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Despite recent identification of specific pattern recognition re-
ceptors (PRR) for distinct microbial structures, data indicating their
relevance in human infectious diseases are limited. We determined
the expression levels of the Toll-like receptor (TLR)2 and TLR4 by
flow cytometry on granulocytes and monocytes of healthy neonates
compared with healthy adults. The basal expression of TLR2 was
only slightly lower in neonatal phagocytes, whereas no differences
could be detected for TLR4. Analyzing neonates with sepsis, we
found an impressive up-regulation of TLR2 on blood phagocytes
already at initial presentation of symptoms. Comparison with C-re-
active protein, IL-8, and IL-6 suggested that TLR2 expression on
monocytes is comparably valuable as an early sepsis marker. TLR2
was differentially regulated during neonatal sepsis, showing a con-
stant up-regulation on monocytes but only a transient increase on

granulocytes. Surprisingly, TLR4 showed no remarkable changes.
Our results revealed a mild deficiency of TLR2 expression in
newborns and demonstrated a differential expression of TLR2 but
not TLR4 in the course of neonatal sepsis, which could reflect
specific inflammatory responses to distinct pathogens. The defini-
tion of TLR expression patterns might open a new field of thera-
peutic targets for neonatal sepsis. (Pediatr Res 58: 654–659, 2005)

Abbreviations
LPS, lipopolysaccharide
MFI, mean fluorescence intensity
PRR, pattern recognition receptor
TLR, Toll-like receptor

Neonatal sepsis remains a leading cause of neonatal mor-
bidity and mortality despite recent advances in neonatal inten-
sive care (1,2). Although several deficiencies in the neonatal
immune system have been revealed, including qualitative and
quantitative deficits in phagocytes and humoral components
(3–8), they may only partly explain the overwhelming nature
of neonatal sepsis. The key for differences in the course of
neonatal and adult sepsis might be molecular mechanisms
involved in the initiation process of systemic inflammatory
response syndromes, i.e. the activation of innate immune cells
through invading microbes. In the innate immune system,
many types of receptors participate in microbe detection. An
exciting discovery was the finding that host organisms have
developed a set of specific receptors (PRR) for the recognition
of highly conserved and essential molecular structures of mi-
crobes [pathogen-associated molecular patterns, PAMP)] (9).
TLR2 was identified as a receptor for Gram-positive pepti-
doglycan and bacterial lipopeptides (10,11), whereas TLR4 is
part of a receptor complex recognizing Gram-negative bacte-

rial LPS and is required for LPS signal transduction (12). Both
finally trigger inflammatory responses through an IL-1 recep-
tor-like pathway that uses an adapter protein (MyD88), IL-1
receptor associated kinase (IRAK), and tumor necrosis factor
receptor–associated factor (TRAF)-6 signaling to activate nu-
clear factot (NF)�B and mitogen-activated protein kinase de-
pendent signaling pathways (13). They initiate distinct genetic
programs, including the induction of a subset of chemokines
like macrophage inflammatory protein (MIP)-1�, MIP-1�, and
RANTES (regulated upon activation, normal t-cell expressed
and secreted) mediated by TLR2 and TLR4, whereas IP-10 is
preferentially induced by TLR4 and IL-8 preferentially by
TLR2 (14). The model of microbial recognition has now
evolved into one in which immune cells use multiple PRR to
detect several features of a microbe simultaneously. The signal
pattern transduced by the combination of different innate im-
mune receptors may be the key to the kind of immune response
that is elicited (15).
Except for in vitro experiments or murine models, data

