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Complex cellular functions within immunoinflammatory cascades are conducted by networks of interacting genes. In this
study, we employed a network modeling approach to dissect and interpret global gene expression patterns in allergen-
induced Th cell responses that underpin human atopic disease. We demonstrate that a subnet of interconnected genes
enriched for Th2 and regulatory T cell-associated signatures plus many novel genes is hardwired into the atopic response and
is a hallmark of atopy at the systems level. We show that activation of this subnet is stabilized via hyperconnected “hub”
genes, the selective disruption of which can collapse the entire network in a comprehensive fashion. Finally, we investigated
gene expression in different Th cell subsets and show that regulatory T cell- and Th2-associated signatures partition at
different stages of Th memory cell differentiation. Moreover, we demonstrate the parallel presence of a core element of the
Th2-associated gene signature in bystander naive cells, which can be reproduced by rIL-4. These findings indicate that
network analysis provides significant additional insight into atopic mechanisms beyond that achievable with conventional
microarray analyses, predicting functional interactions between novel genes and previously recognized members of the
allergic cascade. This approach provides novel opportunities for design of therapeutic strategies that target entire networks
of genes rather than individual effector molecules. The Journal of Immunology, 2009, 182: 6011– 6021.

T he general concept that complex immunological diseases
such as atopy are driven via integrated pathways or mo-
lecular cascades has been accepted dogma for more than

two decades. The approaches to identification of relevant cascade
members and in particular those that are rate limiting in the disease
process driven by the cascade have not evolved greatly over this
period, and they generally focus on candidate effector or regulator
molecules selected stepwise on the basis of their known effector
functions and their potential interactions with other perceived
pathogenic factors. However, the level of clinical efficacy achieved
with therapies designed to target simple linear pathways or causal
chains has been disappointing (1, 2).

The development of global gene expression profiling technologies
has provided opportunities for new approaches to the same problem.
The conceptual leap of principal interest in this context comes from
the way in which these data are analyzed, in particular the emergence
of quantitative algorithms based on network theory (3). This new
approach enables a systems-level characterization of the networks of
interacting genes that underpin cellular function and behavior, un-
earthing pathways at the core of disease processes.

A fundamental organizing principle of gene networks is their
scale-free topology, meaning that network connectivity is domi-
nated by a few centralized genes designated “hubs”, which are

hyperconnected to a larger number of peripheral genes with few
connections (3). This structural feature of gene networks, coupled
with additional mechanisms including feedback control, redundant
wiring, and plasticity, is thought to bestow biological systems with
a high degree of tolerance to perturbations such as gene deletions
(4–8). However, a scale-free organization has an inherent trade-
off, because removal of hyperconnected hubs at any level of bio-
logical organization (DNA, mRNA, protein, metabolite) can result
in severe or multiple phenotypes (8–14).

By inference, entire networks of immunological disease-associ-
ated genes relevant to activation of Th memory responses may also
be under the control of hubs; however, this remains to be formally
demonstrated, because the tools of network analysis have not yet
been systematically applied broadly in the immunology field (15).
In the study herein, we have utilized these methodologies to rean-
alyze the CD4� Th memory responses that underpin human atopic
disease, in particular responses to house dust mite (HDM)3 aller-
gen, which is a major trigger of atopic asthma. We focus on the
early activation phase in HDM-triggered Th memory cells isolated
from blood to minimize distortion of the gene expression program
that may result from in vitro manipulations (16). We demonstrate
that gene coexpression network analysis predicts functional asso-
ciations between novel and known genes and provides an addi-
tional level of insight into the operation and stabilization of the
principal atopy-associated effector pathway.

Materials and Methods
Study population

The study population included healthy volunteers comprising HDM-
sensitized atopics and nonatopic controls in the age range 14 – 45 years.
Atopic status to HDM was defined by positive skin test reaction to
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HDM extract (wheal �3 mm) and the presence of HDM-specific serum
IgE (�0.7 kU/L). The study was approved by our institutional human
ethics committee.

Cell preparation and culture methodologies

PBMC were thawed from cyrobanked samples and cultured in AIM-V
medium (Invitrogen) in the presence or absence of 10 �g/ml HDM
extract (Dermatophagoides pteronyssinus; CSL) for 24 h as detailed
previously (17). At the termination of the cultures, CD8� followed by
CD4� T cells were isolated by positive selection employing immuno-
magnetic separation (Dynal Biotech). The purity of the CD4� T cells
was not tested in every sample but was routinely 98.1% (�0.1%).
Where specified, 1 U/ml human recombinant IL-2 (Cetus), 0.25 ng/ml
human recombinant IL-4 (ProSpec-Tany TechnoGene), 5 mg/ml anti-
IL-2 (clone MQ1-17H12; BD Pharmingen), or 5 mg/ml anti-IL-4 (clone
MP4-25D2; BD Pharmingen) was added to the cultures. Replicate cul-
tures containing appropriate isotype control Abs (clones R35-95 and
R3-34; BD PharMingen) were set up in parallel.

For cell sorting experiments, PBMC were labeled with anti-CD27-
FITC, anti-CD45RA-PE-Cy5, anti-CD3-allophycocyanin-Cy7, anti-
CD4-allophycocyanin (BD Biosciences), and anti-CCR7-PE (R&D Sys-
tems) and sorted on a FACSAria (BD Biosciences). Postsort purities of
the CD4 subpopulations (TN, TCM, TEM) ranged from 95% to 99%,
except for the TTM subset, which ranged in purity from 80% to 97%
(mean, 89%).

Quantitative real-time RT-PCR (qRT-PCR) analysis

Total RNA samples were extracted employing TRIzol (Invitrogen) fol-
lowed by RNeasy (Qiagen). The quality of the RNA was not tested in every
sample, but the RNA integrity number was routinely 8.8 (�0.03) as as-
sessed on the Bioanalyzer (Agilent). Reverse transcription was performed
with the Omniscript kit (Qiagen), and qRT-PCR was performed with Quanti-
Tect SYBR Green (Qiagen) employing predeveloped assays (Qiagen) as
described previously (16). Where specified, qRT-PCR data were log trans-
formed, mean centered, and scaled (see Statistical analysis).

Microarray study design

A total of 90 microarrays were employed in the study to profile gene
expression in paired samples of HDM-stimulated and unstimulated CD4�

T cells from 45 subjects. The experimental design comprised two inde-
pendent atopic data sets (n � 15 subjects in each set) for network con-
struction and validation, and a nonatopic data set (n � 15) for statistical
comparisons.

Microarray methodologies and data preprocessing

Total RNA (�100 ng) from CD4� T cells was labeled and hybridized to
Human Gene 1.0 ST microarrays (Affymetrix), employing standardized
protocols and reagents from Affymetrix. The microarray data were prepro-
cessed in Expression Console software (Affymetrix) employing the probe
logarithmic intensity error algorithm (PLIER, parameters: PM-GCBG

FIGURE 1. CD4� Th cell re-
sponse patterns to allergens in atopic
and nonatopic subjects. PBMC from
HDM-sensitized atopics (n � 15) and
nonatopic controls (n � 15) were cul-
tured in the presence or absence of
HDM for 24 h. At the termination of
the cultures, CD4� Th cells were iso-
lated and gene expression was pro-
filed by qRT-PCR and microarray
analysis. A, qRT-PCR analysis of se-
lected Th lineage signature genes
demonstrates the Th2-skewed re-
sponse phenotype of the atopic sub-
jects. Data are expressed as gene ex-
pression level above baseline relative
to the stably expressed gene EEF1A1
(68). AT, Atopic; NA, nonatopic. Sta-
tistical analysis by Mann-Whitney U
test. B, Microarray analysis of differ-
ential gene expression in atopic and
nonatopic responses. Background-
corrected gene expression levels
(level in HDM-stimulated cells rela-
tive to baseline control (HDM/con-
trol)) were compared in atopic and
nonatopic responses employing the S
test (20). The data are summarized as
a volcano plot (21), which displays
microarray data along axes of statisti-
cal significance (absolute S test statis-
tic) and differential expression magni-
tude (atopic HDM/control:nonatopic
HDM/control on the log2 scale (log2

fold change)). Genes above the horizon-
tal line are significantly differentially
expressed (FDR adjusted p value
�0.01); positive and negative values on
the horizontal axis indicate elevated ex-
pression in atopic and nonatopic re-
sponses, respectively. ABS, absolute.
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background subtraction, quantile normalization, iterPLIER summariza-
tion). The preprocessed microarray data were then imported into the R
language and environment for statistical computing (www.r-project.org/)
for further analysis. Variance stabilization was performed by adding the
small constant 16 to all the data points, followed by log2 transformation.
The microarray data are available in the Gene Expression Omnibus repos-
itory (www.ncbi.nlm.nih.gov/projects/geo/) under the accession number
GSE: 14908.

Identification of the atopy transcriptome in human CD4� Th
cell responses

The moderated t test (18) was employed to identify genes that were sig-
nificantly modulated in allergen-stimulated vs unstimulated cells from
atopic (atopic transcriptome) and nonatopic (nonatopic transcriptome) sub-
jects. The moderated t test employs a Bayesian model to leverage infor-
mation obtained from the variability across all the genes to make inferences
about individual genes. To account for multiple testing, the p values de-
rived from the moderated t test statistics were adjusted employing the false
discovery rate (FDR) method (19). Only genes that were significantly
(FDR-adjusted p value �0.01) modulated by �1.2-fold after HDM stim-
ulation were considered in further analyses.

