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Arrheniusväg 20 C, 106 91 Stockholm,
Sweden. Email: ebba.sohlberg@imun.su.se,
eva.sverremark@imun.su.se
Senior author: Ebba Sohlberg

Summary
Human monocytes can be divided into two major subpopulations,
CD14++ CD16) and CD14+ CD16+ cells, which are suggested to play different roles in antimicrobial responses. In neonates, characteristics and
functional responses of monocyte subsets have not previously been
explored, and might contribute to the qualitative difference between neonatal and adult cytokine profiles. We report that at baseline, monocyte
subsets in cord blood and adult peripheral blood are present in similar
frequencies, and show similar expression of CD11c, CD80/CD86, CD163
and HLA-DR. In response to the bacterial ligand peptidoglycan, cord
blood monocytes had high inherent capacity for production of the earlyresponse cytokines with levels of tumour necrosis factor and interleukin12p70 exceeding adult levels, and also a higher phosphorylation of p38mitogen-activated protein kinase. The CD14+ CD16+ cells expressed more
interleukin-12p70 than CD14++ CD16) cells and were present in a higher
frequency in peptidoglycan-stimulated cord blood mononuclear cell cultures. Together, the behaviour of cord blood CD14+ CD16+ cells following
peptidoglycan stimulation might indicate a qualitative difference between
the neonatal antimicrobial response and that of the adult. In addition we
found that serum factors in cord blood and adult sera affected cytokine
production similarly, with the exception of tumour necrosis factor,
regardless of the source of serum or cells. Overall, our data provide new
insights into monocyte heterogeneity in cord blood and monocyte subset
responses to a bacterial ligand at birth.
Keywords: CD14++ CD16) cells; CD14+ CD16+ cells; interleukin-12p70;
neonatal immunity; tumour necrosis factor

Introduction
Innate cells are important for early-life immune responses
because adaptive immunity in the newborn is suboptimal.1 Monocytes are an important source of early cytokines in microbial infections and express a range of
pattern recognition receptors, including high levels of
toll-like receptor 2 (TLR2) and TLR4.2 Triggering of TLRs
on monocytes by microbial products activates common
mediators such as MyD88, mitogen-activated protein kin-

ases (MAPKs) and nuclear factor-jB, leading to cytokine
production.
There are two major monocyte subpopulations, distinguished by the presence or absence of CD16 (FCcRIII).3
The two subsets display distinct expression patterns of
chemokine, adhesion and scavenger receptors and are
thought to play different roles in antimicrobial
responses.4,5 Furthermore, they may differentiate into
macrophage and dendritic cell (DC) subpopulations with
distinct phenotypes.6–8

