
Developmental factors as determinants of

risk for infections and atopy in childhood
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ABSTRACT: The nature of the relationship between infections and allergy in children continues to

be the subject of vigorous debate, in particular the issue of whether the increased frequency of

wheezing respiratory infections in children is a cause or a consequence of atopy.

Recent evidence suggests a subtle twist to this argument, notably that the genetic risk for

susceptibility to both atopy and respiratory infections may involve a common set of genetic

variations related to the efficiency of maturation of immune function in early post-natal life.
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T
he early post-natal period is recognised as
a time of high risk for infection [1]. The
basis for this risk is by now at least

partially understood, and involves the reduced
capacity for expression of a broad range of innate
and adaptive immune defence mechanisms [2].
These deficiencies are broadly summarised
below, and their significance in relation to
susceptibility to infectious and allergic diseases
is discussed.

IMMUNE COMPETENCE DURING FOETAL
LIFE
The first evidence of capacity to recognise antigen-
like stimuli within the developing immune system
is observable at around the 15th week of gest-
ation, at which time foetal human T-cells first
express responsiveness to polyclonal mitogens,
such as Phytohaemagglutinin [3]. The issue of
whether these foetal T-cell interactions generate
genuine T-cell memory remains controversial.
On the one hand, while maternal immunisation
with tetanus toxoid can induce the appearance
of immunoglubulin (Ig)M within the foetus [4],
this antibody cannot cross the placenta and its
presence in the foetus is thus a footprint of a
local primary immune response. However,
there is no evidence of class switching to IgG
in the offspring of vaccinated mothers until
the children themselves are vaccinated [4],
which argues against the generation of foetal
T-helper (Th)-memory cells resulting from
maternal immunisation. Additionally, maternal
(and hence foetal) exposure to some antigens,
such as Toxoplasma, can reportedly induce
immunological tolerance in newborns [5].
Conversely, offspring of mothers infected with
measles [6], malaria [7] and a range of para-
sites [2] contain circulatory T-cells that are

purportedly responsive to pathogen-derived anti-
gens, although recent evidence (discussed further
below) questions the specificity of these neonatal
in vitro T-cell responses. However, studies on
congenital cytomegalovirus infection [8] have
convincingly demonstrated specific priming of
stable major histocompatability complex class I
restricted CD8+ T-cell memory in the foetal
compartment, indicating that antigenic stimuli
of sufficient strength and/or persistence is
capable of bypassing whatever functional defi-
ciencies exist within the foetal immune system,
and in doing so can trigger adult equi-
valent immunity.

The nature of the control mechanism(s) respons-
ible for maintenance of homeostasis within the
foetal immune system are multi-layered and
highly complex. Assessment of the overall func-
tional capacity of the foetal immune system
reveals a pattern of generalised attenuation of
adaptive immunity, accompanied by a skewing
of effecter functions towards the Th2 cytokine
phenotype [9]. These attenuation mechanisms are
most notable within the placenta, and include
local production by trophoblasts and macro-
phages of T-cell-inhibitory metabolites of trypto-
phan generated via indoleamine 2,3-dioxygenase
[10], accompanied by constitutive local produc-
tion (particularly by trophoblasts) of interleukin
(IL)-10 [11]. In addition, high levels of Fas ligand
are expressed within the placenta [12], providing
a mechanism for rapid elimination via apoptosis
of locally activated Fas receptor-positive T-cells.

In addition to these overtly suppressive mechan-
isms, a second series of more subtle mechanisms
coexist to deviate foetal T-cells, which escape
elimination post activation, towards the Th2
pathway, thus minimising local production with
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the foetoplacental unit of potentially damaging Th1 cytokines
[9]. One of the most potent of these centres upon the
immunomodulatory activity of IL-10. If produced at high
concentrations, this cytokine can completely inhibit T-cell
activation, while at lower concentrations it programmes
antigen presenting cells (APC), such as dendritic cells (DCs),
for selective promotion of Th2 differentiation [13]. This
mechanism is complemented by local production within the
placenta of prostaglandin E2, which has similar effects on APC
[13], and also progesterone, which directly inhibits transcrip-
tion of the archetypal Th1 cytokine interferon (IFN)-c [14, 15].

An additional layer of epigenetic controls operates to specifi-
cally limit transcription of the IFN-c gene in the foetal
compartment, in the form of hypermethylation of CpG motifs
in the proximal promoter of the gene [16, 17]. Intriguingly, this
mechanism is largely restricted to naı̈ve CD4+ Th-cells, and
does not operate to a comparable degree within natural killer
(NK) cells or CD8+ Th cells [17, 18].