Differential expression analysis of CD4� Th cell response
patterns to allergens

To identify differences in the response profiles of atopic and nonatopic
subjects, background corrected gene expression levels (i.e., level in HDM-
stimulated cells relative to baseline control (HDM/control) on the log2

scale) for the HDM-regulated genes identified above (i.e., the combined
atopic and nonatopic transcriptomes) were analyzed employing the signif-
icance analysis of microarrays test (SAM or S test) (20). The S test is a
variant of the t test, which adds a small constant to the variability compo-
nent of the gene-specific t test. Differentially expressed genes are identified
by comparing the S test statistics with their null distribution, which is
generated via permutation of the sample class labels. The significance level
of a SAM analysis is dependent on the tuning parameter �, and for each
value of �, the FDR is calculated as the 90th percentile of the number of
false-positive genes divided by the number of genes called significant. A
value for � was selected corresponding to a 90th percentile FDR of �0.01.
The results of the S test analysis were summarized on a volcano plot (21),
a scatter plot of the S test statistics vs the log2 fold change (atopic HDM/
control:nonatopic HDM/control).

Gene coexpression network analysis

Network analysis was performed on the microarray data employing the
weighted gene coexpression algorithm developed by Horvath and co-
workers (10). The mathematical process involves calculating absolute
Pearson correlations for all pairwise gene-gene combinations across the
test samples. The correlations were transformed into connection
strengths by raising them to a power �. The value for � was selected by
fitting a statistical model to the data, which is based on the knowledge
that the distribution of connectivity in biological networks follows a
scale-free topology (10). Genes with a low connectivity to the network
were removed from the analysis (bottom 20% with low values for ktotal,
see below). To identify modules of interconnected genes, the topolog-
ical overlap was calculated from the pairwise connection strengths and
analyzed by hierarchical clustering (10, 22). The topological overlap is
a measure of the degree in which each pair of genes is correlated with
the same set of genes. The modules were defined from the dendrogram
output of the hierarchical clustering analysis employing an automated
adaptive algorithm (23).

To test individual modules for association with atopic status, back-
ground-corrected gene expression levels (HDM/control on log2 scale) in
atopic vs nonatopic responses were compared on a module-by-module
basis employing gene set analysis (24). Gene set analysis tests for the
association of a set of genes rather than individual genes with a phe-
notype of interest, and it employs randomization/resampling of the
genes to avoid bias in the determination of the test statistic, as well as
permutations of the samples to estimate the FDR and account for cor-
relations between genes (24). To illustrate module enrichment, back-
ground-corrected gene expression levels (HDM/control) in atopic vs
nonatopic responses were compared employing the S test (20), and the
absolute value of the S test statistics were plotted as box-and-whisker
plots on a module-by-module basis.

The interaction of each component gene to the other genes in the net-
work is quantified by the connectivity (k). The connectivity of a gene is
defined as the cumulative connectivity (i.e., sum of the pairwise connection

strengths) and can be calculated with respect to the entire network (Ktotal)
or within a specific module (Kin). The Kin values were scaled to lie between
0 and 1.

Statistical analyses

The statistical methods used in this study were performed in the R envi-
ronment including the moderated t test (18), S test (20), gene set analysis
(24), gene coexpression network analysis (10), Wilcoxon signed-rank test,
Mann-Whitney U test, paired t test, Spearman’s rank correlation, Fisher’s
exact test, and hierarchical clustering (10). Where specified, FDR-adjusted
p values (19) were reported to control for type I error when performing
multiple hypothesis testing. Gene set analysis and the S test have built-in
functions based on data resampling techniques to calculate the FDR; for all
other statistical methods, the FDR was calculated employing the Benjamini
and Hochberg method (19) in the R package multtest (available at www-
.bioconductor.org/). It is noteworthy that the Benjamini and Hochberg FDR

FIGURE 2. Modular architecture of the gene coexpression network in
atopic CD4� Th cell responses to allergens; variations associated with
allergic sensitization. A, Network analysis was performed on the atopic
CD4� Th cell response microarray data set from Fig. 1B, and hierarchical
clustering was employed to resolve the network into subnets (modules) of
highly interconnected genes (10). The modules were defined by an auto-
mated algorithm (23) and can be visualized as the internal branch-like
structures of the dendrogram output from the cluster analysis. B, The
brown module is uniquely associated with atopic status. Background-cor-
rected gene expression levels (HDM/control) were compared in atopic and
nonatopic responses employing the S test (20), and the absolute value of the
S test statistics were graphed as box-and-whisker plots on a module-by-
module basis to visualize module enrichment. Statistical analyses were
performed to compare the overall expression of each module in atopic and
nonatopic responses employing gene set analysis (���, FDR-adjusted p
value �0.001) (24).
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Table I. Functional annotation of the consensus atopy modulea

Function/Pathway Gene Symbol Chromosome Gene Name

Apoptosis BCL2 18q21.33 B cell CLL/lymphoma 2
BTG1b 12q22 B cell translocation gene 1
CASP3 4q34 Caspase 3
STK17B 2q32.3 Serine/threonine kinase 17b; DRAK2

Inflammation and immunoregulation CD200R1 3q13.2 CD200 receptor 1
CISH 3p21.3 Cytokine inducible SH2-containing protein
CSF1 1p21–p13 CSF1
IL-1F6b,c 2q12–q14.1 IL-1 family, member 6 (�)
LIF 22q12.2 Leukemia inhibitory factor
SOCS2 12q Suppressor of cytokine signaling 2

Leukotriene and prostaglandin signaling ALOX5 10q11.2 Arachidonate 5-lipoxygenase
HPGD 4q34–q35 Hydroxyprostaglandin dehydrogenase
PTGER2 14q22 Prostaglandin E receptor 2 (EP2 receptor)

Protease activity and regulation PITRM1b 10p15.2 Pitrilysin metallopeptidase 1
SPINT2 19q13.1 Serine peptidase inhibitor, Kunitz type, 2
TPP2b,c 13q32–q33 Tripeptidyl peptidase II

Protein trafficking RAB19Bb 7q34 GTP-binding protein RAB19B (RAB19)
RAB27B 18q21.2 RAB27B, member RAS oncogene family
RAB30 11q12–q14 RAB30, member RAS oncogene family

Signal transduction ARRDC2b,c 19p13.11 Arrestin domain containing 2
CNKSR2b Xp22.12 Connector enhancer of kinase suppressor of Ras 2
KPNA6b 1p35.1–p34.3 Karyopherin �6 (importin �7)
NCOA3 20q12 Nuclear receptor coactivator 3
NDFIP2 13q31.1 Nedd4 family-interacting protein 2
NSMCE1 16p12.1 Non-SMC element 1 homolog
PGM1b 1p31 Phosphoglucomutase 1
RAP2Bc 3q25.2 RAP2B, member of RAS oncogene family
RASL11Ab 13q12.2 RAS-like, family 11, member A
SOCS2 12q Suppressor of cytokine signaling 2
TBC1D1b 4p14 TBC1 domain family, member 1

Solute carrier activity SLC26A11b 17q25.3 Solute carrier family 26, member 11
SLC37A3 7q34 Solute carrier family 37, member 3
SLC39A8 4q22–q24 Solute carrier family 39, member 8

TcR signaling APBB1IPb,c 19p13.11 Rap1-interacting adaptor molecule (RIAM)
CEACAM1 19q13.2 Carcinoembryonic Ag-related cell adhesion 1
CISH 3p21.3 Cytokine inducible SH2-containing protein
DPP4 2q24.3 Dipeptidyl-peptidase 4 (CD26)
IL-2R 10p15–p14 IL-2 receptor, �
ITK 5q31–q32 IL-2-inducible T cell kinase
LCP2c 5q33.1-qter Lymphocyte cytosolic protein 2 (SLP-76)
MAL 2cen–q13 Mal, T cell differentiation protein
RAP1A 1p13.3 RAP1A, member of RAS oncogene family

Th2 regulation and function CCL1 17q12 C-C chemokine ligand 1, I-309
GFI1 1p22 Growth factor independent 1
ID2 2p25 Inhibitor of DNA binding 2
IL-13 5q31 IL-13
IL-17RB 3p21.1 IL-17 receptor B (IL-25 receptor)
IL-4R 16p11.2–12.1 IL-4 receptor
IL-5 5q31.1 IL-5
ITK 5q31–q32 IL-2-inducible T cell kinase
RRS1c 8q13.1 RRS1 ribosome biogenesis regulator homolog

Treg expression and function CISH 3p21.3 Cytokine inducible SH2-containing protein
FOXP3 Xp11.23 Forkhead box P3
GFI1 1p22 Growth factor independent 1
HIPK2 7q32–q34 Homeodomain-interacting protein kinase 2
IKZF4b,c 12q13 IKAROS family zinc finger 4 (Eos)
IL-2R 10p15–p14 IL-2 receptor, �
ITK 5q31–q32 IL2-inducible T cell kinase
PTGER2 14q22 Prostaglandin E receptor 2 (EP2 receptor)
SOCS2 12q Suppressor of cytokine signaling 2
TIAM1b 21q22.1 T-cell lymphoma invasion and metastasis 1

Transcriptional regulation BATFb,c 14q24.3 Basic leucine zipper transcription factor, ATF-like
ENO1b,c 1p36.3–p36.2 Enolase 1 (�)
HIPK1b 1p13.2 Homeodomain-interacting protein kinase 1
ID2 2p25 Inhibitor of DNA binding 2
IKZF1c 7p13–p11.1 IKAROS family zinc finger 1 (Ikaros)
IKZF4b,c 12q13 IKAROS family zinc finger 4 (Eos)
KLF3c 4p14 Krüppel-like factor 3 (basic)
LASS6b 2q24.3 LAG1 homolog, ceramide synthase 6
PCGF5c 10q23.32 Polycomb group ring finger 5
TSC22D3c Xq22.3 TSC22 domain family, member 3; GILZ

(Table continues)
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procedure is appropriate for test statistics that are independent or positively
correlated (25).

