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Newborns face complex physical and immunological changes before and after birth.

Although the uterus is a sterile environment for the fetus, it also contains non-self material

from the mother. Birth involves the transition from the sterile intra-uterine environment to

an environment rich in microbes and requires rapid induction of appropriate responses to

control these microbes. In this review we focus on the similarities and differences of human

and murine neonatal DC and their reaction to various stimuli. A better understanding of the

newborn immune system – in particular, the DC–T-cell interaction – will be beneficial for the

development of improved strategies to prevent or treat infections in this vulnerable popu-

lation and prepare the immune system to cope with allergens and tumors later in life.
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Introduction

Microbial infections are a major cause of infant mortality. During the

age of 1–6 months there are more than 2 million annual deaths of

human infants caused by viral and bacterial infections affecting the

respiratory or intestinal tract [1]. An immature immune system,

including incomplete lymphoid structure of bone marrow, spleen

and LN, a low number of B and T cells, as well as the absence of

memory B and T cells, is the main reason for this high mortality rate.

Furthermore in newborns, the cells of the innate immune

system – in particular, DC populations – are low in absolute and

relative numbers and are not capable of fully activating both the

innate and adaptive immune responses for effective antigen-

specific B- and T-cell responses [1–3]. In mice, these ‘‘defi-

ciencies’’ in neonatal DC lead to the development of Th2 immune

response to many antigenic stimuli; however, this Th2 skewing is

not readily observed in humans [4]. In human newborns,

T-helper responses are often diminished in magnitude, which can

affect both Th1- and Th2-cell function [5, 6]. There are, of

course, exceptions and under some circumstances human

neonates appear to be competent in developing mature CD4+ and

CD8+ T-cell responses [1].

Here we review the recent developments in the understanding

of the neonatal immune system of both humans and mice. We

focus on DC, as these are important in the first line of defense and

are the coordinators of the innate as well as the specific immune

response. Wherever possible we compare the immune response of

newborns with that of adults. An improved basic understanding of

the neonatal immune system of humans and mice may open doors

for improved protection of newborns and young adults against

infectious agents or deviated immune responses later in life.

Development and nature of the murine and
human immune system

In mice, by embryonic day 17 both conventional DC (cDC) and

plasmacytoid DC (pDC) can be detected in the fetal thymus from
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which mature T cells emerge and increase rapidly in number to

reach a plateau by week 5–6 of age (Table 1) [3, 7, 12]. At birth

the predominantly CD5+ B and CD4+ and CD8+ T cells seed the

non-organized LN structure. Distinct B-cell follicles are formed

around follicular DC and distinct T-cell areas are present by day 7

in LN [13]. Marginal zone B cells are not detected before week 1

[8]. During the first 5–6 wk the number of B and T cells increases

by 103–104 fold [2, 3].

As in mice, haematopoiesis takes place in the human fetal

liver, and cytoplasmic IgM+ pre-B cells have been detected at

�8 wk of gestation and by 10–12 wk sIgM+ B cells appear [14].

Greater than 90% of B lymphocytes in fetal spleen express CD5

and the CD5+ population is also the major B-cell subset in cord

blood [15]. Cord blood T lymphocytes are different from naive

adult T cells. They represent recent thymic emigrants reflected in

their high level of expression of TCR excision circles [16]. DC-like

cells that express MHC class II can be detected in human fetal

thymus and liver [3]. They are identified in mesenteric LN,

thymus and in non-lymphoid tissue around 12 wk of gestation,

whereas fetal skin and tonsilla are populated by DC-like cells at

around 23 wk [17, 18].

The development and nature of the human immune system

overall is similar to that of mice but key differences should be

noted. In mice, TLR-9 is critical for the control of some viral

infections and is expressed on all myeloid cells, pDC and B cells,

whereas in humans, TLR-9 is expressed only on B cells and pDC

[19–21]. Strikingly, CpG oligonucleotides are able to induce

IL-12p70 in all splenic DC subsets in mouse but not in human

pDC, which nevertheless express TLR-9 [22, 23] Moreover, naive

mouse B cells constitutively express TLR-9 and proliferate in

response to LPS and CpG in the absence of T-cell help. In

contrast, human naive B cells do not express high levels of TLR-9

and require several stimuli or T-cell help for antigen-specific

proliferation and antibody response [24, 25].

