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Neonatal Innate TLR-Mediated Responses Are Distinct from

Those of Adults1

Tobias R. Kollmann,2* Juliet Crabtree,† Annie Rein-Weston,† Darren Blimkie,*

Francis Thommai,* Xiu Yu Wang,* Pascal M. Lavoie,* Jeff Furlong,† Edgardo S. Fortuno III,*

Adeline M. Hajjar,† Natalie R. Hawkins,‡ Steven G. Self,‡ and Christopher B. Wilson†§

The human neonate and infant are unduly susceptible to infection with a wide variety of microbes. This susceptibility is thought

to reflect differences from adults in innate and adaptive immunity, but the nature of these differences is incompletely characterized.

The innate immune response directs the subsequent adaptive immune response after integrating information from TLRs and other

environmental sensors. We set out to provide a comprehensive analysis defining differences in response to TLR ligation between

human neonates and adults. In response to most TLR ligands, neonatal innate immune cells, including monocytes and conventional

and plasmacytoid dendritic cells produced less IL-12p70 and IFN-� (and consequently induced less IFN-�), moderately less

TNF-�, but as much or even more IL-1�, IL-6, IL-23, and IL-10 than adult cells. At the single-cell level, neonatal innate cells

generally were less capable of producing multiple cytokines simultaneously, i.e., were less polyfunctional. Overall, our data suggest

a robust if not enhanced capacity of the neonate vs the adult white-blood cell TLR-mediated response to support Th17- and

Th2-type immunity, which promotes defense against extracellular pathogens, but a reduced capacity to support Th1-type re-

sponses, which promote defense against intracellular pathogens. The Journal of Immunology, 2009, 183: 7150–7160.

N
eonates and infants are unduly susceptible to a wide va-

riety of infections (1). This increased susceptibility is

thought to reflect deficiencies in both innate and adap-

tive immunity compared with adults (2). The innate immune sys-

tem is central to all immunity because it decodes the nature of

microbial threats and then produces mediators to help provide ap-

propriate immediate protection and determine the quality and mag-

nitude of the subsequent adaptive immune response. However, the

extent to which innate immune responses to microbial stimuli dif-

fer between adults and neonates, and the contribution of such dif-

ferences to the neonate’s increased susceptibility, are still only

incompletely characterized (2–4).

In general, neonatal cord blood mononuclear cells have been

found to produce less IL-1�, IL-1�, TNF-�, IL-18, and IL-12p70

but equal or greater IL-6 or IL-10 compared with adult cells in

response to the TLR4 ligand LPS and some other TLR ligands

(5–8). However, strikingly different and even contradictory results

have been reported. For example, neonatal cells have been re-

ported to produce significantly less, as much, or even more TNF-�

as adults (9–12). It is difficult to reconcile these discordant find-

ings because the information was accrued in an incremental fash-

ion, through studies differing in experimental design, assessing ei-

ther one or only a few cytokines produced in response to a single

or only a limited set of TLR ligands (often of uncertain purity), and

under conditions in which the contribution of specific cell types

was not addressed, or using cells whose phenotype and function

were conditioned by prior culture in vitro. A more complete pic-

ture of how neonatal and adult innate immune responses differ

could be obtained through a comprehensive side-by-side analysis

of responses to well-defined ligands for TLRs, done using ap-

proaches that allow to the extent possible responses attributable to

conventional dendritic cells (cDCs),3 plasmacytoid DCs (pDCs),

and monocytes to be identified using cells studied directly ex vivo.

Conducting such a study in a sample set large enough to allow a

well-powered statistical analysis, we confirmed and extended find-

ings suggesting that the neonatal as compared with the adult innate

immune responses to TLR stimulation were not so much deficient

in quantity, but differed in quality.

Materials and Methods
TLR stimulation plates

TLR stimulation plates were prepared as described previously (13). Briefly,
deep-96-well (VWR) source plates containing 1.3 �l of various TLR li-
gands at 10 times the desired concentration were prepared using sterile
procedures under a laminar airflow hood. The following TLR ligands were
used at the concentrations noted in the figure or table legends: PAM3CSK4

(TLR2/1; EMC Microcollections); poly(I:C) (TLR3; Amersham Bio-
sciences); 0111:B4 LPS (TLR4, InvivoGen); 3M-002 (TLR8, 3M); 3M-
003 (TLR7/8, 3M); 3M-013 (TLR7, 3M); CpG (A type, 2336; Coley). For
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the 6-h intracellular cytokine staining (ICS) plates, brefeldin A (BFA;
Sigma-Aldrich) was added at a concentration of 100 �g/ml (10 times the
desired final concentration of 10 �g/ml) to all wells, except those wells
containing TLR3 and TLR9 ligands. BFA was not added to the 10� source
plates for the plates that were used to get 18-h supernatants for Luminex
and ELISAs. Source plates were sealed with sterile aluminum plate sealers
(USA Scientific), frozen at �80°C, and thawed before use. Twenty micro-
liters from each well of the source plate was dispensed into each well of
recipient 96-well round-bottom polystyrene plates (Corning) using the
Evolution P3 Precision Pipetting Platform (PerkinElmer) under a laminar
airflow hood using sterile procedures. Recipient plates were sealed with
sterile aluminum plate sealers and frozen at �80°C until use.

Blood sample processing and in vitro stimulation

All studies were approved by the Institutional Ethics Review Board at both
the University of Washington and the University of British Columbia.
Blood samples were processed as described previously (13). Cord blood
from healthy, full-term elective Caesarean sections without labor and adult
peripheral blood was collected directly into sodium heparin-containing va-
cutainers (BD Biosciences). Neonatal cord blood or adult PBMCs (MC)
were isolated by density gradient centrifugation; whole blood (WB) was
mixed 1:1 with sterile prewarmed (37°C) RPMI 1640 medium (Invitro-
gen). MCs were cultured in RPMI 1640 supplemented with 100 U peni-
cillin/ml, 100 mg streptomycin/ml (Invitrogen), and 10% human AB serum
(Gemini Bio-Products). One hundred eighty microliters of cell suspension
(either MC or WB mixed 1:1 with RPMI 1640) was added to each well of
the premade plates containing the specific TLR ligands. For the ICS assays,
cells were incubated for 6 h at 37°C in 5% CO2. For the TLR3 and TLR9
ligands, BFA was added for the last 3 h only at a final concentration of 10
�g/ml, which provides optimal detection of intracellular cytokine produc-
tion in response to these ligands (13). After culture, cells were treated with
a final concentration of 2 mM EDTA for 15 min at 37°C, then spun down
and resuspended in 100 �l of 1� BD FACS Lysing Solution, sealed, and
stored frozen at �80°C until staining. For plates containing WB, the entire
mixture was added to 1400 �l BD FACS Lysing Solution in deep 96-well
plates (VWR) and stored frozen at �80°C until staining. An identical set
of plates was incubated in parallel for 18 h without BFA; at 18 h, these
plates were spun and 100 �l of supernatant was removed and frozen at
�80°C for later Luminex analysis.