Before statistical analysis employing the t test, qRT-PCR data points
below the detection limit (DL) were substituted for DL/2 followed by log10

transformation to correct for data skewness and heteroscedasticity (26).
Before hierarchical clustering analysis, mean centering and unit vari-

ance scaling was performed on the qRT-PCR data to emphasize the more
relevant variations between samples as opposed to differences in high or
low abundance values (26).

Results
Identification of the atopy transcriptome in human CD4� Th
cell responses

To characterize the patterns of gene expression in Th cell re-
sponses to allergens, PBMC from panels of HDM-sensitized atop-
ics (n � 15) and nonsensitized nonatopic controls (n � 15) were
cultured in the presence or absence of HDM allergens for 24 h. At
the termination of the cultures, CD4� Th cells were isolated by
immunomagnetic separation, and gene expression was analyzed by
qRT-PCR. As illustrated in Fig. 1A, the atopic Th cell response
phenotype was Th2-skewed, as predicted from previous studies
employing this culture system (16, 17). Regulatory T cell (Treg)
signature genes (IL-2R, FoxP3) were also elevated in the atopic
responses; however, it is noteworthy that these genes are also tran-
siently up-regulated following the activation of conventional Th
cells (reviewed in Ref. 27).

Microarray profiling was then performed to investigate changes
in global patterns of gene expression. Paired comparisons of
HDM-stimulated Th cells with unstimulated Th cells demonstrated
that a substantial gene expression program was activated in the
respective responses, comprising 1442 genes in the atopic re-
sponses (i.e., the atopy transcriptome) and 1243 genes in the con-
trols (average fold change �1.2 and FDR (19) adjusted p value
�0.01; moderated t test (18)). Consistent with our previous find-
ings, many of these genes were common to both groups (16); how-
ever, �150 genes differed between the respective responses after
accounting for multiple testing (FDR-adjusted p value �0.01; sig-
nificance analysis of microarray t test (20); supplemental Table
S1).4 As illustrated in Fig. 1B, most of these genes were elevated
in the atopic responses, including several previously recognized
members of the Th2 cascade (IL-4R, IL-5, IL-13, GFI-1, ITK), as
well as a cohort of novel Th2-associated genes (IL-17RB,

CAMK2D, CISH, DACT1, DPP4, MAL, NDFIP2, NSMCE1,
PLXDC1) reported recently by us (16) and confirmed in an inde-
pendent study (28).

Characterization of the coexpression network architecture of the
atopy transcriptome in CD4� Th cell responses

The statistical analyses performed above identify a list of genes
involved in Th memory responses to allergens, but they provide
limited insight into how these genes interact to control the under-
lying T cell activation process. To obtain more detailed informa-
tion in this regard, a systems-level analysis was performed on the
atopic data set, employing a weighted gene coexpression network
reconstruction algorithm as detailed in Materials and Methods
(10). Briefly, network analysis employs a stepwise analytical pro-
cess to leverage variations in gene-by-gene correlations across the
samples to describe in quantifiable terms the underlying gene net-
works. Pathways manifest as subnets of highly correlated genes
(“modules”), and hyperconnected genes (“hubs”) are identified
within pathways. The algorithm generates a branching tree-like
diagram output (dendrogram), in which modules of highly corre-
lated genes are identified as the internal branch-like structures of
the dendrogram. As illustrated in Fig. 2A, network analysis re-
solved the atopy transcriptome into a gene coexpression network
composed of a series of seven discrete modules. Of note, the dis-
tribution of connectivity followed a scale-free topology (data not
shown), as predicted from studies in other systems (3, 29). To
determine whether any of the modules were associated with atopy,
we performed a statistical comparison of the overall expression of
each module in the atopic and nonatopic responses. As illustrated
in Fig. 2B, the results demonstrated that one of the modules was
uniquely associated with atopic status (module-level FDR adjusted
p value �0.001 by gene set analysis (24)).

To determine whether the atopy-associated module is reproduc-
ible, an additional series of microarray profiles was generated from
HDM-stimulated CD4� Th cells from an independent panel of
atopics (n � 15). Network analysis of this independent data set
revealed a similar coexpression network comprising discrete mod-
ules (not shown), and again a striking association was observed
between a single module and atopic status (module-level FDR ad-
justed p value �0.001 by gene set analysis (24)). The overlap
between these two putative atopy-associated modules comprising
71 genes was highly significant (Fisher’s exact test p value �1 �
10�15) and included signatures associated with the activation of4 The online version of this article contains supplemental material.

Table I. (Continued)

Function/Pathway Gene Symbol Chromosome Gene Name

Wnt/�-catenin signaling BCL9Lb,c 11q23.3 Bcell CLL/lymphoma 9-like
CAMK2D 4q26 Calcium-dependent protein kinase II �
DACT1 14q23.1 Dapper homolog 1
HIPK2 7q32–q34 Homeodomain-interacting protein kinase 2
ID2 2p25 Inhibitor of DNA binding 2
MEOX1b 17q21 Mesenchyme homeobox 1
TIAM1b 21q22.1 T cell lymphoma invasion and metastasis 1

Unclassified or unknown function ETNK1b 12p12.1 Ethanolamine kinase 1
FAM102Bb 1p13.3 Family with sequence similarity 102, member B
GNPDA1b 5q21 Glucosamine-6-phosphate deaminase 1
IMMT 2p11.2 Inner membrane protein, mitochondrial (mitofilin)
OBFC2Ab 2q32.3 Oligonucleotide-binding fold containing 2A
PLXDC1 17q21.1 Plexin domain containing 1
SNTB1 8q23–q24 Syntrophin, �1

a Genes were assigned to functional classes (some genes in more than one class) based on classifications from the Gene Ontology consortium (www.geneontology.org/), as
well as manual curation based on information from the literature and other sources. See supplemental Table S2 for additional information and references.

b Novel genes that have not been previously reported in the context of atopy or Th2 regulation.
c Genes that were specifically detected as atopy-associated based on their patterns of interconnectivity with other members of the atopy module, but were not detected as

atopy-associated by differential expression analyses in Fig. 1B.
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Th2 cells (IL-4R, IL-5, IL-13, ITK, GFI-1, CAMK2D, CISH,
DACT1, DPP4, MAL, NDFIP2, PLXDC1, PTGER2, RAB27B)
and Tregs (CISH, FoxP3, GFI-1, HIPK2, ID2, IKZF4, ITK, IL-2R,
PTGER2, SOCS2, TIAM1 (30)), as well as a range of novel genes
(Table I; see supplemental Table S2 for references). This overlap-
ping gene set was designated the “consensus atopy module”, and
accordingly became the principal focus of the remainder of this
study. Of note, 15 out of the 71 genes in the atopy module were not
detected by the conventional statistical analyses performed above
(Fig. 1B), even when the FDR threshold was reduced from 0.01 to
0.05, suggesting that network analysis can unmask cryptic varia-

tions in gene expression, thus revealing covert disease-associated
genes (Table I).

The consensus atopy-associated module is enriched with
functionally coherent genes

Modules execute high level biological functions by mobilizing sets
of coexpressed genes that function in the same pathway (29, 31).
As detailed in Table I, the atopy-associated module was enriched
for functionally coherent genes involved in TCR and Wnt/�-cate-
nin signaling, signal transduction, transcriptional regulation, Th2
regulation and function, inflammation, and Treg function.

FIGURE 3. Visualization of the
atopy-associated module and identifi-
cation of putative hubs. A, Network
analysis was performed separately on
the two independent atopic CD4� Th
cell response microarray data sets,
and variations in the patterns of con-
nectivity within the atopy module
were investigated by calculating the
kin (see Materials and Methods). Hy-
perconnected hub genes have a kin ap-
proaching 1.0 and are therefore lo-
cated in the upper right region of the
scatter diagram (box). The kin values
were highly correlated across the two
independent data sets (Spearman
rho � 0.84, p value �1 � 10�15). B,
A graphical representation of the
atopy-associated module. The mi-
croarray data from the two indepen-
dent atopic data sets were pooled and
network analysis was performed. The
top gene-gene interaction data (i.e., all
pairwise connection strengths �0.25;
corresponding to the top �500 inter-
actions) within the module were sub-
mitted to VisANT software (visant.
bu.edu/) for network visualization. To
illustrate the hubs, progressively
larger font and node sizes were se-
lected based on the connectivity data,
which was partitioned into four cate-
gorical bins of �31 links, 21–30
links, 11–20 links, and �10 links. The
hubs appear as the large central nodes
in the network diagram.
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Although a generic function has been assigned to most of the genes
in the module by the gene ontology consortium, for the vast ma-
jority of genes there is no information available about their regu-
lation and/or function specifically in T cells. Moreover, the module
contained 25 genes that have not previously been reported in the
context of atopy (Table I).

Validation of constituent genes in the consensus
atopy-associated module

Microarray detection of thousands of molecules in a single as-
say can result in false-positive signals due to nonspecific back-
ground and cross-hybridization (32). Therefore, we sought con-
firmation of expression of the module genes in atopic Th cell
responses to allergens via more quantitative RT-PCR method-
ology, employing the RNA samples from the independent
groups of study subjects used for the microarray experiments.
At least 90% of the genes tested were validated in these anal-
yses (supplemental Table S3), which incorporated FDR controls
for multiple hypothesis testing (19).

Additional validation across microarray platforms was provided
via metaanalysis of in-house data sets on mixed CD4� and CD8�

atopic T cell responses to HDM, which were generated as reported
earlier (16) on the previous series Affymetrix microarrays. These
analyses identified a module that significantly overlapped with the
consensus atopy module (Fisher’s exact test p value of 5.5 �
10�7). In addition to the core Th2 cluster on chromosome 5q31.1,
these analyses also identified a broad range of the novel genes
illustrated in Table I, including BATF, CAMK2D, CEACAM1,
DACT1, NDFIP2 and RAB27B (data not shown).

