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ABSTRACT: During infections, pathogens bind to toll-like receptor
(TLR)4 and CD14 receptors and induce cytokine release, leading to
inflammation. Here, we investigated TLR4 and CD14 expression on
peripheral blood leukocytes (PBLs) and their roles in lipopolysac-
charide (LPS)-induced cytokine and chemokine release. Full-term
and preterm neonates and adults were studied. PBLs were pretreated
with anti-TLR4– and anti-CD14–blocking antibodies and stimulated
with LPS. Cytokine and chemokine levels were measured in super-
natants. TLR4, CD14 expression, and LPS-induced CXCL8 release
were higher in neonates, possibly contributing to aberrant inflamma-
tion. TLR4 blockade resulted in approximately 3-fold greater sup-
pression of LPS-induced CXCL8 release in preterm neonates (38%)
than in adults (14%). CD14 blockade (�80%) in neonates induced
approximately 3-fold greater inhibition of CXCL8 release, compared
with anti-TLR4 (�30%). Anti-TLR4 partly (50–60%) inhibited
IL-10 and TNF-�, whereas anti-CD14 completely suppressed their
release. Our findings reveal that neonates depend more on TLR4 for
CXCL8 release. Furthermore, neonatal LPS-induced CXCL8 release,
apart from TLR4/CD14-mediated signaling, is regulated by LPS
interactions with other TLRs and/or immune receptors. IL-10 and
TNF-� release depends on LPS binding not only to CD14/TLR4 but
also to CD14 associated with another TLR. Our findings reveal the
contribution of TLR4 and CD14 in neonatal cytokine and chemokine
release and could aid in design of antagonists to prevent harmful
inflammation. (Pediatr Res 66: 179–184, 2009)

Neonates are highly susceptible to Gram-negative bacteria
that induce high morbidity and mortality. The principal

pathogenic agent involved in neonatal sepsis induced by Gram-
negative bacteria is endotoxin lipopolysaccharide (LPS), an es-
sential component of their surface. Defense against pathogens is
offered by immune cells, such as granulocytes, monocytes, and
dendritic cells (DCs), which express pattern-recognition recep-
tors (PRRs) that recognize specific structures present on micro-
organisms, termed pathogen-associated molecular patterns
(PAMPs) (1). Binding of PAMPs to PRRs triggers antimicrobial
responses to combat the infection (1,2).
LPS is one of the best characterized PAMPs that binds to

the CD14/toll-like receptor (TLR)4/MD2 complex of PRRs
and activates intracellular signaling (3). CD14 binds to LPS

but lacks an intracellular component and is, thus, incapable of
signaling. MD2 is a molecule necessary for LPS recognition
by TLR4, which also cannot mediate signaling. TLR4, upon
LPS binding, leads to intracellular activation of mitogen-
activated protein kinase and nuclear factor-�B that mediate
the transcription of proinflammatory cytokine and chemokine
genes (4). TLR4 signaling also activates DCs that subse-
quently present pathogenic peptides to T lymphocytes and,
thus, stimulate T-cell–mediated immunity (5).
The specific roles of TLR4 and CD14 in LPS-induced

inflammatory responses by neonatal leukocytes remain not
clearly defined. Studies in neonates regarding TLR4 and
CD14 expression on peripheral blood monocytes have gener-
ated contradictory data, showing either similar (6,7) or lower
(8–10) TLR4 and CD14 baseline levels, compared with
adults. Additionally, other reports have demonstrated that
stimulation of neonatal monocytes with LPS in vitro induces
increased TLR4 and CD14 levels, which, however, remain
lower than those of adults (7,9,10). In contrast, a recent study
by Yerkovich et al. (11) showed increased TLR4 expression
upon LPS stimulation in neonates, emphasizing the contro-
versy in the current literature.
During neonatal infections, an exacerbated inflammatory

response often occurs inducing the enhanced release of proin-
flammatory cytokines and chemokines, which may lead to
septic shock and death (12,13). In fact, expression levels of
TLR4 control the magnitude of the response to LPS. This was
shown in transgenic animals overexpressing TLR4 that are
more sensitive to endotoxin (14). We, thus, hypothesized that
the increased inflammation observed during severe neonatal
infections with Gram-negative bacteria is, at least partly, due
to an enhanced expression and/or function of CD14 and TLR4
on innate immune cells. To address this, we investigated the
expression patterns of TLR4 and CD14 on peripheral blood
leukocytes (PBLs) of preterm and full-term neonates. In ad-
dition, we studied the roles of TLR4 and CD14 in cytokine
and chemokine release by neonatal PBLs after LPS stimula-
tion, using specific blocking antibodies.
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PATIENTS AND METHODS

