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ABSTRACT: Toll-like receptors (TLRs) play important roles in
infection. We have previously reported TLR2 is up-regulated in
neonatal Gram-positive (G�) bacteremia, whereas TLR4 is up-
regulated in neonatal Gram-negative (G�) bacteremia. For func-
tional signaling, TLR4 requires myeloid differentiation (MD)-2, and
both TLR2 and TLR4 signal need myeloid differentiation factor
(MyD88). However, it is unknown whether newborns can enhance
expression of MD-2 and MyD88 with bacterial infection in coordi-
nation with TLR expression. We characterized neonatal peripheral
blood leukocyte expression of MD-2 and MyD88 in relation to
TLR2/4 in newborns. TLR2 mRNA expression by PBMCs and TLR2
protein expression by monocytes and granulocytes were significantly
increased in the G� bacteremia group. TLR4 mRNA on PMBCs and
protein expression on monocytes and granulocytes were significantly
increased in the G� bacterial group. Remarkably, although, MyD88
mRNAwas increased in all patients with documented bacterial infection
and correlated with both TLR2 and TLR4,MD-2mRNAwas selectively
increased in G� bacterial group, wherein it correlated with TLR4 but
not with TLR2 mRNA. Our findings demonstrate that during bacterial
infection in vivo, newborns selectively and coordinately amplify the
TLR2-MyD88 pathway in G� bacterial infection and the TLR4/
MD2/MyD88 pathway in G� bacterial infection, suggesting key
roles for innate immune pathway in neonatal responses to bacte-
rial infection. (Pediatr Res 68: 479–483, 2010)

Bacterial infections remain a leading cause of neonatal
morbidity and mortality, especially among premature

neonates. The mechanisms of immune function in newborns
are not completely understood. It is assumed that high sus-
ceptibility of newborns to infections is because of the func-
tional immaturity of innate and adaptive immune responses
(1). The innate immune response is important in the early
stages of defense against bacterial pathogens. Defense against
pathogens is, in part, based on leukocytes, such as granulo-
cytes and monocytes, which express pattern recognition re-
ceptors (PRRs) that recognize specific structures present on
microorganisms, termed pathogen-associated molecular pat-

terns (PAMPs) (2,3). Among the PRRs are the toll-like recep-
tors (TLRs), whose importance as sentinel receptors has been
increasingly appreciated (4,5). Eleven TLRs have been iden-
tified in mammals that recognize different PAMPs present in
bacteria and viruses, among which TLR2 and TLR4 are the
most widely studied (6). Multiple studies have shown that
TLR2 mainly responds to Gram-positive (G�) bacterial pep-
tidoglycan (7) and TLR4 mainly recognizes Gram-negative
(G�) bacterial lipopolysaccharides (LPS) (8). LPS is one of
the best-characterized PAMPs that bind to the CD14/TLR4/
MD-2 receptor complex (9). CD14 binds to LPS but lacks an
intracellular component and is, thus, incapable of signaling.
Myeloid differentiation (MD)-2 is a protein necessary for LPS
recognition by TLR4. MD-2 binds on TLR4 in the endoplas-
mic reticulum/cis-Golgi and then the TLR4-MD-2 complex
moves to the cell surface (10). LPS binds MD-2 triggering
changes in MD-2 conformation that are detected by TLR4
(11). Engagement of TLR4 activates intracellular signaling via
the adapter protein myeloid differentiation factor 88 (MyD88)
(12), ultimately leading to intracellular activation of mitogen-
activated protein kinase and nuclear factor-�B that activate
transcription of cytokine and chemokine genes (13).
Most studies of the functional expression of the TLR sys-

