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Newborns and especially preterm infants show a unique
susceptibility to severe bacterial infections that cause significant
morbidity and mortality. As very few data are available on innate
immune functions in human fetuses, we conducted a comprehen-
sive study to investigate the expression of several adhesion
molecules essentially involved in migration (CD11a, CD11b,
CD11c, CD18, and CD62L). Furthermore, phagocytic activity,
generation of respiratory burst products, and production of sev-
eral proinflammatory cytokines were assessed. Various functions
of the fetal innate immune system were demonstrated to be
essentially different from those observed in term neonates or
adults. Expression of several surface markers was significantly
diminished on fetal granulocytes. Furthermore, a significantly
reduced phagocytic activity of fetal granulocytes and monocytes
was found, contrasted by an enhanced generation of reactive
oxygen products. In addition, we demonstrate that significant

numbers of fetal monocytes are capable of the production of
proinflammatory cytokines in response to stimulation. However,
the pattern of cytokine production is different from the more
mature individuals: the number of IL-6– and tumor necrosis
factor-�–positive monocytes were significantly diminished,
whereas more IL-8–producing monocytes were found compared
with adults. The results of our study add significantly to our
understanding of the maturation and impairment of the innate
immune response. (Pediatr Res 56: 219–226, 2004)

Abbreviations
fMLP, N-formyl-methionyl-leucyl-phenylalanine
MFI, mean fluorescence intensity
NRBA, neutrophil respiratory burst activity
TNF-�, tumor necrosis factor-�

Neonates, especially preterm infants, are prone to severe and
overwhelming bacterial infection with substantial morbidity
and mortality. Despite intensive supportive care and early use
of antibiotics, the rate of morbidity and mortality caused by
infections remains high (1). Although multiple factors contrib-
ute to this susceptibility, the immaturity of the innate immune
system, especially production of phagocytes and several
phagocyte functions (e.g. chemotaxis, phagocytosis, respira-
tory burst, cytokine production) are of paramount importance
(2,3). Evidence of this is provided by the pattern of infections
closely resembling that seen in profound neutropenia (4).
Depleted neutrophil storage pools and neutropenia were de-
scribed to be associated with neonatal sepsis and are negative
predictors of outcome (5,6). Several qualitative deficiencies of
phagocyte function were demonstrated earlier in preterm in-

fants and stressed or septic neonates. The functional deficien-
cies comprised migration, phagocytosis, and bactericidal po-
tency, for example, release of bactericidal/permeability-
increasing protein (7–15). However, normal or even enhanced
spontaneous neutrophil respiratory burst activity in term and
preterm neonates was reported in other studies (16,17). In
contrast, little is known to date about the phagocytic and
oxidative capacity as well as the adhesion molecule expression
of fetal neutrophils and monocytes. The expression of several
adhesion molecules essentially involved in migration was re-
ported to be significantly impaired in neonates and to contrib-
ute to the impaired neonatal immune response (18–20); how-
ever, only very limited data are available for fetuses (21).
Similarly, to our knowledge, there are no reports on the ability
of fetal monocytes to produce proinflammatory cytokines in
response to endotoxin challenge. To further elucidate these
intriguing questions, we investigated the expression of several
migration-associated adhesion molecules, phagocytosis, and
respiratory burst activity as well as synthesis of proinflamma-
tory cytokines at the single-cell level in cord blood of human
fetuses obtained by percutaneous umbilical vein sampling in
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comparison with healthy neonates and adults. Analysis of these
essential functions of the innate immune response significantly
contributes to our understanding of the developing host
defense.