Study population. Thirty preterm neonates [birth weight (BW) 1850
(1500–2204 g), gestational age (GA) 33 (32–34 wk)], 30 full-term neonates
[BW 3210 (3210–3850 g), GA 38 (37–39 wk)], and 30 adults were included
in the study. All neonates and adults were healthy and exhibited no signs of
hypoxia or asphyxia or infections. Peripheral blood samples were obtained
from neonates between the 5th and the 15th postnatal days. We obtained
samples only after the 5th day because during the first postnatal days,
adaptations of various neonatal functions to the extrauterine life are taking
place. Moreover, we did not obtain any samples beyond the 15th postnatal day
because we aimed to confine our study to the early neonatal period. Neonates
with evidence of major congenital malformations, inborn errors of metabo-
lism, and those who had received immunotherapy were excluded from
enrolment. The study was approved by the Hospital Research Ethical Com-
mittee and informed written parental consent was obtained before neonates
were entered into the study.

Culture and stimulation of peripheral blood samples. Peripheral blood
samples were collected from neonates and adults and cultured in flat-
bottomed 48-well cell culture plates in 10% FBS, 1% penicillin or strepto-
mycin in RPMI 1640 � GlutaMAX (GIBCO BRL, Carlsbad, CA), at 37°C,
and 5% CO2. Samples were cultured either with medium or with 1000 ng/mL
of LPS (Sigma Chemical Co., St. Louis, MO) for the study of receptor
expression and cytokine release. For the investigation of receptor expression,
samples were stimulated for 4 h with LPS. For analysis of cytokine release,
samples were stimulated with LPS either for 4 h (CXCL8, TNF-�) or for 24 h
(IL-10). An ultrapure preparation of LPS was used in all experiments, because
previous reports have indicated that certain LPS preparations contain con-
taminants that can induce nonspecific signaling (15,16). For blocking studies,
whole blood samples were pretreated with anti-TLR2, anti-TLR4 (1 �g/100 �L,
eBiosciences, San Diego, CA), and anti-CD14 (5 �L/100 �L, Beckman Coulter,
Miami, FL) blocking antibodies, or isotype (Ig) control for 30 min and then
stimulated with 10 ng/mL LPS. Dose-response studies were performed with
anti-TLR4– and anti-CD14–blocking antibodies to identify the optimal antibody
concentration.

Treatment of the THP-1 human monocytic cell line. The THP-1 human
monocytic cell line was grown in RPMI 1640 medium, containing 2 mM
L-glutamine, 15 mM HEPES, 100 U/mL penicillin, 0.1 mg/mL streptomycin,
10% FBS (Invitrogen, Carlsbad, CA), at 5% CO2 and 37°C, as previously
described (17). Anti-TLR4–, anti-CD14–blocking antibodies or Ig control
were added 1 h before stimulation with 10 ng/mL LPS.

Cytokine analysis. Supernatants from cultures of whole blood samples and
THP-1 monocytes were collected, centrifuged at 1000 � g for 5 min, and
stored at �70°C, until further analysis. Cytokine and chemokine levels were
measured by ELISA (R&D), according to the manufacturer’s instructions.
The release of CXCL8 and TNF-� from THP-1 cells was measured by
chemiluminescence on Immulite 1000, 24 h after stimulation, as previously
described (18).