Abbreviations: CBMC, cord blood mononuclear cells; DC, dendritic cell; ERK, extracellular signal-regulated kinase; FCS, fetal
calf serum; GeoMFI, geometric mean fluorescence intensity; IL-12, interleukin-12; LPS, lipopolysaccharide; MAPK, mitogenactivated protein kinase; PBMC, peripheral blood mononuclear cells; PGN, peptidoglycan; Th1, T helper type 1; TLR, toll-like
receptor; TNF, tumour necrosis factor.
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The ‘classical’ CD14++ CD16) subpopulation constitutes 80–90% of total monocytes in comparison with the
minor subset of ‘inflammatory’ CD14+ CD16+ monocytes.3 The latter subset produces higher levels of proinflammatory cytokines, has increased potency for antigen
presentation, increased expression of genes involved in
Fcc receptor-mediated phagocytosis and higher levels of
TLR2 and TLR4.9–11 Furthermore, the frequency of
CD14+ CD16+ monocytes is increased in adult and neonatal sepsis12,13 as well as in a number of other inflammatory conditions.14,15
The neonatal innate immune response differs qualitatively from that of the adult and seems to preferentially
favour the T helper type 2 (Th2) and Th17 types of
immunity over Th1-type of immunity.16–18 Although neonatal monocytes are commonly considered to be impaired
in the production of Th1-promoting cytokines when
assayed in whole blood, there are also reports describing
robust production of tumour necrosis factor (TNF) and
interleukin-12 (IL-12) from mononuclear cells.16,19 One
study found that elevated adenosine levels in cord blood
(CB) serum enhanced cAMP content in mononuclear
cells, which conferred suppression of TLR-induced TNF
production whereas IL-6 production was not affected.20
Furthermore, the specific CB response seems to depend
on the TLR agonist, for instance CB monocyte TNF production was found to be deficient in response to lipopolysaccharide (LPS) and bacterial lipopeptides but was
preserved to R-848.21 Taken together these findings illustrate that the neonatal innate response is defined by both
extrinsic and intrinsic cell factors.
Given the importance of the innate branch of immunity for early-life protection, the definition of functional
responses and characteristics of cells such as monocytes,
and their subpopulations, in newborns is of particular
interest. We hypothesized that if the CB monocyte compartment differed in characteristics or composition from
that of the adult, this could potentially contribute to the
observed differences in cytokine production profile and
antimicrobial responses.
To test this hypothesis we stimulated cells with peptidoglycan (PGN), which is an essential part of the cell wall
of nearly all bacteria and a strong target for immune recognition.22 The PGN activates TLR2/nucleotide-binding
oligomerization domain (Nod)-like receptors 1/2, which
are highly expressed by monocytes2,23 and so we could
model potent monocyte activation in response to a general microbial stimulus. We measured cytokine production and activation of the PGN-induced signalling
intermediates extracellular signal-regulated kinase (ERK)
1/2 and p38-MAPK that has previously shown good correlation to cytokine output.24 Furthermore, to clearly separate cell-inherent cytokine production capacity from the
effect of soluble factors we investigated the effect of CB
versus adult serum on cytokine production.
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Here, we demonstrate similar monocyte expression of
activation-related surface receptors and frequencies of
monocyte populations in CB and adults. The CB monocyte subsets showed potent production of TNF and
IL-12p70 in response to the bacterial ligand PGN,
together indicating that monocyte subset responses to
bacteria at birth are not deficient.

Materials and methods
Blood sample processing
Cord blood was collected from 20 healthy pregnancies, 10
vaginal deliveries and 10 elective caesarean sections, at the
Karolinska University Hospital, Stockholm, Sweden. In
addition, peripheral blood (PB) was obtained from 10
healthy non-pregnant adult volunteers. Venous blood
(from the umbilical cord immediately after delivery or
from PB) was collected into heparinized tubes for cell
separation or into serum tubes. Mononuclear cells (MC)
were isolated within 24 hr using Ficoll–Paque (Pharmacia–Upjohn, Uppsala, Sweden) gradient centrifugation
and cryopreserved in liquid nitrogen. Serum was separated by centrifugation, frozen and stored at )85 until
use. All mothers and healthy volunteers gave their
informed consent and the Regional Ethics Committee in
Stockholm approved the study.

Culture of mononuclear cells
Both CBMC and PBMC were thawed, washed three times
and then re-suspended in RPMI-1640 supplemented with
10% heat-inactivated fetal calf serum (FCS; Hyclone Laboratories Inc., Logan, UT), L-glutamine (2 mM), penicillin
G sodium (100 units/ml) and streptomycin sulphate
(100 lg/ml; Merck, Darmstadt, Germany) to a concentration of 106 cells/ml and cultured at 37 and 5% CO2. To
analyse surface receptors, cells were cultured for 3 hr
before staining. For the phosphorylation assay, cells were
cultured for 3 hr, followed by 30 min of stimulation with
either medium control or PGN (10 lg/ml; Staphylococcus
aureus; Fluka; Sigma-Aldrich, Stockholm, Sweden). For
detection of secreted and intracellular cytokine production, cells were cultured for 24 hr with medium control
or with PGN (1 lg/ml). Supernatants were recovered and
stored at )85 until analysis.