Another major difference between the human and murine

immune system is the composition of immune cells in peripheral

blood. The majority of human blood consists of neutrophils

(70–90%), whereas in mouse blood the majority of cells are

lymphocytes (70–90%). In contrast to human neutrophils, which

express defensins, murine neutrophils are unable to produce

defensins [26, 27]. In addition, FcaRI, FcgRIIA and FcgRIIC are

not found in mice, which may be important molecules in humans

for enabling maternal human antibodies to be used efficiently by

the abundant neutrophils to bind and internalize antigen–anti-

body immune complexes by these FcR [28, 29]

Clearly, as discussed in this section, the differences between

human and mice are significant. From the dynamic increase in

cell number, their changing nature and proportion, the changing

anatomy of the lymphoid and non-lymphoid structures to the

differences between the immune systems of a growing human

and a growing mouse, all of these factors have to be taken into

consideration when immune responses are studied and compared

between the two species.

T-cell immune response of neonates against
viruses

The immune system of neonatal mice is capable of mounting

specific or even protective, mostly T-cell-based immune responses

against infectious agents [2], as well as mounting protective

memory responses [1, 2, 30–34]. It must be noted that although

the mouse neonatal immune system is capable of mounting

protective immunity, the nature and stimuli required are different

Table 1. Total number of murine splenic cDC and pDC, subpopulations of cDC and in vitro activation of cells from 7-day-old mice compared with
adultsa)

cDC CD8a+ CD4�

CD205+

cDC

CD8a� CD4+

CD205�
CD8a� CD4�

CD205�
pDC Reference

Numberb) 5�106;0.25�106 n.t. n.t. n.t. 1�106;0.12�106 [7–12]

Proportionsc) 55;20 20;30 20;50 [7, 11, 12]

MHC IId) kor 5 n.t. n.t. n.t. n.t. [7–9]

CD80/86d) kor 5 n.t. n.t. n.t. n.t. [8, 9, 12]

IL-12p70d) kor m k, 5 mor m n.t. n.t. [7, 8, 12]

IFN-gd) kor m Undetectable kor m n.t. n.t. [7, 8, 12]

IFN-ad) n.t. n.t. n.t. n.t. 5 or m [7, 12]

TLR-9d) n.t. n.t. n.t. n.t. 5 or m [7, 12]

MLRd) kor 5 n.t. n.t. n.t. n.t. [9, 11]

T celle) 5 n.t. n.t. n.t. n.t [7, 9]

a) Splenic DC from adult or neonatal C57BL/6 or Balb/C mice were isolated by positive [8, 9, 12] or negative [7, 10, 11] selection and pDc or cDC
subpopulations purified by cell sorting and analyzed as indicated. n.t. Not tested against adult DC, or only published once.

b) Number: cell number in adults;neonate per spleen.
c) Proportion: % of DC (sub)population adult;neonate.
d) reduced in newborns; 5 similar or no major differences; m increased in newborns. Values directly compared with those of adult DC taken from

the literature cited.
e) T cell: specific T-cell stimulation in vitro.
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from those of the adult immune system, and the neonatal-specific

