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Compared to adults, infants and young children demonstrate differences
in their immune response, indicating that there is maturation or change
over time and it is probable that this may be reflected in cytokine
production. Cytokine responses have been demonstrated to be different
in atopic and non-atopic individuals. In this study, we examined T-helper
1 (Thl) (interferon-y [IFN-y]) and T-helper 2 (Th2) (interleukin [IL]-4,
IL-5, and IL-13) cytokine release from atopic and non-atopic children in
response to the staphylococcal superantigen, staphylococcal enterotoxin
B (SEB). In non-atopic and atopic children, IFN-y, IL-4, and IL-5
release was significantly related to age. Non-atopic children younger
than 2 years of age were found to have significantly reduced Th2 (IL-4,
IL-5, and IL-13) responses when compared with older, non-atopic
children. Atopic children had a reduced IFN-y response when compared
with non-atopics in early childhood; however, the decreased IFN-y
response seen in early childhood did not persist after 10 years. These age-
related changes in cytokine production provide further support for the
concept that cytokine deviations may determine the natural history of
atopic disease during early childhood. In addition, the present study
indicates the necessity of age-matched controls when examining children
for both Thl (IFN-y) and Th2 (IL-4) cytokine release.

Joanne M. Smart

and Andrew S. Kemp

Department of Immunology, Royal Children’s
Hospital, Murdoch Children’s Research
Institute, Melbourne, Australia

Key words: ontogeny; cytokine; children;
atopy; superantigen; interferon-y; interleukin-
4; interleukin-5; interleukin-13

Professor Andrew S. Kemp, Immunology
Department, Royal Children’s Hospital,
Flemington Rd, Parkville, Victoria 3052,
Australia

Tel.: 9345-5733

Fax: 9345-6348

E-mail: kempa@cryptic.rch.unimelb.edu.au

Accepted 3 February 2001

Infants and young children demonstrate a reduced
capacity for some antibody (1,2) and T-cell (2,3)
responses when compared with older children and
adults. Therefore, a discrepancy exists between
the proliferative response of neonatal T cells to
mitogens and superantigens, which appearslargely
intact, and the production of cytokines, which is
significantly reduced (4-6). Such differences in the
immune response indicate that there is a matura-
tion or change over time and that it is probable that
this may be reflected in cytokine production. It has
been considered that the balance of T-helper 1
(Th1) (interferon-y [IFN-v]) and T-helper 2 (Th2)
(interleukin [IL]-4, IL-5, and IL-13) cytokines may
determine the development of atopic disease in
childhood (7-9). The manifestations of atopic
disease frequently change throughout childhood,
evolving from early infantile eczema to the
development of asthma, and such critical changes
have been entitled The Atopic March. Itis therefore

of considerable interest to determine if there are
age-related changes in cytokine release throughout
childhood in order to understand the ontogeny of
immune responses in normal children and to
determine whether this differs in atopic children.
If there are age-related differences in cytokine
release, this is of obvious importance in inter-
pretation of studies in atopic children and may
indicate the need for age-matched control subjects.

A number of defects in cytokine production in
the neonate have been described. These defects
appear to be selective, as cytokines produced
predominantly by monocytes, such as interleukin-
1 (10), interleukin-6 (11), and tumor necrosis
factor-o (TNF-a) (10), are unaffected in the term
neonate. In contrast, production of T-cell cyto-
kines (IL-3, IL-4, IL-10, and IFN-y) are signifi-
cantly diminished in the neonate (4-6,12-14), and
the production of IL-2 is affected to a lesser degree
(4,14,15). Studies of T-cell cytokine release have
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generally used phytohemagglutinin (PHA) (6,12—
14,16,17), phorbol 12-myristate 13-acetate (PMA)
(4,5), concanavalin A (ConA) (4,12), T-cell
monoclonal antibodies (mAbs) (6,12,15) and, to
a lesser extent, superantigens (4,12,18), as a
polyclonal stimulus. The production of IFN-y
has been shown to increase rapidly throughout
earlyinfancy and reach adultlevelsby 1 yearofage
in one study (13) or by 3 years of age in another
study (16). IL-4 release was found to be signifi-
cantly reduced in neonates and children under
10 years of age, as compared to adults, and was
observed to increase progressively with age (17). In
contrast, PHA-induced IL-13 release in neonates
was similar to that of adults (19). However, limited
data are available on the ontogeny of most of the
T-cell cytokines and further study of cytokine
release, in relation to age, is indicated.