METHODS

Blood samples and study population. The study was ap-
proved by the local institutional review board. Blood samples
were taken after informed consent from healthy adults (n� 15)
and from cord blood of healthy term neonates (n � 20; mean
weight, 3319 g; range, 2650–4160 g). Blood samples from
human fetuses [phagocytosis, oxidative burst, and adhesion
molecule expression: n � 14; mean gestational age, 28.4 wk
(range, 21.1–32.4 wk); intracellular cytokine analysis: n � 12;
mean gestational age, 26.0 wk (range, 21.6–35.0 wk)] were
taken by sonographically guided percutaneous umbilical vein
sampling when medically indicated after informed consent was
obtained. For ethical reasons, it is not possible to do elective
cord blood sampling in normal, healthy fetuses. Therefore, we
had to restrict the study to fetuses with medical indications for
cord blood sampling, i.e. with abnormalities detected by rou-
tine investigations during pregnancy. Medical indications were
diagnostic (karyotype analysis, fetal Hb level) as well as
therapeutic (fetal transfusion). Fetuses in the first group (anal-
ysis of phagocytosis, oxidative burst, and adhesion molecule
expression) had diagnoses of blood group incompatibility,
hydrothorax, cardiac anomaly, lymph hemangioma, oligohy-
dramnios, polyhydramnios, renal anomaly, situs ambiguous,
and uteroplacental dysfunction. With the exception of two
(trisomy 13 and 18), all karyotype analyses revealed normal
results. Fetuses in the second group (intracellular cytokine
analysis) had diagnoses of alloimmune-thrombocytopenia,
blood group incompatibility, renal anomaly, intrauterine
growth retardation, hydrocephalus, osteogenesis imperfecta,
and diaphragmatic hernia. With the exception of one (trisomy
21), all karyotype analyses revealed normal results. Because of
a small fetal sample size, experiments were done sequentially
on the indicated number of individuals. Not all measurements
were completed for each fetus because of occasional inade-
quate sample size. The figure legends give the number of
fetuses analyzed in each specific data set.

Quantification of oxidative burst products and phagocyto-
sis activity. Three-color flow cytometric analysis was per-
formed on an EPICS XL flow cytometer (Coulter Electronics,
Krefeld, Germany). All reagents, including preopsonized Esch-
erichia coli, were supplied as stock solutions in Bursttest and
Phagotest kits from Orpegen (Heidelberg, Germany), and pro-
cedures were done according to the manufacturer’s recommen-
dations. Briefly, aliquots of heparinized whole blood were
preincubated for 10 min on ice to equilibrate starting condi-
tions. After that, leukocytes were stimulated either by 10 �L of
N-formyl-methionyl-leucyl-phenylalanine (fMLP) solution
10�6 M or by opsonized E. coli bacteria that were adjusted to
a bacteria/leukocyte ratio of 25:1, and cells were incubated for
10 min at 37°C. Oxidative burst products were quantified by
the addition of 20 �L of dihydrorhodamine 123 for 10 min at
37°C, which was oxidized to the brightly fluorescent rhoda-

mine 123 (dihydrorhodamine). The reaction was stopped by
fixation of leukocytes and by lysis of erythrocytes with 2 mL
of lysis buffer. After one washing step, the propidium iodide
solution was added 15 min before measurement for counter-
staining of the leukocyte nuclei. The amount of phagocytosed
bacteria was measured by the fluorescence of FITC-labeled E.
coli expressed as mean fluorescence intensity (MFI). Aliquots
of heparinized whole blood were cooled at 0°C for 15 min and
then incubated with a saturating concentration of E. coli for 10
min at 37°C. A total of 100 �L of cold quenching solution was
added both to stop the reaction and to quench the fluorescence
of bacteria adherent to the cell membrane. After two washing
steps, the erythrocytes were lysed in 2 mL of lysing solution
for 20 min at room temperature. After washing of the cells, 100
�L of phycoerythrin DNA stain was added and the cells were
incubated at 0°C 10 min before analysis. PBS and incubation at
0°C during the whole procedure served as negative controls in
the oxidative burst and phagocytosis assay, respectively.
The data were analyzed with Coulter EPICS XL System II,

Version 1.0 software. Granulocytes and monocytes were gated
according to their forward and side scatter characteristics. At
least 2000 granulocytes and 1000 monocytes were analyzed,
and data were expressed as a percentage of neutrophils and
monocytes producing oxygen metabolites and phagocytosing
E. coli as well as the MFI of the cells.

