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ABSTRACT: Human newborns are susceptible to microbial infec-
tion related to incompletely defined aspects of the neonatal immune
system. To characterize neonatal innate immunity, we studied pro-
duction of two early response cytokines in response to Toll-like
receptor (TLR)-activating microbial stimuli in vitro: the pro-
inflammatory cytokine tumor necrosis factor (TNF)-� and IL-6, a
multifunctional cytokine with antiinflammatory and Th2-polarizing
properties. Neonatal cord blood responses to multiple TLR agonists,
including poly dI:dC (TLR3), lipopolysaccharide (LPS) (TLR4),
flagellin (TLR5), and CpG DNA (TLR9), are characterized by a
higher IL-6/TNF-� ratio than in adult peripheral blood. Robust
LPS-induced IL-6 production is due to both neonatal cellular (mono-
cyte-) and humoral (serum-) factors. Remarkably, serum collected
from newborns during the first week of life demonstrates higher
IL-6/TNF-� ratios than does cord blood, associated with elevations
of the IL-6-inducible acute phase reactants CRP and LPS-binding
protein in the first days of life. A high ratio of stimulus-induced
IL-6/TNF-� production is likely to profoundly modulate both innate
and adaptive immune responses in the human newborn. (Pediatr Res
60: 205–209, 2006)

Increased susceptibility of human newborns to microbial
infection has been ascribed in part to impaired Th1-type

adaptive immune responses (1,2). In addition, several studies
have demonstrated impaired stimulus-induced early cytokine
responses, including endotoxin-induced production of the
proinflammatory and Th1-polarizing cytokine TNF-� from
neonatal cells (3–5), whereas others have suggested that neo-
natal production of IL-6, a cytokine with antiinflammatory (6)
and Th2-polarizing properties (7), may be enhanced (8,9).
However, a direct comparison of neonatal production of these
early cytokines to well-defined microbial products and the
demonstration of such a pattern in vivo has been lacking.

The discovery of the TLR family of proteins (10) offers an
important opportunity to gain new insights into neonatal in-
nate immune responses. Humans express 10 TLR that serve to
recognize an array of microbial products and trigger intracel-
lular signaling cascades culminating in nuclear translocation
of nuclear factor (NF)-�B and consequent expression of genes

mediating the inflammatory response. We have previously
shown that, despite normal basal expression of TLR and
associated signaling intermediates, neonatal responses to a
range of pure TLR agonists are characterized by impaired
production of TNF-� (11). Our study raised the question of
whether TLR-induced production of cytokines with distinct
function was also impaired in neonates and whether the
patterns of cytokine production measured in vitro were also
evident in vivo.
In the present study, we therefore examined neonatal and

adult production of TNF-� in comparison to IL-6, a multi-
functional cytokine that induces acute phase production of
CRP and LBP (12) and that also has Th2-polarizing (13) and
antiinflammatory properties (6,7). We report here that the
innate immune responses of neonatal monocytes to microbial
TLR agonists are biased toward a high IL-6/TNF-� ratio in
vitro, which is due to distinct neonatal cellular (monocyte) and
humoral (serum) factors. Moreover, we find that such a pattern
of high IL-6 but low TNF-� production is evident in the early
postnatal phase in vivo, revealing a physiologically relevant
pattern that is likely to profoundly modulate innate and adap-
tive responses.

METHODS

Blood. Peripheral blood from healthy adult volunteers (n � 23; mean age,
27 y) and newborn cord blood (n � 23, mean GA, 37 wk; range, 36–40 wk)
collected immediately after cesarean section delivery of the placenta were
obtained in Boston, MA. Births at which antibiotics were administered during
labor/delivery, and births to HIV-positive mothers were excluded. Human
experimentation guidelines of the U.S. Department of Health and Human
Services were observed, following Institutional Review Board–approved
protocols. Blood was anticoagulated with 109 mM sodium citrate. For serum
preparation, blood was collected in sterile tubes without additives, allowed to
clot for 30 min, then centrifuged (2000 rpm, 20 min) before collection and
storage at –80°C. For experiments determining the IL-6 stimulatory activity
of heat-treated serum, fresh neonatal or adult serum was preincubated at 56°C
for 30 min (or, for comparison, at 4°C) before addition to cells. All blood
collection tubes were from BD Biosciences (Franklin Lakes, NJ).