Serum substitution experiments
For analysis of serum effects on cytokine production, four
different CBMC or PBMC were cultured for 24 hr with
PGN stimuli as described above. However, 10% FCS in
the culture medium was substituted with either 10%
autologous serum (n = 4 for CBMC and PBMC) or serum
from four different adult donors (n = 4 · 4 combinations

 2011 The Authors. Immunology  2011 Blackwell Publishing Ltd, Immunology, 133, 41–50

Monocyte subpopulations in cord blood
for CBMC) or four different cord bloods (n = 4 · 4
combinations for PBMC). Also, four different PBMC were
cultured in medium with either 10% autologous (n = 4
for PBMC) or heterologous serum from four different
adult donors (n = 4 · 4 combinations for PBMC). Data
are presented as modulation index from the value 1, which
represents data from FCS cultures. The index was calculated as follows (cytokine values from serum substitution
experiments)/(cytokine values from FCS cultures).

Flow cytometry
Monoclonal antibodies were conjugated to fluorescein
isothiocyanate (CD14, CD16) phycoerythrin (CD14,
CD163, IL-12p70), phycoerythrin-Cy7 (CD16), allophycocyanin (HLA-DR, CD11c, TNF), Alexa Fluor 488 (p-p38MAPK) or Alexa Fluor 647 (p-ERK1/2) and used for cell
labelling according to standard procedures. The biotinylated primary antibodies for CD80 and CD86 were used
in combination and detected with streptavidin–peridinin
chlorophyll protein conjugate. All conjugates obtained
from BD Biosciences (San Diego, CA). To detect intracellular IL-12p70 and TNF, GolgiStop (BD Biosciences) was
added to cultures at the start of incubation. After surface
labelling, cells were fixed, permeabilized and stained for
IL-12p70 and TNF. For detection of phosphorylated p38MAPK and ERK1/2 in monocytes, BD Phosflow Phosphorylation State Analysis (BD Biosciences Pharmingen)
was performed according to the manufacturer’s instructions for human PBMC protocol 1. In brief, cells were
fixed (Fix Buffer 1, BD Biosciences Pharmingen) immediately after stimulation and were then pelleted by centrifugation and supernatants were discarded. Cells were
resuspended and washed three times with permeabilization/washing buffer (Perm/Wash buffer 1, BD Biosciences
Pharmingen) before being labelled with antibodies against
phosphorylated epitopes on p38-MAPK (pT180/pY182)
and ERK1/2 (pT202/pY204), for 30 min at room temperature in the dark. Data were acquired by FACSCalibur
flow cytometer (BD Biosciences) and analysed by FLOWJO
software 8.8.6 (TreeStar, Ashland, OR). Gating was performed on live CD14+ monocytes. For stimulation experiments, quadrants were set with a maximum of 25%
positive cells in unstimulated cultures and were then
transferred to stimulated samples from which statistical
data were acquired. Data are presented as geometrical
mean fluorescence intensity (GeoMFI) values or in Fig. 3
as % CD14+ CD16+ cells of total CD14+ cells.

Secreted cytokine measurements
Levels of IL-1b, IL-6, IL-8, IL-10, IL-12p70 and TNF were
measured in culture supernatants using the Cytometric
Bead Array (CBA; BD Biosciences Pharmingen). Briefly,
standards and samples were mixed with phycoerythrin-

labelled beads and incubated for 3 hr. After incubation, the
samples and standards were washed to remove unbound
material and analysed using the FCAP ARRAY software. Calibration of the flow cytometer was performed using BD
FACSComp and BD CaliBRITE Beads (BD Biosciences
Pharmingen). Levels of IL-12p70 were too low for reliable
detection and were not included in further analyses.