Staining, acquisition, and analysis

Preparation of the samples for flow cytometric analysis was performed as
described previously (13). A detailed description of Ab (source, clone, and
dilution), machine set up, and data acquisition according to the recently
accepted MiFlowCyt Standards (14) can be found in the supplemental da-
ta.4 Briefly, frozen plates were thawed and spun, and pellets were resus-
pended in 200 �l of BD FACS permeabilizing solution and incubated at
room temperature for 10 min. After one wash in PBS containing 0.5% BSA
and 0.1% sodium azide (PBSAN), cells were stained in a final volume 100
�l of PBSAN for 30–60 min at room temperature. After two additional
washes with PBSAN, cells were resuspended in PBS containing 1% para-
formaldehyde and immediately analyzed on an LSRII Flow Cytometer (BD
Biosciences) set up according to published guidelines (15). Compensation
beads (CompBeads; BD Biosciences) were used to standardize voltage
settings and used as single stain positive and negative controls as described
previously (16). A total of 200,000 events were acquired for adult and
neonatal MC and 1,000,000 for WB. Compensation was set in FlowJo
(Tree Star) or Labkey Flow (Labkey), and samples were analyzed
compensated.

Luminex-based assessment of cytokines in culture supernatant

Supernatants were thawed at room temperature, then filtered through a
1.2-�m filter plate (Millipore) into a clean 96-well plate to remove any
remaining cellular debris using a multiscreen HTS vacuum manifold (Mil-
lipore). The Luminex assay was performed using the Upstate/Millipore
“Flex Kit” system using the high biotin protocol and overnight incubation
at 4°C. Cytokines measured were IL-6, IL-10, IL-12p40, IL-12p70,
TNF-�, IFN-�2, and IFN-�. Samples were diluted 1/2 (and if needed to fall
within the standard curve, 1/10 or 1/20) in either RPMI 1640 with 10%
human AB serum for MC supernatants or a 1/1 mixture of RPMI 1640 and
human serum diluent (Millipore) for WB supernatants. Beadlytes and bi-
otin were used at one-half of the manufacturer’s standard strength. Assays
were read using a BioPlex 200 system (Bio-Rad), and the analysis was
performed using Excel (Microsoft) and an in-house database.

Human IL-23 (p19/p40) ELISA

Filtered supernatants were diluted 1:4 in diluent contained in the human
IL-23 (p19/p40) ELISA kit (eBioscience), and assays were performed ac-
cording to the manufacturer’s specifications. Plates were read at 450 nm
with 570-nm subtraction. A sigmoid logistic curve was used to generate the
standard curve.

Statistical analysis

Graphs were prepared using Excel (Microsoft). For statistical analysis of
the Luminex results, the Prism analysis program (GraphPad) was used to
compare the neonates and the adults for a given cytokine determination in
response to a specific stimulus using the nonparametric Wilcoxon rank-
sum test. For statistical analysis of the flow cytometry results, scatter plots
with superimposed box plots and the Wilcoxon rank-sum test were used to
compare the neonates and the adults. To assess the level of statistical sig-
nificance corrected for multiple comparisons, we calculated q values to
control the rate of false discoveries as previously described (17) using the
q-value add-on package for R (18). We also computed the more conser-
vative Bonferroni-corrected p values for control of overall false positivity
rates (19) and found no difference in our results between q values or Bon-
ferroni-corrected p values at the 0.05 level. We here only report our results
for q values �0.01 as these yield an expected number of false discoveries
of �0.5 for each of the different analytical categories of primary interest
(e.g., comparison of adult and neonatal MC results for all cytokines as-
sayed by Luminex; comparison of the percentage of positive adult and
neonatal monocytes, cDCs, and pDCs for any or all of the cytokines as-
sayed by flow cytometry in WB).

To assess polyfunctionality (i.e., the ability of an individual cell to pro-
duce one vs more than one cytokine in response to a specific stimulus), we
included the percent of all cells in a given cytokine-combination category
(there are 15 possible cytokine-combination categories for 4 cytokines, in
which at least one cytokine is positive (24 – 1 � 15)); the percentage of all
cells in which a given cytokine was positive, and separately the percentage
of all cells in which any of the cytokines was positive; and the percentage
of reactive cells (i.e., cells producing at least one cytokine) that were pos-
itive for only one cytokine (polyfunctional degree (pfd1), and separately
the percentage of reactive cells expressing two (pfd2), three (pfd3), or four
(pfd4) cytokines. Ternary plots (20) were created to examine the distribu-
tion of the polyfunctional degree for each subject. The ternary plot consists
of an equilateral triangle with one point per subject inside the triangle. Each
of the three corners of the triangle represents one of the three possible
polyfunctional degrees—pfd1, pfd2, and pfd3�. The position of the point
within the triangle indicates the distribution of the possible degrees. For
example, if a point is in the center of the triangle, the subject has equal
percentages of cells which are positive for 1, 2, or 3� cytokines. If a point
is near the pfd1 corner, most of the subject’s reactive cells are positive for
only one cytokine. Annotated, light grid marks appear inside the triangle to
indicate the percentage of each type of pfd represented by a point in any
section of the triangle. For each group, the mean and SD of polyfunctional
degree was computed as well.

Results
Single-cell analysis of cytokine production by neonatal vs adult

innate immune cells

We previously described a flow cytometric platform for the anal-

ysis of TLR responses at the single-cell level (13). Our polychro-

matic single-cell high-throughput flow cytometry-based approach

allowed us to determine the cellular composition of the innate

immune system in neonatal and adult MC and WB in quantitative

detail (supplemental Fig. 1).4 We found that the pDC content of

adult and neonatal WB and MC samples were similar, whereas

neonatal WB preparations contained a higher percentage of mono-

cytes, and adult WB and MC samples contained more cDCs com-

pared with the respective neonatal samples (supplemental Fig. 2).4

As a result, neonatal MC and WB samples contained a higher ratio

of pDCs:cDCs compared with adult samples (�1:3 vs �1:6, re-

spectively), as was reported previously (4, 11).

Using this flow cytometric approach, we assessed the production

of TNF-�, IL-6, IL-12/23p40, and IFN-�2 at the single-cell level

in response to low, medium, and high concentrations of each of

the TLR ligands. Supplemental Fig. 34 shows, for example, the

TLR7/8 ligand dose-response profile for TNF-�, IL-6, and IL-12/4 The online version of this article contains supplemental material.

7151The Journal of Immunology
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23p40 production by adult and neonatal monocytes (monocytes

did not produce detectable IFN-�2 in response to any of the stimuli

used; data not shown). We found that differences between neonatal

and adult samples were most pronounced at the highest TLR li-

gand concentration tested and, for this reason, present below only

the flow cytometric data obtained with the high concentrations of

each TLR ligand.