immune response is orders of magnitudes lower due to the low

precursor frequency of B and T cells and immature lymphoid

structures in neonates. Infection with replication-competent virus

is one example of stimuli that are capable of activating the

neonatal immune system [2, 30, 33, 35]. Upon infection with

influenza, murine leukemia, measles, lymphocytic choriomeningi-

tis and vaccinia virus, neonates mount primary virus-specific CTL

effector and antibody responses [4, 36]. The responses were

generally delayed in onset and showed a shortened peak activity

compared with the rapid and strong response observed in adult

mice [9, 33, 35–38]. Interestingly, neonatally primed memory

T cells might expand more efficiently than T cells primed at a later

age [35, 39]. There are several ambiguities with these experi-

mental systems. It is not clear what immune–modulating effects

replicating viruses exert, when they are cleared and viral antigen

eliminated, and at what time points priming occurs. Interestingly,

a full cycle of viral gene transcription and viral particle egress

without replication as for disabled infectious single cycle HSV type

1 or a full cycle without egress as for attenuated sendai virus or

modified vaccinia virus Ankara (MVA) are sufficient to induce

specific or even protective immune responses [31, 34, 40]. In

contrast, canarypox, which is able to infect and transcribe early

genes only modestly, or inactivated viruses are unable to induce a

Th1 or protective immunity in neonates [34, 41, 42]. Thus, viral

replication or a full cycle of viral gene transcription and translation

may be required to stimulate innate immune cells in a TLR, (e.g.

TLR-9)-dependent or TLR-independent manner, leading to subse-

quent induction of protective adaptive immune responses. Viral

infection, but incomplete viral gene transcription, UV-inactivated

viruses or protein antigen alone may not be sufficient to induce

such responses in neonates [34, 43, 44].

Congenital or neonatal infections associated with viral or

bacterial respiratory or intestinal tract infections are still a problem

in less-developed countries [36, 45, 46]. Accumulating evidence

now shows that in utero exposure to infectious pathogens in

women can lead to priming of fetal T lymphocytes specific to

microbial antigens [47]. A significant increase in the precursor

frequency of viral-specific T cells could be detected in children who

had congenital or neonatal infections with human cytomegalovirus

(HCMV) or HSV; however, when compared with adults, neonatal

infection with HSV induces a delayed development of HSV-specific

CD4+ T-cell response producing IFN-g [48, 49]. Following

congenital HCMV infection, newborns have a lower quantitative

CD4+ T-cell response to the virus compared with adults [50] but

develop an adult-like quality of CD8+ T-cell response to HCMV

[51]. These observations suggest that under the appropriate

conditions of stimulation limited T-cell-mediated anti-viral

immune responses can be induced in early life.

Phenotype and function of neonatal DC

DC are recognized as key cells in the innate as well as specific

immune response. DC can be separated into two main groups: the

cDC and pDC [3, 52–55]. cDC and their subpopulations are the

main inducers of T cells, whereas the pDC are able to produce

large amounts of IFN in a very short time and are thus associated

with the first line of defence against viral infection. The

phenotype of cDC populations and their function in neonates is

different from adult cDC and is described in detail below.

Phenotype

At birth�0.2% of murine splenic cells are DC. The proportion of

DC in the spleen increases to �2.5% within 5–6 wk, together

with changes in phenotype and function. The number of pDC in

the spleen reaches adult levels by �3 wk of age (Table 1). From

birth to day 7, CD8a+CD205+ cDC dominate, whereas in adults

CD8a�CD205� represented the majority of the DC in the spleen

(Table 1) [3, 7, 12]. Similar developmental kinetics of splenic DC

populations were seen in irradiated adult mice, which were

reconstituted with bone marrow precursor cells [56, 57].

Human DC subsets in the blood are well characterized

because of their accessibility. Human blood contains at least two

distinct types of DC: myeloid DC (mDC) CD11c+ DC and pDC

that lack CD11c but express CD123 and BDCA2 [3]. Blood

CD11c+ mDC are considered immature DC, which are in the

process of migrating from the bone marrow to the peripheral

tissue. The current paradigm asserts that blood CD11c+ mDC

localize in the secondary lymphoid organs and peripheral tissues

as resting interstitial DC and that they are related to the in vitro

generated monocyte-derived DC (moDC) or CD34+ cell-derived

interstitial DC. Blood pDC express L-selectin and migrate to the

secondary lymphoid organs [52].