Statistical analyses
Statistical differences between groups were evaluated by
the Mann–Whitney U non-parametric test and correlations by the Spearman rank correlation test, both performed with STATISTICA (STATISTICA Statsoft Software Inc.,
Tulsa, OK). All box plots display the following information: the box covers 50% of the values between the 25th
and the 75th percentiles and the whiskers extend to the
10th and 90th percentiles. Raw data are displayed, outliers
and extremes are included in the statistical analyses but
not shown in the figures. Data in the text indicate median
(number in parentheses, range). Statistical significance
was assumed when P < 005.

Results
Cord blood and adult monocyte subsets have similar
frequencies and expression of activation-related
surface receptors
The neonatal monocyte population is thought to be
immature but little is known regarding the monocyte subpopulations. We examined the frequencies of the monocyte subsets and their expression of activation-related
surface markers at baseline in CB and compared this with
adults. The percentages of CD14++ CD16) [94% (60–98)
for CBMC and 92% (85–96) for PBMC] and
CD14+ CD16+ cells [6% (40–2) for CBMC and 8% (15–4)
for PBMC] were similar in CB and adults. In both groups
CD14+ CD16+ cells expressed significantly higher levels of
CD163, CD80/CD86 and CD11c; adult CD14+ CD16+
cells also expressed higher levels of HLA-DR compared
with CD14++ CD16) cells (Fig. 1). No differences were
seen in levels of surface markers on the monocyte population as a whole between CB and adults (data not shown).

Potent peptidoglycan-stimulated cytokine production
from cord blood monocyte subsets
Results from previous studies of cytokine production by
neonatal cells diverge depending on the method and
mode of stimulation. To examine cell-inherent cytokine
production capacity of CB monocytes and their subsets in
response to a bacterial ligand, we stimulated cells with
PGN in cultures with FCS as the source of serum. Levels
of IL-6, IL-8 and IL-10 from CBMC cultures equalled
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those from PBMC (Fig. 2a) whereas TNF levels were significantly higher and IL-1b levels were borderline significant (Fig. 2b). Furthermore, intracellular IL-12p70 and
TNF production in monocytes and their subpopulations
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Figure 1. Similar expression of activationrelated surface receptors on monocyte subsets
in cord blood and adults. CD14++ CD16) (h)
and CD14+ CD16+ monocytes ( ) from cord
blood (n = 10) and adults (n = 10) were
assayed after 3 hr rest in culture by flow
cytometry for expression of CD163, HLA-DR,
CD80/CD86 and CD11c. Data are presented as
geometric mean fluorescence intensity (GeoMFI), boxes cover 50% of the values between the
25th and the 75th percentile and whiskers
extend to the 10th and 90th percentile. Raw
data are shown excluding outliers and
extremes. The Mann–Whitney U-test was used
to evaluate differences between CD14++ CD16)
and CD14+ CD16+ cells.

PBMC

PBMC

Figure 2. Potent peptidoglycan (PGN) -stimulated production of early-response cytokines
from cord blood mononuclear cells (CBMC).
The CBMC (n = 20) or peripheral blood
mononuclear cells (PBMC; n = 10) were stimulated with 1 lg/ml PGN for 24 hr and culture
supernatants were analysed by cytometric bead
array for (a) interleukin-6 (IL-6), IL-8 and
IL-10, and (b) tumour necrosis factor (TNF)
and IL-1b. Cytokine levels are shown in pg/ml,
boxes cover 50% of the values between the
25th and the 75th percentiles, and whiskers
extend to the 10th and 90th percentiles. Raw
data are shown excluding outliers and
extremes. The Mann–Whitney U-test was used
to evaluate differences between groups.
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Figure 3. Peptidoglycan (PGN) -stimulated intracellular interleukin-12p70 (IL-12p70) and tumour necrosis factor (TNF) is higher in cord blood
than in adult monocytes. Cord blood (CBMC; n = 20) or peripheral blood (PBMC; n = 10) mononuclear cells were stimulated for 24 hr with
1 lg/ml PGN in the presence of GolgiStop and CD14+ cells were analysed by flow cytometry for intracellular expression of IL-12p70 and TNF.
(a) Representative forward and side scatter characteristics of CBMC (upper panel) or PBMC (lower panel). (b) Representative cytokine responses
of cord blood (upper panel) or adult monocytes (lower panel). In (c) and (d), respectively, IL-12p70 and TNF levels in cord blood versus adult
monocytes are shown. (e) IL-12p70 levels in cord blood and adult CD14++ CD16) (h) and CD14+ CD16+ monocytes ( ). Data are shown as
geometric mean fluorescence intensity (GeoMFI) or in (f) as % CD14+ CD16+ cells of total CD14+ cells in PGN-stimulated cultures. Boxes cover
50% of the values between the 25th and the 75th percentiles, and whiskers extend to the 10th and 90th percentiles. Raw data are shown excluding
outliers and extremes. The Mann–Whitney U-test was used to evaluate differences between groups.