regarding the expression and in vivo relevance of TLR in
humans are limited. Analysis of TLR1, 2, and 4 in experimen-
tal endotoxemia indicated a differential regulation of the ex-
pression of TLR1, 2, and 4 on granulocytes and monocytes by
LPS (16). A recent study in adults revealed up-regulation of
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TLR2 expression in Gram-negative and -positive sepsis with-
out changes in the expression of TLR4 (17). We determined
the expression levels of TLR2 and TLR4 on granulocytes and
monocytes in healthy newborns and adults to obtain first
information whether basal differences might explain the differ-
ent courses of sepsis. Furthermore, we analyzed the expression
of TLR2 and TLR4 in the course of neonatal sepsis to evaluate
them as potential early sepsis markers compared with classical
sepsis markers as CRP, IL-8, and IL-6 (18–20) and to asses the
relevance of TLR in human infectious disease in general
inasmuch as neonatal sepsis is more homogeneous than adult
sepsis with respect to underlying causes.

METHODS

Study population. In this study, we prospectively enrolled 20 adult healthy
blood donors and 85 term neonates without congenital malformation. Sepsis in
newborns was defined according to generally accepted criteria as described
earlier (21). In addition to clinical symptoms (apnea, bradycardia, desaturation,
instability of body temperature, feeding intolerance), the presence of at least
three of the following criteria within 48 h after onset of symptoms was
required: a) C-reactive protein (CRP) �20 mg/L; b) pneumonia (radiologic
diagnosis or cultural evidence in tracheal aspirate); c) cultural evidence of
infection other than blood culture; d) ratio of immature to total neutrophils (I/T
ratio) � 0.2; and e) green amniotic fluid, premature rupture of membranes, or
signs of infection of the mother. In addition, sepsis was proven if microbes
were isolated from blood cultures. No death occurred; all patients could be
successfully treated by supportive and standard antibiotic treatment. Control
blood samples were obtained from healthy neonates in whom blood was taken
for the screening of inborn errors of metabolism. The parents’ informed
consent was obtained and the study was approved by the institutional ethics
committee.

Flow cytometry. EDTA whole blood samples were stained for 20 min at
4°C in the dark with isotype-matched control antibodies (BD PharMingen, San
Diego, CA), a FITC-conjugated CD14 MAb (MAb) (clone M�P9, BD Phar-
Mingen), and PE-conjugated MAb against TLR2 (clone TL2.1, eBioscience,
San Diego, CA) or TLR4 (clone HTA125, eBioscience), respectively. Mea-
surements were performed using a FACSCalibur flow cytometer and data
acquired by CellQuest software (BD Biosciences, Franklin Lakes, NJ). Gran-
ulocytes and monocytes were differentiated by scatter properties and CD14high-
(monocytes) or CD14low- (granulocytes) expression. For each marker, the MFI
of the marker positive cell population was determined.

Data analysis. We defined the MFI shift as the ratio of the MFI of the
marker to the MFI of the isotype control. For statistical analyses we applied the
Mann-Whitney test and considered p values � 0.05 significant. Correlations of
parameter were calculated according to the method of Spearman-Rho using the
SPSS software version 11.0.1 (SPSS Inc., Chicago, IL).

Analysis of CRP, IL-8, and IL-6 serum levels. CRP serum concentrations
were determined by a commercial chemoluminescence-immunoassay
(IMMULITE, DPC Biermann, Bad Nauheim, Germany). The concentrations
of IL-8 and IL-6 were determined using the human inflammation cytometric
bead array (CBA) (BD PharMingen). Briefly, 10 �L of each serum sample was
mixed with 50 �L of mixed capture beads and incubated for 1.5 h at room
temperature. Samples were washed once and incubated for 1.5 h at room
temperature in the dark with 50 �L of the human inflammation PE detection
reagent containing PE-conjugated anti-human IL-8 and anti-human IL-6.
Subsequently, samples were washed and resuspended in 300 �L wash buffer
before acquisition on the FACSCalibur using CBA software (BD PharMin-
gen). Standard curves were generated using the standards provided by the kit.
The concentrations for IL-8 and IL-6 were determined by interpolation from
the standard curves ranging from 20 to 5000 pg/mL, respectively.