The two-dimensional dot plots for monocytes stimulated with an

optimal concentration of the TLR7/8 ligand 3M-003 in Fig. 1 show

that individual cells may have no detectable cytokine production or

may produce one or more of these cytokines. The cumulative per-

centages of cells producing one or any of the possible combina-

tions of these cytokines are depicted in color-coded stacked bar

graphs in Figs. 2, 3 and 4, where the total height of the bar cor-

responds with the total response (i.e., the percentage of cells pro-

ducing any cytokine), and each colored segment corresponds with

the percentage of cells producing a specific cytokine or combina-

tion of cytokines. The total response, percentage of cells producing

each cytokine, and the amount of each cytokine produced (as in-

dicated by the mean fluorescence intensity, MFI) are detailed in

Table I. In addition, to provide a more intuitive means to visualize

the degree with which a given cell population responded to TLR

stimulation by producing either any one, any two, or any three

cytokines, ternary plots—which depict the degree of polyfunction-

ality of cells from each subject—are shown below the stacked bar

graphs in Figs. 2–4.

FIGURE 1. Example of intracellular cytokine pro-

duction by adult or neonatal monocytes in MC and WB

samples. Shown are results for MC (left panel) and WB

(right panel) from adult or neonatal monocytes. Sam-

ples were either unstimulated (red) or stimulated with

TLR4 ligand LPS (100 ng/ml; blue) for 6 h in the pres-

ence of BFA, then expression of IL-6, IL-12/23p40, and

TNF-� were determined by multiparameter flow cytom-

etry. Note that we set quadrants for the analysis of a

given cytokine expression so that unstimulated samples

were �1% positive in ICS for every cytokine for both

neonate and adult in both MC and WB.

FIGURE 2. Neonatal monocytes in WB are less re-

sponsive and less polyfunctional to TLR stimulation

than adult WB monocytes, whereas there is little differ-

ence between monocytes in MC. MC or WB samples

from 25 adults and 25 neonates were stimulated with the

indicated TLR ligands (only results for the maximal

concentration for each ligand are shown) for 6 h, and

expression of intracellular TNF-�, IL-6, and IL12/

23p40 by monocytes was determined by multiparameter

flow cytometry. Top panel, Stacked bar graphs in which

the overall height of the bar indicates the total percent-

age of monocytes producing any cytokine and the height

of each color (coded as shown in the inset) indicates the

percentage of monocytes expressing an individual cyto-

kine or cytokine combination. Bottom panel, Ternary

plots, in which each circle depicts the degree of poly-

functionality of cells from one adult (red circles) or ne-

onate (blue circles). Circles closer to the left lower cor-

ner of the triangles are monocytes that expressed any

one of the cytokines tested, circles closer to the right

lower corner are monocytes that expressed any two, and

those closer to the top corner expressed all three (see

Materials and Methods for a more detailed description

of ternary plots).

7152 NEONATAL TLR RESPONSE DIFFERS FROM ADULT
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Context-dependent differences in cytokine production by

neonatal vs adult monocytes

We found no obvious difference between neonatal and adult MC

samples in the total percentage of monocytes responding to any of

the TLR ligands nor in their degree of polyfunctionality (Fig. 2,

Table I). However, neonatal monocytes in MC samples produced

significantly more IL-12/23p40 per cell (i.e., the MFI was greater)

than adult monocytes for each of the TLR ligands tested (Table I).

The fraction of neonatal monocytes in MC producing IL-6 and the

MFI for IL-6 were consistently greater compared with adult mono-

cytes, although these differences were not significant after correc-

tion for multiple comparisons. On the other hand, adult monocytes

in MC produced significantly more TNF-� per cell in response to

all TLR ligands tested.

Results for monocytes in WB were substantially different. The

total percentage of cytokine-producing cells, the percentages pro-

ducing IL-12/23p40 and TNF-� and polyfunctionality were all

lower for neonatal than adult monocytes in WB after TLR2, TLR4,

and TLR7/8 stimulation (Fig. 2). These differences resulted pri-

marily from a substantial increase in the percentages of cytokine-

producing adult monocytes and their polyfunctionality in response

to these ligands in WB compared with MC. There were two ex-

ceptions to this general trend: the percentage of IL-6 producing

neonatal and adult monocytes in WB was equivalent for all TLR

ligands but LPS; responses to the TLR8 ligand 3M-002 were in-

hibited in WB compared with MC and were similar for adult and

neonatal monocytes. The TLR9 ligand CpG-A did not induce a

measurable response in either neonatal or adult monocytes (data

not shown).

cDCs also exhibit context-dependent differences in cytokine

production

The findings with cDCs to a large extent paralleled those obtained

with monocytes. We detected no obvious difference between neo-

natal and adult MC samples in the total percentage of responding

cDCs, in percentages producing individual cytokines and cytokine

combinations, nor in their degree of polyfunctionality (Fig. 3, Ta-

ble I) for each of the stimuli save LPS, to which a significantly

larger fraction of adult than neonatal cDCs responded. The

amounts (i.e., the MFI) of IL-12/23p40 produced by individual

neonatal cDCs in MC were higher as compared with adults,

whereas the TNF-� MFIs were lower. By contrast in WB samples,

as observed for monocytes, the total percentage of responding

cDCs, percentage producing IL-12/23p40 and TNF-�, as well as

the degree of polyfunctionality were all significantly lower for

neonatal cDCs with the same two exceptions: the percentage of

IL-6-producing neonatal and adult monocytes in WB was equiv-

alent for all TLR ligands, but LPS and responses to the TLR8

ligand 3M-002 were inhibited in WB compared with MC and were

similar for adult and neonatal monocytes. And as for monocytes,

the TLR9 ligand CpG-A did not induce a measurable response in

either neonatal or adult cDC (data not shown).

Neonatal pDCs are strikingly less responsive and less

polyfunctional than adult pDCs

In contrast to the relative similarity of the responses of neonatal

and adult monocytes and cDCs in MC samples, neonatal pDCs

were consistently less responsive in MC as well as in WB. A

substantial fraction of adult pDCs produced IFN-�, TNF-�, or

both of these cytokines, but these cells produced little or no IL-6

(Fig. 4, Table I) and IL-12/23p40 (data not shown), respectively,

i.e., were at most bifunctional and not polyfunctional. By contrast,

the total percentages of neonatal cytokine producing pDCs, the

percentages producing IFN-�, TNF-�, or both of these cytokines,

the amounts of these cytokines produced per cell, and their poly-

functionality were all lower compared with adult pDCs in response

to the TLR7 (3M-013), TLR7/8 (3M-003), and TLR9 (CpG-A)

FIGURE 3. Neonatal cDCs are less responsive and

less polyfunctional to TLR stimulation. The difference is

more pronounced in WB as compared with MC. MC or

WB samples from 25 adults and 25 neonates were stim-

ulated with the indicated TLR ligands (only results for

the maximal concentration for each ligand are shown)

for 6 h, and expression of intracellular TNF-�, IL-6, and

IL12/23p40 by cDCs was determined by multiparameter

flow cytometry. Top panel, Stacked bar graphs in which

the overall height of the bar indicates the total percent-

age of cDCs producing any cytokine and the height for

each color (coded as shown in the inset) indicates the

percentage of cDC expressing an individual cytokine or

cytokine combination. Bottom panel, Ternary plots, in

which each circle depicts the degree of polyfunctionality

of cells from one adult (red circles) or neonate (blue

circles). See Fig. 2 legend for further details.