Studies on cord blood DC reveal that the pDC-to-mDC ratio

(3:1) is reversed compared with the ratio found in adults (1:3)

[58, 59]. mDC and pDC in cord blood were found to be in a more

immature state than those in adult peripheral blood as they

express lower levels of MHC class II, ICAM-1, CD80 and CD86

[59–63]. Using a whole blood assay, maturation of cord blood

mDC induced by LPS or poly(I:C) was incomplete compared with

adult cells [61]. Similar observations are made when cord blood

pDC were stimulated with CpG oligonucleotides or R-848 [62,

63]. When cord blood monocytes are cultured in vitro in the

presence of IL-4 and GM-CSF, they differentiated into immature

mo-DC, which displayed reduced HLA-DR, CD80 and CD40

surface expression and underwent only partial maturation upon

LPS stimulation (Table 2) [64, 65].

Function

Ex vivo isolated splenic cDC from 7-day-old (neonatal) mice

express lower levels of MHC class II, CD86 and key cytokines like

IL-12p70, which is important for Th1 polarization of naive T-cell

precursors (Table 1) [7, 10, 11]. At this age, splenic CD8a� and

CD8a+ cDC produce equal amounts of IL-12p70 and IL-12p40,

whereas in adults CD8a+ cDC are the main source of these
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Table 2. Comparison of mDC and pDC in human adults and neonatesa)

TLR

Expression

in mDC and

pDC mDC mRNAb) mDC mRNAc) pDC mRNAb) pDC mRNAc) References

TLR-1 + n.t. 1 n.t. [19, 20]

TLR-2 + 5 � [19, 20]

TLR-3 + n.t. � [19, 20]

TLR-4 + 5 � [19, 20]

TLR-5 + n.t. � [19, 20]

TLR-6 + n.t. + n.t. [19, 20]

TLR-7 � or + n.t. + 5 [19, 20]

TLR-8 + n.t. � [19, 20]

TLR-9 � + 5 [19, 20]

TLR-10 + n.t. + n.t. [19, 20]

Surface

molecule

expression

(adults/

newborns) Unstim mDCd)

LPS, PolyI:C

Stim mDCe) Unstim DCd)

CpG, R848

Stim pDCe) References

HLA-DR k k [58–63]5 or k 5 or k

CD80 k 5 k [58–63]k

CD86 5 or k 5 or k [58–63]5 or k k or 5

CD40 k 5 k [58–63]5 or k

CD54 5 n.t. k 5 [58–63]

TLR-Induced

Cytokine

Production

(adults/

newborns) mDC proteinf) pDC proteinf) References

TNF-a LPS, poly(I:C) 5 R-848 k [59, 61, 62, 64]

IL-6 LPS, poly(I:C) 5 [64]

IL-8 LPS, poly(I:C) 5 [64]

IL-12 LPS, poly(I:C) kk [61, 64, 65]

IL-23 LPS, poly(I:C),

Pam3CSK4 , R-848 m

[66]

IFN-a Poly(I:C) k CpG, R-848 kk [59, 61–63]

IFN-b LPS kk CpG, R-848 kk [67]

CXCL9/10/11 LPS kk [67]

a) mDC were either purified directly from adult or cord blood or derived from adult or cord blood monocytes. pDC were purified from adult or cord
blood; � undetectable; 1 expressed; 5 similar or no major difference; n.t. not tested. kk strongly reduced; k reduced; m increased.

b) mRNA of different TLR members was assessed by RT-PCR.
c) Comparison of TLR expression between adult and neonatal mDC or pDC.
d) The main differences in the expression of surface molecules between adult and neonatal unstimulated mDC or pDC are shown.
e) The main differences in upregulation of surface molecules between adult and neonatal mDC or pDC stimulated by TLR ligands are summarized.
f) The main differences in cytokine production between adult and neonatal mDC or pDC stimulated by TLR ligands are summarized.
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cytokines [7, 12]. It must be emphasized that reports on the

qualitative capacity of neonatal cDC to produce IL-12p70 and p40

are slightly controversial. In general, two different methods of DC

enrichment protocols have been reported – negative selection via

depletion of all lineage positive cells or positive selection by

taking advantage of the murine pan-DC marker CD11c (Table 1).