Variations in connectivity within the atopy-associated module
reveals hyperconnected hubs, which are essential for overall
module functionality

Systematic studies in other systems have reported that the connec-
tivity of individual genes within biological networks is correlated
with essential functions (8–13). Thus, by inference, hypercon-
nected hubs within an individual module may be indispensable to
regulation and function of the module as a whole, and we wanted
to test this concept in relationship to the atopy-associated module.
To identify putative atopy-associated hyperconnected hubs, we
first calculated the cumulative connectivity of each gene within the
atopy-associated module (i.e., intramodular connectivity (kin); see
Materials and Methods). Genes that are highly correlated with
many genes in the module will have large values for kin, and vice
versa. The statistical reliability of the network measure kin is un-
known in the current experimental setting, and hence we calculated
the kin separately for both independent atopic data sets. As illus-
trated in Fig. 3A, the analyses demonstrated that variations in con-
nectivity within the atopic module are highly reproducible (Spear-
man rho � 0.84, p value �1 � 10�15). Moreover, several
hyperconnected hubs were identified, and these appear in the upper
right region of Fig. 3A. To illustrate the wiring diagram of the
atopy module, the pairwise interaction data (i.e., pairwise correla-
tion data) were submitted to a bioinformatics tool for network
visualization (33). As shown in Fig. 3B, the hubs manifest as the
large nodes at the center of the network depiction, which are hy-
perconnected to peripheral nodes of low connectivity.

As detailed above, the initial identification of these putative
atopy-associated hub genes was based solely on the strength of
underlying statistical associations, and additional levels of (more
direct) proof are required to determine the level of biological plau-
sibility inherent in the information obtained via this approach. To
explore this question we focused on two hub genes (IL-2R, IL-4R)
in pathways whose functionality in relation to the Th2 cascade is

well established (34, 35), and for which blocking reagents are
readily accessible. The novelty of the new information on the al-
lergen-triggered Th2 cascade provided via this approach (Fig. 3B)
concerns the additional range of genes putatively “networked”
with IL-2R and IL-4R in this module. In particular, if the linkages
identified exist in vivo and are biologically meaningful, then
blocking these hubs alone or in combination may affect the overall
structural integrity of the module, including the expression of these
previously unrecognized members of the cascade. To test this
proposition, positive and negative perturbation experiments were
performed by supplementing the PBMC cultures with exogenous
recombinant IL-2 or IL-4, or relevant neutralizing Abs. At the
termination of the cultures, CD4� Th cells were isolated and ex-
pression of the module was profiled by qRT-PCR. As illustrated in
Fig. 4, hierarchical clustering analysis of these data segregated the
genes into two distinct parallel pathways/clusters. The top cluster
contained IL-4R, and genes within this cluster were highly induced
by treatment with rIL-4 and strongly abrogated by anti-IL-4. In
contrast, the bottom cluster contained IL-2R, and genes within this
cluster were highly induced by treatment with rIL-2 and strongly
abrogated by anti-IL-2. Strikingly, the combination of anti-IL-2
plus anti-IL-4 silenced expression of almost every gene in the
module that was investigated (see supplemental Table S4 for de-
tailed statistical analyses). Importantly, many genes within the
module are totally novel (Table I), and thus their regulation by

FIGURE 4. IL-2R and IL-4R are principal hubs driving the expression
of the atopy-associated module. PBMC from HDM-sensitized atopics (n �
8) were cultured in the presence (�) or absence (�) of HDM, rIL-2, rIL-4,
or neutralizing Abs against IL-2 (�IL-2), or IL-4 (�IL-4), or both (�IL-
2,-4). At the termination of the 24-h cultures, CD4� Th cells were purified
and expression of a subset of genes from the atopy-associated module was
profiled by qRT-PCR. The qRT-PCR data were normalized to the stably
expressed gene EEF1A1 (68), averaged across the subjects, mean centered
(26), and scaled for unit variance (26). Hierarchical clustering (10) was
performed on the genes to partition them into clusters of coexpressed
genes. Two major expression patterns were identified that corresponded to
genes that were regulated by IL-4 (red cluster dendrogram) or IL-2 (blue
cluster dendrogram) genes. Detailed statistical analyses were also per-
formed and are presented in supplemental Table S4. Additional cultures
were set up with appropriate isotype control Abs, and these did not sub-
stantively affect expression profiles (not shown).
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IL-2 and IL-4 signaling was predicted solely on the basis of their
interconnectivity with IL-2R/IL-4R.

Expression of the atopy-associated module varies across the
CD4� Th memory compartment

The network analyses presented above demonstrate that IL-2R and
IL-4R are hyperconnected within the atopy-associated module, and
that dual inhibition of these parallel pathways destabilizes gene
expression programs in the overall Th memory response in a com-
prehensive fashion. However, it is not clear why the atopy module
contains gene expression signatures associated with the early dif-

ferentiation of Th2 cells (28), Th2 memory responses (16), and
Treg function (30). One possibility is that because the Th memory
compartment is phenotypically and functionally heterogeneous
(36), the above analyses on total CD4 T cells are likely to have
provided an oversimplified picture. A series of experimental ob-
servations support a relationship between the phenotype, function,
and stage of CD4� Th cell memory differentiation (reviewed in
Ref. 37). One simple model to account for the origin of these
diverse subsets proposes that there is a stepwise differentiation of
naive Th cells (TN) 3 central memory (TCM) 3 transitory
memory (TTM) 3 effector memory (TEM) (Fig. 5A) (36, 38). To

FIGURE 5. Expression of the atopy-associated module varies across naive and memory CD4� Th cell subsets. A, Stepwise model of CD4� Th cell
memory differentiation (38). B, Multiparametric cell sorting strategy employed to isolate CD4� Th cell subsets. C, PBMC from HDM-sensitized atopics
(n � 6) were stimulated with HDM for 20 h. At the termination of the cultures, multiparametric cell sorting was employed to isolate TN, TCM, TTM, and
TEM subpopulations. Expression of a subset of genes from the atopy-associated module was profiled by qRT-PCR. The qRT-PCR data were normalized
to the stably expressed gene EEF1A1 (68), log2 transformed, mean centered (26), and scaled for unit variance (26). Mean centering and unit variance were
performed separately for the naive and memory compartments to emphasize variations across the latter compartment. Hierarchical clustering (10) was
employed to identify clusters of coexpressed genes, as well as clusters of samples with similar expression profiles. Four major sample clusters and three
major gene clusters were identified, as shown by the respective vertical and horizontal white lines. Detailed statistical analyses were performed and are
presented in supplemental Table S5. D, Box-and-whisker plots of the qRT-PCR data (centering, scaling, and log transformation were not performed) for
selected genes from C. See supplemental Table S6 for complete data set.
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investigate expression of the module across the differentiation
pathway during a Th memory response, PBMC from six HDM-
allergic subjects were stimulated with HDM for 20 h. At the ter-
mination of the cultures, CD4� Th cell subsets were isolated by
multiparametric cell sorting employing the markers CD4,
CD45RA, CCR7, and CD27 (Fig. 5B) (38), and gene expression
was profiled by qRT-PCR.

As illustrated in Fig. 5C, analysis of the qRT-PCR data by hi-
erarchical clustering demonstrated that expression of the module
partitioned unevenly across the differentiation pathway (see sup-
plemental Table S5 for statistical analyses). For instance, IL-4R-
associated genes (e.g., DACT1, GFI1, MAL, RAB30, RASL11A,
SLC26A11) were highly expressed in naive and to a lesser extent
in central memory, whereas Treg-associated genes (IL-2R, FoxP3)
were highly expressed in central memory relative to naive mem-
ory, but peaked together with several other genes (CEACAM1,
CISH, DPP4, IKZF4) within transitory memory (Fig. 5, C and D).
The effector memory compartment was characterized by high level
expression of genes associated with effector functions (IL-2, IL-4,
IL-5, IL-13, IL-17RB, LIF), together with the NF-�B regulator
NDFIP2 and the inhibitory receptor CD200R1 (Fig. 5, C and D).
These data demonstrate that naive Th cells participate in the Th
memory response, and further show that the Treg and Th2-asso-
ciated signatures segregate in the TTM and TEM compartments,
respectively.

Discussion
Our findings demonstrate that the hallmark of the atopic phenotype
at the systems level is the activation of an interconnected module
enriched for Th2 and Treg-associated expression signatures, net-
worked together with an additional series of 25 novel genes not
previously associated with atopy. Of note, application of network
analysis techniques to the microarray data not only confirmed the
importance of the bulk of Th2-associated genes identified by more
conventional analyses in previous studies (16, 28), but it also
added a second tier of previously unrecognized Th2-associated
genes identified purely on the basis of their patterns of intercon-
nectivity with other members of the atopy module (Table I). These
novel genes encode proteins mainly involved in generic functions
such as transcriptional regulation and signal transduction; how-
ever, their precise function in allergen-driven Th cell responses
remains to be investigated. In the parlance of this emerging field,
genes in the network displaying highest overall connectivity
strengths are designated as hubs, which are ascribed key roles in
overall network functionality (8–13). Confirmation that the gene
interconnectivity measures employed to reconstruct this atopy-as-
sociated module have a biological as opposed to purely statistical
basis was provided via blocking experiments targeting the hubs
IL-2R and IL-4R. Notably, disruption of IL-2 and IL-4 signaling
during stimulation of Th memory cells with specific allergen col-
lapsed the overall atopy module including expression of these
novel genes. This finding justifies further pursuit of this overall
approach, in particular studies related to the network regulatory
functions of other “novel” hub genes. The most direct approach
would be to employ small interfering RNA-mediated knockdown
of hub(s), as has been performed in Th cell lines (28); however,
effective methodology is not available to achieve this in primary
human Th memory responses.