tem have been performed in samples derived from murine or
human adults. Studies of neonatal mice and human neonatal
cord blood have demonstrated GA-dependent increases in
expression of functional TLR4 during gestation (14,15). Stud-
ies of basal and LPS-induced TLR4 expression on neonatal
blood monocytes demonstrate expression of TLR4 at birth and
some ability of neonatal cells to up-regulate TLR4 in vitro but
have provided contradictory data with respect to quantitative
comparisons with adult cells (14,16–21). TLR4 expression in
neonatal cord blood monocytes increases in a GA-dependent
manner, whereas that of TLR2 does not (22). Unstimulated
human newborn cord blood monocytes express TLRs and
MyD88 at birth (16,23). Basal expression of TLR2 is slightly
lower in neonatal phagocytes compared with adults (17).Received March 4, 2010; accepted August 10, 2010.
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Compared with the many studies of TLR expression in
vitro, much less is known about the ability of human newborns
to modulate TLR system expression in vivo. A study of human
neonatal sepsis, largely defined by clinical parameters with a
preponderance of G� bacteria in the culture-positive cases,
found marked up-regulation of TLR2 on monocytes, with only
transiently increased TLR2 expression on granulocytes (17).
We have previously shown that human newborn peripheral
blood mononuclear cells (PBMCs) selectively up-regulated
TLRs during bacteremia such that TLR2 was up-regulated
with G� bacteremia and TLR4 was up-regulated with G�
bacteremia (24). As TLR2 and TLR4 require partnering mol-
ecules to facilitate their function, in this study, we character-
ized expression of TLRs, MD-2, and MyD88 on human
neonatal peripheral blood leukocytes and investigated their
relationships to infection. We found that human newborns
demonstrate selective and coordinated expression of TLR2
and TLR4/MD-2 as well as MyD88 in a pathogen-specific
manner, providing new insights into the neonatal response to
bacterial infection.

MATERIALS AND METHODS

Study design and population. We enrolled 83 neonates with bacterial
infection and 43 neonates without infection, who were admitted to the
neonatal intensive care unit of the Children’s Hospital of Fudan University,
Shanghai, China, during 2004 to 2006. We used the following exclusion and
inclusion criteria: a) exclusion criteria: neonates with evidence of major
congenital malformations, inborn errors of metabolism, and those who had
received immunotherapy were excluded from enrollment. None of the neo-
nates exhibited signs of hypoxia or asphyxia. All those neonates with mothers
who have history of infection, HIV, exposure of steroids, and maternal history
of autoimmune disease, and smoking were also excluded. b) Inclusion
criteria: all infants who were vaginally delivered. At the time of admission,
neonates were suspected to have infection if they had clinical symptoms
(apnea, bradycardia, instability of body temperature, feeding intolerance or
desaturation, and so on) and at least one abnormal test result [high C-reactive
protein (CRP), high ratio of immature total neutrophils, and abnormal x-ray].
Blood, urine, and cerebrospinal fluid cultures and blood samples for TLR
pathway analysis were obtained before initiating antibiotic therapy. Patients
with positive culture results were then enrolled in this study. Tracheal aspirate
cultures were taken from neonates who were intubated and had abnormal
chest radiographs. Patients with positive tracheal aspirate cultures were
included in this analysis only if they had accompanying chest radiograph
abnormalities. All those patients were successfully treated by supportive and
standard antibiotic treatment after all these blood samples were taken; none of
them received any steroids or immune modulators.

We have previously reported up-regulation of TLR2 and TLR4 in neonates
with bacteremia and in those with clinical infection of any site (including
pneumonia, meningitis, and urinary tract infection) but did not analyze TLR
expression in the infected group with respect to microbiologic culture, i.e. we
had not compared data for G� or G� bacterial infection (24). In this study,
we focused only on those patients with positive cultures from the previous
study and an additional two patients, both with Klebsiella pneumoniae
bacteremia. In addition, we measured MD-2 and MyD88 mRNA expression
for all patients with positive culture. In total, we analyzed neonates in three
groups: control (n � 43), G� infection (n � 41), and G� infection (n � 42).

Blood samples for RNA analysis. One milliliter venous blood was col-
lected by peripheral venipuncture into heparinized tubes (QDKY, Qingdao,
Shandong, China) and diluted 1:1 in endotoxin-free Hanks’ balanced salt
solution (HBSS). A total of 5 � 106 PBMCs were isolated by Ficoll gradient
centrifugation, washed three times with ice cold endotoxin-free HBSS, and
immediately lysed in 1 mL Trizol reagent (Invitrogen, Carlsbad, CA). The
control group comprised blood samples obtained from neonates whose blood
was taken for the screening of inborn errors of metabolism (n � 39) or at the
time of routine electrolyte testing (n � 4).