7153The Journal of Immunology
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ligands. Responses to the TLR9 ligand were inhibited in WB com-

pared with MC, and, as expected, there was little response by

pDCs to the TLR8 ligand (3M-002).

Polyfunctionality may be a regulated function for IL-6 but not

for other cytokines

Polyfunctionality by innate immune cells could reflect a qualitative

difference in the response by specific cells to a TLR ligand or a

quantitative difference in which cells that are more responsive are

more likely to produce multiple cytokines. We reasoned that if

polyfunctionality reported quantitative rather than qualitative dif-

ferences, then polyfunctionality should show a positive correlation

with the amount of cytokine(s) produced per cell (i.e., the MFI).

When this relationship was evaluated for cells expressing one vs

two or more cytokines, we found that polyfunctional monocytes

(Fig. 5) and cDCs (supplemental Fig. 4)4 produced more TNF-�

and IL-12/23p40 under most conditions tested. Similarly, poly-

functional pDCs produced more IFN-� and somewhat more

TNF-� (supplemental Fig. 4).4 These relationships were apparent

with adult and neonatal cells, although the magnitude of the dif-

ferences in MFI between monofunctional and polyfunctional cells

was generally stronger in the adult. Thus, for these cytokines, poly-

functionality and MFI appeared to function as parallel quantitative

indices of cellular responsiveness. By contrast, there was little cor-

relation between polyfunctionality and the MFI of IL-6 for any of

the ligands or cell types in either adult or neonatal samples, except

the neonatal IL-6 monocyte MC response to 3M-003. This finding

suggests that IL-6 may be regulated in a qualitatively different

manner than the other cytokines tested. Preliminary results suggest

that the degree of polyfunctionality is influenced by soluble factors

as well as by cell-cell interactions (supplemental Fig. 5).4

Neonatal innate immune cells produced lower levels of

Th1-supporting but higher levels of Th17-supporting and

anti-inflammatory cytokines compared with adult cells

As an additional approach by which to address responses of neo-

natal and adult innate immune cells to TLR stimulation, we used

multiplexed bead array-based detection of cytokines in 18-h cul-

ture supernatants. This approach quantifies the total amount of

cytokine secreted by all cells present in the culture, i.e., it provides

a more global view of differences between neonatal and adult cells.

It also allows the measurement of cytokines such as the het-

erodimeric cytokines IL-12p70 and IL-23 that share a common

p40 subunit, for which sufficiently sensitive and specific Abs us-

able in flow cytometry were not available. To assess possible con-

centration-dependent differences between adult and neonatal cells,

we used three concentrations of each TLR ligand known to yield

low, medium, and high responses based on our previous studies

(13).

For cytokines assayed both by flow cytometry at 6 h (Figs. 2–4)

and in culture supernatants at 18 h (Figs. 6–8), the results were

congruent and consistent with the exception that unstimulated neo-

natal samples secreted low levels of certain cytokines (IL-6, IL-1b,

IL-12p40, and IL-10) into the culture supernatant over the 18-h

incubation. This higher level of cytokine production detected in

culture supernatants of unstimulated neonatal samples by Luminex

is possibly biologically relevant (21–23) and was therefore not

subtracted from the stimulated samples but shown side by side. Of

FIGURE 4. Neonatal pDCs are less responsive and

less polyfunctional to TLR7/8 and TLR7 stimulation for

both MC and WB. MC or WB samples from 25 adults

and 25 neonates were stimulated with the indicated TLR

ligands (only results for the maximal concentration for

each ligand are shown) for 6 h, and expression of intra-

cellular TNF-�, IL-6, and IFN-� by pDCs was deter-

mined by multiparameter flow cytometry. Top panel,

Stacked bar graphs in which the overall height of the bar

indicates the total percentage of pDCs producing any

cytokine and the height for each color (coded as shown

in the inset) indicates the percentage of pDC expressing

an individual cytokine or cytokine combination. Bottom

panel, Ternary plots, in which each circle depicts the

degree of polyfunctionality of cells from one adult (red

circles) or neonate (blue circles). See Fig. 2 legend for

further details.
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the cytokines detectable at higher levels in neonatal than adult

unstimulated samples after 18-h culture, only IL-6 also appeared to

be present at a higher MFI in unstimulated neonatal samples in the

6-h flow cytometric analysis (but not statistically significant). As

our overall analysis, however, focused on the comparison of the

neonatal to the adult response after TLR-specific stimulation, we

positioned the unstimulated flow cytometric samples as a biolog-

ical negative control; this has been identified as the most appro-

priate approach for flow cytometric analysis of stimulation exper-

iments (24).

We found that monocytes clearly were the dominant source

of the cytokines produced after stimulation, with the exception

of IFN-�, which was produced primarily by pDCs. Adult MC

and WB secreted more TNF-�, paralleling greater TNF-� MFIs

for adult vs neonatal monocytes, particularly for the TLR2/6

and TLR4 ligands (Fig. 8). Neonatal MC and, in particular, WB

secreted as much or more IL-6 than adult samples, paralleling

the consistent trend for greater IL-6 MFIs by neonatal vs adult

monocytes (and cDCs) (Fig. 7). Adult MC and WB produced

more IFN-� in response to the TLR7/8 ligand 3M-003, paral-

leling greater IFN-� production by adult pDCs; this was also

the case for IFN-� production in response to CpG-A for MC,

although not for WB, in which IFN-� production by adult but

not by neonatal MC was suppressed compared with adult MC

samples. IFN-� production in response to poly(I:C) was sup-

pressed equally in neonatal and adult WB as compared with the

respective MC samples (Fig. 6). The only cytokine where su-

pernatant assays did not parallel flow cytometric MFIs was IL-

12/23p40, where the significantly greater MFIs of neonatal

monocytes and cDCs observed by flow cytometry at 6 h were

not consistently reflected by a higher abundance of IL-12/23p40

in 18 h of culture supernatants (Fig. 7).