Cell surface marker staining. Granulocytes were stained
with fluorescence-conjugated MAbs against CD11a, CD11b,
CD11c, CD18, and CD62L (Coulter). Erythrocytes were lysed
using Immuno-Lyse solution (Coulter). Background staining
was carried out by using an unrelated fluorescein-labeled
mouse antibody of the same isotype. A minimum of 5000 cells
of each sample were analyzed.

Intracytoplasmic detection of cytokines. Flow cytometric
analysis of cytokine production was done as described earlier
(22,23). Briefly, heparinized whole blood was suspended in
RPMI 1640 supplemented with 1% penicillin/streptomycin, 2
mM of glutamine, 1 mM of pyruvate, and nonessential amino
acids at a concentration of 2� 106 leukocytes/mL. Leukocytes
were stimulated for 5 h in multiwell plates with 30 ng/mL of
lipopolysaccharide (Sigma Chemical Co., Deisenhofen, Ger-
many) at 37°C and 5% CO2. All cultured cells were incubated
in the presence of 3 �M of monensin (Sigma Chemical Co.) to
inhibit cytokine export. After a washing step with Hanks’
balanced salt solution (Sigma Chemical Co.), cultured cells
were fixed in 4% paraformaldehyde (Riedel de Haen, Seelze,
Germany) for 10 min and resuspended in nonfat dry milk (5%)
for 16 h at 4°C in the dark. Cells were permeabilized twice in
a buffer consisting of Hanks’ balanced salt solution (Seromed
Biochrome, Berlin, Germany), 0.1% saponin (Riedel de Haen),
and 0.01 M of HEPES. Subsequently, cells were incubated for
20 min at 4°C in the dark with MAbs against CD14, IL-6, IL-8,
and tumor necrosis factor-� (TNF-�; Pharmingen, Heidelberg,
Germany). Preincubation with an excess of unlabeled anticy-
tokine MAbs for 20 min at 4°C in the dark served as a negative
control for intracellular staining to each sample (21). Mono-
cytes were gated by means of their CD14 positivity, and
number of cytokine-positive cells as well as the MFI were
measured of a minimum of 2000 cells per sample.
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Statistical analysis. Statistical differences among all groups
were first checked by the Kruskal-Wallis test. After confirma-
tion of significance, statistical differences were tested by the
nonparametric Mann-Whitney U test. The level of significance
was defined as P � 0.05 in single comparisons. It was cor-
rected according to Bonferroni in multiple comparisons among
groups (� � 0.05/2� 0.025). Correlation analysis was done by
Spearman’s rank-order test. Data are expressed as median and
25th to 75th percentiles, if not indicated otherwise. Statistical
analyses were performed using SPSS 9.0 statistical software
(SPSS Inc., Chicago, IL, U.S.A.).

RESULTS

Phagocytosis of E. coli bacteria in fetal versus neonatal
and adult granulocytes and monocytes. Fetuses demonstrated
significantly lower number of E. coli–phagocytosing granulo-
cytes (median 75.2%, 25th–75th percentile 49.2–80.3% versus
95%, 91.2–98.6%; P � 0.001) and smaller number of ingested
bacteria as measured by MFI than healthy adults (MFI: 14.2,
11.5–29.4 versus 95.1, 52.2–138.2; P � 0.001). Similarly, the
number of monocytes positive for bacteria (60%, 48.4–74.1%
versus 77.1%, 67.4–82.4%; P � 0.018) as well as the number
of ingested bacteria was significantly lower in fetuses com-
pared with healthy adults (MFI: 12.9, 7.8–19.8 versus 55.4,
41.6–68.2, P � 0.001; Fig. 1). A direct positive correlation
between fetal gestational age and number of E. coli–positive
granulocytes was observed (r � 0.73, P � 0.05).
Compared with healthy neonates, fetuses displayed signifi-

