation were evaluated using monocytes
isolated from blood of preterm lambs [130 d gestational age
(GA)], near-term lambs (141 d GA), and adult sheep. Endotoxin
stimulated hydrogen peroxide production by adult monocytes,
but monocytes from 130-d and 141-d GA lambs had a reduced
and delayed hydrogen peroxide production. Endotoxin did not
decrease apoptosis of monocytes from 130-d and 141-d GA
lambs but decreased apoptosis of adult monocytes. Dexametha-
sone increased the phagocytosis of bacteria and apoptotic cells
by adult monocytes by 35% but not by monocytes from 130-d
and 141-d GA lambs. Synthetic and natural surfactants and
dipalmitoylphosphatidylcholine increased phagocytosis of apo-
ptotic cells by monocytes from preterm, term, and adult sheep.

Multiple immune defects have been described for monocytes
from preterm and term newborn infants and animals (1-3).
Monocytes from newborns have a reduced oxidative burst after
phagocytosis of bacteria, and the second messenger responses
to exogenous stimuli are different from the responses measured
in adult cells (3, 4). Few monocytes have differentiated to
macrophages in the preterm fetus, resulting in altered acute
responses to inflammation and depressed immune responses
(5). The normal fetus is in an environment that is normally
protected from inflammation and the need to mount immune
responses. Immature monocyte function may alter injury re-
sponses of fetal and newborn organs when the fetus or preterm
newborn is challenged to mount an inflammatory response (5).
As an example, the lung is where the preterm fetus often first
encounters inflammation. Chronic indolent chorioamnionitis is
frequently associated with preterm labor and increased cyto-
kine and inflammatory cells in the lungs at birth (6—8). Cho-
rioamnionitis and the subsequent inflammation induced by
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Monocytes from preterm and term lambs differ from adult mono-
cytes in tests of both the initiation and the resolution of inflam-
mation. The reduced phagocytosis of apoptotic cells by mono-
cytes from the preterm may contribute to prolonged
inflammation in diseases such as bronchopulmonary dysplasia.
(Pediatr Res 54: 52-57, 2003)

Abbreviations:
BPD, bronchopulmonary dysplasia
RDS, respiratory distress syndrome
SP, surfactant protein
GA, gestational age
FITC, fluorescin isothiocyanate
DPPC, dipalmitoylphosphatidylcholine
DMEM, Dulbecco’s modified Eagle medium

mechanical ventilation, oxygen, and nosocomial infection pro-
mote a persistent inflammatory response that often leads to the
chronic lung disease called bronchopulmonary dysplasia
(BPD) (9, 10).

Bone marrow—derived monocytes enter the fetal lung from
the circulation in the last trimester of the pregnancy and are
probably the major population of innate immune cells in the
fetal lung because the majority of monocytes do not differen-
tiate into macrophages until after term birth (11-14). Although
the total number of monocyte-derived cells in the fetal lungs
are not known, very few monocytes or macrophages can be
recovered by alveolar lavage. Therefore, as a model system for
in vitro testing, we used blood monocytes from preterm,
near-term, and adult sheep to characterize monocyte responses
to clinically relevant stimuli that occur in preterm infants who
develop BPD. Because nosocomial infection is a risk factor for
BPD (15), monocyte responses to endotoxin and phagocytosis
of bacteria were evaluated. Phagocytosis of apoptotic cells was
tested as a functional assay for the resolution of inflammation,
because apoptotic cells that are not phagocytosed become
necrotic and proinflammatory (16, 17). Dexamethasone and
surfactant have anti-inflammatory properties that might mod-
ulate monocyte function (18, 19). Therefore, we evaluated the
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effects of dexamethasone and surfactant on phagocytosis of
apoptotic cells.

METHODS

Cell isolation from alveolar lavage fluid. The protocols
were approved by the animal use committee of the Cincinnati
Children’s Hospital Research Foundation. Cells were isolated
from fetuses or newborn lambs from the mating of Suffolk
sheep with Dorset rams. The preterm [110 d gestational age
(GA), 125 d GA, 130d GA] and near-term (141 d GA) lambs
were delivered by cesarean section. Term newborn lambs
delivered spontaneously at a gestational age of 146 = 1 d and
were studied at 3 d of age. The adult sheep were approximately
2 y of age. Each age group consisted of four animals. For
estimating macrophage numbers, left and right lungs were
weighed and the left lungs were lavaged five times with 4°C
saline and all lavages were pooled (20). Alveolar lavage fluid
was centrifuged at 500 X g for 10 min, and the pellet was
resuspended in PBS. Total cells were stained with trypan blue
and counted. Differential cell counts were performed on cyto-
spin preparations after staining with Diff-Quick (Scientific
Products, McGaw Park, IN, U.S.A.).