Upon stimulation with CpG-B, neonatal cDC produce significant

amounts of IL-12p40 or p70 when selected negatively; however,

after positive selection they are capable of producing the same

amount of these cytokines as adult cDC (Table 1 and Vollstedt

et al., unpublished data). Indeed, the effect of some DC

purification protocols on DC activation has been shown and

discussed [8, 68]. Similar to adult cDC, IFN response factor

(IRF)-5 functions as a master regulator for the induction of pro-

inflammatory cytokines in cDC of neonates as shown by the

impaired induction of IL-12p40 from IRF-5-deficient neonatal

cDC [69] and Vollstedt et al. (unpublished data). TLR-9, IRF-5

and Ik-Ba are induced upon CpG-B stimulation in a similar

manner on neonatal cDC as in cDC from adult mice (Vollstedt et

al. unpublished data). Thus, splenic cDC of 7-day-old neonates

were comparably activated by CpG as adult cDC. Whether this

can be extended to other stimuli will require further investiga-

tion. LPS administration induced noticeable IL-12p70 secretion in

adults but not in 3-day-old neonates while comparable serum

levels of TNF-a were detected (Willems and Vollstedt et al.

unpublished data). Whether this selective lack of LPS-inducible

IL-12p70 synthesis reflects a quantitative or a qualitative

defect was not determined. Importantly, the age of 7 days

seems to be a critical developmental stage at which splenic

CD8+CD4� cDC accumulate with a progressive ability to

produce IL-12p70 [70]. Because IRF-3 is required for efficient

IL-12p35 synthesis in mouse cDC, it will be critical to compare

TLR-3- and TLR-4-mediated 12p35 expression and IRF-3

induction of DC from 3-day-old or 7-day-old neonatal and

adult mice [71].

In adults, pDC are well known to sense a variety of different

viruses by pattern recognition receptors coupled with an extremely

short lag phase to produce 10–100 times more IFN (IFN)-a/b than

other immune cells [55, 72]. The importance of IFN-a/b in

neonates has been confirmed by several studies [10, 40, 73, 74].

Following the first description of neonatal pDC [10], there is

agreement that pDC from 7-day-old neonatal mice are capable of

producing similar amounts of IFN-a as their adult counterparts,

thus affirming their vital role in the first line of defense against

viral infections [7, 11, 12].

Upon stimulation with CpG-A, pDC of neonatal mice use IRF-7

as the main transcription factor for IFN-a production, as

demonstrated by the low amount of IFN-a produced by pDC from

IRF-7-deficient neonates. This is further supported by the

comparable levels of IFN-a secreted by neonatal pDC from both

WT and mice deficient in other IRF (Vollstedt et al., unpublished

data). Similar results were found using pDC of adult mice [75].

TLR-9, IRF-7 and Ik-Ba are fully induced after CpG-A stimulation,

though in a slightly slower time frame than in adult pDC

(Vollstedt et al., unpublished data).

In humans, mDC represent the major source of IL-12p70.

Reduced IL-12p70 production was first observed in LPS-stimu-

lated cord blood mononuclear cells compared with PBMC [76].