cantly diminished number of bacteria ingested by granulocytes

(MFI: 14.2, 11.5–29.4 versus 48.7, 33.9–69.2, P � 0.001);
phagocytosing granulocytes also showed a trend toward lower
frequency (75.3%, 49.2–80.3% versus 86.0%, 76.5–89.2% P
� 0.03). There was no statistically significant difference in the
number of phagocytosing monocytes between fetuses and ne-
onates (60%, 48.4–74.1% versus 71.6%, 60.8–75.9%; P �
0.3; Fig. 1); however, number of ingested bacteria was signif-
icantly lower in fetal versus neonatal monocytes (MFI: 12.9,
7.8–19.8 versus 34.1, 25.3–45.1; P � 0.001).
Healthy neonates showed decreased phagocytotic capacity

in terms of granulocytes positive for bacteria (86.0%, 76.5–
89.2% versus 95%, 91.2–98.6%; P� 0.001) and the number of
ingested bacteria when compared with adult controls (MFI:
48.7, 33.9–69.2 versus 95, 52.2–138.2, P � 0.001). Further-
more, neonatal monocytes ingested significantly fewer bacteria
than adult monocytes (MFI: 34.1, 25.3–45.1 versus 55.4,
41.6–68.2, P � 0.005), and there was a trend to a smaller
number of phagocytosing monocytes in neonates versus adults,
but this did not reach statistical significance (71.6%, 60.8–
75.9% versus 77.1%, 67.4–82.4%; P � 0.06; Fig. 1).
Generation of oxidative burst products in fetal versus

neonatal and adult neutrophils and monocytes. Significantly
more unstimulated fetal granulocytes demonstrated synthesis
of oxidative burst products in comparison with adult as well as
neonatal granulocytes (percentage positive granulocytes: 4.1%,
1.7–8% versus 0.8%, 0.3–1.7%, P � 0.005 and versus 0.8%,
0.5–1.1%; P � 0.001; Fig. 2A). Stimulation with fMLP re-
sulted in a significantly larger percentage of fetal and neonatal
granulocytes positive for oxidative burst products in compari-

Figure 1. Phagocytosis of E. coli by fetal granulocytes and monocytes in comparison with neonates and adults. The percentage of fetal (n � 10), neonatal
(n � 20), and adult (n � 15) granulocytes and monocytes positive for FITC-labeled E. coli is depicted. Phagocytosis was significantly impaired by fetal
and neonatal granulocytes compared with adults. Furthermore, significantly fewer fetal monocytes ingested E. coli than did adult monocytes. Data were
expressed as box-plots showing the 10th, 25th, 75th, and 90th percentiles.
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son with adults (16.4%, 12.8–26.5% and 15.3%, 8.8–32.4%,
respectively, versus 7.4%, 5.5–10.5%; P � 0.013 and P �
0.018); however, percentages were comparable for fetuses and
neonates. After stimulation with opsonized E. coli, number of
positive granulocytes did not differ between fetuses and adults
(86.5%, 78–94.3% versus 92%, 87.3–94.7%; P � 0.2). How-
ever, neonates demonstrated a significantly higher number of
oxidative burst product–positive granulocytes compared with
fetuses (94.6%, 90.1–98.0% versus 86.5%, 78.0–94.3%; P �
0.02) and a trend to higher values than adults (92%, 87.3–
94.7%; P � 0.06).
With respect to the number of oxidative burst products, no

differences in MFI were detected between the groups when

unstimulated granulocytes were analyzed (fetuses: 3.6, 2.8–
5.2; neonates: 3.4, 2.9–4.8; adults: 3.9, 1.9–7.6). However,
fetal granulocytes displayed significantly lower MFI values
after stimulation with fMLP, but a trend to higher MFI values
after maximal stimulation with E. coli was found when com-
pared with adults [3.1, 2.6–5.1 versus 4.8, 4.2–5.8 (P� 0.011)
and 31.4, 9.3–43.1 versus 10.3, 8–12.3 (P � 0.029), respec-
tively). Neonatal granulocytes demonstrated comparable MFI
values after application of fMLP but significantly higher MFI
values after stimulation with E. coli in contrast to adults (28.2,
23.9–61.1 versus 10.3, 8.0–12.3; P � 0.001).
Number of unstimulated monocytes positive for oxidative