Flow-cytometric analysis. Whole blood samples were incubated for 30
min with fluorescently conjugated antibodies to CD14, TLR2, and TLR4 or
their respective Ig controls (anti-IgG1 and anti-IgG2a), according to the
manufacturer’s instructions (eBiosciences). All antibodies were used at 20
�L/100 �L whole blood. Red blood cells were lysed using VersaLyse
(Beckman Coulter). To perform FACS analysis, we used a Coulter cytometer
(Epics XL-MCL). Monocytes were identified according to their side scatter
properties and CD14high levels of expression. Mean fluorescence intensity
(MFI) was determined by subtracting the fluorescence intensity of the Ig
isotype controls from that of the specific antibody.

Statistical analysis. Descriptive statistics of cytokine and chemokine
levels are given as medians and 25–75% percentiles. The distribution of
values is presented as box plots. The Kruskal-Wallis nonparametric analysis
of variance was used for overall comparisons among the groups. Whenever
the overall p value was significant, below the 0.05 level (p � 0.05), pairwise
comparisons were performed using the Mann-Whitney U test.

RESULTS

Increased TLR4 and CD14 expression on monocytes from
neonates. We initially investigated the expression patterns of
TLR4 and CD14 on the surface of monocytes in the peripheral
blood of healthy preterm and full-term neonates and adults,
before and after ex vivo LPS stimulation. Kinetic and dose-
response studies of LPS stimulation were performed to iden-
tify the optimal conditions for TLR4 and CD14 expression

(data not shown). TLR4 baseline (before LPS stimulation) levels
were significantly greater on monocytes from preterm and full-
term neonates, compared with adults (p � 0.004 and p � 0.016,
respectively), (Fig. 1A). After stimulation with LPS, TLR4 ex-
pression was substantially increased in all groups (compared with
nonstimulated cells), and it remained significantly greater in
full-term neonates compared with adults (p � 0.009; Fig. 1A).
CD14 baseline levels were significantly greater in full-term ne-
onates compared with those of adults (p � 0.0001; Fig. 1B).
After stimulation with LPS, CD14 expression was increased in
all groups, and it remained significantly greater in full-term
neonates, compared with adults (p � 0.001; Fig. 1B).
Overall, enhanced TLR4 and CD14 expression was ob-

served in neonatal peripheral blood monocytes and this may
participate in the exacerbated inflammatory response often
occurring during neonatal infections.
Elevated CXCL8 levels in neonatal whole blood cells upon

LPS stimulation. We next investigated the LPS-induced re-
lease of CXCL8, TNF-�, and IL-10 by PBLs from neonates
and adults. In the absence of LPS, CXCL8, TNF-�, and IL-10
levels were undetectable in whole blood culture supernatants
(Fig. 2). Stimulation of PBLs with LPS resulted in increased
levels of CXCL8, TNF-�, and IL-10 in all groups studied (Fig.
2). CXCL8 release by PBLs upon LPS stimulation was sig-
nificantly greater in both preterm and full-term neonates,
compared with adults (p � 0.005 and p � 0.0001, respec-
tively; Fig. 2A). No significant differences were observed in
the release of TNF-� and IL-10 after LPS stimulation among
the groups studied (Fig. 2B and C, respectively).

Distinct roles of TLR4 and CD14 in LPS-induced
responses from neonatal peripheral blood cells. We subse-
quently studied the specific roles of TLR4 and CD14 in LPS-
induced release of CXCL8, TNF-�, and IL-10 from PBLs of
neonates and adults. Treatment with anti-TLR4 resulted in partial
inhibition of the LPS-induced CXCL8 release from PBLs of
preterm and full-term neonates and adults (38, 21, and 14%,