In this study, we examined Th1 (IFN-y) and Th2
(IL-4, IL-5, 1L-13) cytokine release from atopic
and non-atopic children in response to the staphyl-
ococcal superantigen, staphylococcal enterotoxin
B (SEB). SEB may provide a pathologically rele-
vant stimulus because SEB has been implicated in
the inflammatory response of atopic dermatitis
(AD) and is commonly present on the skin of
children with AD. Previous studies have demon-
strated reduced IFN-y secretion following SEB
stimulation of PBMC from children with AD (18).
This suggests that the superantigen SEB is likely to
be a useful stimulus for examining the questions of
cytokine response and cytokine imbalance in
childhood atopic disease.

Materials and methods
Reagents

Reagents used were: AIM-V medium (Gibco,
Grand Island, NY, USA) supplemented with 5X
10> m P-mercaptoethanol (B-ME; ICN, Costa
Mesa, CA, USA); SEB, avidin-peroxidase (Sigma
Chemical Co., St Louis, MO, USA); Ficoll-
Hypaque (Pharmacia, Uppsala, Sweden); and
the following mAbs: anti-IFN-y, biotinylated
anti-IFN-y, anti-IL-4, biotinylated anti-IL-4,
anti-IL-5, biotinylated anti-IL-5, anti-IL-13, bio-
tinylated anti-IL-13, recombinant human (rh)-
IFN-v, rhIL-4, rhIL-5, and rhIL-13 (Pharmingen,
San Diego, CA, USA).

Patients

Heparinized venous blood samples were obtained
from the two groups of patients described below:

1 Fifty healthy children (non-atopic) who were
admitted for elective surgery at the Royal
Children’s Hospital (circumcisions, herniotomies,
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orchidopexies, squint repairs or orthopedic
procedures), and who had no history of atopy
and plasma immunoglobulin E (IgE) levels within
the normal range for age. Blood was obtained
immediately on anesthetic induction. For com-
parison with atopic children, these children were
divided into four age-groups: 0-2 years (n=15;
IgE: mean 12, median 6); 2-5 years (n=7; IgE:
mean 52, median 39); 5-10 years (n=20; IgE:
mean 39, median 37); and 10-16 years (n=38, IgE:
mean 24, median 17).

2 Seventy-three children with atopic disease,
asthma, eczema, and/or rhinitis (atopic), with
elevated IgE levels for age, who were also divided
into four age-groups: 0-2 years (n=12; IgE: mean
638, median 392); 2-5 years (n=14; IgE: mean
13,158, median 940); 5-10 years (n=35; IgE:
mean 2,337, median 940); and 10-16 years
(n=12; IgE: mean 3,887, median 1,676).

Informed consent was obtained from a parent/
guardian of all subjects. This study was approved
by the ethics committee of the Royal Children’s
Hospital, Melbourne.

Plasma IgE

Plasma was stored at 4°C until processed for
evaluation of IgE levels, determined by using the
UniCAP total IgE fluoroenzyme immunoassay
(Pharmacia & Upjohn Diagnostics Uppsala,
Sweden). Levels of IgE are expressed in kU/I
with the normal ranges for age as follows:
0-0.2 years, 0-6 kU/l; 0.2-0.5 years, 0-15 kU/L;
0.5-0.7 years, 0-20 kU/1; 0.7-1 year, 0-25 kU/I,;
1-2 years, 0-35 kU/l; 24 years, 0-130 kU/I;
4-7 years, 0-150 kU/l; >7 years, 0-200 kU/L.

Cell cultures

Peripheral blood mononuclear cells (PBMC)
were separated from heparinized blood by
Ficoll-Hypaque density-gradient centrifugation.
The PBMC layer was washed three times with
sterile phosphate-buffered saline (PBS). PBMC
were cultured at a concentration of 1X10° cells/
ml in AIM-V with B-ME at 37°C in a humidified
atmosphere with 5% CO,. Cultures were stimu-
lated with superantigen (1 pg/ml of SEB) or left
unstimulated for 48 h, as this time-period was
previously been shown to be optimal for cytokine
production (18)