Similar findings were obtained in cord blood mononuclear cells

or whole blood for other stimuli including group B streptococcus,

Staphylococcus aureus, poly(I:C), and Bordetella pertussis toxin

[77–79]. The cellular source of IL-12p70 in these in vitro cultures

is most probably circulating mDC. Furthermore, cord blood

moDC produced very low levels of IL-12p70 in response to LPS,

poly(I:C), B. pertussis toxin or CD40 ligation (Table 2) [64, 65,

79]. The impaired secretion of IL-12p70 is due to a specific defect

in the transcription of the IL-12p35 subunit, while the IL-12p40

subunit transcription is preserved. Adult moDC also produce

IFN-b upon TLR-4 stimulation leading to expression of IFN-

inducible genes. In LPS-stimulated cord blood, expressions of

IFN-b and IFN-inducible genes such as CXCL9, CXCL10 and

CXCL11 were selectively impaired [67]. Interestingly, addition of

adult plasma did not restore the ability of neonatal blood cells to

produce IFN-inducible chemokine or IL-12p70, excluding the

possibility that soluble factors such as IL-10 or adenosine would

be responsible for this effect, as observed for IL-12 and TNF-a,

respectively [8, 80, 81]. Comparison of the profile of genes

expressed by LPS-stimulated neonatal and adult moDC further

confirmed a defective IFN-b production that was associated with

a decreased expression of IRF-3-dependent genes but not of

NF-kB-dependent genes. This finding indicates that TRIF-depen-

dent signalling events leading to IFN-b synthesis is preferentially

affected in neonatal cells despite comparable levels of TLR-4

expression in adult and neonatal moDC [82]. This is consistent

with the deficient up-regulation of co-stimulatory molecules on

LPS-stimulated neonatal DC as this process depends on type I IFN

autocrine loop [83, 84]. Further experiments revealed that the

defect in IRF-3 activation in neonatal moDC was due to altered

association of IRF-3 with CBP and impaired IRF-3 DNA binding.

In addition to its critical role in TLR-4-mediated IFN-b synthesis,

IRF-3 was found to be directly involved in IL-12p35 gene

induction [71]. Interestingly, limited IL-12p70 synthesis in

neonatal moDC was related to impaired chromatin remodelling

in the IL-12p35 promoter region [85]. It is therefore possible that

impaired recruitment of IRF-3/CBP complex to IL-12p35

promoter could be responsible for defective synthesis of IL-12p35

subunit in LPS-stimulated neonatal moDC (Table 2).

The observation that NF-kB-dependent pathway in TLR-4

signalling is intact in neonatal moDC is consistent with their

ability to produce pro-inflammatory cytokines upon LPS stimu-

lation. Indeed, no difference was detected between adult and

neonatal DC as both populations are able to produce comparable

levels of TNF-a, IL-6, IL-8 in response to LPS and poly(I:C) [64].

IL-23, a member of the IL-12 cytokine family, is a heterodimeric

cytokine formed by the assembly of p40 and p19 subunits [66].

IL-23 is produced by adult mDC cells in response to TLR agonists

and its synthesis depends on NF-kB but not on IRF-3. Indeed, DC

derived from medullar precursors of mice deficient for IRF-3

secrete IL-23 at levels comparable to WT mice [86] and Willems

(unpublished data). In contrast to IL-12p35, the transcription of
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IL-23p19 subunit mRNA in stimulated neonatal moDC is

comparable to their adult counterparts. Moreover, the secretion

of IL-23 protein is similar or higher in neonatal moDC stimulated

with different ligands and compared with moDC from adults

(Table 2) [66]. IL-23 is critically involved in the maintenance and

amplification of Th17 T cells secreting IL-17, a main pro-inflam-

matory cytokine able to induce epithelial antimicrobial peptides

and to mobilize phagocytes at body surfaces to resist extracellular

bacilli [87]. Several studies have revealed the role of IL-23 in both

protective and T-cell-mediated inflammatory disorders [87].

Neonatal DC-derived IL-23 promoted the differentiation of

neonatal CD8+ T cells into IL-17-producing cells [88]. Although

human neonatal moDC exhibit severe defects in their capacity to

mature and synthesize Th1-polarizing cytokines, these data

indicate that certain aspects of their activity are functional.

Moreover, it appears that neonatal moDC are competent

to function at adult cDC levels under some circumstances.

Recombinant IFN-g restores the capacity of neonatal LPS-acti-

vated moDC to synthesize IL-12p70 similar to the amount

secreted by adult moDC [64, 78]. Gram-positive bacteria from

the normal intestinal floral induced similar levels of IL-12p70 in

both cord and adult cells [89]. Combined TLR-4/TLR-8 or TLR-3/

TLR-8 agonists synergistically increased CD86 and CD83

expression in neonatal cord blood moDC and induced a signifi-

cant up-regulation of IL-12p70 in neonates, although the level

was not quite that of adult moDC [90]. Mature cord blood

moDC were found to be efficient to activate antigen-specific

CD8+ T cells leading to cytolytic activity and IFN-g
production [91]. In addition to cord blood monocytes, CD34+

hematopoietic progenitor cells from cord blood can differentiate

into DC in response to GM-CSF and TNF-a [92]. Although

these DC are able to stimulate proliferation of alloreactive naive

T cells, their capacity to produce IL-12 or IL-23 needs to be

explored.

