Clinical and Experimental Allergy, 1999, Volume 29, pages 1223-1231
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Summary

Background Recent evidence suggests that preschool children manifest patterns of
allergen-specific skin prick test (SPT) reactivity and in vitro T-cell cytokine production
which are similar to that of either atopic or nonatopic adults. However, published studies on
this age group involve small sample sizes and a restricted number of cytokines, usually in
response to polyclonal stimuli.

Objective To elucidate the relationship between in vivo and in vitro immune responses to a
major inhalant allergen house dust mite (HDM) in preschoolers.

Methods Peripheral blood mononuclear cells (PBMCs) from matched groups of HDM—
SPT* and SPT~ 6-year-olds (n =30 and 29, respectively) tested for PBMC responses to
HDM, and cytokine production measured at both the protein and mRNA levels. Immu-
noglobulin (Ig) E and IgG subclass antibody titres were determined in serum. Interrelation-
ships between in vitro and in vivo HDM responses were examined via multivariate analyses.
Results  SPT reactivity to HDM was associated with in vitro production by putative T cells
of interleukin (IL) -4, IL-5, IL-9, IL-10, IL-13 and low level IFN+, and with production in
vivo of IgE and (all) IgG subclass antibodies; HDM responses in the SPT™ group were
restricted mainly to IL-10 and IFNvy and very low levels of IL-4; IL-6 production from non-
T-cell sources was common. The cytokine most associated with positive SPT responses was
IL-9; SPT weal diameter correlated positively with IL-4, IL-5 and IL-13 and negatively with
IL-10.

Conclusion Detailed analysis of cytokine responses in this very young age group have the
potential to uncover subtle relationships between in vivo and in vitro allergen reactivity
which may be less clear in adults, in whom T-cell response patterns are modified via chronic
stimulation. The present findings which suggest potentially important roles for IL-9 and
IL-10 in the early phase of allergic disease, may be one such example.
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Introduction

The underlying immunological basis for allergic diseases in
humans is currently viewed from the perspective of the
murine TH1/TH2 paradigm [1,2], viz. responses to inhalant
allergens in adult atopics appear polarized towards the
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TH2 [3,4] or THO [5,6] cytokine phenotype, in contrast
with clinically unresponsive normals who manifest
low-level allergen-specific T-cell reactivity which is
dominated by IFN+v/IL-2 production. This dichotomy was
originally described at the clonal level, and has been
supported by results from bulk culture experiments with
peripheral blood mononuclear cells (PBMCs) which
have demonstrated specific lymphoproliferation [7] and
accompanying TH1 or TH2-polarized cytokine responses

1223



1224  C. Macaubas et al.

[8] to common airborne allergens, in essentially all
adults.

A number of recent studies (reviewed in [9]) suggest that
with chronic exposure to environmental allergens, the
nature of these T-helper cell reactions in atopics may
become more complex, and in particular that the later
stages of the response to allergen challenge may involve a
significant TH1 component [10]. Nevertheless, the contri-
bution of the key TH2 cytokines interleukin (IL) -4, IL-5
and IL-13 remains as the unique defining feature of the
atopic T-cell response to allergen. The questions of when/
how apparently contrasting patterns of allergen-specific
memory are developed within atopics and nonatopics is
thus key to our understanding of the aetiology of allergic
disease.

With respect to the issue of when allergic sensitization is
most commonly initiated, accumulating evidence from a
range of epidemiological and laboratory-based studies
(reviewed in [11]) have focused attention on early child-
hood, particularly in view of the demonstration by several
groups of T cells in cord blood (CB) which proliferate in
response to allergens. Our laboratory has recently demon-
strated the foetal origin of these allergen-responsive cells in
CB via cloning and subsequent DNA genotyping, and has
additionally shown that their cytokine production profiles
are markedly TH2-polarized in virtually all subjects, regard-
less of respective atopy genotypes [12]. This infers that
initial T-cell priming may occur by transplacental leakage
of allergen fragments from the maternal circulation. The
TH2 polarity of these early responses may be an indirect
result of the generalized damping of THI-associated
responses within the foetal microenvironment via the
immune deviating functions of the placenta [13,14].