Whole blood flow cytometry. Flow cytometry was used to measure cell
surface TLR expression. Whole blood samples (0.5 mL, anticoagulated with
EDTA) were stained for 20 min at 4°C in the dark with isotype-matched
control antibodies (BD PharMingen, SanDiego, CA), a FITC-conjugated

CD14 MAb (MAb; clone M-P9; BD Phar-Mingen), and phycoerythrin (PE)-
conjugated mouse anti-human TLR2 or �4 IgG2a mAbs (clones TL2.1 or
HTA125, respectively), or corresponding isotype control mAbs (eBioscience,
Frederick, MD). Measurements were performed using a FACS Calibur flow
cytometer and data acquired by Cell Quest software (BD Biosciences, Frank-
lin Lakes, NJ). Granulocytes and monocytes were differentiated by scatter
properties and CD14 expression (high in monocytes and low in granulocytes).
Mean fluorescence intensities (MFIs) were determined by subtracting the
fluorescence intensity of the isotype control mAbs from that of the specific
mAbs. We defined the MFI shift as the ratio of the MFI of the marker to the
MFI of the isotype control. We also measured the percentage of TLR2- and
TLR4-positive cells on monocytes and granulocytes.

Quantitative RT-PCR. Total RNA was isolated from PBMCs and ex-
tracted by Trizol. All reagents and devices used for PCR were obtained from
Applied Biosystems. A total of 200 ng of RNA was reverse transcribed to
cDNA using TaqMan reverse transcription agents. Quantitative RT-PCR of
target cDNA was conducted for TLR, MyD88, and MD-2, and values were
normalized to �-actin gene expression. Primer and probes were from the
TaqMan Gene Expression Assays. Experiments were performed in 96-well
plates in triplicate using TaqMan Universal Master Mix. RT-PCR amplifica-
tion was performed on a Gene Amp7700 Sequence Detection System. PCR
conditions were 50°C for 2 min and 95°C for 10 min and then 45 cycles at
95°C for 15 s and 60°C for 1 min. mRNAs encoding �-actin, TLR, MyD88,
and MD-2 were amplified using the primers shown in Table 1.

Statistical analysis. Data are presented as mean � SD. Groups were
compared using the t test and the Mann-Whitney test. Correlations between
individual parameters were determined using a Spearman rank correlation. All
comparisons were made using two-sided significance levels of p � 0.05.
Statistical analyses were performed using SPSS 12.0 (SPSS China, Shanghai,
China).

Ethical approval. The study was approved by the Children’s hospital of
Fudan University Research Ethical Committee, and informed written parental
consent was obtained before neonates were entered into the study.

RESULTS

Study population. From January 2004 to January 2006, a
total of 126 neonates who had been referred to the neonatal
care unit of the Children’s Hospital of Fudan University,
Shanghai, People’s Republic of China, were included. Forty-
three neonates were included in the noninfection group, 41
neonates in the G� bacterial infection group, and 42 neonates
in the G� bacterial infection group. The groups were matched
for GA, birth weight, and the time of infection. A total of 67
preterm infants and 59 term infants were included. Most term
infants were near 37 wk, their mean GA was 38.1 � 1.1 wk,
and there were no postdates neonates. Control samples were
matched according to the age at entry of the study. The
relevant clinical characteristics of the 126 infants are shown in
Table 2. Bacteria isolated from positive cultures are shown in
Table 3.
Expression of TLR2, TLR4, MD-2, and MyD88 mRNA. In

the control group, TLR2 and TLR4 mRNA expression were
5.05 � 0.88 and 4.93 � 1.30 (arbitrary units and ratio TLR