In addition to these findings, the supernatant assays also re-

vealed a consistent qualitative difference between adult and neo-

natal cells in the production of cytokines that promote Th1 vs Th17

type CD4 T cell responses. Thus, neonatal MC and WB cells pro-

duced significantly less IFN-�, IL-12p70, and IFN-�, which pro-

mote Th1 responses, than adult samples in nearly all contexts (Fig.

6). By contrast, neonatal MC and particularly WB produced more

IL-23, IL-6, and IL-1� than adult samples; these cytokines are

known to promote Th17 responses (Figs. 7 and 8). The only ex-

ceptions were the somewhat greater production of IL-23 by adult

than neonatal WB in response to LPS and of IFN-� by neonatal

compared with adult WB in response to CpG-A. We also found

FIGURE 5. The degree of polyfunctionality may be a specifically reg-

ulated function for some but not all cytokines. MC or WB samples from 25

adults and 25 neonates were stimulated with the indicated TLR ligands

(only results for the maximal concentration for each ligand are shown) for

6 h, and expression of intracellular TNF-�, IL-6, and IL12/23p40 by mono-

cytes was determined by multiparameter flow cytometry. The y-axis de-

picts the MFI (mean fluorescent intensity) for the indicated cytokine for

monocytes that produced only the indicated cytokine (solid bar, monofunc-

tional cells) or monocytes that produced the indicated cytokine plus any of

the others (hatched bar, polyfunctional cells) with results for adults shown

in red and neonates in blue.

FIGURE 6. Diminished production of type 1 cyto-

kines by neonatal cells. Results are the mean � SE con-

centrations of IFN-�2 (top panels), IFN-� (middle pan-

els), and IL-12p70 (bottom panels) in 18-h culture

supernatant for MC (left panels) or WB (right panels),

comparing adult (red bars and q values) to neonatal

(blue bars and q values) samples (n � 25 each). Cultures

were stimulated with nothing (unstimulated, Un) or with

increasing concentrations from left to right (indicated by

the Œ) of PAM3CSK4 (TLR2/6), poly(I:C) (TLR3), LPS

(TLR4), 3M-002 (TLR8), 3M-003 (TLR7/8), or CpGA

(TLR9). The probability that differences are significant

after correction for multiple comparisons is shown as q

values (see Materials and Methods for description), but

only if there was a significant difference between neo-

natal and adult samples.
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that neonatal as compared with adult samples consistently pro-

duced more of the immunoregulatory and anti-inflammatory cyto-

kine IL-10 (Fig. 8).

Discussion
The underlying mechanisms that lead to the higher susceptibility

of neonates to infection, as well as their often suboptimal immune

response to immunization, have not been fully delineated. Pecu-

liarities in the neonatal innate immune response to pathogen-asso-

ciated molecular patterns have been postulated to be at least partly

responsible, and differences between the neonatal and adult re-

sponse to stimulation via TLRs have been identified previously.

These previous studies, however, did not provide a comprehensive

overview of the complex reactions involved, because they focused

on only few stimuli, target cells, or functional readouts. We here

provide the most comprehensive comparison yet of the innate im-

mune response to TLR stimulation by monocytes, cDCs, and pDCs

from neonates and adults in MC and in WB, through analysis of

both of the global response of these samples (cytokines in the

culture supernatant) and the responses of individual cells (intra-

cellular cytokine expression). We found that innate immune cells

from neonates had a consistently and significantly reduced capac-

ity compared with adults to produce IL-12p70, IFN-�, and IFN-�,

a more modest and less consistently reduced capacity to produce

TNF-�, a similar or even greater capacity to produce IL-6, IL-23,

and IL-1�, and a strikingly greater capacity to produce IL-10. On

the single-cell level, our study provides novel insights demonstrat-

ing that neonatal innate immune cells in general were less poly-

functional in that they less often produced two or more of the

tested cytokines simultaneously compared with adult cells. Most of

FIGURE 7. Relatively greater production of Th17-

inducing cytokines by neonatal compared with adult

cells. Results are the mean � SE concentrations of IL-

12p40 (top panels), IL-23 (middle panels), and IL-6

(bottom panels) in 18 h culture supernatant for MC (left

panels) or WB (right panels), comparing adult (red bars

and q values) to neonatal (blue bars and q values) sam-

ples (n � 25 each). Cultures were stimulated with noth-

ing (unstimulated, Un) or with increasing concentrations

from left to right (indicated by the Œ) of PAM3CSK4

(TLR2/6), poly(I:C) (TLR3), LPS (TLR4), 3M-002

(TLR8), 3M-003 (TLR7/8), or CpGA (TLR9). The

probability that differences are significant after correc-

tion for multiple comparisons is shown as q values (see

Materials and Methods for description) or � but only if

there was a significant difference between neonatal and

adult samples.

FIGURE 8. Neonatal WB makes more IL-10 as com-

pared with adult. Results are the mean � SE concen-

trations of TNF-� (top panels), IL-1� (middle panels),

and IL-10 (bottom panels) in 18 h culture supernatant

for MC (left panels) or WB (right panels), comparing

adult (red bars and q values) to neonatal (blue bars and

q values) samples (n � 25 each). Cultures were stimu-

lated with nothing (unstimulated, Un) or with increasing

concentrations from left to right (indicated by the Œ) of

PAM3CSK4 (TLR2/6), poly(I:C) (TLR3), LPS (TLR4),

3M-002 (TLR8), 3M-003 (TLR7/8), or CpGA (TLR9).

The probability that differences are significant after cor-

rection for multiple comparisons is shown as q values

(see Materials and Methods for description) or � but

only if there was a significant difference between neo-

natal and adult samples.
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the differences we detected between neonate and adult were more

pronounced when assays were performed in WB as compared with

MC, indicating the presence of regulatory factors contained in

adult and neonatal WB. Taken together, our data support the no-

tion that the neonatal innate immune system is not in general less

able than their adult counterpart to respond to TLR stimulation but

rather has a qualitatively different response.

The most consistent finding in the published literature analyzing

the innate immune response in the human newborn is reduced

production of IL-12p70, type I IFNs, and IFN-� (reviewed in Refs.