An alternative approach to probe further into the function of the
gene network that we are following involves more precise cellular
localization of relevant expression signals during the Th memory
response. Recent literature indicates that reactivation of Th mem-
ory cells sets in train a stepwise differentiation process giving rise
to functionally distinct memory subpopulations (36–38), and the

expression signals we are detecting likely represent a summation
of the activity of these subsets. We hypothesized that resolving the
allergen-activated CD4� Th cell population into discrete memory
subsets before expression analysis may provide some clarity to this
complex picture. This approach has resulted in a series of novel
observations, and in particular it has facilitated partitioning of key
elements of the overall atopy module expression signal to different
stages of the Th memory response. Our findings demonstrated that
IL-4-associated genes were predominantly expressed at early
stages of differentiation (TN, TCM), whereas IL-2-regulated genes
were expressed at early (TCM) and later stages (TTM, TEM). More-
over, we found that Treg and Th2 effector signatures partitioned
into the TTM and TEM compartments, respectively. While we did
not perform functional assays to determine whether the TTM

(CD27�) subset had suppressive activity, CD27 has been previ-
ously reported to discriminate regulatory from effector T cells (39).
Moreover, we detected a bona fide Treg signature in the TTM com-
partment, which includes genes such as IKZF4 (Eos) that are
highly specific for Tregs (30).

The nature of the relationship between Tregs and conventional
T cells is a contentious issue. Several laboratories have demon-
strated that expression of FoxP3 is up-regulated as a normal con-
sequence of human CD4 T cell activation (40 – 42), and it has
been suggested that regulatory activity may be a reversible periph-
eral state of differentiation (reviewed in Ref. 27). However, the
interpretation of these data is confounded by the knowledge that
FoxP3 expression does not necessarily confer suppressive activity
(41–43). Moreover, concerns have been raised about the specific-
ity of FoxP3 staining in activated T cells (41, 44). One possible
interpretation of our data is that the TCM compartment gives rise to
both TEM and Tregs, either via parallel or sequential pathways that
are programmed by IL-2. Indeed, an IL-2-dependent mechanism
drives the development of Ag-specific effector and regulatory T
cells from the same naive precursors in animal models of autoim-
mune disease (45), and we observed that both Th2 effector and
Treg-associated signatures are dependent on IL-2 (Fig. 4). Data
from human studies suggest that Tregs may be derived from the
allergen-driven expansion of memory T cells (46, 47). In human T
cells, IL-2-driven FoxP3 expression does not bestow de novo im-
munoregulatory properties until at least 4 days of stimulation (42).
This delayed acquisition of regulatory function provides a plausi-
ble mechanism to generate adaptive Tregs that can switch off acute
inflammation, thus preventing chronic disease (45, 48, 49).

The synchronous activation of the Treg and Th2 machinery dur-
ing recall responses to allergens may explain the inherent plasticity
of the CD4 compartment, which has recently been documented at
the epigenetic level (50). Studies in animal models have shown
that in some circumstances Tregs can be converted into Th2 ef-
fectors via internal regulation of their gene expression program
(43, 51). In this context it is also noteworthy that PTGER2 was
highly expressed in the TTM and TEM compartments (supplemental
Table S6), because signaling via this pathway can convert con-
ventional T cells into Tregs via induction of FoxP3 (52, 53). Fur-
ther studies are warranted to investigate this possibility in allergy.

The presence of a parallel IL-4-dependant activation signal in
the naive Th cell compartment was striking. Although it has been
reported that the role of IL-4 is redundant in some (54) but not all
models (55) of Th2 differentiation in vivo, IL-4 is essential for the
collateral priming of naive Th cells to other bystander allergens
(56). Bystander sensitization is a recognized feature of persistent
allergic disease in humans (reviewed in Ref. 49), and it is also
noteworthy that successful allergen-specific immunotherapy
against single allergens prevents sensitization to new allergens (re-
viewed in Ref. 57).
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The identification of IL-2R as a T cell activation-associated,
atopy-associated hub is intriguing. Systematic studies of disease-
gene relationships across multiple disorders have suggested that
common pathways may underlie susceptibility to many diseases
(58), especially inflammatory diseases (59, 60). IL-2R may repre-
sent an archetypal example of a hub that is relevant to multiple
inflammatory diseases, because disruption of IL-2 signaling in
mice leads to autoimmunity (61). Moreover, genetic variants in
IL-2R differentially confer risk to type I diabetes and multiple
sclerosis in humans (62). The relevance of this pathway to the
pathogenesis of human asthma was recently demonstrated in a
clinical trial, where blocking IL-2R improved lung function and
asthma control in patients with moderate to severe disease (63).
Further studies are now warranted to determine whether genetic
variation in the IL-2R locus is important in disease risk and
severity.

This study has significant limitations that require addressing in
follow-up investigations. In particular, for logistical reasons we
focused on a single time point after Th cell activation; however,
biological systems are best modeled in dynamic terms (64). More-
over, we have shown in previous kinetic studies that the 24 h time
point favors identification of Th2 activation/differentiation-associ-
ated genes in contrast to late effector genes such as IFN-� (16) and
TNF-�, which also contribute to asthma pathogenesis (17). This
approach also cannot reproduce microenvironmental conditions at
the asthma lesional site where T cell triggering is controlled by
highly differentiated mucosal dendritic cells (65). Additionally, as
noted in Results, the focus on IL-2R and IL-4R genes was dictated
by the availability of relevant inhibitors, and more systematic
study of the role of other potential hubs in the Th2 network will
require utilization of a wider range of blocking reagents. Such
functional studies are important because unlike the situation in
protein interaction networks, which are based on detection of pro-
tein-protein interactions in functional assays, coexpression net-
works represent more general relationships between genes that are
simply based on statistical correlations and not on functional data.
Thus, the biological significance of the other putative hubs is un-
known in the absence of functional data. Notwithstanding these
limitations, this study has provided novel insight into the operation
of the Th2 cascade in human atopics, and in doing so illustrates
some important principles that are readily applicable to research
into a broad range of other immunoinflammatory diseases. Nota-
bly, our findings demonstrate how inferences derived from net-
work analysis can be used to identify novel disease-associated
genes within causal pathways and place them within a testable
functional context. This approach thus has the potential to accel-
erate drug discovery programs aimed at destabilization of inflam-
matory gene networks rather than inhibiting individual effector
molecules. The latter approach is currently the dominant paradigm
in pharmacology and has shown only limited success in the treat-
ment of allergic diseases (66, 67). Finally, network analysis may
also increase capacity to identify subtle gene/gene regulatory in-
teractions that escape detection via conventional microarray meth-
odology, and thus may also enhance the precision of basic mech-
anistic studies.
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Table S1| Differential expression analysis of the atopy transcriptome in CD4+ T-cell responses to 
allergens in atopic and nonatopic subjects 
Probe ID S.test  

Statistic 
Gene Symbol Gene Description Chromosome  

Location 
7994280 10.32 IL4R Interleukin 4 receptor  16p11.2-12.1  
8143383 8.95 --- --- --- 
7974689 8.50 DACT1 Dapper, antagonist of beta-catenin, homolog 1  14q23.1  
8102415 7.59 CAMK2D Calcium/calmodulin-dependent protein kinase II delta  4q26  
7950743 7.58 RAB30 RAB30, member RAS oncogene family  11q12-q14  
8136580 7.54 RAB19B GTP-binding protein RAB19B  7q34  
8043504 7.45 MAL Mal, T-cell differentiation protein  2cen-q13  
8087739 7.27 CISH Cytokine inducible SH2-containing protein  3p21.3  
8000413 7.17 NSMCE1 Non-SMC element 1 homolog (S. cerevisiae)  16p12.1  
8021301 7.15 RAB27B RAB27B, member RAS oncogene family  18q21.2  
8143367 6.83 SLC37A3 Solute carrier family 37 member 3  7q34  
8152976 6.65 TMEM71 Transmembrane protein 71  8q24.22  
7931914 6.56 IL2R Interleukin 2 receptor, alpha  10p15-p14  
8014768 6.43 PLXDC1 Plexin domain containing 1  17q21.1  
8056222 6.43 DPP4 Dipeptidyl-peptidase 4 (CD26)  2q24.3  
7917697 6.40 GFI1 Growth factor independent 1  1p22  
7903507 6.39 FAM102B Family with sequence similarity 102, member B  1p13.3  
7968236 5.96 RASL11A RAS-like, family 11, member A  ---  
7912537 5.95 DHRS3 Dehydrogenase/reductase (SDR family) member 3  1p36.1  
7963491 5.83 KRT1 Keratin 1 (epidermolytic hyperkeratosis)  12q12-q13  
7903786 5.72 CSF1 Colony stimulating factor 1 (macrophage)  1p21-p13  
8019061 5.67 SGSH N-sulfoglucosamine sulfohydrolase (sulfamidase)  17q25.3  
8010405 5.67 SLC26A11 Solute carrier family 26, member 11  17q25.3  
7903988 5.66 RAP1A RAP1A, member of RAS oncogene family  1p13.3  
7974366 5.60 PTGER2 Prostaglandin E receptor 2 (subtype EP2), 53kDa  14q22  
8101992 5.54 SLC39A8 Solute carrier family 39 (zinc transporter), member 8  4q22-q24  
8110932 5.52 SEMA5A Semaphorin 5A  5p15.2  
8166355 5.49 CNKSR2 Connector enhancer of kinase suppressor of Ras 2  Xp22.12  
7904137 5.48 HIPK1 Homeodomain interacting protein kinase 1  1p13.2  
8089568 5.34 CD200R1 CD200 receptor 1  3q13.2  
8081386 5.26 NFKBIZ Nuclear factor of kappa light polypeptide gene enhancer in 