Cell proliferation

PBMCs were cultured in triplicate for 48 h, with or
without 1 pg/ml of the SEB superantigen. Sixteen
hours before harvesting onto glass-fibre filter
paper, the PBMCs were pulsed with 0.5 pCi of
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Fig. 1. Staphylococcal enterotoxin B (SEB)-induced cytokine production from peripheral blood mononuclear cells (PBMCs)
from non-atopic children according to age-group. (a) Interferon-y (IFN-y); (b) interleukin-4 (IL-4); (c) interleukin-5 (IL-5); and
(d) interleukin-13 (IL-13). Data are presented as box plots showing the median and extending to the 25th and 75th percentiles. The
lines emerging from the box extend to upper and lower adjacent values. Outliers are represented as single points.

tritiated thymidine per 1X10° cells. Radioactivity
was measured by liquid scintillation (in a B-
counter) and proliferation was expressed as a
stimulation index (SI), which is calculated as the
ratio of counts per minute of the mean of the un-
stimulated to the mean of the stimulated sample.

Cytokine production

Cell cultures were centrifuged and cell-free super-
natants were collected at 48 h and stored at —70°C
until cytokine measurements were performed. SEB
induced maximal IL-4, IL-5, IL-13, and IFN-y
production at 48 h. IFN-y, IL-4, IL-5, and 1L-13
were assayed by sandwich enzyme-linked immu-
nosorbent assay (ELISA). Briefly, high-binding
ELISA plates were coated with purified capture
mADb (IFN-vy, IL-4, IL-5 or IL-13) at a concentra-
tion of 1 pug/ml in carbonate buffer, pH 9.6, and
incubated overnight at 4°C. Plates were blocked
with PBS-Tween-10% fetal calf serum (FCS) for
2 h, washed and samples were incubated at room
temperature for a further 4 h. After washing,
biotinylated mAb (IFN-y, IL-4, IL-5 or IL-13) at
0.5 ug/ml was added and incubated at room
temperature for 45 min, after which avidin-
peroxidase (1:400 of a 1 mg/ml solution) was
added. After the final washing, 3,3',5,5-tetra-
methylbenzidine substrate (KPL, Gaithersburg,
MD, USA) was added and the reaction stopped by

addition of H,SO,. Plates were read at 450 nmona
spectrophotometer. All standards and samples
were performed in duplicate, and data were ana-
lyzed using Biomek 1000 data-reduction software
(Beckman Fullarton, CA, USA). Minimum detec-
tion levels were calculated by using Biomek 1000
software and were as follows: IFN-y, 10 pg/ml;
IL-4, 2 pg/ml; IL-5, 10 pg/ml; and IL-13, 5 pg/ml.

Statistical analysis

Comparisons between non-atopic and atopic
subjects were analyzed using the Mann—Whitney
non-parametric U-test. A p-value of <0.05 was
considered significant, except where multiple com-
parisons were made where a p-value of <0.02 was
taken as significant when comparing cytokine
responses of children younger than 2 years of age
with those of older children. Data were analyzed
using Stata statistical software, release 5.0 (Stata-
Corp 1997, Stata Press, College Station, Texas).

Results

Comparison by age

The Th1 (IFN-y) and Th2 (IL-4, IL-5, and IL-13)
cytokine responses to a polyclonal stimulus SEB

were examined (Fig. 1, Fig. 2). Regression analy-
sis of age vs. SEB-induced cytokine production
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Fig. 2. Staphylococcal enterotoxin B (SEB)-induced cytokine production from peripheral blood mononuclear cells (PBMCs)
from atopic children according to age-group. (a) Interferon-y (IFN-y); (b) interleukin-4 (IL-4); (c) interleukin-5 (IL-5); and (d)
interleukin-13 (IL-13). Data are presented as box plots showing the median and extending to the 25th and 75th percentiles. The
lines emerging from the box extend to upper and lower adjacent values. Outliers are represented as single points.

identified a significant relationship between age
and cytokine production in non-atopics for IFN-y
(p=0.009; r=0.36), IL-4 (p=0.0002; r=0.5), and
IL-5(p=10.03;r=0.31), butnot for IL-13 (p= 0.06;
r=0.27).

Comparison of the non-atopic children in the 0—
2 year age-group with older age-groups revealed
that there were reduced levels of the Th2 cytokines
(IL-4, IL-5 and IL-13) in the 0-2 year age-group
when compared with the 5-10 year (p = 0.002,
p=0.006, p=0.005) and the 10-16-year (p=
0.0005, p=0.01, p=0.03) age-groups (Fig. 1).