2 and 4). We also detected a profoundly reduced secretion by

neonatal cells of IL-12p70 in response to TLR stimulation. Un-

fortunately, stable and sufficiently sensitive Abs to IL-12p70 or

p35 are not available, precluding our attempt to demonstrate the

responsible cell type(s) on the single-cell level. The lower IL-

12p70 production in neonatal samples likely also was responsible

for the strikingly reduced IFN-� production we observed in neo-

natal MC and WB culture supernatants. Although DCs or mono-

cytes themselves are not known to produce IFN-�, NK cells, and

memory CD4 and CD8 T cells present in MC or WB cultures do

produce IFN-� in response to IL-12p70 and type I IFNs produced

by DCs and monocytes (2). We also confirmed the previously re-

ported reduction in IFN-� production in neonatal MC cultures in

response to CpGA (11). However, we were unable to confirm the

previously described reduction in IFN-� production in response to

poly(I:C) stimulation in either MC or WB cultures (10). It is pos-

sible that this discrepancy reflects differences in assay specificity,

because the Luminex assay we employed detects IFN-�2B only,

whereas the ELISA used in the other study reportedly detects IFN-

�2A, -2B, and -2C. Our single-cell flow cytometric analysis, per-

formed with an Ab that detects IFN-�2A and 2B, and to a lesser

degree IFN-� C, D, G, H, I, K, and omega, failed to detect IFN-�

in cDCs in response to poly(I:C) (data not shown); this is likely

due to the overall low level of IFN-� production in cDCs as com-

pared with pDCs (25). Our flow cytometric analysis, however,

confirmed the globally much reduced IFN-� production by neo-

natal as compared with adult pDCs to all stimuli tested in MC or

WB. Given the many subtypes of type 1 IFN and their cell-type

specific expression patter (25), a much expanded and more detailed

analysis of the changes in type 1 IFN expression early in life is

clearly necessary.

Reduced IL-12p70 by neonatal innate immune cells appears

to result from a selective decrease in production of IL-12p35

but not IL-12/23p40 (10, 26 –28). Our supernatant results are

consistent with these findings, which we extended by demon-

strating that neonatal monocytes and cDCs in MC and WB con-

sistently produced as much or more IL-12/23p40 on a per cell

basis as their adult counterparts. Thus, even though in some

contexts a lower percentage of neonatal cells made IL-12/

23p40, the production of greater amounts on a per cell basis was

reflected by comparable amounts in MC and WB culture super-

natants. Because IL-12p40 can also combine with p19 to form

the heterodimer IL-23 (28 –30), we were not surprised to find a

significantly elevated concentration of IL-23 in the supernatant

of neonatal cultures stimulated with TLR2, TLR8, and TLR7/8

ligands in both MC and WB samples. Thus, the innate response

early in life appears to be directed away from IL-12p70 toward

IL-23 dominance. We confirmed previous reports of higher IL-6

production by neonatal as compared with adult WB samples

(31, 32) but were surprised to find that this difference was not

observed in parallel MC cultures. This argues for an IL-6-sup-

pressive factor in adult WB, rather than an inherently higher

neonatal capacity to produce IL-6. A similar trend was found

for IL-1�, with greater production by neonatal WB but not MC

samples. Importantly, IL-1�, IL-6, and IL-23 together are key

differentiation signals for Th17 lineage T cells, suggesting that

at birth the innate immune response to TLR stimulation favors

Th17 over Th1 CD4 T cell development (29, 30).

The relatively greater production of the proinflammatory cyto-

kines IL-1� and IL-6 by neonatal innate immune cells may be

offset by their generally reduced production of TNF-� and greater

production of the anti-inflammatory and immunomodulatory cy-

tokine IL-10. Interestingly, the greater production of IL-10 by neo-

natal vs adult cells appeared to parallel that of IL-6 and IL-23 and

may in fact reflect secondary coinduction of IL-10 by IL-6 and/or

IL-23 (31, 33).

Polychromatic (i.e., more than five colors) flow cytometry offers

the ability to identify how many different cytokines a single cell

makes, i.e., its polyfunctionality (34). This parameter has been

investigated intensely in T cells, but before our studies, polyfunc-

tionality in the innate immune system had to our knowledge never

been specifically addressed. Our data indicate that WB strongly

supported the capacity of adult but not neonatal monocytes or

cDCs to make more than two cytokines and that the degree of

polyfunctionality was TLR ligand dependent. The factors con-

tained in WB that led to such ligand-specific, fine-tuned regulation

of polyfunctionality are currently not known. Both soluble factors

contained in plasma as well as cell-cell interactions appear to be

responsible (see supplemental Fig. 5).4 Contrary to monocytes and

cDCs, neonatal as compared with adult pDCs displayed a globally

reduced degree of polyfunctionality. We also found that an in-

crease in polyfunctionality for any of the cell types paralleled an

increase in MFI for TNF-�, IL-12/23p40, and IFN-� but not for

IL-6, suggesting that regulatory mechanisms governing IL-6 are

potentially distinct from those governing these other cytokines.

The functional relevance of our findings regarding innate immune

cell polyfunctionality is currently unclear, but for T cells, poly-

functionality rather than production of any one specific cytokine

correlates best with protection from infection (35–38).

By comparing responses of neonatal and adult MC, which

were cultured in medium containing pooled 10% human AB

serum, to responses in neonatal or adult WB, which was cul-

tured in medium containing autologous plasma, our studies re-

vealed both extrinsic and cell intrinsic factors responsible for

the differences between adult and neonatal innate immune func-

tion. For example, the reduced production of Th1-promoting

cytokines, including IL-12p70, IFN-�, and IFN-�, and rela-

tively greater production of Th17-promoting cytokines, includ-

ing IL-23, IL-6, and IL-1� in the neonate, were already evident

in MC, indicating a cell intrinsic bias; however, these trends

were somewhat amplified in WB, indicating additional contri-

butions of cell extrinsic factors. Similarly, the greater produc-

tion of IL-10 by neonatal samples was evident in MC but am-

plified in WB. However, neonatal pDCs were less responsive

overall than their adult counterparts both in MC and WB sam-

ples. Our findings confirm previous reports indicating that both

extrinsic soluble factors as well as extrinsic cell-cell interac-

tions can influence the response to TLR stimulation (31, 39).

Most consistent with our findings are previous reports of sig-

nificantly higher serum concentrations for adenosine in new-

born as compared with adult samples; these differences have

been shown to directly relate to lower TNF-� and IL-12 but

enhanced IL-6, IL-10, and IL-23 production (3, 40). For the

TLR4-specific response soluble extrinsic factors leading to dif-

ferent response profiles between neonatal and adult samples

may also relate to LPS-binding protein and soluble CD14, both

of which are higher in adult than in neonatal samples (2, 3).
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Taken together, these results indicate that cell intrinsic and ex-

trinsic differences can differentially affect the responses of neo-

natal vs adult monocytes and cDCs, but factors responsible for

differences in responses to TLR ligands by neonatal compared

with adult pDCs appear to be predominantly cell intrinsic.

We found that neonatal pDC responses were globally im-

paired, suggesting a proximal defect in TLR signaling, although

this may be compounded further by impaired IFN regulatory

factor (IRF)-7 nuclear translocation previously reported by oth-

ers (41). In contrast to pDCs, cell intrinsic response differences

between adult and neonatal monocytes and cDCs were largely

qualitative, suggesting that specific regulatory mechanisms fur-

ther downstream are involved. Consistent with this notion, di-

minished neonatal IL-12p35 production appears to result from a

defect in IRF-3 binding to and remodeling of the IL-12p35 pro-

moter, whereas more proximal aspects of signaling resulting in

IRF-3 translocation from the cytoplasm to the nucleus appear to

be intact (42). We currently are in the process of determining

whether differences in these and other molecular processes ac-

count for some of the novel differences between neonate and

adult samples identified in our study, such as the degree of

polyfunctionality.