Table 1. Primers for �-actin, TLR, MyD88, and MD-2 mRNA

PCR primers

�-actin forward 5�-CACCAACTGGGACGACAT-3�
�-actin reverse 5�-ATCTGGGTCATCTTCTCGC-3� (138bp)
TLR2 forward 5�-CTGCAAGCTGCGGAAGATAAT-3�
TLR2 reverse 5�-GTTACGAAGAGGCTGGAATGGT-3� (176bp)
TLR4 forward 5�-GATTGCTCAGACCTGGCAGTT-3�
TLR4 reverse 5�-TGTCCTCCCACTCCAGGTAAGT-3� (143 bp)
MD-2 forward 5�-CATTCCAAGGAGAGATTTAAAGCAA-3�
MD-2 reverse 5�-CAGATCCTCGGCAAATAACTTCTT-3� (104bp)
MyD88 forward 5�-GGATCTTGGGAGGGAATGGA-3�
MyD88 reverse 5�-GAGATGGCTTTAAAATGCCCAGTA-3� (168bp)
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mRNA/�-actin), respectively (Fig. 1). There were no correlations
found between mRNA levels of TLR2, TLR4, MD-2, or MyD88
mRNA with GA (r � 0.11, p � 0.82; r � 0.04, p � 0.82; r �
0.08, p � 0.75; and r � 0.054, p � 0.85, respectively).
The expression of TLR2 mRNA in the G� bacterial group

was higher than the G� bacterial group (t � 2.28, p � 0.03).
Conversely, expression of TLR4 mRNA in the G� bacterial
group was higher than the G� bacterial group (t � 2.29, p �
0.03). Expression of MyD88 mRNA in each of the infection
groups was higher than the control group but did not signifi-
cantly differ between the G� bacterial and the G� bacterial
group (t � 0.79, p � 0.86). MD-2 mRNA expression in
the G� group was higher than in the G� bacterial group
(p � 0.05).

Expression of TLR2 and TLR4 proteins on granulocytes
and monocytes. In the control group, 72 � 21% of monocytes
were TLR2� with an MFI of 1.27 � 0.75. There was no
significant correlation between either percentage or MFI of
TLR2 with GA (r � 0.03, p � 0.87 and r � 0.08, p � 0.70,
respectively). A total of 49 � 11% of monocytes were
TLR4� with an MFI of 1.16 � 0.36, neither of which
correlated with GA (r � 0.19, p � 0.45 and r � 0.14, p �
0.58, respectively); 30 � 10% of granulocytes in controls
were TLR2� with an MFI of 0.31 � 0.25. There was no
significant correlation between either percentage or MFI of
TLR2 with GA (r � 0.02, p � 0.92 and r � 0.001, p � 0.95,
respectively); 21.12 � 11.13% of granulocytes were TLR4�
with an MFI of 1.21 � 0.55, neither of which correlated with
GA (r � 0.04, p � 0.65 and r � 0.05, p � 0.42, respectively).

Monocyte and granulocyte TLR2 expression (MFI) was
higher in the G� bacterial group than G� bacterial group and
control group (p � 0.05; Fig. 2). Monocyte and granulocyte
TLR4 MFI was higher in the G� group than in the control and
the G� bacterial group (p � 0.05; Fig. 2). The average

percentage of monocytes and granulocytes that were TLR2�
and TLR4� in the infection group were not different from the
control group (p � 0.05; Table 4).
Relationships of MyD88 and MD-2 mRNAs with TLR

expression. TLR4 mRNA and MFI were significantly correlated
withMD-2mRNA in the G� bacterial infection group (r� 0.42,
p � 0.02 and r � 0.54, p � 0.01, respectively). In each of the
infection groups, TLR2 mRNA and TLR4 mRNA were signifi-
cantly correlated with MyD88 mRNA (r � 0.95, p � 0.001 and
r � 0.99, p � 0.001, respectively). Similarly, TLR2 and TLR4
proteins expression on monocytes (flow cytometry, MFI) were
also significantly correlated with MyD88 mRNA (r � 0.87, p �
0.001 and r � 0.91, p � 0.001,respectively). Among the G� and
G� bacterial infection groups, there was no significant correla-
tion between TLR2 expression (MFI or mRNA) and MD-2
expression (mRNA): r � 0.24, p � 0.07 and r � 0.12, p � 0.12,
respectively.