burst products were comparable among fetuses, neonates, and

Figure 2. Synthesis of respiratory burst products in fetal granulocytes (A) and monocytes (B) in comparison with neonatal and adult leukocytes. The percentage
of fetal (n � 14), neonatal (n � 20), and adult (n � 15) dihydrorhodamine–positive granulocytes (A) and monocytes (B) is shown. Data were expressed as
box-plots showing the 10th, 25th, 75th, and 90th percentiles. Significantly more fetal granulocytes produced reactive oxygen products both spontaneously and
after stimulation with fMLP than adults. After stimulation with fMLP, also more neonatal granulocytes produced burst products than adults. However, no
differences were detected after stimulation with E. coli. Stimulation with fMLP resulted in a significantly lower number of monocytes positive for burst products
in fetuses than in adults. Monocytes positive for burst products after stimulation with E. coli were significantly more frequent in both fetuses and neonates than
in adults.
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adults (1.2%, 0.3–3.4% versus 1.3%, 0.6–4.5% versus 1.6%,
0.6–2.6%; Fig. 2B). However, fetuses displayed a lower num-
ber of positive monocytes after stimulation with fMLP com-
pared with neonates and adults (2.6%, 1.1–6.5% versus 11.3%,
5.6–16.0% and 6.3%, 4.3–11.4%; P � 0.005 and P � 0.021,
respectively). Fetuses and neonates showed a higher number of
positive monocytes after stimulation with E. coli than adults
(63.4%, 51.2–86.7% and 84.1%, 54.1–88.8% versus 34.6%,
18.9–46.8%; P� 0.001 and P� 0.001, respectively), whereas
no differences between fetuses and neonates were detected (P
� 0.5).
A direct negative correlation was observed between gesta-

tional age and oxidative burst products–positive monocytes
both spontaneously and after stimulation with fMLP (r �
�0.57, P � 0.05 and r � �0.53, P � 0.05, respectively). A
similar trend was found for fetal granulocytes; however, this
did not reach statistical significance.
Fetal monocytes showed a trend to lower amounts of oxi-

dative burst products in monocytes after stimulation with
fMLP (MFI: 3.9, 2.7–7.9 versus 6.8, 4.9–11.6; P � 0.08) but
higher values after application of E. coli bacteria compared
with adults (MFI: 25.7, 5.4–36 versus 6.3, 5.1–12.8; P �
0.033). This result was similar to differences observed for fetal
versus adult granulocytes.
Expression of adhesion molecules on fetal versus neonatal

and adult granulocytes. Several adhesion molecules were
expressed on a significantly lower number of fetal compared
with neonatal and adult granulocytes. Frequency of CD11a-
positive cells was lower in fetuses than in neonates and adults
(45.7%, 12.9–66.6% versus 97.8%, 68.9–99.2% versus
97.3%, 91.4–98.4%; P � 0.005 and P � 0.001, respectively;
Fig. 3). Similarly, expression of CD11b was detected on a
smaller number of granulocytes in fetuses than the other groups
(63.3%, 47–79.8% versus 98.6%, 67.5–99.7% and 99.2%,