In summary, our data show that the neonatal innate immune

response does not simply suffer from quantitative deficiencies as

compared with the adult but rather is characterized by a response

pattern that is qualitatively different. The foremost example of this

is the reduced ability of neonatal vs adult innate immune cells to

produce Th1-supporting cytokines and a shift toward an enhanced

capacity to support Th17-type immune responses. Th17 cells se-

crete cytokines that induce the production of antimicrobial pep-

tides by epithelial cells and mobilize phagocytes to promote resis-

tance against extracellular bacterial and fungal pathogens,

particularly at body surfaces, whereas Th1 cells are predominantly

involved in systemic defense against intracellular pathogens (43,

44). Thus our findings suggest that the neonatal innate immune

response is more focused on promoting defense against extracel-

lular pathogens, which may pose the most immediate threat to the

neonate upon entering the extrauterine environment, than defense

against intracellular pathogens. It will be essential to decipher the

cell intrinsic and extrinsic factors underlying these differences in

great detail to gain the understanding necessary to guide optimal

interventions (e.g., vaccines) aimed at protecting this most vulner-

able population.

Disclosures
The authors have no financial conflict of interest.

References
1. Klein, J. O., C. J. Baker, J. S. Remington, and C. B. Wilson. 2006. Current

concepts of infections of the fetus and newborn infant. In Infectious Diseases of

the Fetus and Newborn Infant, 6 Ed. J. O. Klein, J. S. Remington, C. B. Wilson,
and C. J. Baker, ed. Elsevier Saunders, Philadelphia, pp. 1–24.

2. Lewis, D. B., and C. B. Wilson 2006. Developmental immunology and role of
host defenses in fetal and neonatal susceptibility to infection. In Infectious Dis-

eases of the Fetus and Newborn Infant, 6 Ed. J. O. Klein, Jack S Remington,
Christopher B Wilson, Carol J Baker, ed. Elsevier Saunders, Philadelphia, pp.
25–138.

3. Levy, O. 2007. Innate immunity of the newborn: basic mechanisms and clinical
correlates. Nat. Rev. Immunol. 7: 379–390.

4. Willems, F., S. Vollstedt, and M. Suter. 2009. Phenotype and function of neonatal
DC. Eur. J. Immunol. 39: 26–35.

5. Joyner, J. L., N. H. Augustine, K. A. Taylor, T. R. La Pine, and H. R. Hill. 2000.
Effects of group B streptococci on cord and adult mononuclear cell interleukin-12
and interferon-� mRNA accumulation and protein secretion. J. Infect. Dis. 182:
974–977.

6. La Pine, T. R., J. L. Joyner, N. H. Augustine, S. D. Kwak, and H. R. Hill. 2003.
Defective production of IL-18 and IL-12 by cord blood mononuclear cells influ-
ences the T helper-1 interferon � response to group B Streptococci. Pediatr. Res.

54: 276–281.

7. Upham, J. W., P. T. Lee, B. J. Holt, T. Heaton, S. L. Prescott, M. J. Sharp,
P. D. Sly, and P. G. Holt. 2002. Development of interleukin-12-producing ca-
pacity throughout childhood. Infect. Immun. 70: 6583–6588.

8. Lee, S. M., Y. Suen, L. Chang, V. Bruner, J. Qian, J. Indes, E. Knoppel,
C. van de Ven, and M. S. Cairo. 1996. Decreased interleukin-12 (IL-12) from
activated cord versus adult peripheral blood mononuclear cells and up-regulation
of interferon-�, natural killer, and lymphokine-activated killer activity by IL-12
in cord blood mononuclear cells. Blood 88: 945–954.

9. Drohan, L., J. J. Harding, B. Holm, E. Cordoba-Tongson, C. L. Dekker,
T. Holmes, H. Maecker, and E. D. Mellins. 2004. Selective developmental de-
fects of cord blood antigen-presenting cell subsets. Hum. Immunol. 65:
1356–1369.

10. De Wit, D., S. Tonon, V. Olislagers, S. Goriely, M. Boutriaux, M. Goldman, and
F. Willems. 2003. Impaired responses to Toll-like receptor 4 and Toll-like re-
ceptor 3 ligands in human cord blood. J. Autoimmun. 21: 277–281.

11. De Wit, D., V. Olislagers, S. Goriely, F. Vermeulen, H. Wagner, M. Goldman,
and F. Willems. 2004. Blood plasmacytoid dendritic cell responses to CpG oli-
godeoxynucleotides are impaired in human newborns. Blood 103: 1030–1032.

12. Seghaye, M. C., W. Heyl, R. G. Grabitz, K. Schumacher, G. von Bernuth,
W. Rath, and J. Duchateau. 1998. The production of pro- and anti-inflammatory
cytokines in neonates assessed by stimulated whole cord blood culture and by
plasma levels at birth. Biol. Neonate 73: 220–227.

13. Jansen, K., D. Blimkie, J. Furlong, A. Hajjar, A. Rein-Weston, J. Crabtree,
B. Reikie, C. Wilson, and T. Kollmann. 2008. Polychromatic flow cytometric
high-throughput assay to analyze the innate immune response to Toll-like recep-
tor stimulation. J. Immunol. Methods 336: 183–192.

14. Lee, J. A., J. Spidlen, K. Boyce, J. Cai, N. Crosbie, M. Dalphin, J. Furlong,
M. Gasparetto, M. Goldberg, E. M. Goralczyk, et al. 2008. MIFlowCyt: the
minimum information about a flow cytometry experiment. Cytometry A 73:
926–930.

15. Perfetto, S. P., D. Ambrozak, R. Nguyen, P. Chattopadhyay, and M. Roederer.
2006. Quality assurance for polychromatic flow cytometry. Nat Protoc. 1:
1522–1530.

16. Maecker, H. T., A. Rinfret, P. D’Souza, J. Darden, E. Roig, C. Landry, P. Hayes,
J. Birungi, O. Anzala, M. Garcia, et al. 2005. Standardization of cytokine flow
cytometry assays. BMC Immunol. 6: 13.

17. Storey, J. D., J. E. Taylor, and D. Siegmund. 2004. Strong control, conservative
point estimation and simultaneous conservative consistency of false discovery
rates: a unified approach. J. R. Statist. Soc. B. 66: 187–205.