We have presented preliminary evidence that during the
first few years of life, these weakly primed foetal T-cell
responses are reshaped by direct environmental allergen
exposure, and furthermore that this process varies with
different classes of allergens. Thus, lymphoproliferative
responses to dietary allergens typified by ovalbumin
(OVA) display an age-related decline post-natally, in con-
trast with inhalant allergen-specific responses which expand
progressively [15]. These declining lymphoproliferative
responses to OVA are paralleled by shrinkage in the
number of OVA epitopes recognized [16]. In contrast,
parallel lymphoproliferative responses to the archetypal
inhalant allergen house dust mite (HDM) progressively
increase during early childhood [15], accompanied by a
generalized increase in allergen-specific I[FN+y reactivity and
variable patterns of IL-4/IL-5 production as measured at the
mRNA level [16]. The present study focuses upon responses
to HDM in PBMCs from preschool children, in particular on
patterns of cytokine production in SPT' vs SPT™ subjects,
as measured at both the protein and mRNA levels.

Materials and methods

Subjects

Two groups of age-matched children (1-5months from
their 6th birthday), respectively, atopic and nonatopic,
were selected as a nested case control sub-sample from a
large ongoing cohort study. Skin test reactivity (SPT) was
assessed to a panel of allergens comprising house dust mite,
rye grass, mould and cat; skin weal size was recorded as the
mean of two diameters (one being the maximum diameter)
measured at right angles. Reactivity to HDM as weal
diameter =2 mm was used as the criterion to select the
SPT* group (n =30, 20 male and 10 female); 19 members
of this group responded to =3 of the allergens. The
frequency of SPT responses to HDM within a sample
from the overall cohort was 29.6%. SPT-negative children
had no reactivity to any of the allergens tested (n =29, 14
male and 15 female). The presence of IgE antibody in serum
to a panel of environmental allergens was measured by the
Phadiatop assay (Pharmacia Upjohn, Bridgewater, NJ,
USA), and the overlap between Phadiatop™~ and SPT*'~
groups was complete except for a single subject (who was
Phadiatop*/SPT ™).

Study design

The study was carried out with the approval of the Princess
Margaret Hospital Ethics Committee, and its aims were
twofold. Firstly, we sought to further elucidate differences
in T-cell cytokine responses to a major inhalant allergen
(HDM) between SPT* atopic and SPT ™~ nonatopic children.
Secondly, we sought to define relationships between in vitro
cytokine responses and in vivo response to the test allergen,
employing as an objective measure of the latter the diameter
of the SPT weal. Accordingly, we cultured PMBCs from all
subjects with optimal stimulatory levels of HDM (details
below), and measured cytokine production at the earliest
feasible time point i.e. 24h — this time was chosen to
minimize distortion of allergen-specific T-cell cytokine
profiles from in vivo patterns, via in vitro differentiation
of the stimulated T cells (we have previously shown that this
sampling time successfully distinguishes between adult
atopics and nonatopics with respect to HDM responses
[16]).

We have elected, where possible, to employ two different
techniques (detailed below) to measure cytokine responses,
for the following reasons. Firstly, cytokine protein sampled
in culture supernatants potentially underestimates overall
production, due to in vitro consumption/degradation (e.g.
[17]). Additionally, only a restricted range of the available
cytokine ELISAs are sufficiently sensitive for studies on
in vitro allergen-specific responses, particularly in young
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children in whom frequency of responding T cells is
relatively low. Accordingly, we have also employed RT—
PCR to measure cytokine-specific mRNA in cell pellets
from the cultures. However, this procedure provides infor-
mation relevant to a single time point only, given that the
half-life of most cytokine mRNA species are relatively short
[18]. Therefore, we have elected where feasible to measure
production of cytokine-specific mRNA and protein in
parallel.