Monocyte purification. Blood was collected into sterile, pyrogen-free
sodium heparin (10 U/mL; American Pharmaceutical Partners, Schaumberg,
IL), peripheral blood mononuclear cells (PBMC) were prepared using Ficoll-
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Hypaque gradients (Sigma Chemical Co., St. Louis, MO) and monocytes
isolated by positive selection using anti-CD14-conjugated magnetic mi-
crobeads (Millenyi Biotec, Sunnyvale, CA) as previously described (11).
Monocytes purified by this positive selection protocol exhibit normal for-
ward- and side-scatter properties by flow cytometry, stain normally for CD14,
and have undetectable basal production of TNF-� (11), suggesting that the
isolation procedure does not lead to cellular activation.

TLR agonists. Double-stranded RNA poly (I:C) (TLR3) was tested at 1,
10, and 100 �g/mL (InvivoGen, San Diego, CA), CpG oligodeoxynucleotide
2216 (TLR9) at 10 and 20 �M (InvivoGen), and ultra-pure Re595 LPS
(TLR4) from Salmonella minnesota at 0.1, 1, and 10 ng/mL (List Biologicals,
Campbell, CA). The specificity of LPS to TLR4 was determined by assessing
LPS-induced activation of TLR4- but not TLR2-transfected human embry-
onic kidney cells as previously described (11). Recombinant flagellin (TLR5),
a generous gift of Dr. Steven Mizel (Wake Forest University, Winston-Salem,
NC), was expressed and purified as previously described (14) and tested at 10
and 100 nM.

In vitro stimulation of leukocytes. Studies of in vitro stimulation used cord
blood (or cord blood–derived leukocytes) from neonates born in Boston.
Whole blood or purified monocytes cultured in fresh autologous or heterol-
ogous serum (107 cells/mL) were stimulated with agonists for 1, 3, 5, 8, or
24 h at 37°C with end-over-end rotation before dilution with four volumes of
ice-cold RPMI (Invitrogen, Carlsbad, CA). The extracellular medium was
collected (1020 � g, 5 min) and frozen at –20°C for subsequent analysis.

Study of cytokine and acute phase reactant production in vivo. Neonatal
serum was derived from blood samples (n � 33) collected into sterile tubes
without additives (Greiner BioOne Vacuette, Monroe, NC) at A. Gemelli
Hospital (Rome, Italy) following informed consent in accord with an institu-
tionally approved protocol. Cord blood samples (n � 14) were collected from
healthy newborns immediately after cesarean section (mean GA, 38 wk).
Newborns receiving perinatal antibiotics were excluded. Peripheral blood
samples were collected from two groups of newborns at d 1–7 (median, d 2):
1) healthy newborns (n � 5) born to healthy mothers and collected on d 1–3,
and 2) exposed newborns (n � 10) born to infected mothers [cytomegalo-
virus, n � 3; toxoplasmosis, n � 3; and n � 1 each for syphilis, varicella-
zoster virus (VZV), hepatitis B, and co-infection with hepatitis B and syphilis]
but without evidence of neonatal infection by CMV culture and/or conven-
tional serologic assays for pathogen-specific antibodies. Mean GA (38 wk;
range, 36–40 wk) and birth weight (3119 g; range, 2040–3970 g) and did not
significantly vary between the two groups. For comparison, serum was also
prepared from blood samples of 16 healthy adults in Boston (mean age, 24 y).