RESULTS

Neonatal study population. We restricted the study popula-
tion to term neonates without congenital malformations.
Healthy newborns (n � 53) and patients (n � 32) were
prospectively enrolled and matched for gender, gestational age,
and birth weight (Table 1). In the majority of cases, first
symptoms of sepsis were seen at the first or second day of life

(early-onset sepsis, n � 27), whereas sepsis after 72 h of birth
occurred in only five cases. Control samples were matched
according to the age at entry in the study (Table 1). In six
patients, sepsis was proven by positive blood culture, from
which Gram-positive microbes were isolated in five cases
(group B streptococci) and Gram-negative in one case (Esch-
erichia coli).
Basal differences of TLR expression in healthy newborns

and adults. To determine whether basal differences in the
expression pattern of TLR exist between healthy neonates (n �
53) and adults (n � 20), we analyzed the expression of TLR2
and TLR4 on phagocytic cells by flow cytometry. Except for
the expression of TLR2 on adult monocytes, the expression
level of TLR2 and TLR4 were low in phagocytic cells of
healthy individuals (Fig. 1). TLR2 was expressed at somewhat
higher levels in adult than in newborn phagocytes (1.2-fold in
granulocytes, 1.6-fold in monocytes) (Fig. 1A). The expression
level of TLR4 showed a higher variance in neonatal granulo-
cytes and monocytes and no significant differences between
adults and neonates (Fig. 1B).
Differential expression of TLR on granulocytes and mono-

cytes in the course of neonatal sepsis. We performed flow
cytometric analysis of TLR2 and TLR4 expression in newborn
patients on d 0, when clinical sepsis was first suspected and
before start of antibiotic treatment, and at four defined time
points during follow-up (d 1, 2/3, 4–6, and 7–10). Distinct
scatter properties as well as expression levels of CD14 allowed
the flow cytometric differentiation of granulocytes and mono-
cytes and isolated analysis of TLR2 and TLR4 (Fig. 2, A and B).
Already at initial presentation patients with sepsis showed a

significant increase of TLR2 expression on granulocytes and
monocytes compared with healthy neonates (p � 0.01) with a
general higher expression level in monocytes (Fig. 2, A and B,
and Fig. 3, A and B). Taking the mean value plus 2 SD of the
control group as an upper cut-off, we found an elevated ex-
pression of TLR2 on d 0 of sepsis in 24% of all patients for
granulocytes and in 71% of all patients for monocytes. In
granulocytes, TLR2 expression further increased on d 1 of
sepsis up to 63% of patients but then rapidly decreased to
control values until the end of the first week to insignificant
values in comparison to the control. In contrast, in monocytes,
the expression of TLR2 remained constantly high until the
second week of sepsis. The expression changes of TLR2 were
even stronger in patients with bacteremia as documented by
positive blood cultures (MFI ratio � SEM in granulocytes: d 0,
1, 2/3, 4–6, and 7–10 of unproven sepsis: 2.13 � 0.20, 3.24 �
0.68, 2.33 � 0.22, 1.51 � 0.22, and 1.77 � 0.20; d 0, 1,
2/3, 4–6, and 7–10 of proven sepsis: 2.59 � 0.34, 3.3 � 0.41,

Table 1. Characteristics of study groups

Sepsis group
(n � 32)

Control group
(n � 53)

Sex (F/M) 10/22 25/28
Birthweight (g) 3500 � 420 3200 � 690
Gestational age (weeks) 39 � 2 39 � 3
APGAR 1 min 7 � 2 9 � 1
APGAR 5 min 9 � 1 10 � 1
Age at entry in the study (days) 2 � 2 3 � 2
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3.65 � 0.82, 2.25 � 0.43, and 1.91 � 0.42. MFI ratio � SEM
in monocytes: d 0, 1, 2/3, 4–6, and 7–10 of unproven sepsis:
1.47 � 0.20, 1.80 � 0.24, 2.24 � 0.33, 1.71 � 0.19, and
2.25 � 0.24; d 0, 1, 2/3, 4–6, and 7–10 of proven sepsis:
2.12 � 0.27, 1.67 � 0.18, 2.76 � 0.34, 2.48 � 0.46, and
3.00 � 0.30).
The expression of TLR4 on granulocytes remained con-