Cell preparation and culture

PBMCs were cryopreserved after collection and subse-
quently batch analysed. We have demonstrated in prelimin-
ary experiments that cryopreservation does not significantly
affect in vitro T-cell responses against these allergens. After
thawing, the cells were resuspended at a concentration of
1% 10° viable cells/mL in AIM-V medium (Gibco) and
cultured as detailed in [7]. Aliquots of 1-mL cells from
each individual were cultured for 24 h at 37 °C with 5% CO,
with medium alone or medium with HDM allergen (aqueous
extract of lyophilized Dermatophagoides pteronyssinus,
supplied by CSL Limited, Parkville, Australia) at a final
concentration of 10 pug/mL. After culture the cells were
collected by centrifugation; the supernatants were frozen
at —20°C for ELISA tests and the cell pellets were used
immediately for RNA extraction. Replicate microplate
cultures were established in parallel in 200-uL volumes of
AIM-V, with or without 10ug/mL. HDM allergen, and
lymphoproliferation measured at day 6 as detailed pre-
viously [7]. We have previously demonstrated via the use
of PolymyxinB [12] that T-cell responses to HDM are not
artefactually influenced by covert LPS contamination of the
allergen preparation.

Semiquantitative RT-PCR for detection of cytokine-specific
mRNA

Total RNA from the cell pellets was obtained using RNAzol
B as previously described [16]. cDNA was transcribed
using 250ng oligo (dT);s (Biotech International, Bentley,
Australia) and 2.5 U of avian myeloblastosis virus (AMV)
reverse transcriptase (Promega, Madison, WI, USA) in the
presence of 12.5 U of ribonuclease inhibitor (Biotech) in a
final volume of 25 uL. For the PCR reactions, the reaction
mixture contained 1ulL of cDNA, 50ng of the specific
primers, 1 xXPCR reaction buffer (Biotech), 0.2 mmol/L
each dNTPs (Biotech), 1.5-2 mmol/L. MgCl,, and 0.5 unit
of Tth Plus DNA polymerase enzyme (Biotech), in a total
volume of 12.5 uL. overlaid with mineral oil. The PCR was
run as follows: an initial denaturation step of 94°C for
5 min, denaturation at 94 °C for 1 min, annealing at respec-
tive temperatures for 1 min and extension at 72 °C for 1 min.

All reactions were performed in a programmable thermo-
cycler (Perkin-Elmer, Melbourne, Australia). Samples were
amplified in groups comprising equal numbers of SPT™" and
SPT™ children, and stimulated and unstimulated cultures
from individual children were always tested together. A
positive cDNA control was always amplified in parallel in
all PCRs performed.

Primers

The following primers were used: annealing temperature
58 °C: B-actin (30 cycles), IL-4 and IFNy (40 cycles), IL-5
(35 cycles) as described previously [16]; IL-13 (42 cycles)
expected product size: 481bp (5 CCA CGG TCA TTG
CTC TCA CTT 3’ and 5 CCC GCC TAC CCA AGA CAT
TTT3') and IL-10 (30 cycles) expected product size: 242 bp
(5" AGA ACA GCT GCA CCC ACT TC 3’ and 5 CGC
CTT GAT GTC TGG GTC TT 3). Annealing temperature
56 °C: IL-6 (43 cycles) and IL-9 (40 cycles) [19]. Annealing
temperature 55°C: TGFfB1 (35 cycles) expected size pro-
duct: 458 bp (5" GAG GTC ACC CGC GTG CTA ATG 3’
and 5 AGC AGG AAG GGC CGG TTC 3'). Rigorous cycle
analyses were performed with each primer set as previously
[16] to ensure we had reached detection levels and that the
reaction remained in the linear phase. In each case, PCR
products of the expected size were obtained, as verified by
analysis in 1.5% agarose gel and staining with ethidium
bromide of a subset of samples and a positive control.

Dot-blot, hybridization and detection

The PCR products were analysed by dot-blot as described
previously [16]. Briefly, double-stranded probes were pro-
duced by PCR reactions using biotin-16-dUTP (Boehringer
Mannheim, Perth, Australia) at a ratio of 5: 1, dTTP : dUTP.
Templates for probe synthesis of (-actin, IL-4, IL-5 and
IFNvy were as described in [16]. For the other cytokines,
cDNA obtained from total adult peripheral blood mono-
nuclear cells stimulated with PHA (1 pg/mL) for 24h at
37 °C was used as template. Following overnight hybridiza-
tion with biotinylated probes, the binding was visualized by
chemiluminescence using ECL kit (Amersham, UK) and
exposure to Hyperfilm (Amersham). The intensity of each
dot was then determined using a densitometer (Scan Ana-
lysis 2.02, Biosoft, Cambridge, UK) and the results
expressed as a ratio of cytokine to 3-actin density.