18. Team, R. D. C. 2007. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria.

19. Miller, R. G. 1981. Simultaneous Statistical Inference. Springer Verlag,
New York.

20. Aitchison, J. 1986. The Statistical Analysis of Compositional Data, Blackburn
Press, Caldwell, NJ.

21. Romero, R., J. Espinoza, L. F. Goncalves, J. P. Kusanovic, L. A. Friel, and
J. K. Nien. 2006. Inflammation in preterm and term labour and delivery. Semin

Fetal Neonatal Med. 11: 317–326.

22. Marchini, G., V. Berggren, R. Djilali-Merzoug, and L. O. Hansson. 2000. The
birth process initiates an acute phase reaction in the fetus-newborn infant. Acta

Paediatr. 89: 1082–1086.

23. Schultz, C., C. Rott, P. Temming, P. Schlenke, J. C. Moller, and P. Bucsky. 2002.
Enhanced interleukin-6 and interleukin-8 synthesis in term and preterm infants.
Pediatr Res. 51: 317–322.

24. Maecker, H. T., and J. Trotter. 2006. Flow cytometry controls, instrument setup,
and the determination of positivity. Cytometry A 69: 1037–1042.

25. Theofilopoulos, A. N., R. Baccala, B. Beutler, and D. H. Kono. 2005. Type I
interferons (�/�) in immunity and autoimmunity. Annu. Rev. Immunol. 23:
307–336.

26. Goriely, S., B. Vincart, P. Stordeur, J. Vekemans, F. Willems, M. Goldman, and
D. De Wit. 2001. Deficient IL-12(p35) gene expression by dendritic cells derived
from neonatal monocytes. J. Immunol. 166: 2141–2146.

27. Goriely, S., C. Van Lint, R. Dadkhah, M. Libin, D. De Wit, D. Demonte,
F. Willems, and M. Goldman. 2004. A defect in nucleosome remodeling prevents
IL-12(p35) gene transcription in neonatal dendritic cells. J. Exp. Med. 199:
1011–1016.

28. Vanden Eijnden, S., S. Goriely, D. De Wit, M. Goldman, and F. Willems. 2006.
Preferential production of the IL-12(p40)/IL-23(p19) heterodimer by dendritic
cells from human newborns. Eur. J. Immunol. 36: 21–26.

29. Goriely, S., and M. Goldman. 2008. Interleukin-12 family members and the bal-
ance between rejection and tolerance. Curr. Opin. Organ Transplant. 13: 4–9.

30. Goriely, S., M. F. Neurath, and M. Goldman. 2008. How microorganisms tip the
balance between interleukin-12 family members. Nat. Rev. Immunol. 8: 81–86.

31. Angelone, D. F., M. R. Wessels, M. Coughlin, E. E. Suter, P. Valentini,
L. A. Kalish, and O. Levy. 2006. Innate immunity of the human newborn is
polarized toward a high ratio of IL-6/TNF-� production in vitro and in vivo.
Pediatr. Res. 60: 205–209.

32. Levy, O., E. E. Suter, R. L. Miller, and M. R. Wessels. 2006. Unique efficacy of
Toll-like receptor 8 agonists in activating human neonatal antigen-presenting
cells. Blood 108: 1284–1290.

33. Vanden Eijnden, S., S. Goriely, D. De Wit, F. Willems, and M. Goldman. 2005.
IL-23 up-regulates IL-10 and induces IL-17 synthesis by polyclonally activated
naive T cells in human. Eur. J. Immunol. 35: 469–475.

34. Makedonas, G., and M. R. Betts. 2006. Polyfunctional analysis of human T cell
responses: importance in vaccine immunogenicity and natural infection. Springer

Semin. Immunopathol. 28: 209–219.

7159The Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


35. Nebbia, G., F. M. Mattes, C. Smith, E. Hainsworth, J. Kopycinski, A. Burroughs,
P. D. Griffiths, P. Klenerman, and V. C. Emery. 2008. Polyfunctional cytomeg-
alovirus-specific CD4� and pp65 CD8� T cells protect against high-level repli-
cation after liver transplantation. Am. J. Transplant. 8: 2590–2599.

36. Duvall, M. G., M. L. Precopio, D. A. Ambrozak, A. Jaye, A. J. McMichael,
H. C. Whittle, M. Roederer, S. L. Rowland-Jones, and R. A. Koup. 2008. Poly-
functional T cell responses are a hallmark of HIV-2 infection. Eur. J. Immunol.

38: 350–363.

37. Sun, Y., S. Santra, J. E. Schmitz, M. Roederer, and N. L. Letvin. 2008. Magnitude
and quality of vaccine-elicited T cell responses in the control of immunodefi-
ciency virus replication in rhesus monkeys. J. Virol. 82: 8812–8819.

38. Ciuffreda, D., D. Comte, M. Cavassini, E. Giostra, L. Buhler, M. Perruchoud,
M. H. Heim, M. Battegay, D. Genne, B. Mulhaupt, et al. 2008. Polyfunctional
HCV-specific T cell responses are associated with effective control of HCV rep-
lication. Eur. J. Immunol. 38: 2665–2677.

39. Schakel, K., M. von Kietzell, A. Hansel, A. Ebling, L. Schulze, M. Haase,
C. Semmler, M. Sarfati, A. N. Barclay, G. J. Randolph, et al. 2006. Human

6-sulfo LacNAc-expressing dendritic cells are principal producers of early inter-
leukin-12 and are controlled by erythrocytes. Immunity 24: 767–777.

40. Levy, O., M. Coughlin, B. N. Cronstein, R. M. Roy, A. Desai, and M. R. Wessels.
2006. The adenosine system selectively inhibits TLR-mediated TNF-� produc-
tion in the human newborn. J. Immunol. 177: 1956–1966.

41. Danis, B., T. C. George, S. Goriely, B. Dutta, J. Renneson, L. Gatto,
P. Fitzgerald-Bocarsly, A. Marchant, M. Goldman, F. Willems, and D. De Wit.
2008. Interferon regulatory factor 7-mediated responses are defective in cord
blood plasmacytoid dendritic cells. Eur. J. Immunol. 38: 507–517.

42. Aksoy, E., V. Albarani, M. Nguyen, J. F. Laes, J. L. Ruelle, D. De Wit,
F. Willems, M. Goldman, and S. Goriely. 2007. Interferon regulatory factor 3-de-
pendent responses to lipopolysaccharide are selectively blunted in cord blood
cells. Blood 109: 2887–2893.

43. Curtis, M. M., and S. S. Way. 2009. Interleukin-17 in host defence against bac-
terial, mycobacterial and fungal pathogens. Immunology 126: 177–185.

44. Wilson, C. B., and T. R. Kollmann. 2008. Induction of antigen-specific immunity
in human neonates and infants. Nestle Nutr. Workshop Ser. Pediatr. Program. 61:
183–195.

7160 NEONATAL TLR RESPONSE DIFFERS FROM ADULT

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/