96.4–99.7%; P � 0.01 and P � 0.001, respectively; Fig. 3).
Furthermore, the adhesion molecules CD18 (45.9%, 26.1–
74.1% versus 98.1%, 71.2–99.2% versus 93.5%, 87.1–98.3%;
P � 0.001 and P � 0.001, respectively; Fig. 3) and CD62L
(47.9%, 41–80.1% versus 97.5%, 92.9–99.1% versus 98.5%,
96.8–99.7%; P � 0.001 and P � 0.001, respectively; Fig. 3)
were found on a smaller number of fetal versus neonatal and
adult granulocytes. A positive correlation was found for ex-
pression of CD62L and gestational age (r � 0.73, P � 0.05).
No significant differences were detected for the expression of
CD11c on fetal, neonatal, and adult granulocytes (42.5%,
10.5–67% versus 78.9%, 50.5–92.3% versus 70.5%, 25.8–
81%; P� 0.046 and P� 0.2, respectively; Fig. 3). MFI values
were significantly lower for CD11b-positive granulocytes in
fetuses versus neonates and adults (5.7, 3.5–10.4 versus 9.1,
7.5–16.2 versus 12.4, 7.6–19; P � 0.02 and P � 0.01, respec-
tively). However, no significant differences were detected for
MFI values of the other surface markers under investigation.
Production of proinflammatory cytokines by monocytes in

fetuses compared with healthy adults. After stimulation with
lipopolysaccharide, a significantly smaller number of fetal
monocytes were detected positive for IL-6 (41.7%, 32.7–
47.0% versus 60.2%, 48.7–66.5%; P � 0.005) as well as for
TNF-� compared with healthy adult controls (15.8%, 12.9–
17.6% versus 29.4%, 21.1–45.8%; P � 0.001). However,
significantly more fetal monocytes displayed positivity for IL-8
(87.8%, 69.8–91.6% versus 74%, 62.0–80.8%; P � 0.01; Fig.
4). A positive correlation was observed between the number of
IL-8–producing monocytes and gestational age (r � 0.69, P �
0.05). When compared with healthy neonates [primary data
published in 24)], fetuses showed a significantly impaired
synthesis of IL-6 and TNF-� but comparable number of IL-
8–positive monocytes.

Figure 3. Expression of surface markers on fetal vs neonatal and adult granulocytes. The percentage of granulocyte-positive adhesion molecules is depicted.
Data were expressed as box-plots showing the 10th, 25th, 75th, and 90th percentiles. The frequencies of fetal granulocytes positive for CD11a (n � 7), CD11b
(n � 14), CD18 (n � 13), and CD62L (n � 14) were significantly lower in fetuses than in neonates (n � 20) and adults (n � 15), whereas the number of
CD11c-positive granulocytes (n � 7) did not differ significantly between groups.
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DISCUSSION

Only a few data are available to date describing innate
immune responses in human fetuses before birth. In our study,
we used flow cytometry to determine the expression of adhe-
sion molecules, phagocytic activity, and oxidative burst as well
as the synthesis of proinflammatory cytokines at the single-cell
level. Flow cytometry allows for highly specific and valid
measurement of these parameters from small blood samples
that are available from human fetuses. In addition, the use of
whole blood samples avoids artifactual changes in function
induced by purification procedures (25). To eliminate the
influence of stress factors such as labor (26,27) or infection and
to assess the maturation of the phagocyte immune response, we
investigated neutrophils and monocytes obtained from human
fetuses by percutaneous intrauterine umbilical vein sampling
and compared it with cord blood from healthy neonates as well
as peripheral blood from adults. We are aware that the fetuses
were eligible for research investigations only because cord
blood sampling was indicated for medical reasons, i.e. abnor-
malities detected in routine investigations during pregnancy.
However, in our opinion, it would not be ethically justifiable to
take cord blood samples from healthy, normal fetuses. To our
best knowledge, we do not think that the abnormalities de-
tected are essentially related to significant dysfunction of the
developing innate immune system that would prevent careful
interpretation of our data.
Several investigators demonstrated normal expression of

CD11b (CR3) on polymorphonuclear cells of term neonates;
however, preterm infants were shown to have a diminished
expression of this marker (28–30). Furthermore, a failure to
appropriately up-regulate CD11b in response to stimuli
(20,28,30) could be demonstrated to be due to a decreased total
cellular content of CD11b, correlating with gestational age
(18). In contrast, Rebuck et al. (31) suggested that these results
are due to differential sensitivity of leukocytes to isolation
techniques. In our study, a diminished surface expression of