There is now evidence that pDC present in human cord

blood do not function as their adult counterparts [63]. Indeed,

despite comparable levels of TLR-9 and TLR-7 expression in

adult and neonatal pDC, neonatal pDC exhibit a severe defect in

their capacity to produce IFN-a/b in response to TLR-9 as well as

TLR-7 ligation or HCMV or HSV-1 exposure. This defect is

detected at both the protein and mRNA levels and was

associated with a reduced nuclear translocation of IRF-7 [62].

Taken together with the reduced IFN-a/b production observed in

cord blood in response to TLR-3 and -4 ligands, these data

indicate that deficient type I IFN synthesis is a key property

of TLR-mediated responses in blood cells of human

newborns [61].

The defect of neonatal pDC in response to a TLR-7 ligand,

R-848, is not only limited to type I IFN production but also involves

the acquisition of a mature phenotype. Indeed, cord blood pDC

respond to R-848 by up-regulating CD40, CD80, CD86, CCR7,

CD54 and HLA-DR molecules; however the magnitude of CD80,

CD40, CCR7 and HLA-DR up-regulation was lower in neonatal

pDC compared with that of adult pDC. Moreover, R-848-induced

TNF-a production was found to be decreased in neonatal pDC

compared with their adult counterparts (Table 2) [62]. In human,

the hematopoietic growth factor Flt3-L (FL) treatment strongly

expands the numbers of cultured mDC and pDC obtained from

peripheral blood of adult donors [93]. FL triggers differentiation of

CD34+ hematopoietic progenitor cells from human fetal tissues

and cord blood into pDC that are able to produce huge amounts of

IFN-a/b in response to viral stimulation [94]. This suggests that

FL represents a potential tool to circumvent the impaired type I FN

expression in neonatal pDC.

Flt3-L, a poietin with the potential to activate
DC in neonates

FL binds to early precursor cells in fetal liver, spleen or bone

marrow [95] and increases cDC and pDC two to threefold in FL-

treated neonates and is associated with a hundredfold increased

resistance against viral infections [10, 11, 74]. The two to

threefold FL-induced increase of pDC, however, does not fully

explain the hundredfold increased resistance against viral infection

originally observed [10]. FL treatment increased the IFN-a
production from stimulated pDC marginally but IL-12p70 from

stimulated cDC populations up to fiftyfold [11]. MHC class II,

CD86 and CD205 expressions on cDC and T-cell stimulatory

activity of cDC or novel DC subpopulations are increased in splenic

DC of FL-treated C57BL/6 or FL gene deleted (FL�/�) mice [10,

74]. Therefore, in addition to increasing splenic pDC and cDC

numbers, FL treatment also leads to increased cytokine produc-

tion, increased T-cell stimulatory activity and the emergence of

novel DC populations (with as yet unknown precursors) without

affecting other cells. Indeed, administration of FL to neonatal mice

selectively increases the number of DC but not CD5+ B cells [10,

96]. CD5+ B cells are the main producers of IL-10 in a type I IFN

and DC-dependent manner [96]. The increased number of highly

stimulatory DC relative to the unchanged number of CD5+ B cells

might increase pro-inflammatory conditions and thus add one

more variable to explain the hundredfold increased resistance of

FL-treated neonates against viral infections.

The IFN-FL-pDC loop in neonates

Viral infection induces type I IFN that may have local but also

distal effects. To study the effect of viral infection per se, the

infection event has to be separated from viral multiplication and

spread. Thus, attenuated viruses are required. Some live

attenuated vaccine viruses are able to infect and transcribe viral

genes without viral particle egress and are thus replication

deficient but retain their immuno-stimulatory effect for the

innate as well as the adaptive immune system. This is exemplified

by MVA, which is able to increase resistance against non-related

virus in newborns [40, 74]. Resistance was associated with FL-

dependent increased pDC and activated cDC 7 days after the

infection. Transfer of CD11c+ cells but not other cells into naive

C57BL/6 or FL�/� mice followed by viral challenge effectively
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induced protection. Among the CD11c+ cells, pDC but not cDC

were associated with this effect [40]. CpG-stimulated pDC were

shown to induce IL-10 from CD5+ B cells in vitro [96].

