
Lipopolysaccharide-Induced Tumor Necrosis
Factor-� and IL-10 Production by Lung

Macrophages from Preterm and Term Neonates
MARTIN J. BLAHNIK, RANGASAMY RAMANATHAN, CELESTE R. RILEY, AND

PARVIZ MINOO

Divisions of Neonatology [M.J.B., R.R., P.M.] and Hematopathology [C.R.R.], Department of Pediatrics,
Women’s and Children’s Hospital, University of Southern California School of Medicine, Los Angeles,

California 90033, U.S.A.

Lung injury in preterm neonates with respiratory failure has
been attributed to persistent inflammation, which is likely to
involve lung macrophages (LM). The study objective was to
investigate LM during the first 8 d of life from preterm infants (n
� 19), using term infants (n � 11) with respiratory failure as
control subjects. LM percentages from mixed-cell suspensions
produced from tracheobronchial lavage were calculated. A post-
natal increase in the mean LM concentration was demonstrated
within the preterm group (p � 0.01), which was greater in
comparison to that from the term group (p � 0.01). Regression
analyses were significant for direct relationships between LM
concentrations and ex vivo lipopolysaccharide-induced tumor
necrosis factor-� and IL-10 production (r � 0.93 and r � 0.63,
respectively), establishing LM as the source of these cytokines.
Comparative analyses demonstrated that the ability of preterm
versus term LM to produce tumor necrosis factor-� was nearly
identical; in contrast, a trend toward diminished levels of IL-10
expression in the preterm group was observed (p � 0.06). Thus,

although studies have shown that LM precursors (i.e. cord blood
monocytes) produce less tumor necrosis factor-� in preterm
versus term infants, the present data strongly suggest that this
relationship does not hold postnatally with respect to terminally
differentiated LM in sick neonates. Overall, the data are consis-
tent with a pro- versus antiinflammatory imbalance that may bear
functional significance on the pathogenesis of chronic lung
disease. (Pediatr Res 50: 726–731, 2001)

Abbreviations
LPS, lipopolysaccharide
LM, lung macrophage(s)
TBL, tracheobronchial lavage
TNF-�, tumor necrosis factor-�
CLD, chronic lung disease
DOL, day of life
RBC, red blood cell

Preterm infants who require mechanical ventilation are at
increased risk for developing CLD, the pathogenesis of which
is considered to be multifactorial (1, 2). Oxygen toxicity,
barotrauma, acute and chronic infection, developmental arrest,
and inflammation are critical etiologic factors. Particularly
because the latter may be produced secondarily by most factors
contributing to CLD evolution, an enhanced interest in deter-
mining its precise role has emerged. Data supporting the role of
inflammation in CLD have largely come from studies that
identified numerous markers of inflammation directly in TBL
(3). The methodological concerns with this approach are well

recognized, e.g. inconsistent mixing of saline with the TBL
effluent during endotracheal suctioning and the lack of a stan-
dardized denominator that could provide reliable determina-
tions of in vivo cytokine levels (4, 5). Thus, sequential quan-
tification of specific proinflammatory mediators in direct TBL
studies has not been consistently related to bad outcomes.
Furthermore, many studies using preterm cord blood mono-
cytes (i.e. LM precursors) have shown multiple developmental
deficiencies in the production of proinflammatory cytokines,
e.g. interferon-� (6), granulocyte colony-stimulating factor (7),
IL-8 (8), IL-6 (9, 10), and TNF-� (11, 12). If preterm LM also
possessed a relatively diminished competence for proinflam-
matory cytokine expression, the increased risk for CLD as
ascribed to inflammation could be challenged.

TNF-� can be directly cytotoxic to parenchymal cells (13);
it can also adversely affect the lungs by a mechanism involving
the amplification of proinflammatory responses in autocrine
and paracrine fashion (3, 13). Thus, regulatory mechanisms
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tightly controlling this multifaceted process are required to
avoid inflammatory injury (or autoinjury). The antiinflamma-
tory cytokine IL-10 has a role in ameliorating tissue damage
owing to persistent inflammation (14, 15). In the lung this
protective function likely requires adequate IL-10 production
by LM. We reported a reduced level of IL-10 from the lungs of
intubated preterm infants (16); however, the scope of this
report did not involve an investigation of LM competence for
cytokine expression.