Alveolar monocytes were distinguished from macrophages
by measuring autofluorescence with an argon laser emitting at
430 nm using a FACS caliber flow cytometer (Becton Dick-
inson, Mountain View, CA, U.S.A.) (21). Autofluorescence
measured at 530 nm was high in macrophages but low in
monocytes (21). We used alveolar macrophages and blood-
derived monocytes from adult ewes to establish a gate and
analyze the alveolar cells from preterm lambs.

Monocyte and thymocyte isolation. Monocytes were the
predominant cell population in preterm and term newborn
lungs. Because sufficient numbers of cells for study could not
be collected from alveolar washes, we isolated monocytes from
cord blood or peripheral blood. Cord blood was collected from
the umbilical arteries from animals at 130 d GA and 141 d GA
after cesarean section. Blood from adult sheep was obtained by
phlebotomy. The blood was diluted with PBS and layered onto
a Percoll gradient (Amersham Pharmacia Biotech, Piscataway,
NJ, U.S.A.) (22). After centrifugation for 40 min at 400 X g at
20°C, the mononuclear cells were recovered, washed twice
with PBS at 4°C, centrifuged for 5 min at 400 X g at 4°C, and
resuspended in culture media [Dulbecco’s modified Eagle me-
dium (DMEM)] supplemented with 10% heat-inactivated
sheep serum (Sigma Chemical Co., St. Louis, MO, U.S.A.).
Cells were counted with trypan blue used to evaluate viability
and plated in culture dishes. After incubation at 37°C for 2h,
nonadherent cells were removed and plates were washed twice
with PBS. For estimating the monocyte number, the cells were
scraped from the culture dish and differential cell counts were
performed after staining with Diff-Quick. The adherent cell
population was 91 * 2% monocytes for all age groups. Thymic
tissue was dissociated with a metal mesh and filtered through
a cell strainer (nylon, 70 wm; Becton Dickinson Labware,
Franklin Lakes, NJ, U.S.A.) (23). Single thymocytes were
cultured as described above.

Reagents. Endotoxin from Escherichia coli, serotype
055:B5 (Sigma Chemical Co.), was resuspended in saline and
filtered through a 0.45-um filter. A concentration of 100 ng/mL
yielded a robust response in alveolar macrophages. Dexameth-
asone (Sigma Chemical Co.) was solubilized in ethanol for a
stock solution of 1 mmol. Dexamethasone was tested in cell
culture at concentrations from 10~° to 10~° mol, which stim-
ulated surfactant protein synthesis in vitro (24). Dipalmi-
toylphosphatidylcholine (DPPC; Sigma Chemical Co.) was
resuspended in saline with glass beads (25). Surfactant (Ven-
ticute; Byk Gulden, Konstanz, Germany) contains 2% recom-
binant human SP-C in DPPC and palmitoyloleoylphosphati-
dylglycerol in at a 70:30 (wt/wt) ratio and 5% palmitic acid
(26). This surfactant was very effective when tested in preterm
lambs and in lung injury models (27, 28). Natural sheep
surfactant containing SP-A, SP-B, and SP-C was recovered
from alveolar lavages of adult sheep by centrifugation (29).
Lipid extracted surfactant containing SP-B and SP-C but not
SP-A was made by extraction of natural sheep surfactant with
chloroform-methanol (2:1). Extracts were dried by rotary evap-
oration and resuspended in 0.9% NaCl using glass beads (25).
All surfactant and DPPC preparations were used at final con-
centrations of 100 wg/mL phospholipids based on previous
studies of surfactant catabolism by alveolar macrophages in
vitro (30). All surfactant preparations tested negative for en-
dotoxin contamination with the Limulus amebocyte lysate as-
say (Sigma Chemical Co.).

Hydrogen peroxide production. Hydrogen peroxide was
measured for 1 X 10° monocytes using an assay based on the
oxidation of ferrous iron (Fe?') to ferric iron (Fe’") by
hydrogen peroxide under acidic conditions (Bioxytech H,O,-
560 assay, OXIS International, Portland, OR, U.S.A.). Control
samples kept under identical incubation conditions were eval-
uated in all experiments (31).

