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Monocyte Toll-Like Receptor 4 Expression and
LPS-Induced Cytokine Production Increase
during Gestational Aging
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ABSTRACT

Premature newborns are highly susceptible to severe bacterial
infections. This is partially due to their immature innate immune
system, characterized by decreased neutrophil and monocyte
activity as well as by reduced concentrations of complement
factors. However, additional mechanisms might be important for
innate immunity and are still the subject of considerable debate.
The importance of pattern recognition domains such as Toll-like
receptors (TLR) has been fully acknowledged within the last few
years. Therefore, we investigated age-related monocyte TLR4
expression and lipopolysaccharide-induced cytokine secretion
from very low birth weight infants (VLBWI) and from newborns
after wk 30 of gestation in comparison to healthy adults. In
VLBWI, expression of TLR4 surface protein, detected by flow
cytometry, and TLR4-specific mRNA, quantified by real time-
PCR, were significantly reduced in comparison to mature infants
and to adults. Reduced TLR4 expression was paralleled by

Bacterial infections are a major cause of neonatal morbidity
(1,2), and premature newborns are highly susceptible to infec-
tions (3). This increased susceptibility appears to be related to
immaturity of the immune system. Maturation of the immune
system includes specific humoral and cellular responses as well
as nonspecific innate immune mechanisms, such as factors of
the complement system and phagocyte activity (3-5).

Monocytes and macrophages play a central role in both
specific and nonspecific immunity against bacterial, viral, and
fungal infection. In VLBWI, a substantial decrease of fully
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significantly diminished ex vivo LPS stimulated IL-18, IL-6, and
tumor necrosis factor-« secretion into whole blood. We conclude
that, in VLBWI, the minimized expression of TLR4 contributes
to the susceptibility of VLBWI to infections with Gram-negative
bacteria due to the lack of cytokines to boost initial immune
response. (Pediatr Res 58: 121-124, 2005)

Abbreviations
CB, cord blood
LPS, lipopolysaccharide
PAMP, pathogen-associated molecular pattern
PB, peripheral blood
PBMC, peripheral blood mononuclear cells
TLR, Toll-like receptor
TNF, tumor necrosis factor
VLBWI, very low birth weight infants

functional phagocytes has recently been reported (6). The Toll
protein has been identified as a receptor controlling dorsoven-
tral polarization during embryonic development of Drosophila
larvae and serves a defensive function (7). Structures homol-
ogous to Toll receptors were found in mammalian cells (8,9)
and termed TLR. Within the last few years, 10 human TLR
have been described and characterized as important sensors of
the innate immune system (9,10). These TLR are phylogeneti-
cally conserved and are involved in recognition of microbial
PAMP. TLR4 functions as the transmembrane component of
the LPS receptor. In addition to LPS, the major glycolipid
component of the outer membrane of Gram-negative bacteria,
TLR4 recognizes saturated and unsaturated fatty acids such as
lipoteichoic acids from Gram-positive bacteria, and heat-shock
proteins (8—10). Binding of these ligands to TLR4 triggers an
intracellular signalling cascade sharing features with so-called
Toll/IL-1 receptor (TIR) signalling, ultimately leading to nu-
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clear translocation of nuclear factor (NF)-kB. This cascade
results in transcriptional activation of genes encoding pro-
inflammatory mediators such as TNF-a, IL-13 and IL-6, che-
mokines, and colony stimulating factors. All these secreted
proteins are important in boosting primary immune defense.
They create the systemic and local inflammatory response to
infection (11).

Despite the fact that TLR have been investigated with
increasing interest during recent years, little is known about the
maturation of TLR during fetal development and about the
possible involvement of TLR immaturity in immunologic de-
ficiencies of the newborn. In mice, one recent study provides
evidence that TLR4 mRNA levels in the immature fetal lung
are decreased in comparison to mature newborns, and that
these levels increase further after birth (12).

We hypothesized that TLR4 expression and TLR-related
cytokine secretion are dependent on gestational aging in hu-
mans as well. More insight into these important mechanisms
might have implications for diagnostic procedures in neonatal
sepsis and might provide therapeutic options in impending
preterm delivery.