are shown in Fig. 3(b). The IL-12p70 response to stimulation was low but detectable in both CB and adults. When
quantified, intracellular levels of IL-12p70 and TNF were
significantly higher in CB than in adult monocytes (measured as GeoMFI in Fig. 3c,d). The CD14+ CD16+ cells
had higher levels of IL-12p70 compared with the
CD14++ CD16) cells in both CB and adults (Fig. 3e)
whereas for TNF no difference was seen between the
subsets in either group (data not shown). The percentage
of CD14+ CD16+ cells in unstimulated cultures did not

differ between CB and adults, but after stimulation the
percentage of CD14+ CD16+ cells decreased in adult cell
cultures whereas there was no change in CB cultures.
This led to a significantly higher percentage of
CD14+ CD16+ cells in stimulated CB cultures compared
with adult (Fig. 3f). Additionally, in accordance with several studies19,21 there was no difference in cytokine production, secreted or intracellular, between CBMC
acquired from vaginal deliveries or caesarean sections
(data not shown).
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tion from CB monocytes was associated with high phosphorylation of p38-MAPK or ERK1/2. Following PGN
stimulation, CB monocytes had a significantly higher level
of p-p38-MAPK (GeoMFI in Fig. 4) than adult monocytes, which correlated with levels of intracellular
IL-12p70 production (rs = 054, P = 0046). ERK1/2 was
also phosphorylated in response to PGN but no difference
was noted between groups (data not shown).
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Figure 4. Phosphorylation of p38-mitogen-activated protein kinase
(MAPK) in response to peptidoglycan (PGN) is higher in cord blood
than in adult monocytes. Cord blood (CBMC; n = 16) or peripheral
blood (PBMC; n = 7) mononuclear cells were stimulated with 10 lg/
ml PGN for 30 min and subsequently CD14+ cells were analysed by
flow cytometry for p-p38-MAPK. Data are shown as geometric mean
fluorescence intensity (GeoMFI). Boxes cover 50% of the values
between the 25th and the 75th percentiles, and whiskers extend to
the 10th and 90th percentiles. Raw data are shown excluding outliers
and extremes. The Mann–Whitney U-test was used to evaluate differences between groups.

As soluble factors in serum have been shown to affect cytokine production,20,21 we investigated how the substitution
of FCS in culture medium with CB or adult sera affected
cytokine production from both CBMC and PBMC. For the
purposes of this comparison, data are presented as modulation index from baseline 1, which represents cytokine
values obtained from FCS cultures. We found that IL-6
and IL-8 levels in culture supernatants were increased by
150–400% regardless of cell origin when FCS was replaced
with CB or adult sera (Fig. 5a). In contrast, IL-10 and TNF
levels were markedly reduced (Fig. 5b). When cells were
cultured with adult sera IL-10 levels were consistently
reduced by 70–90% but the reduction by CB sera was quite
variable among subjects. Production of TNF from CBMC
was reduced by approximately 50–60% by both types of