Assays for cytokines and acute phase reactants. ELISA for TNF-� (limit
of detection 15.6 pg/mL; R & D Systems, Minneapolis, MN), IL-6 (ultrasen-
sitive assay, limit of detection 0.16 pg/mL; BioSource International, Cama-
rillo, CA), CRP (limit of detection 0.005 mg/L; Life Diagnostics, West
Chester, PA), and LBP (limit of detection 1 ng/mL; HyCult Biotechnology,
Uden, The Netherlands) were used according to the manufacturer’s instruc-
tions. All tubes were labeled numerically and the results kept anonymous.

Statistical analysis. Statistical comparisons between groups were made
with the Mann-Whitney-Wilcoxon test, or when more than two groups were
compared, the Kruskal-Wallis test. Reported correlations are nonparametric
Spearman correlations. All p values are two-sided and were considered
significant when p � 0.05.

RESULTS

We compared TLR-induced production of IL-6 and TNF-�
in whole blood tested in vitro (Fig. 1). To facilitate compar-
ison of neonatal and adult TLR responses, we plotted LPS-
induced IL-6 as a function of LPS-induced TNF-� (Fig. 1A).
As we have previously described (11), LPS-induced TNF-�
production was much greater in adult than in neonatal blood.
In marked contrast, however, LPS-induced IL-6 production
was at least as great in neonatal as in adult blood (Fig. 1A).
When such data were expressed as a ratio of IL-6/TNF-� (Fig.
1B), neonatal blood was found to produce a 1–2 log greater
ratio of IL-6/TNF-� in response to a panel of TLR agonists
including poly dI:dC (TLR3), LPS (TLR4), flagellin (TLR5),
and CpG DNA (TLR9).
LPS (TLR4) was selected for further analysis. Kinetic

analysis at 1, 3, 5, 8, and 24 h indicated that whereas LPS

(TLR4)-induced neonatal TNF-� production was substantially
lower than that of adults (Fig. 2A), production of IL-6 was
actually greater in neonates across all the time points studied
(Fig. 2B).
As we and others have shown by flow cytometry, mono-

cytes are the cells in whole blood predominantly responsible
for TLR-induced production of TNF-� (11) and IL-6 [(9) and
our results; not shown]. To determine whether such a pattern
of cytokine production was evident with a pure cell popula-
tion, purified neonatal and adult monocytes were cultured in
fresh autologous serum. Similar to the results in whole blood,
LPS-induced TNF-� was lower in neonatal than adult mono-
cytes but LPS-induced neonatal monocyte IL-6 production
was substantially greater than that of adults (Fig. 3A), indi-
cating that the neonatal pattern of cytokine production is not
dependent on the presence of other cell types.
We have previously shown that impaired TLR-induced

neonatal TNF-� production is in part due to differences be-
tween soluble factors in neonatal and adult blood (11). To gain
insight into the factors contributing to LPS-induced IL-6
production in neonates, we cultured adult or neonatal mono-
cytes under serum-free conditions (i.e. culture medium), or in
autologous or heterologous serum (Fig. 3B). In the absence of
serum, neonatal monocytes produced modest amounts of IL-6
that significantly exceeded LPS-induced IL-6 from their adult

Figure 1. High ratio of IL-6/TNF-� production from neonatal cells in vitro.
(A) TNF-� production as a function of that of IL-6 for newborn and adult
blood samples. Cytokine production in response to 0.1, 1, and 10 ng/mL LPS
are indicated by small, medium, and large symbols, respectively, with circles
representing newborn values and squares representing adult values (n �
5–12). (B) Average IL-6/TNF-� ratios for newborn or adult blood stimulated
with the indicated TLR agonists at the concentrations described in “Methods”
(n � 3–12). IL-6/TNF-� ratios for a given TLR agonist were calculated for
each concentration of the agonist tested and then averaged for each study
subject, i.e. newborns (�) or adults (�). Plotted values represent means �
SD. *p � 0.05, ***p � 0.001.