METHODS

Sample selection. Cord blood samples were collected from spontaneous
deliveries and cesarean sections, respectively. Spontaneous term deliveries
with neither a history of infection during pregnancy nor clinical signs of
infection at delivery were not evaluated further. Preterm deliveries by cesarean
section were checked for infection by laboratory diagnosis (white blood cells,
CRP, IL-8) and by placenta histology (amnionitis). Because elevated CRP
and/or IL-8 were determined as exclusion criteria, the plasma of the samples
obtained showed neither pathologic CRP nor IL-8 increases.

Blood samples. CB was obtained by puncture of the umbilical cord from the
placental side immediately after transsection of the umbilical cord. The
samples were collected in heparinized syringes and processed within 2 h of
collection. The study was approved by the local ethics committee and informed
consent was obtained.

Peripheral venous blood (PB) was drawn from healthy adult volunteers.
Heparinized whole blood from CB or PB was diluted 1:1 in endotoxin-free
Hank’s balanced salt solution (HBSS; BioWhittaker, Verviers, Belgium),
without Ca?* and Mg?*. PBMC were isolated by Ficoll gradient (Ficoll-Paque
PLUS, Amersham Biosciences, Little Chalfont, Buckinghamshire, UK) cen-
trifugation. PBMC (5 X 10°) were washed three times with cold endotoxin-
free HBSS without Ca®>" and Mg>" and immediately lysed in 1 mL Trizol
reagent (Invitrogen, Carlsbad, CA).

Immunofluorescence staining. Surface staining of TLR4 was performed in
50 L whole blood with an anti-human TLR4 MAb (MAb, PE labelled, clone
HTAI125, eBioscience, San Diego, CA). To detect monocytes, cells were
additionally stained with anti-CD14 MAb (FITC, My4, Beckman Coulter, Inc.,
Fullerton, CA). Control cells were stained with an isotype antibody (MOPC-
173, mouse IgG2a, eBioscience). Cells were incubated on ice for 30 min.
Subsequently, red blood cells were lysed and washed three times with HBSS.
The expression of TLR4 on CD14" gated monocytes was measured by flow
cytometry (EPIXS-XL MCL, Beckman Coulter, Inc.). Routinely, 2.5 X 10?
CD14™" cells were counted (13).

RNA isolation and real-time PCR. Total RNA was isolated from PBMC
using Trizol reagent as specified by the manufacturer. Purity and quantity of
the extract were determined by photometry. All reagents and devices used for
real-time PCR were obtained from Applied Biosystems (Foster City, CA). For
reverse transcriptase reaction, a total of 200 ng RNA was reverse transcribed
to cDNA using TAQ-Man reverse transcription agents (Applied Biosystems).
Resulting cDNA was stored at —20°C until amplification.

Quantitative real-time PCR was conducted for TLR4 and 18S ribosomal
RNA as internal control. TLR4 and 18S rRNA primer and probes were
obtained from Applied Biosystems (Assay by Design). Primers for TLR4 were:
5'-CAG AGT TTC CTG CAA TGG ATC A-3"; 3-TGC TTA TCT GAA GGT
GTT GCA CAT-5" and 5-AGG CAG CTC TTG GTG GAA GTT GAA CGA
AT-3' for the fluorescence-labeled TAQ-Man probe (FAM as a reporter dye
and TAMRA as a quencher). All experiments were performed in triplicate in
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96-well plates using TAQ-Man Universal Master Mix. Real-time PCR ampli-
fication was performed on a Gene Amp 5700 Sequence Detection System. PCR
conditions were 50°C for 2 min, 95°C for 10 min, then 45 cycles at 95°C for
15 s, and 60°C for 1 min.

For quantitative evaluation of gene expression, TLR4 mRNA levels were
normalized to the 18S-mRNA as suggested by Applied Biosystems (User
Bulletin #2, December 11, 1997).