Apoptotic cells and phagocytosis of apoptotic cells. Mono-
cytes isolated as described were separated into aliquots con-
taining the same cell numbers (2 X 10%/mL) for culture in six-
well plates for 24 h. Endotoxin was added to separate wells to
achieve a concentration of 100 ng/mL 6 h and 1 h before
harvest. The control cells were cultured for 24 h in a separate
well of the plate. The cells were scraped from the plates and
centrifuged along with the medium at 400 X g for 5 min at
4°C. The cells were washed twice with PBS and resuspended
in PBS, apoptotic cells were stained with fluorescent labeled
annexin V, and necrotic cells were counterstained with pro-
prium iodide (32). The apoptotic and necrotic cells were
counted by flow cytometry and expressed as a percentage of
the total cell population recovered from the plates.

Apoptosis of thymocytes was induced by 10 min of UV
radiation followed by 3—4 h of culture (33). Phagocytosis of
apoptotic thymocytes was tested by adding 2 X 10° apoptotic
thymocytes to the adherent monocytes that had been cultured
for 12 h (33). Surfactant preparations at final concentrations of
100 wg/mL phospholipids were added 15 min before apoptotic
thymocytes were added to the cell cultures. The monocytes and
apoptotic thymocytes were incubated for 6 h at 37°C, washed
with cold PBS containing 0.5 mM EDTA, and stained with
hematoxylin and eosin. Phagocytosis was evaluated by count-
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ing 300 monocytes per well. Results were expressed as per-
centage of monocytes containing at least one ingested apopto-
tic cell.

Phagocytosis of E. coli. Monocytes were incubated with
FITC-labeled E. coli (Sigma Chemical Co.) in the absence or
presence of dexamethasone for 4 h. Monocytes were resus-
pended, washed three times with PBS, and divided into two
equal aliquots. The total bound and ingested bacteria were
measured by flow cytometry. Trypan blue (1.25 mg/mL) was
added to the second aliquot to measure ingested bacteria only.
Trypan blue effectively quenches fluorescence of FITC labeled
E. coli that are surface-bound but not ingested (34).

Data analysis. Results are given as means = SEM. Com-
parisons between treated groups and untreated controls were by
ANOVA with Student-Newman-Keuls tests used for post hoc
analyses. Significance was accepted at p < 0.05.

RESULTS

Numbers of alveolar monocytes and macrophages. The
numbers of alveolar macrophages and monocytes identified by
autofluorescence were lower in preterm and term animals than
in adult animals (Fig. 1). Alveolar macrophages and monocytes
increased 4-fold between 141 d GA and 3 d of age after
spontaneous birth. Monocytes were the predominant cell pop-
ulation in the preterm and term newborn lung. In the adult lung,
alveolar cells were predominantly macrophages with cell num-
bers almost 4-fold higher per kilogram of body weight than in
3-d-old lambs.
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Monocyte responses to endotoxin. Hydrogen peroxide pro-
duction by monocytes from 130-d GA lambs did not increase
significantly until 24 h after endotoxin exposure (Fig. 24). The
hydrogen peroxide was increased for monocytes from 141-d
GA lambs by 6 h. In contrast, endotoxin induced a large
increase in hydrogen peroxide production by monocytes from
adult sheep at 1 h. Production of hydrogen peroxide by mono-
cytes from 130-d and 141-d GA lambs was reduced and
delayed relative to the adult monocytes.

The percentage of cells that were apoptotic after 24 h in
culture were similar for monocytes from 130-d GA and 141-d
GA lambs and adult animals without endotoxin exposure (Fig.
2B). The percentage of adult monocytes that were apoptotic
were reduced after incubation with endotoxin for 1 h and 6 h.
This decreased apoptosis was not significant in monocytes
from animals at 130 d GA and 141 d GA, although there was
a trend toward decreased apoptosis for monocytes from the
141-d GA lambs. Total number of cells recovered after 24 h of
culture and the percentage of necrotic cells did not change.

Dexamethasone effects on phagocytosis. Fluorescent-
labeled E. coli were added to the cultured monocytes contain-
ing different concentrations of dexamethasone (Fig. 34). In the
absence of dexamethasone, there was no difference in the
phagocytosis of fluorescent-labeled bacteria for monocytes
from all age groups. Dexamethasone increased the phagocyto-
sis of bacteria in monocytes from adult animals by 35% and did
not increase phagocytosis in monocytes from 130-d and 141-d
GA lambs.