To study the relative capacity for cytokine production by
LM on a per-cell basis, and to avoid some of the shortcomings
associated with direct TBL assays, we developed an ex vivo
culture system that is amenable to standardization and quanti-
fication (17, 18). In vitro comparisons between preterm and
term LM for pro- and antiinflammatory cytokine production
are relevant to the pathogenesis of CLD, inasmuch as the
magnitude of cell responsiveness to LPS can be interpreted as
representing the relative intactness of activation pathways in
vivo between the two groups of neonates with relatively dif-
ferent risks for CLD.

The ex vivo culture system was used in the current study in
light of three hypotheses: 1) LM, as opposed to other cell types
commonly recovered from TBL, are the main source of cyto-
kine production after in vitro LPS stimulation. 2) If persistent
inflammation is a key pathologic feature of CLD in preterm
infants, then LM should be competent to produce proinflam-
matory cytokines, such as TNF-�. 3) Expression of the anti-
inflammatory cytokine IL-10 may not be sufficient to down-
modulate a number of mediators that are likely to contribute to
autoinjury.

The major obstacle to the ex vivo investigation of LM
cytokine production is the inability to obtain TBL-derived pure
LM populations. Thus, we determined that a comparative
analysis of preterm versus term LM potential for TNF-� and
IL-10 expression in response to LPS required the normalization
of cytokine levels, i.e. computing cytokine production for a
single LM concentration (or cytokine quantification on a per-
cell basis). The precondition for normalizing cytokine levels
was the establishment of LM as the predominant source of
TNF-� and IL-10 (the first hypothesis). Thereafter, data rele-
vant to the second and third hypotheses could be obtained.

METHODS

Subjects. The study protocol was reviewed and accepted by
the Institutional Review Boards at the University of Southern
California Women’s and Children’s Hospital and Children’s
Hospital Los Angeles. Preterm (�33 wk) and term (�37 wk)
neonates with respiratory failure in the first 24 h were eligible
for recruitment during the first 8 d of life. This included the use
of TBL as obtained by routine neonatal intensive care unit
practices. Collection of samples occurred from January 1999 to
July 2000. Exclusion criteria included major dysmorphology,
pulmonary hemorrhage (or �5% RBCs on cytospin), and
corticosteroid therapy.

Study protocol. Investigators were required to restrict spec-
imen collections to times when routine clearance of the endo-
tracheal tube was necessary as determined by the neonatal
nurse or respiratory therapist. Typically, this occurred every
2–12 h, depending on the amount of secretions or changes in
clinical status. The TBL procedure was routine: instillation of
1–2 mL of normal saline solution through a 5F or 8F suction
catheter introduced via a slide valve in the endotracheal tube
connector. Saturation by continuous pulse oximetry was mon-
itored in all infants during suctioning, and the fraction of
inspired oxygen was increased as indicated to maintain oxygen
saturation in the desired range.

TBL fluids were processed within 1 h of collection. Process-
ing included initial centrifugation at 1200 rpm for 5 min, after
which the pellet was resuspended in complete medium, con-
sisting of RPMI � 10% FCS supplemented with 2 mM L-
glutamine, 100 U/mL penicillin, and 100 �g/mL streptomycin.
The volume of complete medium used to resuspend the pellet
was an underestimation so as to yield a cell count not �5 �
105 cells/mL; but if �1 � 106 cells/mL, additional complete
medium was added to the cell suspension and the cell count
was determined again using the hemocytometer. Aliquots of
50,000 cells (per slide) from the final cell suspension were used
for cytopreps, which were prepared in a Shandon 3 Cytospin
(Thermo Shandon, Inc., Pittsburgh, PA, U.S.A.) at 500 rpm for
5 min. The slides were air-dried and then stained with Wright-
Giemsa stain (Fig. 1), after which cell differentials were man-
ually counted microscopically at �40 based on cytologic