Figure 1. Increased TLR4 and CD14 surface expression in monocytes from
neonates. A, TLR4 surface expression was examined on CD14high monocytes
prior and after stimulation with LPS ex vivo. Baseline TLR4 levels (white
bars) were significantly greater in preterm and full-term neonates, compared
with adults (*p � 0.004 and **p � 0.016, respectively). After stimulation
with LPS (gray bars) TLR4 levels were also significantly greater in full-term
neonates, compared with adults (§p � 0.009). B, CD14 surface expression
was examined on PBLs at baseline (white bars) and after stimulation with
LPS ex vivo (gray bars). Baseline CD14 levels were significantly greater in
full-term neonates, compared with adults (*p � 0.0001). CD14 levels were
also significantly greater in full-term neonates, compared with adults after
stimulation with LPS (**p � 0.0001).
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respectively; Fig. 3A), compared with treatment with Ig control.
Notably, the percent inhibition in CXCL8 release upon anti-
TLR4 treatment was significantly greater (�3-fold) in preterm
neonates (38%), compared with that in adults (14%, p � 0.001;
Fig. 3A). Treatment with anti-CD14 also inhibited (�80%) the
LPS-induced CXCL8 release in all groups studied (Fig. 3A).
Interestingly, CD14 blockade (�80%) induced approximately a
3-fold greater inhibition of the CXCL8 release in neonates,
compared with TLR4 blockade (�30%). Treatment with both
anti-TLR4 and anti-CD14 did not result in a further increase in
the inhibition of LPS-induced CXCL8 release, compared with
treatment with anti-CD14 alone in any of the groups studied.
The LPS-induced TNF-� release was partially inhibited

(�60%) upon TLR4 blockade, compared with Ig control, in
all groups studied (Fig. 3B). In addition, treatment with anti-
CD14 resulted in complete inhibition (100%) of the LPS-
induced TNF-� release (Fig. 3B). Similarly to TNF-�, the
LPS-induced IL-10 release was partially inhibited (preterm
neonates 50%, full-term neonates 53%, and adults 48%) by
TLR4 blockade, whereas anti-CD14 treatment completely
(�100%) suppressed IL-10 release, compared with Ig control
(Fig. 3C). Our data indicate that the LPS-induced TNF-� and
IL-10 release depends more on the TLR4/CD14 complex
compared with that of CXCL8.
Because LPS-induced CXCL8, TNF-�, and IL-10 release

was not completely inhibited by anti-TLR4 treatment, we
hypothesized that LPS also uses another TLR for signaling.
Certain studies have shown that LPS can also bind and signal

through TLR2 (19,20). Hence, we next investigated whether
TLR2 was involved in LPS-induced responses by neonates.
Anti-TLR2 did not inhibit LPS-induced release of CXCL8,
TNF-�, and IL-10 in any of the groups studied (data not
shown), suggesting that TLR2 does not participate in this LPS
response.
Our data suggest that IL-10 and TNF-� release depends not

only on LPS binding and signaling through the CD14/TLR4
complex but also on CD14 associated with another TLR,
whereas CXCL8 release, apart from CD14/TLR4 binding,
also depends on LPS interactions with other TLRs and/or
immune receptors.
Effects of TLR4 and CD14 blockade on LPS-induced

responses in a human monocytic cell line. LPS has been
shown to bind to surface receptors present not only on mono-
cytes but also on other leukocytes, such as granulocytes and
DCs. Therefore, it is plausible that these cells may have also
contributed to the observed effects of TLR4 and CD14 block-
ade on LPS-induced responses in neonatal PBLs. To deter-
mine whether the neonatal PBL responses observed after LPS
stimulation were, at least partly, induced by monocytes, we
performed a similar set of experiments using the human
monocytic THP-1 cell line. THP-1 monocytes have been
extensively used for the study of LPS-induced TLR4 signaling
(21,22,23). Anti-TLR4 treatment partially inhibited (17%) the
LPS-induced CXCL8 release, whereas CD14 blockade re-
sulted in a 4-fold greater inhibition (76%) of CXCL8 release,
compared with anti-TLR4 (Fig. 4A). Blockade of both TLR4

Figure 2. Increased LPS-induced CXCL8 release by neonatal leukocytes. Levels of (A) CXCL8, (B) TNF-�, and (C) IL-10 in culture supernatants of PBLs from
neonates and adults before (black bars) or after stimulation with LPS ex vivo (gray bars). CXCL8 levels were significantly greater in preterm and full-term
neonates, compared with adults (*p � 0.005 and **p � 0.0001, respectively).