B-cells inhibitor, zeta  
3p12-q12  

8057887 5.23 STK17B Serine/threonine kinase 17b (apoptosis-inducing)  2q32.3  
7917728 5.19 RPL5 Ribosomal protein L5  1p22.1  
8157153 5.09 AKAP2 A kinase (PRKA) anchor protein 2  9q31-q33  
8075182 5.08 XBP1 X-box binding protein 1  22q12.1|22q12  
8040103 4.97 ID2 Inhibitor of DNA binding 2  2p25  
7955045 4.94 --- --- --- 
8126244 4.92 LRFN2 Leucine rich repeat and fibronectin type III domain 

containing 2  
6p21.2-p21.1  

8095343 4.87 BRDG1 BCR downstream signaling 1  4q13.2  
8080562 4.85 IL17RB Interleukin 17 receptor B  3p21.1  
8138489 4.77 CDCA7L Cell division cycle associated 7-like  7p15.3  
7996022 4.76 CCL22 Chemokine (C-C motif) ligand 22  16q13  
7969544 4.75 NDFIP2 Nedd4 family interacting protein 2  13q31.1  
8001547 4.61 PLLP Plasma membrane proteolipid (plasmolipin)  16q13  
7965423 4.55 BTG1 B-cell translocation gene 1, anti-proliferative  12q22  
8033420 4.52 FCER2 Fc fragment of IgE, low affinity II, receptor for (CD23)  19p13.3  
8010915 4.48 FAM101B Family with sequence similarity 101, member B  17p13  
7999423 4.44 SOCS1 Suppressor of cytokine signaling 1  16p13.13  
7912145 4.43 TNFRSF9 Tumor necrosis factor receptor superfamily, member 9  1p36  
8047161 4.39 OBFC2A Oligonucleotide/oligosaccharide-binding fold containing 2A  2q32.3  
8109507 4.38 ITK IL2-inducible T-cell kinase  5q31-q32  
7983890 4.35 GRINL1A Glutamate receptor ionotropic N-methyl D-aspartate-like 1A  15q22.1  
8057771 4.35 STAT4 Signal transducer and activator of transcription 4  2q32.2-q32.3  
8160213 4.35 C9orf52 Chromosome 9 open reading frame 52  9p22.3  
8046086 4.32 LASS6 LAG1 homolog, ceramide synthase 6 (S. cerevisiae)  2q24.3  
7950751 4.30 --- --- --- 
8055445 4.29 DARS Aspartyl-tRNA synthetase  2q21.3  
8143387 4.26 MKRN1 Makorin, ring finger protein, 1  7q34  
8143307 4.21 HIPK2 Homeodomain interacting protein kinase 2  7q32-q34  
8128123 4.16 RRAGD Ras-related GTP binding D  6q15-q16  
8085946 4.14 EOMES Eomesodermin homolog (Xenopus laevis)  3p21.3-p21.2  
8103922 4.14 CASP3 Caspase 3, apoptosis-related cysteine peptidase  4q34  
8063211 4.13 NCOA3 Nuclear receptor coactivator 3  20q12  



8142270 4.10 NRCAM Neuronal cell adhesion molecule  7q31.1-q31.2  
7911754 4.08 TNFRSF14 Tumor necrosis factor receptor superfamily, member 14  1p36.3-p36.2  
8148358 4.05 PHF20L1 PHD finger protein 20-like 1  8q24.22  
7927215 4.05 ALOX5 Arachidonate 5-lipoxygenase  10q11.2  
8095886 4.02 CXCL13 Chemokine (C-X-C motif) ligand 13  4q21  
8173745 4.00 CYSLTR1 Cysteinyl leukotriene receptor 1  Xq13.2-21.1  
8068022 3.98 BIC BIC transcript  21q21.3  
8100827 3.98 IGJ Immunoglobulin J polypeptide  4q21  
7899688 3.98 KPNA6 Karyopherin alpha 6 (importin alpha 7)  1p35.1-p34.3  
8054611 3.96 LOC541471 Hypothetical LOC541471  2q13  
7905067 3.95 HIST2H4A Histone cluster 2, H4a  1q21  
8041422 3.94 RASGRP3 RAS guanyl releasing protein 3 (Ca2+ and DAG-regulated)  2p25.1-p24.1  
8140709 3.94 KIAA1324L KIAA1324-like  7q21.12  
8123080 3.94 SYTL3 Synaptotagmin-like 3  6q25.3  
7995242 3.91 C16orf67 Chromosome 16 open reading frame 67  16p11.2  
8017599 3.90 PECAM1 Platelet/endothelial cell adhesion molecule (CD31 antigen)  17q23  
7939173 3.87 DEPDC7 DEP domain containing 7  11p13  
7921637 3.86 CD84 CD84 molecule  1q24  
8112331 3.85 HBLD2 HESB like domain containing 2  9q21.33  
8116559 3.80 IRF4 Interferon regulatory factor 4  6p25-p23  
7931778 3.77 PITRM1 Pitrilysin metallopeptidase 1  10p15.2  
7990345 3.76 SEMA7A Semaphorin 7A, GPI membrane anchor  15q22.3-q23  
7896710 3.71 --- --- --- 
7969050 3.68 CYSLTR2 Cysteinyl leukotriene receptor 2  13q14.12-q21.1  
7954419 3.64 ETNK1 Ethanolamine kinase 1  12p12.1  
8163629 3.62 --- --- --- 
7940171 3.60 OR5AN1 Olfactory receptor, family 5, subfamily AN, member 1  11q12.1  
8114023 3.52 IL5 Interleukin 5 (colony-stimulating factor, eosinophil)  5q31.1  
8116983 3.50 CD83 CD83 molecule  6p23  
8054722 3.48 IL1B Interleukin 1, beta  2q14  
8113220 3.48 ELL2 Elongation factor, RNA polymerase II, 2  5q15  
8107970 3.46 IL13 Interleukin 13  5q31  
7961075 3.38 CD69 CD69 molecule  12p13-p12  
8103769 3.35 HPGD Hydroxyprostaglandin dehydrogenase 15-(NAD)  4q34-q35  
8122672 3.34 MAP3K7IP2 Mitogen-activated protein 3 kinase 7 interacting protein 2  6q25.1-q25.3  
8094574 3.32 TBC1D1 TBC1 (tre-2/USP6, BUB2, cdc16) domain family, member 1  4p14  
8043363 3.29 MGC4677 Hypothetical protein MGC4677  2p11.2  
8077441 3.27 BHLHB2 Basic helix-loop-helix domain containing, class B, 2  3p26  
8152867 3.25 DDEF1 Development and differentiation enhancing factor 1  8q24.1-q24.2  
8053533 3.24 IMMT Inner membrane protein, mitochondrial (mitofilin)  2p11.2|2  
8028311 3.21 SPINT2 Serine peptidase inhibitor, Kunitz type, 2  19q13.1  
8156848 3.21 NR4A3 Nuclear receptor subfamily 4, group A, member 3  9q22  
7995552 3.20 CYLD Cylindromatosis (turban tumor syndrome)  16q12.1  
8055980 3.17 PSCDBP Pleckstrin homolo, Sec7, coiled-coil domain, binding protein  2q11.2  
7986214 3.13 SLCO3A1 Solute carrier organic anion transporter family, member 3A1  15q26  
8020702 3.12 TAF4B TAF4b RNA polymerase II, TATA box binding protein  18q11.2  
7896728 3.12 --- --- --- 
8023646 3.10 BCL2 B-cell CLL/lymphoma 2  18q21.33|18q21.3  
7958828 3.09 TRAFD1 TRAF-type zinc finger domain containing 1  12q  
8018209 3.08 NAT9 N-acetyltransferase 9  17q25.1  
8143385 3.06 --- --- --- 
8092691 3.05 BCL6 B-cell CLL/lymphoma 6 (zinc finger protein 51)  3q27  
8077366 3.05 LRRN1 Leucine rich repeat neuronal 1  3p26.2  
7901951 3.03 PGM1 Phosphoglucomutase 1  1p31  
8030339 3.02 FLT3LG Fms-related tyrosine kinase 3 ligand  19q13.3  
7974851 3.02 HIF1A Hypoxia-inducible factor 1, alpha subunit  14q21-q24  
7893373 3.00 --- --- --- 
8065569 2.98 BCL2L1 BCL2-like 1  20q11.21  
8000411 2.98 --- --- --- 
7947282 2.95 FLJ46154 FLJ46154 protein  11p14.1-p13  
7996837 2.95 CDH1 Cadherin 1, type 1, E-cadherin (epithelial)  16q22.1  
8112107 2.95 PPAP2A Phosphatidic acid phosphatase type 2A  5q11  
8069880 2.95 TIAM1 T-cell lymphoma invasion and metastasis 1  21q22.1|21q22.11  
8107769 2.94 SLC12A2 Solute carrier family 12, member 2  5q23.3  
7986092 2.93 FURIN Furin (paired basic amino acid cleaving enzyme)  15q26.1  
8043278 2.93 MRPL35 Mitochondrial ribosomal protein L35  2p11.2  
8150076 2.89 DUSP4 Dual specificity phosphatase 4  8p12-p11  
7930413 2.89 DUSP5 Dual specificity phosphatase 5  10q25  
7996377 2.89 FLJ37464 Hypothetical protein FLJ37464  16q22.1  
8075310 2.86 LIF Leukemia inhibitory factor  22q12.2  



8172631 2.86 FOXP3 Forkhead box P3  Xp11.23  
8123609 2.85 SERPINB6 Serpin peptidase inhibitor, clade B (ovalbumin), member 6  6p25  
7952022 2.84 AMICA1 Adhesion molecule, interacts with CXADR antigen 1  11q23.3  
8047248 2.84 PLCL1 Phospholipase C-like 1  2q33  
8043470 2.84 --- --- --- 
7950555 2.83 LRRC32 Leucine rich repeat containing 32  11q13.5-q14  
8014160 2.81 CCL1 Chemokine (C-C motif) ligand 1  17q12  
8113039 2.80 MEF2C MADS box transcription enhancer factor 2, polypeptide C  5q14  
7957032 2.79 YEATS4 YEATS domain containing 4  12q13-q15  
The S.test1 was employed to identify differences in CD4+ Th-cell response patterns to allergens in atopic and nonatopic subjects. A 
FDR2 < 0.01 calculated during the S.test procedure was selected as the statistical cut-off for differential expression. Only genes which 
were elevated in the atopic responses are listed in the table.  
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2. Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple 

Testing. J Roy Stat Soc Ser B 57, 289–300 (1995). 
 