Figure 1. Representative morphologic distinctions between LM obtained from preterm (A) and term (B) infants. Large, vacuolated LM predominated in DOL
4–8 TBL from preterm infants, an appearance consistent with an activated state. The example of cell types from a term infant shows a mixture that includes
LM and neutrophils in the presence of mucus. (Wright-Giemsa stain; �100 magnification; scale bar represents 10 �m).
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morphology. The accuracy of manual counting was challenged
by submitting 13 TBL cell suspensions to concurrent flow
cytometric immunophenotyping (see below). Cell differentials
allowed the calculation of cell-specific concentrations. Mixed-
cell suspensions adjusted to 5 � 105 cells/mL were placed in
24-h culture as controls without LPS and with LPS (10 ng/mL;
from Escherichia coli, Sigma Chemical Co., St. Louis, MO,
U.S.A.), and 500- to 800-�L suspensions were incubated at
37°C with 5.6% CO2 and 21% O2.

After 24 h the cell suspensions were centrifuged at 1200 rpm
for 5 min, and the supernatants were frozen at �80°C for
batched ELISAs to measure TNF-� and IL-10 within 45 d. The
ELISA kits (R&D Systems, Inc., Minneapolis, MN, U.S.A.)
were sensitive to concentrations of TNF-� at 15 pg/mL and
IL-10 at 7.5 pg/mL.

Flow cytometry. TBL from a subset (n � 13) of the study
population were used for flow cytometric analysis. TBL sam-
ples were processed as described above, except that each
specimen was filtered through a 50-�m mesh before the initial
centrifugation step. The procedure for labeling cells has been
described previously (19, 20). Only minor modifications in cell
number and lysing were used. In summary, unlysed 2.5 � 105

cell aliquots were incubated with titered MAb for 15 min, then
washed and analyzed without paraformaldehyde fixation. The
antibodies tested included CD45 (Beckman Coulter, Fullerton,
CA, U.S.A.), CD33 (Beckman Coulter), CD71 (Immunotech,
Marseille, France), and CD11c (Immunotech). The antibodies
were used in the following three-color, multiparameter, two-
tube setup: CD71FITC/CD33RD/CD45Cy5 (tube 1) and
CD11cFITC/CD33RD/CD45Cy5 (tube 2). The utility of tube 1
has been previously demonstrated for enumerating cellular
subsets of lymphocytes (bright CD45 and low side scatter),
monocytes (bright CD45 and moderate side scatter), and gran-
ulocytes (moderate CD45 and moderate to bright side scatter)
(19, 20). CD45-negative cellular subsets, such as epithelial
cells, are easily delineated from the hematopoietic cells in both
tubes 1 and 2. In addition, tube 1 serves to illustrate the
activation level of each of these subgroups via the expression
level of CD71 (transferrin), which is up-regulated in activated
and proliferating cells (19, 20). Tube 2 allows further confir-
mation of the enumeration of mononuclear phagocytes, which
are CD11c-positive.

Study definitions. Three definitions were used in this study:
1. Two clinical periods were defined for statistical compar-

ison: an acute phase of lung injury during DOL 1–3, and an
exudative phase of lung disease during DOL 4–8 (Fig. 2).

2. If TBL fluids were obtained from a subject during both
time periods, a single data point from each of the two periods
was recorded for data analyses (Figs. 2 and 3). Also, if
sampling occurred more than once during a single period, an
average data point was generated to provide a single data point
representing that period (Figs. 2–4). As a result, excepting
excluded TBL samples because of �5% RBCs on cytospin, the
total number of analyzed samples was 48; the total number of
times an individual neonate was sampled ranged from one to
four.