Figure 2. Kinetics of LPS-induced TNF-� and IL-6 production in neonates
and adults. Neonatal and adult blood were incubated with 1 ng/mL LPS for
the indicated amount of time before collection of the extracellular medium for
TNF-� and IL-6 ELISA. Plotted values are indicated by squares (adults) or
circles (newborns) and represent means � SD (n � 3–9; *p � 0.01, **p �
0.001).
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counterparts. However, robust LPS-induced IL-6 production
was only noted when neonatal monocytes were cultured in
neonatal serum indicating that both cellular (monocyte) and
humoral (serum) factors distinctive to neonates are essential
for enhanced LPS-induced IL-6 production. Experiments em-
ploying serum that had been heat-treated (56°C, 30 min)
revealed that enhancement of LPS-induced IL-6 production
was at least as great in the presence of heat-treated neonatal
serum as with untreated serum (Fig. 3C), indicating that the
neonatal serum factor(s) that enhance neonatal IL-6 produc-
tion are heat stable.
To determine whether a similar neonatal pattern of IL-6/

TNF-� production is evident in vivo, we obtained neonatal
cord blood at birth (d 0) and neonatal peripheral blood in the
first week of life (d 1–7) from healthy and infection-exposed
newborns and also from healthy adults. Concentrations of
TNF-� and IL-6 were quite similar in healthy newborns with
healthy mothers and healthy seronegative newborns with in-

fected mothers (Fig. 4). These two groups (collected at d 1–7)
were therefore pooled in subsequent analyses and compared
with cord blood (d 0) and with adult blood. TNF-� concen-
trations in serum from neonatal peripheral blood obtained at d
1–7 after birth were similar to concentrations in cord blood,
and were significantly lower than in adults (Fig. 4A). In
contrast, neonatal serum concentrations of IL-6 at d 1–7 were
significantly higher than in cord blood (d 0) and higher than in
adults (Fig. 4B). Overall, IL-6/TNF-� ratios at d 1–7 were
significantly higher than those in cord blood (d 0) and in adults
(Fig. 4C).
To determine whether concentrations of acute phase reac-

tants that are induced by IL-6 also rise after birth, we mea-
sured CRP and LBP in neonatal serum. Concentrations of both
CRP (Fig. 5A) and LBP (Fig. 5B) were significantly higher
after birth than in cord blood, positively correlating with one
another and with IL-6 (pair-wise correlations ranging from
0.50 to 0.62).

Figure 3. Neonatal monocytes cultured in autologous serum produce a high ratio of IL-6/TNF-�. Neonatal and adult monocytes were purified from PBMC by
positive selection as described in “Methods.” (A) Adult monocytes (�) or neonatal monocytes (�) were cultured in fresh autologous serum (107 cells/mL) and
stimulated with LPS (1 ng/mL) for 5 h at 37°C before collection of the extracellular medium. Cytokine production was measured by ELISA as described in
“Methods.” (B) To define the relative contribution of cellular and humoral factors to high LPS-induced TNF-� production, adult (A) or newborn (N) monocytes
were cultured in the absence of serum (i.e. in minimal essential medium, �), or in fresh adult (A) or newborn (N) serum before stimulation with LPS (1 ng/mL).
(C) To determine whether neonatal serum factor(s) are heat stabile, neonatal, or adult sera were incubated at 56°C (or, for comparison, at 4°C) for 30 min before
addition to purified neonatal monocytes (final concentration 107/mL) and stimulation with LPS (1 ng/mL at 37°C for 5 h). The increase in IL-6 production in
the presence of untreated or heat-treated neonatal serum is expressed as a percentage of IL-6 production in the presence of untreated or heat-treated adult serum.
Enhancement of LPS-induced IL-6 production by neonatal serum was significant for both conditions and was at least as great in the presence of heat-treated as
with untreated serum. Plotted values represent means � SD. n � 3–5; *p � 0.05.