ELISA assays for detection of cytokine protein

Production of IL-6, IL-13 and IFNy protein was measured
with commercial kits (Pelikine CompactTM CLB,
Amsterdam, The Netherlands). The sensitivity of the assay
was 5 pg/mL for IL-6, 2 pg/mL for IL-13 and 6 pg/mL for
IFN~. IL-4 kits from the same manufacturer were also
used, but cytokine levels in our samples were below the
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Fig. 1. HDM-specific cytokine mRNA production by HDM-SPT*
(black bars) and SPT~ (white bars) groups. 1mL aliquots of
PBMCs were cultured for 24 h in AIM-V only or with 10 ug/mL
HDM. Total RNA was extracted, transcribed to cDNA and
amplified using primers for the respective cytokines. PCR products
were analysed by dot-blot. The data obtained were initially
expressed as arbitrary activity units by normalizing the scanned
area value for each slot blot against the respective value for 3-actin
in the same culture. The data were finally expressed as mean
increases above background controls (* sem), calculated individu-
ally by subtracting values for unstimulated control cultures
(medium alone) from respective test cultures containing allergen.
Statistical analysis of background control values for all cytokines
showed no differences between SPT™ and SPT~ groups. Test >
control cultures: ****P <(0.0001, ***P <0.001, **P<0.01, *P <0.05.
SPT* group >SPT™: 1P <0.0001, 1P <0.01, 1P <0.05.

limit of detection (5 pg/mL). IL-10 protein was measured
by an in-house ELISA assay, using rat IgG; antihuman
IL-10 monoclonal antibody (clone JES3—-9D7, Pharmingen,
San Diego, CA, USA) for coating and biotinylated rat IgG,,
antihuman IL-10 monoclonal antibody (clone JES3—-12GS8,
Pharmingen) for capture. For the standard curve we used
recombinant human IL-10 (Pharmingen). For detection,
streptavidin-horseradish-peroxidase conjugate (Amersham,
UK) was added, followed by substrate. The limit of
detection was 200 pg/mL. IL-5 protein was also measured
with an in-house assay, using rat IgGl antihuman IL-5
monoclonal antibody (clone TRFKS, Pharmingen) for
capture and biotinylated rat IgG2a anti-IL-5 monoclonal
antibody (clone JES1-5A10, Pharmingen) for detection.
The standard curve was generated using serial dilutions of
recombinant human IL-5 (Pharmingen); the limit of
detection was 13 pg/mL.

ELISA detection of I1gG and IgE antibodies to Der p 1

Conventional ELISAs for quantification of IgG, IgG1 and
IgG4 antibodies to the major HDM allergen Der p 1 were as

described in detail in [20]. Der p 1 (kindly provided by
Dr W. Thomas, TVW Telethon Institute for Child Health
Research, Perth, Australia), was prepared by affinity pur-
ification with the 4C1 monoclonal antibody. Quantification
of IgG2 and IgG4 antibodies in samples below the detection
level of the conventional ELISA were performed with a
more sensitive enzyme-amplified ELISA [20]. The follow-
ing monoclonal antibodies to the human IgG subclasses
were used: IgG, clone HP6064, IgG1, clone HP6069, 1gG2,
clone HP6014, and IgG4, clone HP6011 (BioZac AB,
Jarfélla, Sweden). The reference sera were from patients
undergoing house dust mite immunotherapy. The titres in
the reference sera were: IgG1 1216 AU, IgG2 507 AU and
IgG4 624 AU. IgE antibodies to Der p 1 were analysed
via the high sensitivity protocol of Magic Lite™, a com-
mercial chemiluminometric method, according to the
recommendations of the manufacturer (ALK, Hrsholm,
Denmark).

Statistical analysis

Univariate analysis was based upon conventional methods
[21]. These included the Mann—Whitney U-test for unpaired
continuous responses, corrected for ties, and Wilcoxon
matched-pairs signed rank test for paired responses.
Correlation between continuous variables was assessed
using the Spearman rank correlation coefficient. Categorical
responses were analysed using the Fisher’s exact test. The
statistical package SPSS was used.