Regression analysis of age and cytokine produc-
tion in atopic children showed a relationship with
age, similar to that seen in non-atopics, for IFN-y
(p=0.002, r=0.36), IL-4 (p=0.02, r=0.29), and
IL-5(p=0.02,r=0.27), but not for IL-13 (p=0.23,
r=0.14). Comparison of the 0-2-year-old atopic
children with the older atopic children revealed a
significant reduction in IFN-y (p=0.01), butnotin
IL-4, IL-5 or IL-13, when compared with the
10-16-year age-group (Fig. 2).

Comparison of non-atopics and atopics

In addition to the examination of cytokine release
from non-atopic and atopic children at different
ages, we compared cytokine release of each of the
age-groupings of non-atopic vs. atopic children.
IFN-vy release in atopic children was reduced in the
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0-2-year (p=0.02), 2-5-year (p=0.008), and
5-10-year (p= 0.005) age-groups when compared
with non-atopic children. In children older than
10 years of age there was no statistically significant
difference between the two groups of patients. IL-4
production was significantly elevated in atopic
children in the 0-2-year (p= 0.0002) and 5-10-year
(p=0.009) age-groups. No significant difference
was noted between atopics and non-atopics of any
age-group in their IL-5 and IL-13 responses.

Proliferative responses to SEB were also studied
and there was no difference in SEB-induced
proliferation between atopics and non-atopics at
any age (data not shown).

Discussion

There are two approaches to the study of cytokine
release. The first approach is the stimulation of
multiple T cells by mitogens or superantigens,
which would be expected to reveal the predisposi-
tion to cytokine production not necessarily related
to prior antigenic exposure. The second approach
is to examine allergen/antigen-specific T-cell cyto-
kine responses, which may reflect both the prior
exposure and sensitization of the subject to that
particular allergen or antigen and a possible skew-
ing or deviation of T-cell responses. In order to
examine the ontogeny of cytokine release, a more



global stimulus with activation of multiple T cells
would appear to be appropriate as it is less
dependent on the occurence of specific sensitiza-
tion toindividual antigens. Furthermore, the use of
SEB as a stimulus may be of particular relevance
when studying cytokine release in atopic subjects,
as superantigens such as SEB have been postulated
to have an importantrole in the development of the
inflammatory response in AD (18,20-25) and
poorly controlled asthma (26). There are three
principal findings utilizing this approach:

1 In non-atopic and atopic children, Thl
(IFN-y) and Th2 (IL-4 and IL-5) cytokine res-
ponses were significantly related to age.

2 Atopic children have a reduced IFN-y res-
ponse, particularly in early childhood; however,
this did not persist in children older than 10 years
of age.

3 Production of the Th2 cytokine, IL-13, was
not significantly related to age.

The reduced secretion of IFN-y during the first
years of life in normal children is consistent with
previous findings where mitogen (PHA)-induced
IFN-y production was reduced in early life, with
adult levels achieved in 1-year-old (13) or 3-year-
old (16) children. Reduced PHA-induced IFN-y
production has also been reported in the neonatal
period (6,14) with a progressive increase from
birth to 12 months of age (14). In the present
study, in non-atopic subjects there was a signifi-
cant association of IFN-vy release with age up to
16 years of life, which is also paralleled by an age-
related increase in the number of T cells, with
intracellular IFN-y following SEB stimulation
(27). Atopic children also demonstrated an in-
crease in IFN-y secretion throughout childhood,
with no significant difference between atopics and
non-atopics being observed in the 10-16-year
age-group. This finding suggests that the reduced
IFN-y production that has been observed at birth
prior to the onset of atopic disease may not be
permanent. This is also consistent with the obser-
vations of a number of studies that IFN-y prod-
uction in response to polyclonal stimuli is reduced
in childhood AD (7,9,18,28) and asthma (29-31),
but is not reduced in adult (32) or adolescent
asthmatics (33). Such observations raise the poss-
ibility that maturation of the Th1/IFN-y response
may be a factor in the observed changes in atopic
disease throughout childhood, with resolution of
symptoms, such as AD and food allergy, being a
common finding. The present results utilizing
SEB extend our previous findings on the ontog-
eny of a Th2 cytokine — IL-4 — which found that
PHA-induced IL-4 production in healthy child-
ren increased progressively throughout childhood
until adult life (17). In non-atopic children, IL-4

Ontogeny of cytokine production

was the Th2 cytokine that was most strongly
related to age (in terms of production), with an r-
value of 0.5. This association with age was less
apparent in atopic subjects.