LPS stimulation. One hundred microliters of cells were stimulated with 1
ng/mL LPS (100 uL CB or PB diluted in 900 wL RPMI 1640 medium) at
37°C in a 5% CO, air atmosphere. LPS [serotype R515 (Re) (liquid), Alexis
Biochemicals, Vienna, Austria] exclusively stimulates TLR4 as shown with
macrophages from TLR4 wild-type compared with TLR4 deficient mice
(Product data sheet ALX-581-007, Alexis Biochemicals). After 4 h of stimu-
lation, cell culture supernatants were collected and frozen immediately at
—70°C until further use. For control experiments, cells were cultured under
equal culture conditions without LPS (13).

Cytokine ELISA. Frozen aliquots of cell culture supernatants were thawed
immediately before analysis. The concentration of cytokines (IL-183, IL-6,
TNF-a) was measured with commercially available ELISA kits (Amersham
Biosciences). Cut-off values for IL-18 and IL-6 were 10—-400 pg/mL with a
sensitivity of <1 pg/mL, and for TNF-a 25-1,000 pg/mL with a sensitivity of
<5 pg/mL. Duplicate measurements were performed for each sample. The OD
of samples in comparison to a provided standard was measured in an ELISA
plate reader (Dynatech Labs, Chantilly, VA).

Statistics. Data are presented as mean * SD. Statistical analysis was
performed using the SPSS software package (SPSS for Windows, Release
8.0.0, Chicago, IL). A probability of p < 0.05 was considered statistically
significant. Groups were compared by 7 test.

RESULTS

Decreased surface expression of TLR4 on monocytes from
preterm infants. Monocytes were identified by immunofluo-
rescence using anti-CD14 MAb. As shown in Figure 1, pre-
mature newborns (n = 6) have significantly lower expression
of TLR4 surface protein (p < 0.01) than newborns of later
gestational age (n = 11). Moreover, the expression of TLR4 on
monocytes from adult healthy donors (n = 10) is significantly
higher than in newborns (p < 0.01). There was no correlation
between CD14 expression and TLR4 expression between
groups of newborns. A significantly higher expression of CD14
surface antigen was found in monocytes from adults. However,
we found neither a correlation between TLR4 expression and
CD14 expression nor between CD14 /TLR4" cells in cord
blood (data not shown).
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Figure 1. Expression of TLR4 on CD14-positive monocytes is significantly
reduced (p < 0.05) in very early preterm infants (n = 6) compared with cells
from newborns from later gestational ages (n = 11). Furthermore, monocyte
TLR4 expression in adults (n = 10) is significantly higher (p < 0.01) than in
newborns.



TLR4 EXPRESSION DURING GESTATIONAL AGING

Lower mRNA expression of TLR4 in cells from preterm
newborns. Our data of decreased surface expression of TLR4
on monocytes from different age groups correspond to the
results obtained from mRNA expression of these TLR. As
shown in Figure 2, a statistically significant difference in TLR4
mRNA expression was found between cells from very early
preterm infants (gestational age <30 wk, n = 6) and newborns
from later gestational ages (>30, n = 8). Furthermore, a
significant reduction in the amount of TLR4-specific mRNA in
monocytes from newborns in comparison to levels in mono-
cytes from adult donors (n = 10) was found (p < 0.05).

Reduced cytokine production after LPS stimulation in
preterm newborns. The functional outcome of stimulating
TLR4 on monocytes, which is achieved by LPS stimulation, is
the production of IL-183, IL-6, and TNF-a cytokines. The
production of these cytokines is strikingly reduced in the
samples from very early preterm infants (n = 20), in compar-
ison to cytokine production in later stage newborns (n = 20),
and in adults (» = 10). The stimulation of monocytes from
adults with LPS induced a 2- to 3-fold increase in the concen-
trations of these cytokines in comparison to newborns (Fig. 3).

DISCUSSION

Newborns, particularly premature VLBWI, are far more
susceptible to bacterial infections than adults. One explanation
for the greater risk of sepsis in premature low birth weight
infants (3) in the neonatal intensive care unit is that premature
infants are frequently exposed to invasive procedures such as
umbilical and intravascular catheterization, intubation, and
assisted ventilation. Contamination and colonization of these
catheters and tubes with microbes is widely known to be a
potent source of nosocomial infections (14-16).