Multivariate analysis was based upon multiple linear
regression and multiple logistic regression. Final models
were subjected to standard tests of goodness-of-fit [22].
These included an analysis of standardized residuals, and an
assessment of regression leverage and influence. All
reported models were found to provide an acceptable fit to
the observed data.

Results

Cytokine responses to HDM

Cytokine mRNA production Cytokine-specific mRNA
production in cultures stimulated for 24h with HDM is
illustrated in Fig. 1. PBMCs from atopic HDM-SPT*
children upregulated production of mRNA specific for
several cytokines, and statistically significant increases
above control levels were detected for IL-4, IL-5, IL-6,
IL-9, IL-13, and IFNy. In the HDM-SPT™ group,
production of IL-6 and IFNy mRNA were observed at
levels comparable with those in the SPT* children; IL-4
production was also evident in the SPT™ group, but at much
lower levels than in the atopics.

© 1999 Blackwell Science Ltd, Clinical and Experimental Allergy, 29, 1223-1231
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Fig. 2. HDM-specific cytokine protein production by HDM—SPT™ (black bars) and SPT~ (white bars) groups. PBMCs were cultured for
24 hin AIM-V only or with 10 ug/mL. HDM. Supernatants were collected and cytokine protein content assayed by ELISA. The data shown
represent mean (= SEM) increases in cytokine protein content in allergen-stimulated (test) cultures above those of unstimulated (control)
cultures. Cytokine levels in unstimulated cultures were low (in particular IL-5 which was undetectable) and did not differ significantly
between SPT" and SPT~ groups. Test > control cultures: ****P <0.0001, ***P <0.001, **P<0.01, *P<0.05. SPT* group >SPT :

TP <0.0001.

Cytokine protein production

Supernatants from the cultures employed in the experiments
in Fig. 1 were assayed for the presence of cytokine protein
by ELISA. Levels of IL-5, IL-6, IL-10, IL-13 and IFNy
protein produced in response to HDM protein were within
the detectable range (Fig. 2). The IL-5 and IL-13 responses
to HDM clearly distinguished between SPT*/SPT™ groups,
in particular IL-5 which was undetectable in SPT™
subjects, whereas production of IL-6, IL-10 and IFN+y was
comparable.

Antibody production

This aspect of the study, illustrated in Fig. 3, focused upon
responses to the Der p 1 component of HDM. Levels of
specific IgE antibody in all SPT™ children were below
detection levels, while 27 out of 30 SPT™ children had
detectable antibody. For the IgG subclasses, seven SPT™
children exhibited detectable pan IgG to Der p 1 and five
had IgG1, whereas the corresponding figures in the SPT™
group were 27/30 for pan IgG and 22/30 for IgG1 (fre-
quency in SPT*>SPT™; P<0.0001 using Fisher’s exact
test). Only three children from the SPT™ group had detecta-
bleIgG4, in contrast with 26 children in the SPT™ group
(P <0.0001). Production of IgG subclass (except IgG2 with
IL-9) and IgE antibodies against the major HDM allergen
Der p 1 was strongly associated with IL-4 and IL-9 mRNA
responses (P <0.03-P<0.0001 by Mann—Whitney), and
with IL-5 and IL-13 protein responses (P <0.005—
P <0.0001) against crude HDM. These findings contrast

with those for IgG2 antibody which was detected in the
majority of both atopic and nonatopic subjects (Fig. 3). This
may reflect in part the greater sensitivity of the IgG2
detection system; however, the mean titre in the SPT*
group was significantly elevated in comparison with their
SPT™ counterparts (P <0.002).

It is important to note that the crude HDM extract
contains a range of allergens other than Der p 1, and a
significant proportion of the overall T-cell response to the
extract is likely to be directed against these other allergens.

In vitro cytokine production vs in vivo responses to HDM
challenge

The univariate analyses in Fig. 1 indicate that at the
population level, SPT reactivity to HDM is associated
with positive in vitro cytokine responses to HDM extract
comprising IL-4, IL-5, IL-9 and IL-3, together with IFN~;
peak responses differed significantly between the SPT* and
SPT™ groups for IL-4, IL-5 and IL-9. Further analysis of
these data by multiple logistic regression indicated that the
most potent in vitro factor associated with a positive SPT
response in vivo was the production of IL-9 mRNA (coeffi-
cient: 4.8334, se: 1.504, ¢: 3.1377, P: 0.002).