3. A requirement for �7.5 � 104 LM/mL, which is �15%
of the mixed-cell suspensions (i.e. processed TBL fluids ad-

justed to 5.0 � 105 cells/mL), was applied to the TNF-� and
IL-10 normalization analysis (Fig. 4). Only DOL 4–8 samples
met this requirement. TNF-� and IL-10 levels were normalized
to values that would be produced if all cultures contained 1.5
� 105 LM/mL.

Statistical analyses. Analyses of data were completed using
the computer program GB-Stat v7.0 (Dynamic Microsoft Sys-
tems, Inc., Silver Spring, MD, U.S.A.). Intra- and intergroup
differences in mean LM concentrations at specific postnatal
periods were analyzed by t tests, using paired groups and
separate variances, respectively. Student’s t tests were also
used to compare mean cytokine protein levels within groups
(control versus LPS-induced, paired groups) and between
groups (LPS-induced, pooled variances). To compare flow

Figure 2. Postnatal changes in mean LM concentrations within the preterm
group (A); and DOL 4–8 preterm versus term mean LM concentrations (B).
Box-whisker plots depict ranges, 95% confidence intervals (boxes), and means
(dots). A, there was a significant increase in the mean LM concentration after
the initial sampling period in this preterm subgroup (n � 7; p � 0.01). B, a
comparison of DOL 4–8 LM numbers revealed a significantly greater mean in
the preterm (n � 17) versus term (n � 8) groups (p � 0.005).

Figure 3. Regression analyses for TNF-� (A) and IL-10 (B) LPS-stimulated
protein levels versus absolute numbers of LM. For TNF-�, n � 35 (preterm �
term), r � 0.93, p � 0.0001; for IL-10, n � 34 (preterm � term), r � 0.63,
p � 0.0001. One data point per neonate per period (DOL 1–3 or DOL 4–8 or
both) was accepted. Regression lines represent the composite of preterm and
term data points.

Figure 4. Preterm versus term assessment of normalized TNF-� (A) and
IL-10 (B) production. Box-whisker plots consist of ranges, 95% confidence
intervals (boxes), and means (dots). LM concentrations of �7.5 � 104 LM/mL
were only found in TBL obtained during DOL 4–8. This minimum concen-
tration was a criterion for the current analysis (see “Methods”). A, preterm (n
� 16) versus term (n � 5) TNF-� mean levels are very similar. B, in contrast,
the magnitude of IL-10 expression revealed a trend in the preterm group (n �
16) toward lower levels relative to the term (n � 5; p � 0.06).
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cytometric versus manual differential determinations of rela-
tive percentages of four cell types in TBL, a �2 analysis was
used. A linear regression analysis was undertaken to determine
correlation coefficients and statistical significance of cytokine
levels versus LM concentrations. Where appropriate, F tests
were used to determine the homogeneity of variances, accept-
ing p � 0.05 as significant.

RESULTS

Study population profile. Characteristics of the subjects
recruited for this study are provided in Table 1. Respiratory
failure in the preterm group was secondary to respiratory
distress syndrome or extreme prematurity; and in the term
group it was secondary to meconium aspiration syndrome (n �
8), idiopathic pulmonary hypertension (n � 1), congenital
pneumonia (n � 1), and congenital diaphragmatic hernia (n �
1). All cases of postnatal corticosteroid therapy in the preterm
group were initiated after the TBL sampling period, i.e. treat-
ment with dexamethasone was administered after DOL 8. In
the term group, two patients receiving a single dose of dexa-
methasone for hypotension during the first 24 h of life were
included.

Preterm and term LM morphology. Microscopically, dif-
ferences in morphology between preterm and term LM are
demonstrated in Figure 1. Preterm LM appear larger, have a
lower nuclear-to-cytoplasmic ratio, and contain a greater num-
ber of large pale vacuoles suggesting a high degree of phago-
cytosis. This morphology is consistent with in vivo exposure to
activation stimuli; however, differences in the degree of acti-
vation between preterm and term LM cannot be readily deter-
mined microscopically. Not shown here are preterm and term
cytopreps that contain other cell types, such as occasional
RBCs and lymphocytes (�5%); overall, the majority of cyto-
preps were observed to have consistently high percentages of
neutrophils and epithelial cells. The latter were often noted to
be ciliated columnar cells during the early sampling period,
whereas DOL 4–8 epithelial cells tended to be more cuboidal
or squamous.