High phosphorylation of p38-MAPK in cord blood
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Figure 5. Effect of soluble factors in serum on
cytokine release. Cord blood (CBMC; n = 4)
or peripheral blood (PBMC; n = 4) mononuclear cells were cultured for 24 hr with 1 lg/ml
peptidoglycan (PGN) with either 10% autologous serum in culture media, or 10% sera
from four different adult donors (for CBMC
n = 4 · 4 combinations) or four different cord
bloods (for PBMC n = 4 · 4 combinations).
Supernatants were subsequently analysed by
cytometric bead array for (a) interleukin-6
(IL-6) and IL-8, (b) IL-10 and tumour necrosis
factor (TNF) and (c) IL-1b. For the purposes
of comparison, data are shown as modulation
index with the horizontal line at 1 representing
cytokine levels in cultures with 10% fetal calf
serum as serum source. Boxes cover 50% of
the values between the 25th and the 75th percentiles, and whiskers extend to the 10th and
90th percentiles. Raw data are shown excluding
outliers and extremes. The Mann–Whitney
U-test was used to evaluate differences between
groups.
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sera. In contrast, there was a significant difference in TNF
production from PBMC depending on which serum was
used. Cord blood sera decreased TNF levels by 70–80%
whereas adult sera only conferred a 25% decrease compared with FCS (P < 0001). Interleukin-1b production
from PBMC increased slightly with serum substitution
whereas no consistent pattern was seen in CBMC cultures
(Fig. 5c).
To elucidate if autologous and heterologous sera affect
cytokine production differently, PBMC were cultured
with adult sera from the two different sources. The
observed differences compared with FCS were consistent,
and overall PGN-induced cytokine production from
PBMC did not differ with autologous or heterologous
serum. Only IL-8 levels were further increased with heterologous serum (data not shown).

Discussion
Monocytes are a heterogeneous cell population that is
important for early-life host defence. Despite the apparent
diversity of the monocyte subsets and their suggested differential contribution to antimicrobial responses, their
characteristics and cytokine response capacity have not
previously been investigated in neonates. Here we found
that already in CB, CD14++ CD16) and CD14+ CD16+
cells were present at frequencies similar to those in adults.
High expression of the adhesion receptor CD11c, the costimulatory molecules CD80/CD86 and the haemoglobin
scavenger receptor CD163 distinguished CD14+ CD16+
cells (Fig. 1), as previously shown for adults.4,25 Interestingly, CD163 has recently been implicated as an innate
sensor for bacteria26 in line with strong expression of
TLRs on CD14+ CD16+ cells.9,10 Noticeably, both CB
monocyte subsets had similar expression of HLA-DR
whereas in adults CD14+ CD16+ cells had higher levels
(Fig. 1).4 The neonatal monocyte population as a whole
has been reported to have decreased HLA-DR expression;27 however, that was not observed here.
Preferential hyperproduction of certain cytokines,
including the pro-inflammatory, from neonatal mononuclear cells has been reported in studies using a variety of
TLR stimuli.16,18,19,27 In line with these studies we found
that CBMC had similar capacity to PBMC to produce the
early-response cytokines IL-6, IL-8 and IL-10 and a tendency for even higher production of IL-1b (Fig. 2) when
stimulated with PGN – a TLR2/nucleotide-binding oligomerization domain (Nod)-like receptor 1/2 ligand. TNF
production on the other hand appears to differ substantially depending on ligand specificity and experimental
setup.16,21,28 Here we found that inherent TNF production by CBMC in response to PGN was potent and even
exceeded that of PBMC, both secreted and intracellular
TNF (Figs 2b and 3d). The CD14+ CD16+ cells did not
exhibit higher intracellular levels of TNF in contrast to