 



Table S2| Annotation of the consensus atopy module.  
Symbol Gene Name Gene Function, Biological Pathway, and/or 

Cellular Expression Pattern 
Source/ 
Reference 

ALOX5 Arachidonate 5-lipoxygenase  Leukotriene synthesis. Expressed in Th2.  1,2 
APBB1IP Rap1-interacting adapter molecule (RIAM)  TcR Pathway.  3 
ARRDC2 Arrestin domain containing 2  Function unkown.  
BATF Basic leucine zipper transcription factor, ATF-like  Regulates AP-1 mediated transcription.  4 
BCL2 B-cell CLL/lymphoma 2  Protects T-cells from apoptosis. 5 
BCL9L B-cell CLL/lymphoma 9-like  β-catenin signalling pathway.  6 
BTG1 B-cell translocation gene 1  Inhibits cell proliferation. 7 
CAMK2D Calcium-dependent protein kinase II delta  TcR/calcium pathway. Expressed in Th2.  8-10 
CASP3 Caspase 3 Apoptosis, caspase cascade, TcR pathway, 

regulated by IL-4.  
SP, 11 

CCL1 C-C chemokine ligand 1 (I-309) Chemotaxis of CCR8+ Th2 cells.  12 
CD200R1 CD200 receptor 1  Expressed in Th2 and TEM. Inhibits Th2 

cytokine responses via APC effects.  
13-15 

CEACAM1 Carcinoembryonic antigen-related cell adhesion 1  Regulation of TcR pathway.  16,17 
CISH Cytokine inducible SH2-containing protein  TcR pathway. Expressed in Treg and Th2. 9,10,18,19 
CNKSR2 Connector enhancer of kinase suppressor of Ras 2  May regulate Ras signaling pathways. SP 
CSF1 Colony stimulating factor 1  Macrophage differentiation.  EG 
DACT1 Dapper, antagonist of β-catenin  Regulates β-catenin. Expressed in Th2.  9,10,20 
DPP4 Dipeptidyl-peptidase 4 (CD26) Costimulates TcR Pathway. Expressed in Th2. 9,21 
ENO1 Enolase 1, (alpha)  Binds to c-myc promoter. SP 
ETNK1 Ethanolamine kinase 1  Phosphatidylethanolamine biosynthesis. EG 
FAM102B Family with sequence similarity 102, member B  Function unknown.  
FOXP3 Forkhead box P3  Mediates Treg suppressive function.  22 
GFI1 Growth factor independent 1  IL-2 driven Th2 expansion. Expressed in Treg. 19,23 
GNPDA1 Glucosamine-6-phosphate deaminase 1    
HIPK1 Homeodomain interacting protein kinase 1  Co-repressor of transcription factors. SP 
HIPK2 Homeodomain interacting protein kinase 2  β-catenin signalling. Expressed in Treg and 

Th2.  

19,24 

HPGD Hydroxyprostaglandin dehydrogenase 15-(NAD)  Inactivates prostaglandins. Expressed in Th2. SP, 10 
ID2 Inhibitor of DNA binding 2  Th2/IgE regulation, β-catenin signalling. 

Expressed in Treg and Th2. 

19,25-28 

IKZF1 IKAROS family zinc finger 1 (Ikaros)  TcR Pathway. 29 
IKZF4 IKAROS family zinc finger 4 (Eos)  Expressed in Treg. 19 
IL-13 Interleukin 13  Th2 effector function. 30 
IL-17RB Interleukin 17 receptor B (IL-25 receptor) Promotes Th2 memory expansion and function.  31 
IL-1F6 Interleukin 1 family, member 6 (epsilon)  Proinflammatory.  32 
IL-2R Interleukin 2 receptor, alpha  Th2 differentiation, Treg homeostasis. 33,34 
IL-4R Interleukin 4 receptor  Th2 differentiation, Th2 memory stabilisation.   35 
IL-5 Interleukin 5  Th2 effector function. 30 
IMMT Inner membrane protein, mitochondrial (mitofilin)  Lipid raft protein. 36 
ITK IL2-inducible T-cell kinase  Th2 differentiation/activation, TcR pathway, 

interacts SLP-76. Expressed in Treg.  
19,37-39 

KLF3 Kruppel-like factor 3 (basic)  May play role in hematopoiesis. SP 
KPNA6 Karyopherin alpha 6 (importin alpha 7)  Imports STAT3 into nucleus. 40 
LASS6 LAG1 homolog, ceramide synthase 6  Role in sphingolipid synthesis.  SP 
LCP2 Lymphocyte cytosolic protein 2 (SLP-76)  TcR Pathway. Interacts with ITK. Induces IL-4. 38,41 
LIF Leukemia inhibitory factor  Expressed in Th2. Airways contraction.  2,42 
MAL Mal, T-cell differentiation protein  TcR pathway. Expressed in Th2 responses. 9,43 
MEOX1 Mesenchyme homeobox 1  May regulate somite development. β-catenin 

signalling. 

44,45 

NCOA3 Nuclear receptor coactivator 3  Promotes STAT6 signalling 46 
NDFIP2 Nedd4 family interacting protein 2  Promotes IFNg production, expressed in Th2.  9,10 
NSMCE1 Non-SMC element 1 homolog  Expressed in Th2. 9 
OBFC2A Oligonucleotide-binding fold containing 2A  Function unkown.  
PCGF5 Polycomb group ring finger 5  Transcriptional repressor. SP 
PGM1 Phosphoglucomutase 1  Role in glucose breakdown/ synthesis. May 

have role in calcium signalling. 
SP, 47 

PITRM1 Pitrilysin metallopeptidase 1  Protease that degrades mitochondrial peptides. SP 
PLXDC1 Plexin domain containing 1  Interacts with cortactin. Expressed in Th2. SP, 9 
PTGER2 Prostaglandin E receptor 2 (PGE2 receptor) Inhibits Th1 and Th2 cytokine production. 

Induces FoxP3 and Treg activity.  
48,49 

RAB19B GTP-binding protein RAB19B (RAB19) Role in directional cytokine secretion.  50 
RAB27B RAB27B, member RAS oncogene family  Expressed in Th2. 9,10 
RAB30 RAB30, member RAS oncogene family  Expressed in Th2. 10 
RAP1A RAP1A, member of RAS oncogene family  TcR Pathway, T-cell polarity, interacts with 

TIAM1. 
3,51 



RAP2B RAP2B, member of RAS oncogene family  Ras signalling, calcium signalling. 52 
RASL11A RAS-like, family 11, member A  Tumor suppressor activity. 53 
RRS1 RRS1 ribosome biogenesis regulator homolog  Increased in Th2 memory, may facilitate high 

level cytokine production.  
54 

SLC26A11 Solute carrier family 26, member 11  Sulphate transport. EG 
SLC37A3 Solute carrier family 37, member 3  Glycerol-3-phosphate transport. Expressed in 

Th2. 
EG, 10 

SLC39A8 Solute carrier family 39, member 8  Zinc transport. Expressed in Th2. EG, 55 
SNTB1 Syntrophin, beta 1  Expressed in Th2. 10 
SOCS2 Suppressor of cytokine signaling 2  Expressed in Treg and Th2.  2,19 
SPINT2 Serine peptidase inhibitor, Kunitz type, 2  Expressed in Th2. 28 
STK17B Serine/threonine kinase 17b; DRAK2  Regulates TcR Pathway, IL-2, IL-4, and T-cell 

memory. Expressed in Th2.  
10,56,57 

TBC1D1 TBC1 (tre-2/USP6, BUB2, cdc16) domain family, 
member 1.  

May act as a GTPase-activating protein for 
Rabs. 

SP 

TIAM1 T-cell lymphoma invasion and metastasis 1  T-cell polarity, β-catenin signalling, interacts 
with RAP1A. Expressed in Treg.  