Flow cytometric analysis. To determine the concordance
between analytical methods, the relative percentages of four
cell types (mononuclear phagocytes, epithelial cells, neutro-
phils, and lymphocytes) as obtained by morphologic evaluation
of Wright-Giemsa stained cytopreps (400 cells per slide

counted) versus flow cytometric analysis (see “Methods”) were
compared for 13 neonates. A �2 analysis was performed for the
mononuclear fraction alone as well as for the four cell subsets
combined. The differences between methods were not
significant.

Postnatal changes in the mean number of LM. Mean LM
concentrations between DOL 1–3 and DOL 4–8 were com-
pared (Fig. 2A). Of the 19 preterm neonates in this study, seven
(gestational age, 27 � 3 wk; birth weight, 1013 � 429 g) were
sampled during both postnatal phases of lung injury (DOL 1–3
and DOL 4–8). The data demonstrate a postnatal increase in
the number of LM (5.4� 104 � 31% versus 2.2 � 105 � 54%
LM/mL, respectively; p � 0.01). The remaining preterm in-
fants recruited into this study were either extubated during
DOL 1–3 (n � 2), or sampled only during DOL 4–8 (n � 10).
The DOL 4–8 mean LM concentration in the preterm (n � 17)
versus term (n � 8) groups was significantly different (Fig. 2B;
2.0 � 105 � 59% versus 8.6� 104 � 65% LM/mL, respec-
tively; p � 0.005). Excluded from this analysis because of
extubation during DOL 1–3 were two preterm (gestational age
and birth weight, 33 wk and 1915 g, and 30 wk and 1505 g) and
three term infants.

TNF-� and IL-10 production after ex vivo LPS stimula-
tion. LPS (10 ng/mL) stimulated an increase in TNF-� detec-
tion levels in the preterm group (1270 � 1167 versus 52 � 63
pg/mL; p � 0.001, n � 19) and in the term group (775 � 710
versus 24 � 34 pg/mL; p � 0.004, n � 10). Similarly, LPS
stimulation caused an increase in detectable IL-10 from the
preterm group (31.2 � 48 versus 0.9 � 2.9 pg/mL; p � 0.017,
n � 16). Unstimulated term controls did not produce IL-10
above the threshold of the ELISA, whereas exposure to LPS
resulted in increased IL-10 production (36.6 � 32 pg/mL, n �
6). ELISAs were not performed on all samples having �7.5 �
104 LM/mL, as the normalization analysis required �7.5 �
104 LM/mL (Fig. 4).

TNF-� and IL-10 production: relationship of cytokine
secretion level to cell type. In Figure 3 a simple linear regres-
sion model was used to examine the relationship between the
absolute LM number and the magnitude of cytokine produc-
tion. Significant direct relationships are shown between the
number of LM in TBL cell suspensions and the magnitude of
TNF-� and IL-10 production in response to LPS (n � 35, r �
0.93, p � 0.0001 and n � 34, r � 0.63, p � 0.0001,

Table 1. Study population profile

Characteristic Preterm (n � 19) Term (n � 11)

Gestational age (wk) 28 � 3.2 (24–33) �37
Birth weight (g) 1090 � 461 (480–1915) 3573 � 445 (2586–4250)
Antenatal steroids 10 (53) 0 (0)
Postnatal steroids 7 (37)* 2 (18)‡
Surfactant therapy 16 (84) 4 (36)
Mechanical ventilation (d) 29 � 34 (2–116)† 9 � 7 (3–23)
No. days on oxygen 71 � 63 (7–252)† 15 � 9 (4–31)
No. hospital days 84 � 59 (18–252)† 22 � 16 (10–58)

Values are shown as mean � SD (range) or number (%).
* All seven cases of dexamethasone therapy were initiated after the study period.
† p � 0.01 vs. term group.
‡ Two cases consisted of a single dose of dexamethasone in the first 24 h of life for hypotension.
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respectively). These data indicate that LM were the major cell
type involved in expression of TNF-� and IL-10. Positive
linear relationships between other cell types—notably, neutro-
phils and epithelial cells—were not significant (data not
shown). Also, when group regression lines were compared (i.e.
preterm versus term for TNF-� and IL-10), no significant
differences were found.