Figure 3. TLR4 and CD14 have distinct roles in LPS-induced responses of neonatal leukocytes. Percent inhibition of LPS-induced (A) CXCL8, (B) TNF-�,
and (C) IL-10 release after blockade of TLR4 and CD14 in PBLs from preterm (white bars), full-term (gray bars) neonates, and adults (black bars) is shown.
The percent inhibition of CXCL8 release upon anti-TLR4 treatment was significantly greater in preterm neonates, compared with adults (*p � 0.001).
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and CD14 did not result in a further increase in the inhibition
of LPS-induced CXCL8 release, compared with treatment
with anti-CD14 alone (Fig. 4A). TNF-� release was partially
inhibited by anti-TLR4 and anti-CD14 treatment (33% and
89%, respectively), compared with Ig control (Fig. 4B). As
with CXCL8, blockade of both TLR4 and CD14 did not result
in a further increase in the inhibition of LPS-induced TNF-�
release, compared with treatment with anti-CD14 alone (Fig.
4B). These data mirror the ones obtained from neonatal PBLs
and suggest that the effects observed on TLR4 and CD14
blockade on LPS-induced responses are mainly mediated by
neonatal monocytes.

DISCUSSION

In this study, we have demonstrated that preterm and
full-term neonates express significantly greater levels of TLR4
on peripheral blood monocytes both at baseline and after LPS
stimulation, compared with adults. In agreement, Yerkovich et
al. (11) demonstrated higher TLR4 levels on peripheral blood
monocytes after LPS stimulation in neonates, compared with
infants and adults. However, other studies using cord blood
samples showed either similar (8) or lower (6,7) TLR4 levels
on monocytes after LPS stimulation. We also observed sig-
nificantly greater CD14 expression at baseline and after LPS
stimulation in full-term neonates compared with adults. In
previous studies, CD14 baseline levels were found to be either
similar (6,7) or lower (8–10) than those of adults. LPS
stimulation increased CD14 levels in cord blood monocytes,
which, however, remained lower than those of adults (9,10).
The aforementioned disparities regarding TLR4 and CD14
expression levels may be due to differences in the LPS con-
centration used or the time point of analysis, as well as, to the
fact that we have used neonatal peripheral blood and not cord
blood. Furthermore, because the number of neonates exam-
ined in some of the cord blood studies was very small, it may
be difficult to reach solid conclusions, taking also into con-
sideration the wide range of normality in neonatal values.
Collectively, our data suggest that the increased TLR4 and
CD14 expression on LPS stimulation in neonatal monocytes
may participate in the exacerbated inflammation, which is
often observed during severe infections.
Our findings also demonstrated significantly increased lev-

els of the proinflammatory chemokine CXCL8 upon LPS

stimulation of neonatal PBLs, compared with adults. These
findings are in agreement with those from several other studies
(24–28). In addition, we showed that LPS-induced TNF-�
production was similar between neonates and adults, as also
demonstrated by other studies (11,24,29). However, other
investigators have found lower TNF-� levels by neonatal
leukocytes upon LPS stimulation compared with adults (6,7).
TNF-� release seems to depend on the dose of LPS used. This
was shown in a study by Yan et al., (7) who demonstrated that
high LPS concentrations (10 ng/mL) induced similar TNF-�
levels in adults and neonates, whereas, at lower (0.1 ng/mL)
LPS concentrations, TNF-� secretion was significantly lower
in newborns. Furthermore, we observed that neonatal PBLs
after LPS stimulation produced the anti-inflammatory cyto-
kine IL-10 at levels similar to those of adults. IL-10 levels
have been demonstrated to be either similar (11,24) or lower
to those of adults (30). Thus, our data indicate that neonates
mount a more pronounced proinflammatory response, whereas
their anti-inflammatory response is similar to that of adults.
Blockade of TLR4 resulted in only partial inhibition of the