Figure 4. Stable TNF-� but increased IL-6 concentrations in newborns after birth. Serum was prepared from cord blood (d 0) and from peripheral blood (d 1–7),
of healthy newborns and newborns born to infected mothers as well as from healthy adult controls. TNF-� (A), IL-6 (B), and IL-6/TNF-� ratios (C) are shown.
Horizontal bars indicate median values. *p � 0.05, **p � 0.01.
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DISCUSSION

Neonatal susceptibility to infection has traditionally been
ascribed to “immaturity” of the neonatal immune system.
Over the past decade, a more nuanced view has emerged based
on evidence of Th2 polarization of the adaptive neonatal
immune response (2). Focusing on innate immunity, our work
reveals that with few exceptions (15), there is a strong Th2
bias of TLR-mediated neonatal monocyte cytokine responses
under physiologically relevant assay conditions in vitro. Im-
portantly, our study also demonstrates that high IL-6 produc-
tion and high IL-6/TNF-� ratios are evident during the first
few days of life among healthy and infection-exposed new-
borns in vivo, correlating with elevations in CRP and LBP
levels. In aggregate, differences in these markers are highly
significant when comparing serum concentrations of new-
borns at d 1–7 of life with those in newborn cord blood (d 0),
indicating substantial increases in production of IL-6 (and
IL-6 inducible proteins) during the first days of life.
Although we do not know the signals that trigger IL-6

production in the first days after birth in uninfected newborns,
it is possible that the initial exposure of the newborn at birth
to environmental TLR agonists, including colonizing bacteria
(16), might play a role. We therefore speculate that the low
basal IL-6 concentrations in cord sera are due to the fact that
there has not yet been substantial exposure to environmental
stimuli at the time of cord collection, with a subsequent rise in
IL-6 and IL-6-inducible proteins (CRP and LBP) at d 1–7 as
the newborn innate immune system responds to a variety of
new agonists. Regardless of the identity of the inciting stim-
ulus, the magnitude, consistency, and reproducibility of the
neonatal polarization in favor of IL-6 production and against
TNF-� both in vitro and in vivo are remarkable and might
reflect distinct transcriptional regulation of IL-6 production
(17). Of note, CMV (18), herpes simplex virus (HSV) (19),
and Toxoplasma (20) express TLR agonists, and HSV induces
robust neonatal IL-6 production (19), suggesting that the
distinct polarization of neonatal TLR-mediated cytokine pro-
duction may also be relevant to the pathogenesis of neonatal
infections.
In conclusion, neonatal cellular and serum factors program

neonatal monocytes to express a high ratio of IL-6/TNF-� in

response to TLR agonists in vitro and such a pattern of
cytokine production is evident in vivo during the first days
after birth. Efforts are underway to further define the physi-
cochemical properties of the heat-stabile IL-6 enhancing fac-
tor of neonatal serum to facilitate its purification. Polarization
in favor of IL-6, a cytokine with antiinflammatory and Th2-
polarizing properties (7), may protect the fetus in utero from
potentially harmful Th1 responses that can trigger spontane-
ous abortion (21) as well as premature delivery and its con-
sequences (22). In addition, IL-6 is an important inducer of the
acute phase response and may thereby play an important
protective role. However, given the importance of Th1-
polarizing cytokines in protection against multiple pathogens,
IL-6 may also contribute to a Th2-bias that can render the
newborn more susceptible to microbial infection. As IL-6
inhibits migration of neutrophils to inflammatory sites (6), we
speculate that robust neonatal IL-6 production may also ex-
plain the known propensity of newborns to leukopenia in the
face of overwhelming sepsis (23). We have recently reported
that the distinct function of the neonatal adenosine system
accounts for impaired TLR2-mediated monocyte TNF-� pro-
duction at birth (24). Future studies aimed at further defining
the mechanistic basis of neonatal monocyte polarization and
exploring the potential clinical utility of pharmacologic mod-
ulation of neonatal polarization are indicated.
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