CD11b on whole-blood fetal granulocytes was shown. The
most likely explanation for this observation is that in a more
immature organism such as fetuses, an even lower total cellular
content of CD11b translates into decreased surface expression.
In addition, we found a significantly decreased expression of
CD11a and CD18 in fetuses but a normal number of positive
granulocytes in term neonates compared with adults. These
results are in accordance with earlier data describing an essen-
tially impaired expression of these adhesion molecules in
preterm infants but normal values for mature newborns (18).
This physiologic immaturity of neutrophil adhesion molecule
expression certainly adds to the impaired innate immune re-
sponse observed in preterm neonates. The importance of these
�2-integrins for the innate host defense are illustrated by the
leukocyte adhesion defect type I, whereby the near absence of
CD11a/CD18 results in significant immunodeficiency (32).
CD62L (L-selectin) is a leukocyte adhesion molecule that is

important in the early stage of the interaction of leukocytes
with vascular endothelium during the process of emigration
from the bloodstream (33). In this study, a significantly de-
creased expression of CD62L on fresh whole-blood granulo-
cytes was detected compared with healthy neonates and adults,
whereas values of the last two groups did not differ signifi-
cantly. Furthermore, a direct positive correlation between ges-
tational age and number of CD62L-positive fetal granulocytes
was found. This is in keeping with data obtained from umbil-
ical cord CD34 hematopoietic progenitors (34), indicating a
maturation of adhesion molecule expression over time. How-
ever, normal levels of CD62L in fetuses were depicted by
Smith et al. (21), and both positive and negative correlation of
soluble CD62L with gestational age were described by Rebuck
et al. (31) and Buhrer et al. (35). Several other groups reported
lower expression of CD62L on granulocytes and monocytes in
term and preterm infants than in adults (19,20,36,37). The
differences observed between researchers may be due to dif-
ferences in setup of assays, i.e. usage of whole blood or

Figure 4. Synthesis of IL-6, TNF-�, and IL-8 in fetal and adult monocytes. Cytokine production after endotoxin challenge with lipopolysaccharide. Data were
expressed as box-plots showing the 10th, 25th, 75th, and 90th percentiles. The percentage of fetal monocytes positive for IL-6 (n � 10) and TNF-� (n � 9) was
lower than in adults (n � 15). However, significantly more fetal (n � 12) than adult monocytes were detected positive for IL-8.
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purification procedures as well as storage time until analysis.
As CD62L was shown to be significantly down-regulated in
response to various stimuli (37,38), in our opinion, data ob-
tained from fresh whole-blood granulocytes are most reliable.
Phagocytosis by granulocytes and monocytes is one of the

early steps involved in antibacterial innate host defense, im-
pairment of which can result in significant immune deficiency.
The majority of the currently available data indicate that most
preterm infants, clinically well or stressed, have an impaired
phagocytic activity (39). However, some investigators have
observed normal phagocytic activity even in stressed neonates
(7). In our analyses, the phagocytic activity of fetal neutrophils
and monocytes was significantly diminished compared with
healthy neonates and adults. Furthermore, a direct positive
relationship between gestational age and number of phagocy-
tosing granulocytes could be demonstrated. Neonates dis-
played a higher number of phagocytes positive for bacteria and
greater amounts of ingested E. coli than fetuses, but both levels
were smaller again compared with adults. These results are in
keeping with studies demonstrating decreased neutrophil
phagocytic activity in preterm infants in comparison with term
neonates and adults (17,39), and taken together, our findings
indicate a gradual maturation of phagocytic capacity over time.
As fully opsonized E. coli bacteria were used for the assess-
ment of phagocytosis, possible lack of opsonizing proteins in
fetal serum, mainly complement and immunoglobulins, is un-
likely to underlie the differences observed. Taking into account
the diminished expression of CD11b on fetal neutrophils
shown in our study, we speculate that the decreased expression
of one of the most important surface receptors involved in
phagocytosis (3) contributes to impaired phagocytosis in fe-
tuses. However, neither Falconer et al. (38) nor we were able
to detect a direct correlation between phagocytosis and expres-
sion of CD11b, which might be due to the limited number of
individuals investigated in both studies.
The neutrophil respiratory burst activity (NRBA) is essential