INNATE IMMUNE FUNCTIONS IN FOETAL AND
NEONATAL LIFE
Mononuclear phagocytic cells (MPC) play a key role in
frontline defence against pathogens and an ancillary role in
control of adaptive immune functions. Foetal and neonatal
MPC appear competent with respect to phagocytic activity and
bacterial killing, but exhibit diminished capacity for expression
of a variety of pro-inflammatory functions including produc-
tion of effecter cytokines, such as IL-6 [19] and tumour necrosis
factor-a [20], which may account in part for the diminished
febrile response of neonates.

The recruitment of MPC into inflammatory foci in neonates is
also delayed and attenuated [21], a feature of which is also seen
with neutrophils in this age group [22], and in both cases this
appears related to deficiencies in regulation of expression of
integrins, such as macrophage 1 and L-selectin on migrating
cells [22]. NK cell activity is also attenuated in neonates,
particularly their capacity to respond to activation signals [23].

There is also evidence for dysregulation of eosinophil function
in early life, exemplified by the increased presence of these
cells in inflammatory exudates in infants [24]. In this context,
ongoing studies in the current author’s laboratory (J. Denburg,
McMaster University, Ontario, Canada, personal communica-
tion) suggest heightened expression of receptors for granulo-
cycte macrophage colony stimulating factor and IL-3 on
eosinophil precursors in infants; it is plausible that this may
result in inflammation-driven eosinophilia in the absence of
the large IL-5 signals that are required to achieve the same end
in adulthood, where the precursors express predominantly IL-
5R. This may explain the predilection for eosinophil recruit-
ment to non-Th2-driven inflammatory foci that is observed in
early life, as granulocyte macrophage colony stimulating factor
and IL-3 are produced in virtually all classes of inflammatory
responses.

An additional function of the innate immune system that is
attenuated in the foetal/neonatal compartment is APC activity,
particularly that of the DC population [25, 26], and some of the
deficiencies in neonatal T-cell function may be a direct result
of the functional immaturity of APC [27]. In particular, the
generalised Th2 skewing of adaptive immune function in

neonates and infants is likely to be due in part to reduced
capacity of immature DC to express the IL-12p35 gene [28, 29],
thus resulting in a persistent deficiency in early life in
production of the major Th1 skewing stimulus IL-12p70.
While epigenetic control of IL-12p35 gene transcription in
neonatal DC has been demonstrated to contribute to attenu-
ated production of IL-12, other mechanisms may also be
involved. Notably, it has recently been reported in the mouse
that reduced IL-12 production in neonatal DC may be partly
explicable via a bystander mechanism involving hyperproduc-
tion of IL-12-inhibitory IL-10 by immature neonatal B-cells [30],
which also display a range of developmental deficiencies [28].

MATURATION OF ADAPTIVE IMMUNE FUNCTIONS IN
EARLY POST-NATAL LIFE: VARIATIONS IN KINETICS AS
DETERMINANTS OF SUSCEPTIBILITY TO DISEASE RISK
As noted above, the newborn enters the antigenically hostile
extrauterine environment ill equipped to deal with the
immunological challenges that must be faced. In particular,
key effecter mechanisms that are required for survival of
exposure to pathogens exhibit varying degrees of attenuation
resulting from developmental deficiencies in a range of
interrelated cellular and molecular mechanisms ranging from
methylation-mediated ‘‘locking’’ of specific gene promoters
exemplified by IFN-c, to hyperproduction of immunosuppres-
sive and/or immunomodulatory molecules, such as IL-10.
Additionally, key effecter cell populations display lineage-
specific developmental deficiencies that contribute to overall
diminished host resistance.

A notable example in this context is the T-cell compartment, in
particular CD4+ T-cells. At birth, o90% of circulating naive
CD4+ Th-cells express the phenotype of ‘‘recent thymic
emigrants’’ (RTE), defined by expression of a range of surface
markers, such as CD1 and CD38, and the presence of
intracellular T-cell receptor excision circles. These T-cells
dominate the circulating T-cell compartment of birth and are
replaced slowly during infancy and early childhood by
functionally mature naive T-cells. Unlike functionally mature
naive T-cells, activation of these RTE though the T cell receptor
triggers apoptosis, unless sufficient quantities of the common
c-chain cytokines are present to ‘‘rescue’’ the activated cells
[31]. Additionally, it has recently been demonstrated by
THORNTON et al. [32] that antigen recognition by these neonatal
CD4+ T-cells lacks the specificity seen with adult naive CD4+
T-cells, and that instead the T-cell receptors on these RTE
recognise a wide range of peptides and respond with a short
lived intensive burst of proliferation and cytokine secretion,
which is generally terminated by apoptosis [32].