previous findings.9 However, as TNF production from
monocytes appears to be dependent on the stimulus used,
PGN might induce an optimal response from both
CD14+ CD16+ and CD14++ CD16) cells. In addition,
CD14+ CD16+ cells can be further subdivided into
CD14highCD16+ and CD14dimCD16+ cells, where the latter
seem to have a role in sensing viral ligands by way of
intracellular TLR7/8, rather than responding through cellsurface TLRs.29 Accordingly, they produce lower amounts
of TLR2-induced TNF than CD14high CD16+ cells,29
which could confound the data regarding CD16+ monocytes as a whole.
Interleukin-12p70 was undetectable in culture supernatants but both CB and adult monocytes expressed intracellular IL-12p70 upon PGN stimulation, with higher
levels in CB monocytes (Fig. 3c). In contrast, following
LPS stimulation CBMC are consistently reported to show
decreased IL-12p70 production,28,30,31 which has been
connected to decreased stability of mRNA for the IL-12
subunit p40.32 The defective IL-12p70 response to LPS
seems to originate from neonatal monocyte-derived
DCs30 and so does not preclude the potent monocyte
production capacity to another bacterial ligand found
here. The highest levels of IL-12p70 were found in
CD14+ CD16+ cells from both CB and adults (Fig. 3e).
This has previously been indicated for adults33 and our
previous study provided indirect evidence to support this
finding as CD14+ CD16+ cells induced higher natural
killer cell interferon-c production than CD14++ CD16)
cells.34 The increased capacity to respond to microbial
stimulation is concurrent with higher expression of
TLR26,9 and CD163 noted on both CB and adult
CD14+ CD16+ cells (Fig. 1). However, only IL-12p70 production was augmented in these cells indicating a differential regulation of TNF and IL-12p70 responses
downstream of PGN recognition.
Differences in regulation and activation level of mediators involved in the PGN recognition pathway could
affect production of the early-response cytokines. As TLR
expression is at an adult level, activation of MAPK in CB
monocytes has been investigated with varying results
depending on experimental conditions.21,35,36 Here phosphorylation of p38-MAPK in CB monocytes in response
to PGN stimulation was higher than in adult monocytes
(Fig. 4), which also correlated with higher levels of intracellular IL-12p70. It would have been interesting to elucidate p38-MAPK activation in the monocyte subsets and
relate this to cytokine production but unfortunately this
was not possible because of poor resolution of the CD16
antibody in the phosphorylation assay. In addition,
although ERK1/2 was activated in response to PGN, no
connection to cytokine production was observed. However, ERK1/2 and p38-MAPK appear to differentially regulate antigen-presenting cell maturation pathways.
Whereas p38-MAPK activation has been shown to have a
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crucial role in driving Th1 responses because blocking
p38-MAPK inhibits LPS-mediated IL-12 production in
DCs,37 inhibition of ERK1/2 seems to have only partial or
negative effects on DC maturation.38,39
In a recent study by Kollmann et al.16 cytokine assays in
whole blood, in contrast to studies of MCs, yielded more
marked differences between CB and adults. Assaying cytokines in whole blood has been proposed to represent a
minimally perturbed system. However, CB contains a larger amount of leucocytes per millilitre than adult peripheral blood,40 which could complicate comparisons of
cytokine secretion between neonates and adults in whole
blood. Also, inconsistencies between studies using different
cell sources can in part be explained by the presence of
regulatory factors in serum capable of altering the cytokine
response.20,21 Here we found that cytokine release in
response to PGN was affected by serum factors with IL-6
and IL-8 following the same pattern (increased) as
opposed to TNF and IL-10 (decreased), relative to production in medium containing FCS (Fig. 5). The changes,
as compared with FCS, were quite dramatic in some cases
and have implications for the choice of serum for culture
of human cells, at least when attempting to quantitatively
determine cytokine release. For the majority of the cytokines the effects were similar regardless of the origin of
human serum or cells, notably with the exception of TNF.
When PBMC were cultured with CB serum TNF levels
were significantly lower than when adult serum was used.
This is in line with the study from Levy et al. indicating
that CB serum contains factors, e.g. adenosine, that preferentially suppress TNF production20 presumably mediated
by cAMP in monocytes as shown by others.41 However,
although both types of human serum suppressed TNF
production from CBMC in comparison with FCS, no difference was seen between the two serum sources, suggesting that in our study the PBMC were more susceptible to
serum factors, which is in contrast to previous reports.20
As PBMC were cultured with CB serum and vice versa,
cells were also subjected to autologous or heterologous
serum conditions. To rule out that this affected cytokine
production and hence influenced our results, PBMC were
cultured with autologous or heterologous adult serum,
but showed no major difference in production of most of
the PGN-induced cytokines measured here (data not
shown). However, IL-8 levels were further increased with
heterologous serum. As IL-8 levels were in fact slightly
lowered from PBMC with CB (heterologous) serum as
compared with adult (autologous) serum (Fig. 5), there
seems to be no reason to believe that it is the difference
between autologous and heterologous sera and not that
between CB and adult that we have measured.
The rationale for control of neonatal TNF responses
has been discussed extensively. Considering that the CB
TNF response to bacterial ligands could be as potent as
observed here and that TNF has been associated with pre48