Adult

141d 3d

Gestational Age

Figure 1.

The numbers of alveolar macrophages and monocytes per kilogram body weight were measured in lambs at the indicated gestational ages and in

3-d-old newborn and adult sheep. Monocytes were distinguished from macrophages by autofluorescence. The number of alveolar macrophages and monocytes
were lower in preterm and term animals than in newborn and adult animals. *p < 0.05 versus adult
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Figure 2. Hydrogen peroxide (H,0O,) production and percentage of apoptotic
cells after stimulation of monocytes with endotoxin. 4, Hydrogen peroxide was
measured in aliquots of 1 X 10° monocytes after stimulation with 100 ng/mL
endotoxin. Monocytes from lambs at 130 d GA and 141 d GA produced less
hydrogen peroxide and at later times than did monocytes from adult sheep. B,
The percentage of apoptotic cells was determined as percentage of total cells
recovered from plates after 24 h of culture and after exposure to endotoxin for
1 h or 6 h. The percentage of apoptotic cells in monocytes from adult animals
decreased after stimulation with endotoxin. *p << 0.05 versus control

Monocytes were incubated with apoptotic thymocytes as a
model of T lymphocytes for the delayed hypersensitivity reac-
tion. The phagocytosis of apoptotic thymocytes by monocytes
from 130-d GA and 141-d GA lambs was reduced relative to
monocytes from adult sheep (Fig. 3B). Incubation with dexa-
methasone did not increase the phagocytosis of apoptotic
thymocytes by monocytes from lambs at 130 d GA and 141 d
GA. Dexamethasone increased phagocytosis of apoptotic thy-
mocytes by adult monocytes.

Surfactant effects on phagocytosis of apoptotic cells. Eval-
uations of phagocytosis were done in the presence of natural
sheep surfactant, lipid-extracted sheep surfactant, recombinant
human SP-C surfactant, and DPPC. All surfactants and DPPC
increased the phagocytosis of apoptotic thymocytes in the
monocyte cultures (Fig. 4). There were qualitative differences
in the phagocytosis with the different surfactants, probably as
a result of the surfactant proteins. Natural surfactant containing
SP-A, SP-B, and SP-C increased the phagocytosis more than
DPPC alone in monocytes from adults and from lambs at 130 d
GA and 141 d GA. Lipid-extracted surfactant containing SP-B
and SP-C also increased the phagocytosis by monocytes from
adult animals more than DPPC alone.

DISCUSSION

Alveolar macrophages initiate the innate inflammatory re-
sponse and clear inflammation (17). We evaluated both func-
tions in a model system using peripheral monocytes from
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Figure 3. Effect of dexamethasone on phagocytosis. 4, Monocytes were
incubated with FITC-labeled E. coli in the presence or absence of dexameth-
asone. Phagocytosis of fluorescent-labeled bacteria is shown relative to the
control value of 1. Dexamethasone increased the phagocytosis of fluorescent-
labeled bacteria in monocytes from adult animals but not in monocytes from
130-d and 141-d GA animals (*p < 0.05 versus control). B, Results are given
as percentage of monocytes that contained at least one apoptotic thymocyte.
Phagocytosis of apoptotic thymocytes was lower in monocytes from lambs at
130 d GA and 141 d GA than from adult monocytes under control conditions.
Incubation with dexamethasone did not increase the phagocytosis in mono-
cytes from lambs at 130 d GA and 141 d GA but increased phagocytosis by
monocytes from adult animals. *p < 0.05 versus control; t p < 0.05 versus
adult
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Figure 4. Effect of surfactants and DPPC on phagocytosis of apoptotic
thymocytes. Phagocytosis of apoptotic cells are shown as increase over
controls, which had a normalized value of 1. The addition of different
surfactant preparations and DPPC at 100 wg phospholipid per milliliter of
culture media increased the percentage of monocytes that phagocytosed apo-
ptotic cells. Natural surfactant caused the largest increase. Natural surfactant
increased the phagocytosis more than DPPC alone. *p < 0.05 versus all other
groups; t p < 0.05 versus DPPC

preterm, near-term, and adult sheep. The rationale for using
monocytes from blood was that most of the cells recovered by
alveolar lavage of preterm and term lambs were monocytes
rather than macrophages, as has also been reported for other
species (11, 12, 35, 36). A limitation to this study is the use of
blood monocytes, which may differ from the monocyte pool in
the fetal lung. Approximately 10% of the blood monocyte pool
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express homing receptors for the lung, which are up-regulated
with infection or lung injury (13). Although pulmonary intra-
vascular macrophages contribute to lung inflammation in adult
ruminants and pigs, there are no pulmonary intravascular
macrophages in newborn pigs and the number is low in term
lambs (37). There is no information about pulmonary intravas-
cular macrophage populations in preterm sheep. The differ-
ences between premature, newborn, and adult immune cells are
mechanistically very complex. For example, phagocytosis of
opsonized particles is normal in term human newborn neutro-
phils; however, the respiratory burst may be impaired (1). The
second messenger responses to exogenous stimuli are different
for immune cells from newborn and adult cells (4).