Figure 1. mRNA expression of TLR2, TLR4, MD-2, and MyD88 in control
newborns in comparison with those with Gram� or Gram� infection.
Peripheral blood was collected from control or infected newborns and ana-
lyzed for mRNA expression of TLR2, TLR4, MyD88, and MD-2 as described
in Methods. Data represent mean � SD; *p � 0.05, when compared with the
control group using t test.

Figure 2. MFI of TLR2 and TLR4 on the granulocytes and monocytes in
control newborns in comparison with those with Gram� or Gram� infection.
Peripheral blood was collected from control or infected newborns and ana-
lyzed for MFI of TLR2 (�) and TLR4 (f) as described in Methods. Data
represent mean � SD; *p � 0.05, when compared with the control group
using t test.

Table 2. Characteristics of the neonatal study subjects*

Groups n Preterm/term GA (wk)
Birthweight

(kg)
Age at study
enrollment (d)

Control 43 21/22 35.05 � 2.71 2.56 � 1.19 5.47 � 6.97
G� group 42 23/19 33.12 � 3.84 2.04 � 0.84 6.33 � 7.72
G� group 41 23/18 34.05 � 4.56 2.12 � 1.12 8.0 � 7.49

* There were no significant differences between the control group and the
infection groups.

Table 3. Bacteria isolated from the study subjects

Sample(n) Gram-positive bacteria (N) Gram-negative bacteria (N)

Blood
sample
(23)

Coagulase-negative
Staphylococci (4),
Enterococcus faecalis (2),
Streptococcus spp. (3)

Klebsiella pneumoniae (8),
Pseudomonas aeruginosa (2),
Enterobacter cloacae (4)

Tracheal
aspirate
(46)

Coagulase-negative
Staphylococci (16),
E. faecalis (6),
Streptococcus spp. (5)

K. pneumoniae (8),
P. aeruginosa (6),
E. cloacae (5)

Urine
sample
(11)

E. faecalis (6) K. pneumoniae (2),
E. cloacae (3)

Cerebral
fluid (3)

(0) E. cloacae (3)
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DISCUSSION

Neonates, and in particular preterm newborns, are suscep-
tible to bacterial infections, which cause significant mortality
and morbidity annually. Despite considerable advances in
neonatal intensive care medicine, the incidence of infection is
still very high. The pathogenesis of neonatal infection with its
rapid progression from infection to a systemic inflammatory
response still remains unclear. The characterization over the
past two decades of PRRs based on insect and animal models
and in vitro studies of human cells has informed novel con-
cepts regarding the pathogenesis of infection. The immature
innate immune system plays a key role in the first line of
defense against invading microbes in neonates (1). In this
study, we characterized human neonatal peripheral blood leu-
kocyte expression of MyD88 and MD-2 in relation to TLR
expression and bacterial infections.
The frequent exposure to invasive procedures in neonatal

intensive care units such as umbilical and intravascular cath-
eterization, intubation, and long-term ventilation play roles in
the high neonatal infections (25). Reduced levels of TLR4
expression and impaired TLR-mediated production of TH1-
polarizing cytokines might also contribute to neonatal suscep-
tibility to bacterial infection (22). A study of blood leukocyte
TLR expression after endotoxin infusion in human adults in
vivo demonstrated up-regulation of TLR2 (but not TLR4) on
monocytes and down-regulation of TLR4 (but not TLR2) on
neutrophils (26). TLR-signaling pathway genes are differently
regulated in PBMCs and neutrophils of adult patients with
clinical sepsis (27). However, TLR2, TLR4, and MyD88
mRNA, all increased in adult sepsis mainly because of G�
bacteria (27). In accordance with our findings in neonates, a
study of adult G� bacterial sepsis demonstrated elevations of
TLR4 and soluble MD-2 on endothelial cells (28).
Multiple studies have established that TLR4 requires MD-2

to mediate LPS signaling (29–31). Our data show significant
correlations between the mRNA expression of MD-2 and
TLR4, suggesting coordinate expression of these coreceptors
on the cell surface during G� bacterial infection.
MyD88-deficient mice are highly susceptible to infections