The capacity of preterm and term LM to produce TNF-�
and IL-10. As stated in the “Methods”, a minimum of 7.5 �
104 LM/mL was required for normalization of cytokine levels
to avoid amplifying small cytokine concentrations potentially
produced by large numbers of non-LM cell types—namely,
neutrophils or epithelial cells. Consequently, only a subset of
samples obtained during DOL 4–8 was analyzed; none of the
samples obtained during DOL 1–3 had �7.5 � 104 LM/mL.
During DOL 4–8, 17 of 19 preterm and eight of 11 term
infants were still intubated; of these, 16 of 17 preterm and five
of eight term subjects had �7.5 � 104 LM/mL. As shown in
Figure 4, the preterm and term groups did not differ with
respect to the capacity of LM to produce TNF-� (1444 � 308
versus 1398 � 479 pg/mL, respectively; NS); but a trend
toward less IL-10 in the preterm group was noted (26 � 31
versus 61 � 41 pg/mL; p � 0.06).

DISCUSSION

In this study, in vitro data accounting for cytokine produc-
tion by LPS-stimulated TBL cell samples demonstrate that
positive direct relationships exist between cytokine quantity
and LM numbers (Fig. 3). We used an ex vivo culture system
to determine the potential of LM to produce TNF-� and IL-10.
This approach resembles published assays for cytokine pro-
duction by cord blood monocytes (LM precursors). However,
contrary to cord blood studies that found TNF-� to be devel-
opmentally regulated (11, 12, 21, 22), our data show that LM
activation induced a nearly identical magnitude of TNF-� in
the preterm versus term groups (Fig. 4A). In contrast, a trend
toward reduced IL-10 production was observed in preterm LM
when compared with term LM (Fig. 4B).

These findings can be interpreted in light of the three
hypotheses considered central to this study. That LM are the
likely source of cytokines is supported by the regression
analyses (Fig. 3). Samples having low numbers of LM pro-
duced less TNF-� and IL-10; therefore, because such samples
had high numbers of neutrophils or epithelial cells, it appears
that these cell types respond to LPS in vitro with little cytokine
production. Similar relationships may also exist in vivo when-
ever mechanically ventilated lungs are subjected to activation
stimuli. However, in vitro culture conditions could preferen-
tially favor LM survival, thus optimizing cytokine production
per cell. Also, other parenchymal cells generally not recovered
in TBL could be an in vivo source of cytokines.

TBL samples from preterm infants during DOL 4–8 pro-
duced the highest absolute cytokine levels in response to LPS,
consistent with this sampling period having the highest number
of LM (Fig. 2). Presumably, an increasing number of TBL-
derived LM reflects monocytes entering the pulmonary spaces
and responding to tissue-specific differentiation factors. Nor-

mal LM accumulation is known to take place during the first
postnatal week (23, 24), but it can be accelerated by illness and
mechanical ventilation (24). Even though the greater LM
numbers in the preterm group could be an indication of illness
severity, consistent with a greater length of mechanical venti-
lation and O2 requirements (Table 1), and the nonquiescent
morphologic appearance of preterm LM (Fig. 1), the study
design did not investigate this question directly. Furthermore,
comparisons with the control group, i.e. term infants having a
different disease whose pathogenesis may follow a different
timeline, should be made with caution.