Relationships between the magnitude of individual SPT
responses (as measured by weal diameter) and cytokine
responses were examined in more detail in Table 1. Of the
30 HDM-SPT™ children in the study, 29 exhibited HDM-
induced weals =3 mm, and 15 of the group exhibited weals
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Fig. 3. Antibody titres specific for the HDM allergen Der p 1in SPT* (black circles) and SPT~ (white circles) children. Levels of antibodies
were determined by ELISA as detailed in Methods. IgG subclasses are expressed in arbitrary units (AU) and IgE in SU/mL. The limits of
detection were 60 AU for IgG pan, 50 AU for IgGl1, 2.4 AU for 1gG2, 0.4 for IgG4 and 1 SU/mL for IgE.

= 8mm. The association between in vitro HDM-specific
cytokine mRNA production and the HDM—-SPT weal dia-
meter within this group was analysed by multiple linear
regression. The magnitude of the IL-4 response was strongly
associated with weal diameter. Allergen-specific IL-13 and
IL-5 responses were significantly but less strongly asso-
ciated with weal diameter, and an inverse relationship was
observed with respective IL-10 responses. In this model,
IL-9 contributed only a small effect which was not statis-

Table 1. Association between size of HDM-induced weal (in mm)
and HDM-induced in vitro cytokine mRNA response using
Multiple Linear Regression

Value SE t-value P-value
1IL-4 4.93897 1.1032 4.477 0.0008
IL-5 2.54399 1.1862 2.145 0.05
1L-9 0.51699 2.2875 0.226 0.8269
IL-10 —3.4994 1.3881 —2.521 0.03
IL-13 3.72415 1.5755 2.364 0.04

tically significant. It should be noted that as with IL-9, the
evidence for IL-4 production here is limited to mRNA, and
these findings accordingly require verification at the protein
level.

Discussion

Recent studies from our laboratory indicate that responsive-
ness to ubiquitous inhalant allergens typified by HDM is
demonstrable in >85% of CB samples [12,15,23]. The
strong TH2 polarity of these cytokine responses, which
mirrors that of adult atopics, begs the question of why
allergy in later life is the exception as opposed to the rule,
within the population.

On the basis of patterns of allergen-specific lymphopro-
liferation and accompanying IL-4/IFNy mRNA expression
during infancy [15,16,23], we have suggested that the
allergen responder phenotype expressed in late childhood
and adulthood is determined principally by the changes
occurring within these foetally primed T-cell responses
during early childhood, which are driven by direct allergen
exposure. The present study focuses in more detail on the
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status of these T-cell responses at the end of the preschool
years.

Examination of responses to HDM reveals two distinct
response patterns. Firstly, it should be noted that despite the
presence of frank HDM-specific TH2 reactivity in PBMCs
from a high proportion of infants [12], the frequency of
HDM-specific SPT reactions under 6 months of age is
usually zero (data not shown); we assume this is a reflection
of the low precursor frequency of reactive cells in these
early responses. However, by age 6 years, 30% of children
exhibit HDM-SPT reactivity, with accompanying IgE and
IgG subclass antibody production against Der p 1 (Fig. 3),
and allergen-challenged PBMCs from these subjects exhibit
the THO cytokine pattern comprising IL-4, IL-5, IL-6, IL-9,
IL-10, IL-13 and IFN+. In contrast, the majority of the
population (70%) remain HDM-SPT ~ and have detecta-
ble IgG2 antibody to Der p 1 over a wide concentration
range which overlaps that of their HDM—SPT " counter-
parts. Specific cytokine responses in the SPT ™ subjects
involves IFNw, IL-6 and IL-10 production at levels compar-
able to the SPT* group, together with very low levels of
IL-4 mRNA. It is pertinent to note in this context that IgG2
antibody production has been shown to be IFNvy dependent
[24,25].

It is conceivable that the differences between SPT* and
SPT ™ groups may stem in part from variations in the
relative frequencies of HDM-specific T cells. However,
parallel analyses of HDM-specific lymphoproliferative
responses in the two groups indicated comparable levels
of reactivity (SPT*: 4917 = 1078 d.p.m./culture; SPT ~:
4403 = 1530), suggesting that the most biologically rele-
vant differences between the groups are at the level of
cytokine production patterns.