Interestingly, in a virally driven but otherwise similar system,

pDC induced only minute amounts of IL-10 from CD5+ B cells,

indicating that host–pathogen interaction may tune DC differ-

ently compared with specific TLR engagement by CpG [96].

Indeed, MVA or disabled infectious single cycle HSV-1 activate

DC in a TLR-9-dependent as well as TLR-9-independent pathway

[44]. Treatment of FL�/� mice at birth with recombinant (r)

murine or human rFL reconstituted splenic cell number and

resistance to HSV-1 infection similar to C57BL/6 mice; however,

the transfer of 5�106 pDC to FL�/� mice was ten times less

protective than recombinant FL-treated mice [74]. Transfer of pDC

though effective may not mimic endogenous induction of cells and

the required anatomical structure to a full extent [74]. rFL or IFN-

induced FL may promote the induction of pDC and additional

CD11c+ cells or other cells [43] capable of producing IFN-a present

in appropriate anatomical locations including bone marrow.

Conclusion

This review has emphasized the nature and major functional

properties of DC from neonatal mice and humans. Splenic cDC

from newborn mice or cord blood mDC express lower levels of

MHC and CD80/86 molecules and produce decreased amounts of

IL-12p70 compared with adult DC upon activation, whereas

IL-6, IL-8 and TNF-a production is similar. Moreover, the

secretion of IL-23 by cord-blood-derived cDC in response to

TLR agonists is even higher than in adults. Neonatal DC from

both species are able to stimulate CD8 T cells similar to adult cells

but quantitative adult-like Th1 immune responses are not

achieved. The capability of neonatal splenic mouse pDC to

produce IFN I is similar to pDC from adult animals. In contrast,

IFN I production from cord blood pDC is severely reduced in

comparison with adult pDC. Interestingly, elevated serum FL in

mice or rFL provided to cultures of cord blood pDC increases the

number of pDC able to secrete adult-like amounts of IFN I after

adequate stimulation.

An important question is the extent to which the mouse and

human findings can be aligned in view of the differences in their

immune systems. To efficiently control (viral) infections,

newborns of both species depend on maternal antibodies that

function in association with complement and Fc receptors.

Compared with mice, humans have a wider variety of Fc recep-

tors distributed over more cell populations, in particular

neutrophils. This may render antibody-mediated protection more

efficient in humans. Newborn mice may compensate for this by

the effectiveness of their pDC.

Whether the qualitative differences between mouse and

human DC are due to distinct intrinsic features between the two

species or relies on the different experimental models used

remains to be investigated. Human studies are mainly based on

cord blood cells, whereas spleen DC were generally used in

newborn mouse experiments. Human moDC are now considered

inflammatory DC, whereas spleen DC are classified as tissue-

resident cells. The identification of mouse homologues of human

blood mDC and pDC will further help to clarify the rules that

govern neonatal DC responses [54, 97]. Researchers should also

be aware of the dynamics of the developing immune system

within a growing body that makes analysis of DC in this context a

demanding process. This process can further be influenced by

hormones notably corticosteroids in milk [98, 99].

Much remains to be learned about the molecular mechanisms

by which the neonatal adaptive immune system may be instruc-

ted to generate protective T-helper responses while considering

the fact that each infectious agent has its own agenda. Studies

mentioned above suggest that defective IRF-3 activation in cord

blood mDC and impaired IRF-7 translocation in cord blood pDC

represent two key molecular signatures underlying the imma-

turity of neonatal DC in humans. Although IL-12 and type I IFN

are likely to be compromised in human newborns, murine

studies will allow to test the possibility that whether an

efficient IL-23/IL-17 axis might be important for the protection

against infectious pathogens.
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