A second explanation is that premature infants have an
immature immune system, which plays a major role in infec-
tious morbidity and mortality. Monocytes/macrophages as well
as the dendritic cells that belong to the mononuclear phago-
cytic system are important effector cells of the innate immune
response against microbial antigens, which in turn leads to
activation of the adaptive immune system (17,18). Circulating
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Figure 2. Specific TLR4 mRNA amounts in mononuclear cells from very
early preterm infants (n = 6) are significantly lower (p < 0.05) than in cells
from newborns from later gestational ages (n = 8). A significant reduction (p
< 0.05) of TLR4 mRNA appears in cells from all newborns in comparison to
levels in cells from adults (» = 10). Each value represents mean = SD.
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Figure 3. Cytokine production in whole blood after LPS stimulation at
different gestational ages. Production of IL-18, TNF-«, and IL-6 was signif-
icantly reduced (p < 0.01) in very early preterm infants (n = 20), in
comparison to cytokine production in later stage newborns (n = 20). LPS-
stimulation of cells from adults (n = 10) induced 2- to 3-fold cytokine levels
(*p < 0.001) in comparison to newborns.

monocytes do not appear before wk 20 of gestation. Monocytes
from preterm newborns are functionally deficient (19). We
found decreased HLA-DR expression on monocytes from pre-
term neonates (20). Recently, we have demonstrated that
monocytes from VLBWI display decreased phagocyte activity
in newborns developing septic complications (6). It has also
been shown that the expression of the CD14 antigen on mature
monocytes, a cell surface receptor involved in the response to
LPS, is dependent on gestational maturation (19). In our study
we could not detect significant differences in CD14 expression
between children =30 wk and >30 wk of gestational age.
However, significantly higher expression was detectable in
adults. Thus, monocytes in premature VLBWI can be consid-
ered phenotypically and functionally immature (20,21).
TLR4 is essential for microbial recognition of Gram-
negative bacterial compounds and the initiation of the innate
immune response (10,11). In the present study, we reveal the
possible implication of TLR4 expression and function for
immunologic immaturity and vulnerability of premature and
even mature newborns. Our data demonstrate reduced expres-
sion and decreased functionality of TLR4 in preterm infants,
and thus strongly support the essential role of TLR4 in their
increased susceptibility to infection. This finding is underlined
by several studies associating mutations in the TLR4 gene with
higher risk for bacterial infections and deficient responsiveness
to LPS (22-24). Binding of LPS to the TLR4/CD14 and MD-2
protein triggers activation of the NF-«B pathway, through the
adaptor molecule MyD88, kinases, and other signalling and
regulatory molecules, ultimately leading to production of cy-
tokines, chemokines, and colony stimulating factors (25). Pro-
inflammatory cytokines, such as TNF-a, IL-1f3, and IL-6, are
produced by activated monocytes and Thl lymphocytes, and
have a crucial role in the induction of immune response, and in
clearance of pathogens. The production of pro-inflammatory
and antiinflammatory cytokines may correlate with gestational
age. Decreased synthesis of IL-6, TNF-q, IL-13, and granulo-
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cyte-colony stimulating factor (G-CSF), and increased concen-
trations of IL-10 have recently been measured ex vivo (26-28).
In our experiments in very early preterm infants (gestational
age =30 wk), the levels of TNF-«, IL-183, and IL-6 were
significantly diminished in comparison to newborns from later
gestational age (>30 wk). In both groups of newborn infants,
the ex vivo production of all three cytokines was markedly
decreased in comparison to the adult group.

To our knowledge, the present study demonstrates for the
first time that TLR4 expression in humans is age-related and
particularly dependent on gestational aging, and that decreased
expression of TLR4 in preterm infants correlates with de-
creased functional outcome of TLR4 stimulation, i.e. in de-
creased cytokine secretion. From our data we postulate that the
immaturity of TLR4 contributes to the clinically relevant find-
ing of immunologic vulnerability in the preterm infant. Im-
paired recognition of PAMP and reduced capability of cytokine
production might contribute to the susceptibility of preterm
infants to infections. Therapeutic interventions inducing the
expression of TLR might be able to counter-regulate this
vulnerable phase of the immune system.
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