It is additionally possible that some of the differences in
in vitro cytokine production between the groups may be
related to the short sampling time (24 h in culture), which
theoretically favours demonstration of ‘early’ as opposed to
‘late’ cytokines such as IFNy. The restricted availability of
cells precluded direct testing of this possibility in the present
study.

Detailed statistical analysis of cytokine response patterns
and SPT reactivity revealed additional new information
relating to atopy expression in this age group. Of particular
interest are the data in Fig. 1 on IL-9, which represents the
first indirect evidence in humans of an association between
allergen-specific production of this cytokine and in vivo
allergen responsiveness.

A potentially important role for IL-9 in the pathogenesis
of atopic disease is suggested by several recent publications.
Notably, murine studies have implicated IL-9 in regulation
of mast cell proliferation and maturation [26,27], and this
cytokine synergizes with IL-4 in upregulation of IgE pro-
duction by human [28] and murine [29] B cells. Interest in

the potential role of IL-9 in human atopy has also been
fuelled by recent studies seeking genetic markers of disease.
In particular, the human IL-9 gene lies in the 5q31.1-q33
region, adjacent to the IL-4/IL-5/IL-13 gene cluster, and
linkage between markers in this region and a gene control-
ling total serum IgE concentration has been described [30].
There is also a recent claim of polymorphism in the
promoter region of the IL-9 gene associated with variations
in IgE levels [31], and in a mouse model of bronchial
hyperresponsiveness IL-9 has been suggested as a potential
risk factor for asthma [32].

In relation to the possible site(s) of action of IL-9 in this
process, it is pertinent to note that despite the very strong
association between in vitro HDM-induced IL-9 production
and HDM-SPT positivity, the magnitude of the HDM-
induced weal was not directly related to the size of the
IL-9 response (Table 1). Instead, the key cytokine linked to
weal diameter in these subjects was IL-4, and secondarily
IL-5 and IL-13. These findings are consistent with the
general hypothesis that the principal role of IL-9 may be
in the inductive phase of atopic disease. It will be of interest
to further test this hypothesis in different groups of atopics,
particularly at later ages. It will also be important to
formally demonstrate the production and secretion of IL-9
protein, once appropriate assay systems are developed, and
until these data are available the physiological relevance of
IL-9 will remain speculative.

A noteworthy additional finding from this analysis was
the inverse relationship between weal diameter and HDM-
specific IL-10 responses. This finding is consistent with
recent reports indicating a generalized anti-inflammatory
role for IL-10 (e.g. [33—35]). which includes inhibition of
T-cell proliferation [36,37]. The situation in adult atopy is
not yet clear, but at least one report has suggested deficient
IL-10 production in the lung of atopic asthmatics [38]. It is
also pertinent to note the presence of the IL-10 component
in the response of the HDM—SPT ™ subjects in this study; it
is feasible that this may have a function in inhibiting
inflammation which may ensue from production of IFN~y
at challenge sites.

The results of this cross-sectional study, taken together
with recent small prospective surveys [39,40], suggest that
patterns of TH cell memory which determine allergen-
responder phenotype in later life are developed during the
period between birth and the commencement of primary
school. Studies in adults [3,4] and recent data (above and
[12]) from young children strongly suggest that ‘normality’
(viz. lack of atopy) is associated with capacity to upregulate
THI1-polarized immunity post-natally, in order to avoid
consolidation of allergen-specific TH memory in the TH2
compartment. Accumulating evidence (reviewed in [41])
suggests that atopic children may have a specific matura-
tional defect in THI1 function, in particular capacity to
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produce IFNvy, which underlies their relatively frequent
failure to successfully immune deviate their foetally
primed TH2 responses, instead boosting them to a level
sufficient for expression of SPT reactivity. Further studies
along the lines of those reported here, in particular
prospective studies tracking the postnatal development of
allergen-specific T-cell immunity in individual children, are
required to further elucidate this process. Of particular
interest in such studies is the question of the spectrum of
SPT reactivity within individual atopic children, which is
usually restricted to only a small subset of the allergens
present within their immediate environment.
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