with a broad range of microorganisms (32), and reduced
MyD88 expression levels might contribute to impaired neo-
natal immune responses to pathogens (18). However, our
study did not demonstrate any correlation between MyD88
mRNA and GA. We demonstrated that MyD88 mRNA ex-
pression increased greatly in both bacterial infection groups.
There are at least two pathways downstream of TLR activa-
tion: the MyD88-dependent and the MyD88-independent
pathways. Given the brisk up-regulation of MyD88 in the
context of bacterial infection, the MyD88 pathway may play
an important role in neonatal infections. Indeed, study of

patients deficient in MyD88 or IRAK4 demonstrates that the
TLR pathway is particularly important early in life, as sus-
ceptibility to pyogenic infection in these patients diminishes
and normalizes with age (33,34).
In this study, the basal expression of TLR2, TLR4, MyD88,

and MD-2 were similar in preterm and full-term neonates at
both the mRNA and protein level. A previous study demon-
strated similar basal TLR2 and TLR4 expression between
neonatal cord blood and adult peripheral blood (24). These
results indicate that infection status, more than GA, is a key
parameter effecting TLR2 and TLR4 expression, suggesting
potential utility of TLR measurement as a biomarker of sepsis.
We also measured TLR2 and TLR4 expression on neonatal
granulocytes and monocytes. We analyzed the MFI of TLR2
and TLR4 and found that TLR2 MFI expression was up-
regulated in the G� bacterial infection group on both mono-
cytes and granulocytes compared with the control group. In
contrast, TLR4 protein expression (MFI) was up-regulated in
the G� bacterial infection group on both monocytes and
granulocytes. We also characterized expression levels of
TLR2 and TLR4, demonstrating that human newborn periph-
eral blood monocytes expressed higher levels of TLR2 and
TLR4 than granulocytes. In addition to the analysis of surface
TLR expression on leukocytes, we also analyzed the TLR
mRNA and its signaling pathways in culture-positive neonatal
infections. We found that peripheral blood TLR2 and TLR4
mRNAs significantly increased in neonatal infections. Fur-
thermore, TLR2 was increased in the setting of G� bacterial
infection, whereas TLR4 mainly increased in the setting of to
G� bacterial infection, consistent with the results of our
previous study (35). With respect to the absolute increases in
TLR expression by flow, we demonstrate significant increases
in MFI of 	110% for TLR2 on monocytes in the setting of
G� infection and 	60% for TLR4 on monocytes in the
context of G� infection. The relationships between absolute
surface expression of TLRs and functionality are incompletely
characterized and may be nonlinear, because dimerization/
multimerization of the receptors is known to be important for
signaling (35).
In conclusion, our study reveals that during bacterial infec-

tions, human neonatal blood leukocytes demonstrate patho-
gen-specific and coordinated up-regulation of TLR2, TLR4/
MD-2, and the MyD88 adaptor molecule. Characterizing
neonatal TLR pathway expression provides insights into the
development of neonatal innate immune function and host
defense against infection. Indeed, adjunctive therapy with
TLR-based immunomodulators has demonstrated reduction of
mortality after polymicrobial peritonitis in a neonatal animal
model (36). A better understanding of neonatal host defense

Table 4. Percentage of TLR2 and TLR4 positive cells on monocytes and granulocytes

Groups n
Percentage of TLR2 positive

cell (%) on monocytes
Percentage of TLR2 positive
cell (%) on granulocytes

Percentage of TLR4 positive
cell (%) on monocytes

Percentage of TLR4 positive
cell (%) on granulocytes

Control 43 72.02 � 21.41 30.1 � 10.21 49.21 � 11.23 21.12 � 11.13
G� group 42 75.7 � 15.16 32.4 � 12.36 54.13 � 13.44 24.15 � 13.64
G� group 41 72.39 � 18.71 28.9 � 11.74 62.53 � 15.16 21.96 � 12.45
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mechanisms may, thus, lead not only to improved diagnostics
but also to preventative and therapeutic options or both (37).
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