stantly low and showed no significant changes (Fig. 2A and
Fig. 3A). On monocytes, the expression level of TLR4 was
higher compared with granulocytes and increased slightly dur-
ing sepsis but was significant only on d 1 compared with
control monocytes (Fig. 2B and Fig. 3B) d 2 or 3.
Correlation of TLR expression with WBC counts. To con-

trol whether changes in the expression of TLR2 on granulo-
cytes and monocytes might be due to shifts of absolute cell
counts or shifts of granulocytes to bands in the course of
neonatal sepsis, we performed blood counts according to the
time schedule applied for the flow cytometric analyses, i.e. d 0,
1, 2/3, 4–6, and 7–10 of sepsis. Monocyte counts did not
change in the course of sepsis (Table 2), suggesting that
expression changes of TLR2 detected on monocytes are rather
due to activation and maturation processes than a release of
new subpopulations of monocytes from the bone marrow. As
anticipated, significant increases on d 0 of sepsis could be
detected for the number of leukocytes, bands, and granulocytes
(Table 2), implying a relation to the changes in the expression
of TLR2 on granulocytes. However, with a correlation coeffi-
cient r of 0.18 (p � 0.1), no significant relation exists between
the expression levels of TLR2 and the course of leukocyte or
band counts during neonatal sepsis. Only with respect to the
number of granulocytes did we find a similar time course
compared with the expression of TLR2. However, the corre-
lation was poor, with r � 0.29 (p � 0.005).
Value of the analysis of TLR expression levels as early

sepsis marker. The high expression of TLR2 on phagocytic
cells upon presentation of neonatal sepsis patients suggests this
parameter as potential early sepsis marker. We, therefore,
randomly selected 12 control newborns and 12 sepsis patients
to analyze CRP, IL-8, and IL-6 on d 0 of sepsis. We compared

the serum level of these inflammation markers with the corre-
sponding expression levels of TLR2 in this study group.
With respect to the upper cut-off (mean value � 2 SD of the

control group), we found elevated CRP serum concentrations
in 8 patients (67%) (data not shown), elevated IL-8 serum
levels in 7 (58%), and elevated IL-6 levels in 8 of 12 patients
(67%) on d 0 of sepsis (Fig. 4A). In the 12 healthy newborns,
CRP (data not shown) and IL-8 (Fig. 4) were not increased (no
false positive) and IL-6 was only once increased (8% false
positive) (Fig. 4A). The same approach applied on TLR2
expression revealed elevated levels on monocytes in 8 of 12
patients (67%) on d 0 of sepsis and 1 of 12 control newborns
comparable to the sensitivity and specificity of IL-6 serum
levels (Fig. 4). TLR2 expression on granulocytes was not a
competitive sepsis marker (33% true positive, 8% false posi-
tive) (Fig. 4).

Figure 1. Basal expression of TLR2 and TLR4 in adults and neonates. EDTA
blood samples from healthy newborns (dark boxplots, n � 53) and healthy
adults (light boxplots, n � 20) were obtained. Analyses of the expression of
TLR2 (A) and TLR4 (B) were performed by flow cytometry, allowing the
differentiation of granulocytes and monocytes by scatter properties. Boxplots
represent ranges, quartiles, and medians. *Significant differences between
neonatal and adult cells, with p � 0.01.