mature birth and spontaneous abortion,42 this regulation
seems apt. Presumably, controlling the TNF response
would also be important in relation to TNFs’ well-known
tissue damaging effects that could adversely affect fetal
development. The basis for a strong suppressive effect of
sera on IL-10 production is less clear. Noticeably the
spread among subjects in the CB group was larger suggesting that in some neonates an IL-10 bias (over TNF)
could contribute to an overall dampening of the inflammatory response. How long after birth regulatory factors
in serum are present is currently unknown, but some
studies describe slow age-dependent maturation of Th1polarizing responses in early life,19,27,30,40 and one study
showed a maintained pattern of decreased TNF to IL-6
ratio in sera of children in the first week of life.18
A limited amount of cord blood cells necessitated the
choice of one stimulus for functional studies. We examined monocyte and monocyte subset cytokine responses
following stimulation with PGN to model strong monocyte activation to a microbial stimulus. Also, previous
assays of mononuclear cells in our laboratory have not
shown major differences between LPS-stimulated and
PGN-stimulated cells in quantity or kinetics of cytokine
production.24,43 Other TLR ligands, such as viral components, may elicit a different response from CB monocyte
subsets, which remains to be defined. The time-point
24 hr was chosen to ensure maximum production of
most of the assayed cytokines, and in particular of
IL-12p70. However, TNF production peaks early, at
around 4–6 hr, and then declines21 and we cannot
exclude the possibility that TNF measurement at an earlier time-point would have generated a different result
with higher adult TNF production. On the other hand,
the intracellular assay shows cumulative cytokine production and clearly shows that inherent CB monocyte TNF
production is not deficient in response to PGN.
In this study we did not find support for an immature
neonatal monocyte antibacterial response; however, newborns do exhibit a heightened susceptibility to microbial
infection. This might be related to a delayed DC maturation or to altered DC function and a failure in development
of subsequent adaptive immune responses.44 Interestingly,
we found that the CD14+ CD16+ cells were more abundant
in stimulated CBMC cultures than in adult. As
CD14+ CD16+ cells have a more DC-like and macrophagelike transcription programme6,11 they may represent a
more mature subtype of monocyte displaying specific differentiation in response to environmental cues. Different
behaviour of this subset in neonates, perhaps with reduced
capacity to further differentiate following bacterial stimulation, could potentially also affect the quality of the neonatal
antimicrobial response. Naturally one has to consider the
use of an in vitro system and CBMC to mimic early-life
immunity. Maturation of immune responses takes place
following birth and in contact with environmental
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microbes and therefore CB rather represents the inherent
capacity of newborn immune cells rather than immune
responses throughout the newborn/infant period.
In summary, we have characterized for first time the
human CB monocyte subpopulations, using the same
individuals for both phenotypic and functional assays,
and show similar baseline properties of CB and adult
monocytes. The data presented here are novel regarding
CB monocyte heterogeneity and prompt future investigation into the function and further maturation of neonatal
CD14+ CD16+ cells.
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