for intracellular killing of phagocytosed bacteria. Thus, an
impairment of the NRBA results in significant impairment of
the host immune defense with possible fatal consequences as
obvious in chronic granulomatous disease (39). The ability of
neonatal phagocytes to produce bactericidal oxygen metabo-
lites has been studied previously by several investigators;
however, results were conflicting. Most of the groups demon-
strated normal or even enhanced NRBA by neutrophils of term
and preterm infants (9,17,39–41), and a positive correlation to
gestational age was observed (2). In contrast, other researchers
depicted normal NRBA in healthy term neonates but dimin-
ished NRBA in both preterm infants and infected or stressed
neonates (7,8,11,12). In our study, we excluded the influence
of labor on the phagocyte function by analyzing fetal blood
(25,26). To our knowledge, only Newburger (42) investigated
the ability of fetal neutrophils to produce oxidative burst
products and demonstrated comparable results for fetuses and
adults. Here, we could demonstrate an even higher percentage
of activated phagocytes in fetuses compared with healthy
adults both spontaneously and after stimulation with fMLP.
Thus, these findings are in keeping with Newburger’s (42),
indicating the early maturation of the NADPH oxidase system

as a first-line defense mechanism of innate immunity. Further-
more, we observed a direct negative correlation of the oxida-
tive burst product generation to gestational age. The enhanced
oxidative burst activity observed thus might be interpreted as
an intrinsic mechanism to overcome the immaturity of the
phagocytic capacity. This, however, could also have some
detrimental side effects as an exaggerated oxygen radical for-
mation may be involved in some diseases characteristic of
preterm infants, e.g. bronchopulmonary dysplasia and retinop-
athy of prematurity (43).
In the current study, we could demonstrate that fetal mono-

cytes are capable of significant synthesis of IL-6, IL-8, and
TNF-�. However, the number of IL-6– and TNF-�–positive
monocytes was significantly smaller than in neonates and
adults. In contrast, significantly more fetal than adult mono-
cytes produced IL-8, and the number of IL-8–positive mono-
cytes was positively correlated with gestational age. These data
are well in keeping with our previous results (24) that showed
enhanced synthesis of IL-6 and IL-8 in term and preterm
infants (�32 wk of gestation) compared with healthy adults.
Contrastingly, very preterm infants (�32 wk) displayed dimin-
ished number of IL-6–positive monocytes. However, even
very preterm infants were able to mount significant IL-6
production when primed by in vivo infection. No difference in
number of TNF-�–positive monocytes was detected between
term and preterm infants and healthy adults. These results
might indicate that IL-8 production matures very early during
gestation, whereas a comparable number of IL-6– and TNF-
�–positive monocytes are found after 32 wk of gestation or in
response to intensive in vivo stimulation. Thus, it may be
speculated that the production of proinflammatory cytokines
could be more essentially involved in the pathogenesis of
several neonatal diseases than previously thought, even in very
immature infants (44).
In conclusion, in the present study, it could be shown that the

fetal innate immune response is essentially different from that
observed in term neonates and adults. Fetal phagocytes display
a differential maturation of several inflammatory functions: a
significantly diminished phagocytic capacity was demon-
strated, whereas the generation of the respiratory burst prod-
ucts was enhanced. Furthermore, expression of several adhe-
sion molecules essentially involved in adhesion, migration, and
phagocytosis was also found to be significantly decreased.
Fetal monocytes demonstrate the capacity to produce proin-
flammatory cytokines in response to stimulation; however, the
pattern of production is different from more mature individuals.
The results of our study add significantly to our understanding
of the maturation of the innate immune response.
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