Figure 2. TLR2 and TLR4 expression pattern at initial presentation of
neonatal sepsis. Granulocytes (A, C, E) and monocytes (B, D, F) were
differentiated flow cytometrically by scatter properties. We determined the
expression of TLR2 (C, D) and TLR4 (E, F) according to the appropriate
PE-conjugated isotype matched control antibody (dotted line) in healthy
neonates (gray-filled area) and neonates on d 0 of sepsis (bold line). Histo-
grams show representative data from one healthy newborn and one patient with
neonatal sepsis.
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DISCUSSION

Neonatal sepsis causes significant mortality and morbidity in
infants, especially preterm infants (1,2,22). Despite consider-
able advances of neonatal intensive care medicine, the patho-

genesis of neonatal sepsis with its rapid progression from
infection to a systemic inflammatory response still remains
little understood. Beyond doubt, sepsis is a clinical manifesta-
tion of a dysregulated immune response to invasive pathogens.
However, numerous clinical trials with immunomodulatory
approaches for neonates with suspected or proven infections
failed to improve survival (23–26). Many new concepts regard-
ing the pathogenesis of sepsis evolved from the recent finding
of a diverse system of PRR based on in vitro experiments or
data obtained in the murine system (15). Thus, mice with a
genetic deficiency or mutations of TLR4 are defective in LPS
signaling and more resistant to endotoxin shock (12), whereas
TLR2- and MyD88-deficient mice are more susceptible to
infections by Staphylococcus aureus (27). Major evidence of a
pathophysiological relevance of TLR in infectious diseases
derives from a recent study in a murine model of experimental
polymicrobial sepsis. TLR2 and TLR4 gene expression and
TLR4 protein levels increased in liver and lung 24 h after
induction of sepsis, which correlated strongly with sepsis-
induced lethality (28). The first in vivo study in humans with
respect to the expression of TLR was conducted in experimen-
tal endotoxemia in adults showing up-regulation of TLR2 on
monocytes but no changes on neutrophils after LPS infusion,
whereas TLR4 was strongly down-regulated on neutrophils but
not significantly regulated in monocytes (16). A recent study in
adults with proven sepsis investigated the expression of TLR2
and TLR4 only on monocytes, confirming the results of exper-
imental endotoxemia (17).
Data for healthy neonates with respect to the expression of

TLR at the protein level are limited (29,30) and no data have
been reported so far for neonates with infections. Our study
reveals several differences between neonates and adults regard-
ing the expression of TLR2 and TLR4. In healthy individuals,
TLR2 is significantly but rather little lower expressed on
neonatal granulocytes and monocytes compared with adult
phagocytes, whereas the expression levels of TLR4 are com-
parable. A differential maturation deficiency regarding the
expression of TLR in neonates becomes obvious. In recent
studies, the basal expression of TLR2 (29,30) and TLR4
(29,30) were similar in neonatal and adult monocytes at the
mRNA and/or protein level. However, these studies were
performed using umbilical cord blood. Our analysis of periph-
eral blood samples confirmed no differences for TLR4 but
revealed little while significant lower basal TLR2 expression
on neonatal phagocytes. Interestingly, the characterization of
TLR2-deficient mice revealed that local infection with group B
streptococci (GBS) lead to systemic spread of GBS, which

Figure 3. Expression of TLR2 and TLR4 in the course of neonatal sepsis. The
expression level of TLR2 (F) and TLR4 (E) were analyzed by flow cytometry
on granulocytes (A) and monocytes (B) and expressed as MFI ratio. Data were
acquired from healthy newborns (controls, n � 53) and patients (n � 32) on
four defined time points during the course of neonatal sepsis. Plots represent
means with SEM. *Significant differences in the expression levels of control
group and sepsis group, with p � 0.01.