The most marked differences between non-
atopic and atopic children with regard to Th2
cytokine production was seen with IL-4 in the
0-2-year age-group. This is consistent with the
failure to demonstrate increased SEB-induced IL-
4 secretion in children (mean age 4 years) with
AD (18), our observation that PHA-induced I1L-4
secretion was increased only in highly atopic
children (mean age 5.5 years) and not in those
with a lesser degree of atopy (mean age 5.2 years)
(7), and the lack of differences in PHA- or ConA-
induced IL-5 production in two studies of
asthmatic children of mean age 8.9 years (30)
and mean age 9.3 years (31). There is one report
of polyclonally induced IL-13 production by cord
blood cells that did not differ from polyclonally
induced IL-13 production by adult cells (19), and
another showed no significant difference in
allergen-induced IL-13 secretion at 2 years of
age between atopic and non-atopic children (34).
Studies in adults showed no differences in the
polyclonal IL-13 response in patients with allergic
rhinitis (35) and those with asthma (36). Poly-
morphisms in the IL-13 gene region appear to be
related to serum IgE levels (37); however, it is not
clear if this is because of increased IL-13 release
following stimulation. The study of Th2 cytokine
secretion at birth has been restricted to cytokines
such as IL-13 and IL-10, as IL-4 and IL-5 cyto-
kine secretion is generally below the level of
detection. These studies have suggested an up-
regulation of Th2 cytokine activity, which was
more pronounced in non-atopic rather than
atopic individuals (19,34). These findings, how-
ever, are not necessarily inconsistent with the
present findings as the increased cord blood cell
IL-13 secretion in response to allergen in non-
atopic subjects was not maintained and secretion
at 2 years of age was in fact higher, but not
significantly so, in atopic subjects owing to up-
regulation of the IL-13 response (34). Similar
observations have been made utilizing mRNA
detection of IL-4 and IL-5 (34).

Superantigens, such as SEB, activate T cells by
binding to the T-cell receptor, which bears certain
types of variable chain, and to major histocom-
patibility complex (MHC) class II chains outside
the peptide-binding groove, which leads to vigor-
ous T-cell activation and cytokine release (38). As
a result of stimulation of a range of T cells, super-
antigens provide a useful indication of the under-
lying predisposition to cytokine production. The
present findings probably reflect cytokine release
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from both CD4" and CDS8" T cells by SEB.
Superantigens stimulate both CD4" and CDS8"
thymocytes from infants (39). Intracellular IFN-y
is found in both CD4" and CD8" T cells follow-
ing SEB stimulation of PBMC from atopic and
non-atopic children (27). In adults with AD, both
CD4" and CD8" T-cell populations respond to
SEB by proliferating and secreting a Th2 (IL-5
and IL-13)-dominated cytokine profile in an
equivalent manner (40). Thus, the findings of
the present study probably reflect the cytokine
balance determined by both CD4" and CD8" T
cells.

The acquisition of memory T cells with in-
creasing age may contribute to the increase in
cytokine production with age. In adults, =50-
60% of circulating T cells are of the CD45RO
memory-cell phenotype, and memory T cells have
been shown to produce =10-fold more IFN-y
than naive T cells (41). IL-4 and IL-5 appear to be
produced exclusively by CD45RO T cells, while
IL-13 is produced by both activated CD45RA
naive T cells and CD45RO memory T cells
(42,43). In this context it is of interest that IL-13
is the cytokine that showed the weakest associa-
tion with age in both non-atopic and atopic
children. Neonatal T cells are almost exclusively
of the naive phenotype, accounting for 90% of
neonatal CD4" cells (44-46). Although not inves-
tigated as part of this current study, a relative
deficiency of memory T cells in early childhood
could lead to the decreased cytokine release
following polyclonal stimulation. If this were so,
it would imply a rapid expansion of cells secreting
Th2 cytokines in atopic children and a more
gradual expansion in non-atopic children. Such
an expansion of IL-4-secreting cells may deter-
mine the progressive increase in serum IgE levels
in both non-atopic and atopic subjects, and is
consistent with the observed correlation between
serum IgE levels and polyclonal 1L-4 release in
childhood (7).

An important issue in studies of cytokine re-
lease in childhood is the question of necessity for
age-matched controls. The present study indi-
cates that this is most pertinent when examining
children for Th1 (IFN-y) and Th2 (IL-4 and IL-5)
cytokines, particularly in the 0-2-year age-group,
as these cytokines were those most strongly asso-
ciated with age.
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