This study was designed to evaluate monocyte functions that
might be relevant to clinical exposures and interventions for
BPD. BPD develops after prolonged inflammation in the lung
(38). This inflammation can be initiated prenatally by chorio-
amnionitis or can be initiated and sustained by postnatal treat-
ments that have proinflammatory effects such as oxygen expo-
sure, nosocomial infection, and mechanical ventilation (31, 39,
40). The hydrogen peroxide responses of preterm and near-
term monocytes to endotoxin were reduced and delayed. En-
dotoxin exposure did not reduce the percentage of apoptotic
monocytes from lambs at 130 d GA and 141 d GA. Dexameth-
asone increased the phagocytosis of bacteria and apoptotic
thymocytes by monocytes from adult animals but not by
monocytes from lambs at 130 d GA and 141 d GA. Monocytes
from lambs at 130 d GA and 141 d GA have a reduced capacity
to clear inflammation by phagocytosis of apoptotic inflamma-
tory cells. However, phagocytosis of apoptotic cells was in-
creased by surfactant and DPPC. Our results suggest that once
an inflammatory response is present, the clearance of inflam-
mation may be prolonged as a result of a defect in the phago-
cytosis of apoptotic cells. Apoptotic cells become necrotic if
they are not phagocytosed (16, 41), and necrotic cells release
toxic contents and proinflammatory mediators that may sustain
inflammation (42).

A new finding is that surfactant increased phagocytosis by
monocytes from all ages of sheep. The enhanced phagocytosis
of apoptotic cells may contribute to the anti-inflammatory
properties of surfactant treatment (1). The phagocytosis of
apoptotic cells by alveolar macrophages was previously re-
ported to be enhanced by SP-A (43). There was a qualitative
tendency for natural surfactant to enhance more effectively the
phagocytosis of apoptotic cells compared with DPPC alone.
The enhancement of phagocytosis by DPPC may result from
the interaction of phospholipids with the phosphatidylserine
receptor (44). Phosphatidylserine is exposed in the outer mem-
brane of cells undergoing apoptosis (32), and the phosphati-
dylserine receptor mediates the phagocytosis of apoptotic cells
(45). The enhanced phagocytosis by surfactant may be com-
promised in BPD because the surfactant from baboons devel-
oping BPD is deficient in SP-A and SP-D (46, 47). Increased
apoptosis or necrosis of monocytes was not the reason for the
reduced phagocytosis of apoptotic thymocytes.

Infants with BPD have been treated with dexamethasone to
reduce inflammation and the duration of mechanical ventilation
(48). We found that dexamethasone did not reduce the phago-

cytosis of bacteria by monocytes from lambs at 130 d GA and
141 d GA. In contrast, dexamethasone increased the phagocy-
tosis of both bacteria and apoptotic cells by adult monocytes, a
response similar to that described previously for alveolar mac-
rophages from newborn rat lungs (49). The effect of dexameth-
asone on phagocytosis by monocytes from preterm and near-
term lambs will not augment the immature immune system.
The significance of this effect is unknown for humans who are
being treated postnatally with dexamethasone for BPD.

We found that monocytes from preterm lambs are different
from monocytes from adult sheep in both the initiation and the
resolution of inflammation. There was no difference between
the cells from 131- and 141-d lambs, indicating that the
maturation of function is a postterm event. Inflammatory cells
persisted in the lungs of preterm fetal lambs for weeks after a
single exposure to intra-amniotic endotoxin (39). The reduced
phagocytosis in preterm monocytes may contribute to the
persistent lung inflammation after chorioamnionitis. Dexa-
methasone may not increase the clearance of bacteria or apo-
ptotic cells in preterm lungs. The low amounts of surfactant
and SP-A in preterm lungs and lungs developing BPD may also
adversely affect phagocytosis (46, 47).
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