Table 2. Absolute values of leucocytes

Leucocytes*
(�103/�l)

Bands*
(/�l)

Granulocytes*
(�103/�l)

Monocytes*
(�103/�l)

Control group 12.8 � 6.2 114.9 � 74.6 7.4 � 4.9 1.6 � 3.8
Sepsis group/day 0 19.5 � 7.7** 1231.3 � 444.0** 12.2 � 6.7** 1.0 � 0.7
Sepsis group/day 1 16.1 � 10.7 626.4 � 536.0** 10.0 � 9.1 1.0 � 0.8
Sepsis group/day 2 � 3 13.4 � 7.3 213.8 � 211.7 7.9 � 5.9 1.0 � 0.7
Sepsis group/day 4–6 13.3 � 4.3 133.0 � 55.4 6.0 � 3.4 1.5 � 1.0
Sepsis group/day 7–10 11.3 � 2.2 101.6 � 24.1 3.9 � 1.4** 1.3 � 0.6

* Mean values � SD. ** Differences significant with p-values � 0.05 compared to the control group.
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could be prevented in wild-type mice (31). Our results of a low
basal expression of TLR2 might therefore be associated with
the particular susceptibility of neonates for infections with
Gram-positive pathogens.
Our data show that the expression of TLR2 on phagocytes is

already increased at initial presentation of clinical symptoms.
The majority of patients show values above the 95% confi-
dence interval for the expression of TLR2 on monocytes
(67%). From that point of view, TLR2 might compete with
classic sepsis markers as CRP, IL-8, and IL-6, for which broad
sensitivity ranges of 28–89% for CRP, 50–92% for IL-8, and
74–100% for IL-6 were reported (18,32–34). In our study, the
direct comparison of CRP, IL-8, and IL-6 with TLR expression
in a group 24 healthy and septic newborns showed that TLR2
expression on monocytes appeared similarly valuable.
Moreover, TLR2 was differentially regulated in the course of

neonatal sepsis, with a rapid and constant high expression on
monocytes but only transient up-regulation on granulocytes.
With respect to the expression pattern on monocytes, data are
concordant with analyses in adult experimental endotoxemia
and adult sepsis. However, adults showed no changes in the
expression of TLR2 on granulocytes, supporting the hypothesis
of a hyperinflammatory state in neonatal sepsis (16,17). Data
analysis showed a weak correlation between the course of
TLR2 expression and the course of granulocyte counts, imply-
ing activation or maturation processes of the granulocytes
leading to a specific loss of TLR2, for example, through
shedding or internalization. However, a simple consumption of
granulocytes leading to the decrease in TLR2 expression can-
not be excluded. The down-regulation of the TLR2-mediated
inflammatory program in granulocytes after 3 d of sepsis also
potentially reflects successful treatment. The constant high
TLR2 expression on monocytes suggests a predominant role
for monocytes in the later phase of sepsis. In vitro assays have
demonstrated that effector activity and survival of granulocytes
in response to LPS depend upon the presence of monocytes
(35). Therefore, in neonatal sepsis, ongoing inflammatory ac-

tivity of monocytes might be mandatory for a successful
outcome.
Surprisingly, TLR4 showed no remarkable expression

changes in the course of neonatal sepsis. Because TLR4 pri-
marily recognizes LPS of Gram-negative bacteria (12) and
expression levels correlate with LPS susceptibility in mice
(36), the entire expression pattern in neonatal sepsis might
reflect the fact that Gram-positive microorganisms are respon-
sible for the majority of cases. In experimental endotoxemia
and adults with Gram-positive as well as Gram-negative sepsis,
TLR4 expression on monocytes did not change and decreased
on granulocytes in experimental endotoxemia (16,17).
In summary, we demonstrate for the first time expression

deficits of TLR2 on neonatal innate immune cells compared
with adults. Furthermore, we observed distinct expression pat-
terns of TLR2 and TLR4 in the course of neonatal sepsis.
Rapid and high increase of the expression of TLR2 at initial
symptoms suggests this parameter as a candidate for early
sepsis marker. Because therapeutic modulation of TLR prom-
ised high benefit for sepsis outcome in a murine model (28),
the definition of TLR expression patterns might open a new
field of therapeutic targets for neonatal sepsis.
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