The functional significance of this finding is not fully under-
stood. However, on the basis of similar findings in the mouse
relevant to CD8+ CTL function in neonates [33], the current
author has postulated that this mechanism may provide the
immature immune system with a mechanism for the genera-
tion of bursts of cytokines required for activation of cytolytic
mechanisms with phagocytes at sites of infection, in the
absence of conventional cellular immune memory [32]. These
findings also provide a potential explanation for the short-
lived nature of T-cell recall responses in infants after natural
infection [34] or vaccination [35], i.e. many of these supposed
recall responses may involve nonspecific in vitro activation of
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short-lived naive RTE as opposed to genuine long-lived T-
memory cells. The question of when and how functionally
mature naive CD4+ T-cells start to play a major role in cellular
immune responses in young children remains to be resolved.

This complex picture is further complicated by the generalised
Th2 skewing of the adaptive immune system in infants,
representing a carryover from the response pattern that
dominates the foetal immune system. Surprisingly, given the
central importance of Th1 cytokine production in resistance to
infection, the kinetics of post-natal upregulation of Th1
function as exemplified by IFN-c response capacity is
relatively slow, and at the population level functional matura-
tion does not start to accelerate until ,12 months post-natal
[35]. The impetus for post-natal Th1 maturation is not precisely
defined, but longstanding evidence from earlier studies in
germ-free animals indicate that the principal stimulus is
provided by signals from the microbial environment [36]
transduced via TOLL receptors expressed within the innate
immune system [37].

It is also clear that the kinetics of this Th1 maturation process is
highly variable within the overall population, and that slow
maturation may carry enhanced risk for certain diseases. One
notable potential example of the latter is respiratory syncitial
virus (RSV) infection. Murine studies have demonstrated that
the degree of eosinophilia triggered by RSV (and by inference
the intensity of ensuing airway inflammation and wheeze) is
inversely related to age at infection, and thus to the degree of
Th2 polarity of the infant’s immune system at that time [38].
Moreover, infections during this period carry the attendance
risk of programming Th2 polarised memory, which may result
in reiteration of the wheeze-associated eosinophilic host
defence response upon subsequent reinfection [38, 39]. An
additional important example is atopy. It is evident from a
range of studies that slow kinetics of post-natal maturation of
adaptive immune function (in particular Th1 function) is
strongly associated with increased risk of allergic sensitisation
[40]. Moreover, this risk appears to extend beyond atopy, as
children with the ‘‘delayed immune maturation’’ phenotype

also express less efficient and/or more Th2 polarised vaccine
immunity [2], and are also more prone to respiratory viral
infections during infancy [35, 41].

It is well recognised that both respiratory infections and allergy
to inhalants are important independent triggers of intermittent
wheezing symptoms in early life. Moreover, there is increas-
ingly strong epidemiological evidence indicating that risk for
the development of persistent asthma is maximal in infants
subjected to airway inflammation from both inhalant allergy
and respiratory infections [40, 42]; these inflammatory path-
ways appear to interact synergistically during this critical
phase of early post-natal lung growth to alter key tissue
differentiation programmes and thus to drive asthma patho-
genesis (fig. 1) [40, 42].

CONCLUSIONS
The precise contribution from individual cell populations
within the innate and adaptive arms of the immune system to
the developmental deficiencies that underlie the increased
susceptibility of young children to infections, atopy and
wheeze, remain to be established. However, it is clear that
children at the lower end of the immune developmental
kinetics spectrum are at increased risk of a range of diseases.
Why individual children become part of this at risk group
remains to be determined, but recent findings provide exciting
new clues. In particular, given the recognised importance of
signalling through microbial pattern recognition receptors,
such as CD14 and TLR2, in driving the overall maturation of
the immune system, it is of particular interest to note recent
findings of increased risk for atopy associated with poly-
morphisms in these two key pattern recognition receptors
genes [43, 44]. One plausible interpretation of these findings is
that children with risk-associated polymorphisms in pattern
recognition receptors genes require quantitatively or qualita-
tively more potent microbial stimuli to efficiently drive
immune maturation. This possibility merits more detailed
investigation, as it may reveal novel therapeutic approaches
towards atopy/asthma prevention that are readily amenable to
testing.

���������	
��
�������������	

�

�����������������
����
���	


�����
��
�����	��
�
�����	


�	�
����

�����

�	���
��
�����	��

�������
�����	


��

���
���	

�	��
����
�


�������

���	
���

�����������	

�
���	

	������	

	���� ����	��

�������

���	
���

������
�
��������	


�������
��	�����
���������
�����	


	����
����

��


�!"
���
�
��
���
����

#

#

FIGURE 1. Factors governing the kinetics of post-natal maturation of immune competence as determinants of risk for airways infection and asthma during childhood.

Th: T-helper cell; AHR: airway hyperresponsiveness.
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