The second and third hypotheses propose that a pro- versus
antiinflammatory imbalance might persist in a pulmonary mi-
croenvironment in which neonates receiving mechanical ven-
tilation are subjected to multiple stimuli. We previously
showed that TBL from preterm and term infants contained
comparable quantities of TNF-�, but reduced preterm IL-10,
suggesting an imbalance between the pro- and antiinflamma-
tory capabilities in immature lungs (16). A variety of other
proinflammatory markers has been identified in TBL from our
group (16–18) and others (25–28) (e.g. IL-1�, IL-6, IL-8, C5a,
leukotriene B4). However, these data do not show relative
competence for cytokine synthesis on a per-cell basis between
the high CLD-risk (preterm) and low CLD-risk (term) groups.
On the contrary, comparisons of these groups in cord blood
monocyte studies have demonstrated multiple developmental
deficiencies in proinflammatory cytokine production in the
high CLD-risk infants (6–12).

We developed the ex vivo culture system to investigate
relative competence for cytokine production from infants re-
ceiving mechanical ventilation (17, 18). From the data in this
report, it appears that cord blood differences in LPS-induced
TNF-� synthesis between preterm and term infants may not
persist postnatally in more terminally differentiated LM (Fig.
4), suggesting differentiation and activation pathways in cells
of the mononuclear phagocytic lineage are functional in sick
preterm infants. This example of postnatal adaptation may
apply to other proinflammatory cytokines produced in lesser
amounts in preterm compared with term mononuclear cells
after LPS stimulation (6–12). However, this report is the first
to describe cytokine production by human neonatal LM on a
per-cell basis.

Given that the ex vivo culture system appreciably reflects in
vivo LM activity, the data show a trend consistent with preterm
infants having an IL-10 deficiency (Fig. 4B, p � 0.06). Inter-
estingly, Figure 3B suggests two populations of preterm in-
fants: one a more robust IL-10 producer than the other. Addi-
tional analysis is needed to determine whether preterm
subpopulations exist, in which conceivably a low capacity for
IL-10 expression is predictive of CLD and, conversely, a high
capacity protective. If abnormal cell signaling occurs in LM of
some infants, in effect arresting IL-10 production, a predispo-
sition to CLD could result owing to the inability to down-
modulate potentially deleterious proinflammatory cytokines.

The ex vivo pro- versus antiinflammatory cytokine profile
observed in the preterm group could be either a manifestation
of disparate maturation among the cytokines or aberrant cel-
lular responses to ex utero stimuli. What factors are involved in
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the developmental regulation of cytokine gene expression and
signaling remain largely unknown. And because the artificial
conditions necessary to sustain life outside the uterus, partic-
ularly for extremely premature infants, are unavoidably inva-
sive, it is perhaps not surprising that immature tissues such as
the lungs respond adversely. A proinflammatory bias by LM
has implications regarding the mechanism by which pulmonary
inflammation can be injurious. This bias can promote the
transendothelial recruitment and chemoattraction of neutro-
phils and mononuclear phagocytes, and the differentiation and
activation of these and resident cell types; it can promote fluid
retention that in turn leads to more barotrauma and oxygen
toxicity. Finally, an uncontrolled proinflammatory milieu
could adversely affect cellular events guiding the development
of immature lungs, particularly the process of alveolarization.
On the other hand, increasing evidence suggests that lung
inflammation and ultimately fibrosis are separate processes
regulated in complex ways. A targeted disruption of the inte-
grin �v�6 failed to activate transforming growth factor-�,
causing exaggerated inflammation after bleomycin challenge,
and yet the lungs were protected from fibrosis (29). IL-10
knockout mice developed a greater inflammatory response than
wild-type mice when instilled with silica, but fibrosis was less
(30).

Although we have provided data regarding the relative
competence for cytokine production on a per-cell basis be-
tween different CLD-risk groups, the total number of LM
producing the in vivo cytokine pool was not measured. The in
vitro findings are also limited in that TNF-� and IL-10 are only
two of the many cytokines known to be expressed in vivo.
Therefore, to be able to create novel therapies aimed at pre-
venting persistent inflammation, pathologic lung injury, and
ultimately CLD, a greater understanding of the pro- versus
antiinflammatory imbalance that may be exaggerated in me-
chanically ventilated premature lungs is needed.
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