LPS-induced CXCL8 release by PBLs from neonates and
adults. This suggested that another TLR and/or MD2 may be
involved in CXCL8 release after LPS stimulation. Impor-
tantly, our data showed that preterm neonates depended more
on TLR4 for CXCL8 release (38% inhibition), compared with
full-term neonates and adults (21 and 14% inhibition, respec-
tively), pointing to distinct signaling pathways. In our effort to
identify an alternate LPS receptor, we treated PBLs with
anti-TLR2, a receptor considered to mediate LPS responses
(19,20). However, blockade of TLR2 did not inhibit LPS-
induced CXCL8 release.
Furthermore, our findings revealed that CD14 blockade did

not completely inhibit the LPS-induced CXCL8 release from
neonatal PBLs, suggesting the presence also of CD14-
independent mechanisms for LPS responses. In agreement
with our data, certain studies have shown that CD14 is not
critical for LPS binding (31) and TNF-� production (32) in
adult monocytes. However, others support the importance of
CD14 in eliciting LPS responses because CD14-deficient mice
exhibited impaired LPS uptake (33) and were highly resistant
to shock mediated by Gram-negative bacteria (34).
Blockade of both TLR4 and CD14 did not result in a

complete suppression of LPS-induced CXCL8 release by
neonatal PBLs. This suggests that the LPS-induced CXCL8
release also depends on another receptor. MD2 may be such a
receptor and simultaneous blockade of MD2 merits further
investigation. Alternatively, apart from the CD14/TLR/MD2
complex, LPS may regulate CXCL8 via binding and signaling
through a different immune cell receptor. The receptor of
mannose-binding lectin may be such a signaling molecule, as
a recent study has demonstrated that mannose-binding lectin
enhances LPS-mediated release of proinflammatory cytokines
and chemokines by endothelial cells, possibly through binding
to its receptor (35).
LPS-induced release of TNF-� and IL-10 by PBLs was

only partially inhibited (�60 and �50%, respectively) by
TLR4 blockade in neonates, suggesting that LPS utilizes both
TLR4-dependent and TLR4-independent mechanisms. In con-

Figure 4. Effects of TLR4 and CD14 blockade on LPS-induced responses by
the human THP-1 monocytic cell line. Percent inhibition of LPS-induced (A)
CXCL8 and (B) TNF-� release by blockade of either TLR4 (black bars),
CD14 (gray bars) or TLR4 and CD14 (white bars) in THP-1 cells is shown.
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trast, CD14 blockade resulted in complete inhibition of both
TNF-� and IL-10 release, suggesting that CD14 is essential
for these responses. Taken together, our studies revealed that
TNF-� and IL-10 release by neonatal PBLs depends on LPS
binding to CD14 associated not only with TLR4, but also with
another TLR and/or MD2. Studies using blocking of CD14
and TLR4 receptors to determine their effect on cytokine
production have been limited in adults (36,37). In a single
study in neonates, Karlsson et al. (24) demonstrated that
blockade of either CD14 or TLR4 suppressed TNF-� release.
However, the investigators used a different approach that
involved stimulation of cord blood monocytes with whole
Escherichia coli bacteria (24). It is possible that this disparity
is due to the different experimental protocols used (i.e. differ-
ences in the amounts of E. coli and LPS used). Interestingly,
our data indicate that TLR4 plays a more prominent role in
LPS-induced release of TNF-� and IL-10, compared with
CXCL8. Summarizing our results, we propose a model that
describes the distinct roles of TLR4 and CD14 in LPS-induced
responses of neonatal PBLs (Fig. 5).
The pathophysiology of an infectious disease may be

caused not only by the pathogen involved but also by exces-
sive inflammatory responses, which are sometimes more dam-
aging to the host than the virulence activity of the pathogen
that elicited them. Thus, understanding the balance between
these two causes of host tissue damage is crucial for the
development of appropriate therapeutic strategies. Soluble
TLRs or antibodies that block LPS binding to TLRs or to
CD14 and MD2 have been used in the treatment of sepsis (38).
The findings of our current study have demonstrated increased
TLR4 and CD14 expression by neonatal PBLs after LPS
stimulation, compared with adults, supporting the importance
of TLR4 and CD14 expression levels in regulating the mag-
nitude of the response to LPS. Moreover, our data reveal the

specific roles of TLR4 and CD14 in LPS-induced responses in
neonates and suggest that other immune cell receptors may be
also involved. Our findings could aid in the design of antag-
onists against TLR4 and CD14 for blocking or partially
blocking the release of specific cytokines or chemokines,
which may ultimately prevent harmful and potentially life-
threatening inflammatory responses, induced by Gram-
negative bacteria in newborns.
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