19,51,58 

TPP2 Tripeptidyl peptidase II  Ubiquitin-proteasome pathway SP 
TSC22D3 TSC22 domain family, member 3; GILZ Promotes Th2 and inhibits Th1 responses 59 
Data was obtained from Entrez Gene (http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene), MGI (http://www.informatics.jax.org/), 
OMIM (http://www.ncbi.nlm.nih.gov/sites/entrez?db=omim), and Swis-Prot (http://au.expasy.org/sprot/).  
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Table S3| qRT-PCR validation of expression of selected genes from the consensus atopy module in CD4+ Th-cell responses to allergens.  
Gene Atopic group I 

(ATI, n = 15) 
ATI  HDM v ctr 
FDR adj p-value 

Atopic group II 
(ATII, n = 15) 

ATII  HDM v ctr 
FDR adj p-value 

Nonatopics 
(NA, n = 15) 

NA  HDM v ctr 
FDR adj p-value 

ATI v NA 
FDR adj p-value 

ATII v NA 
FDR adj p-value 

BTG1 11.03 ± 0.93 0.0134 9.94 ± 0.78 0.0044 1.47 ± 0.78 0.7693 0.0744 0.1184 
CD200R1 2.43 ± 0.35 0.1238 2.16 ± 0.32 0.0752 -2.93 ± 0.25 0.2001 0.0100 0.0039 
CEACAM1 4.21 ± 0.13 0.0001 5.74 ± 0.17 0.0001 2.98 ± 0.16 0.0005 0.0715 0.0035 
CNKSR2 2.94 ± 0.13 0.0001 3.05 ± 0.13 0.0002 0.23 ± 0.06 0.5941 0.0001 < 0.0001 
DACT1 12.32 ± 0.29 0.0001 12.10 ± 0.36 0.0001 0.18 ± 0.05 0.2145 < 0.0001 < 0.0001 
ETNK1 0.85 ± 0.13 0.1739 1.19 ± 0.12 0.0068 0.55 ± 0.11 0.1693 0.7437 1.0000 
FAM102B 11.50 ± 0.68 0.0009 13.68 ± 0.81 0.0001 -0.79 ± 0.20 0.8352 0.0003 < 0.0001 
FOXP3 17.77 ± 0.48 0.0001 22.82 ± 0.39 0.0001 11.36 ± 0.56 0.0208 0.0195 0.0002 
HIPK1 14.93 ± 1.46 0.0290 11.55 ± 1.10 0.0120 -2.62 ± 1.26 0.8999 0.0617 0.0415 
HIPK2 6.77 ± 0.45 0.0029 7.38 ± 0.28 0.0001 2.74 ± 0.28 0.0858 0.1143 0.0122 
IKZF4 3.11 ± 0.20 0.0005 3.94 ± 0.14 0.0001 0.90 ± 0.13 0.2001 0.0487 0.0003 
IL-13 8.90 ± 0.61 0.0001 9.38 ± 0.63 0.0001 0.34 ± 0.04 0.0049 < 0.0001 < 0.0001 
IL-2R 18.47 ± 0.53 0.0001 23.68 ± 0.60 0.0001 10.59 ± 0.65 0.0005 0.0070 0.0003 
IL-4R 4.04 ± 0.12 0.0001 4.18 ± 0.13 0.0001 0.28 ± 0.03 0.1255 < 0.0001 < 0.0001 
IL-5 15.76 ± 1.34 0.0001 12.77 ± 0.79 0.0001 0.25 ± 0.03 0.0183 < 0.0001 < 0.0001 
IMMT 2.18 ± 0.25 0.0331 2.46 ± 0.22 0.0165 -0.47 ± 0.20 0.6817 0.0579 0.0320 
KPNA6 4.11 ± 0.42 0.0262 5.30 ± 0.37 0.0006 -0.75 ± 0.28 1.0000 0.0323 0.0023 
LASS6 1.21 ± 0.07 0.0003 1.07 ± 0.10 0.0036 0.33 ± 0.07 0.1952 0.0668 0.2567 
MEOX1 1.75 ± 0.06 0.0001 2.92 ± 0.10 0.0001 0.94 ± 0.06 0.0005 0.0070 0.0001 
NDFIP2 7.45 ± 0.31 0.0001 7.45 ± 0.25 0.0001 0.66 ± 0.06 0.0008 < 0.0001 < 0.0001 
OBFC2A 4.05 ± 0.21 0.0005 3.27 ± 0.21 0.0036 0.95 ± 0.14 0.1952 0.0067 0.0345 
PCGF5 4.53 ± 0.42 0.0157 5.02 ± 0.41 0.0165 2.42 ± 0.88 0.5296 0.1389 0.2014 
PITRM1 4.86 ± 0.36 0.0023 5.33 ± 0.26 0.0005 4.39 ± 0.58 0.0858 0.4636 0.2567 
PTGER2 11.19 ± 0.61 0.0003 12.41 ± 0.39 0.0001 5.06 ± 0.55 0.0237 0.0141 0.0004 
RAB19B 6.40 ± 0.22 0.0001 6.98 ± 0.29 0.0001 0.95 ± 0.06 0.0183 < 0.0001 < 0.0001 
RAB30 6.67 ± 0.25 0.0001 6.59 ± 0.26 0.0001 -0.26 ± 0.08 0.6154 < 0.0001 < 0.0001 
RAP1A 2.01 ± 0.25 0.0290 1.87 ± 0.14 0.0082 -1.71 ± 0.14 0.1693 0.0023 0.0002 
RASL11A 14.45 ± 0.49 0.0001 12.93 ± 0.36 0.0001 1.58 ± 0.07 0.0017 < 0.0001 < 0.0001 
SLC26A11 6.66 ± 0.27 0.0002 5.24 ± 0.23 0.0002 -1.98 ± 0.21 0.1665 < 0.0001 < 0.0001 
SLC39A8 4.26 ± 0.34 0.0002 2.45 ± 0.11 0.0001 -0.45 ± 0.10 0.7488 < 0.0001 < 0.0001 
TBC1D1 6.49 ± 0.51 0.0091 7.04 ± 0.74 0.0272 3.61 ± 0.52 0.1665 0.5280 0.6727 
TIAM1 1.11 ± 0.42 0.7197 0.38 ± 0.33 0.8904 -0.75 ± 0.56 0.9624 0.3402 0.3295 
IL-2 15.62 ± 0.43 0.0001 25.42 ± 1.72 0.0001 6.79 ± 0.56 0.0005 0.0003 0.0001 
IL-4 17.90 ± 0.89 0.0001 21.30 ± 0.96 0.0001 0.80 ± 0.07 0.0049 < 0.0001 < 0.0001 

PBMC were cultured in the presence or absence of HDM for 24 h. At the termination of the cultures, CD4+ Th-cells were isolated and gene expression was profiled by qRT-PCR. Data are expressed as mean HDM-stimulated 
expression level (± standard error) above baseline control (ctr) levels normalised to the stably expressed gene EEF1A11. The Wilcoxon Signed-Rank Test (two-tailed) was employed for HDM versus ctr comparisons, and the 
Mann Whitney U-test (two-tailed) was employed for atopic versus nonatopic comparisons. Statistical analyses were performed in the R environment, and p-values derived from the statistical tests were adjusted to control for 
Type 1 error employing the FDR method2,3. IL-2 and IL-4 are not members of the consensus atopy module but the qRT-PCR data was provided to demonstrate their expression in the T-cell responses because these cytokines are 
ligands for IL-2R and IL-4R.   
 
1. Hamalainen, H.K. et al. Identification and validation of endogenous reference genes for expression profiling of T helper cell differentiation by quantitative real-time RT-PCR. Anal Biochem 299, 63-70 (2001). 
2. Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J Roy Stat Soc Ser B 57, 289–300 (1995). 
3. Pollard, K.S., Dudoit, S. & van der Laan, M.J. Multiple Testing Procedures: R multtest Package and Applications to Genomics. U.C. Berkeley Division of Biostatistics Working Paper Series Working Paper 164, 

http://www.bepress.com/ucbbiostat/paper164 (2004).  
 



Table S4| IL-2R and IL-4R signalling drive the expression of the atopy module.  
 Resting CD4+ T-cells HDM stimulated CD4+ T-cells 
Treatment ± rIL-2 ± rIL-4 ± rIL-2 ± rIL-4 ± anti-IL-2 ± anti-IL-4 ± anti-IL-2, -4 
Gene t.test p-value t.test p-value t.test p-value t.test p-value t.test p-value t.test p-value t.test p-value 
OBFC2A 0.51 0.6853 3.59 0.0007 2.80 0.0142 3.86 0.0008 0.74 0.5334 -2.98 0.0070 -0.90 0.3899 
HIPK2 -1.08 0.4082 5.23 < 0.0001 0.80 0.4620 1.65 0.2229 -2.03 0.0662 -3.63 0.0009 -1.92 0.0637 
NSMCE1 -1.54 0.2234 4.99 < 0.0001 -1.18 0.3163 0.96 0.5066 -2.86 0.0087 -4.84 < 0.0001 -2.06 0.0484 
MAL -1.07 0.4082 9.31 < 0.0001 -0.51 0.6117 1.58 0.2421 -2.71 0.0128 -5.71 < 0.0001 -3.94 0.0002 
IL-4R -1.72 0.1723 11.77 < 0.0001 0.61 0.5588 0.91 0.5201 -3.36 0.0020 -5.15 < 0.0001 -10.26 < 0.0001 
RAP1A -0.80 0.5654 2.34 0.0318 0.94 0.4027 1.17 0.3928 -0.46 0.6809 -2.64 0.0175 -3.85 0.0002 
KPNA6 -0.36 0.7631 1.94 0.0809 1.33 0.2630 0.70 0.6480 -2.58 0.0171 -0.42 0.6957 -1.64 0.1108 
IMMT 1.20 0.3771 2.98 0.0054 0.73 0.4943 0.59 0.7095 -3.21 0.0032 -1.58 0.1720 -4.05 0.0001 
FAM102B -1.10 0.4082 7.92 < 0.0001 4.58 < 0.0001 4.22 0.0003 -1.97 0.0734 -1.78 0.1238 -3.27 0.0016 
CNKSR2 0.26 0.8206 9.43 < 0.0001 2.75 0.0154 8.99 < 0.0001 -2.60 0.0167 -4.27 0.0001 -10.09 < 0.0001 
RAB27B 0.55 0.6853 14.81 < 0.0001 1.48 0.2158 4.47 0.0001 -3.79 0.0004 -6.53 < 0.0001 -8.87 < 0.0001 
SLC26A11 -5.23 < 0.0001 5.70 < 0.0001 0.82 0.4620 0.83 0.5661 -0.90 0.4592 -3.37 0.0019 -5.03 < 0.0001 
GFI1 -6.90 < 0.0001 5.51 < 0.0001 1.59 0.2024 2.15 0.0937 -0.91 0.4592 -2.25 0.0462 -3.01 0.0038 
DACT1 1.99 0.1052 14.35 < 0.0001 1.51 0.2158 2.47 0.0486 -2.34 0.0314 -6.93 < 0.0001 -11.94 < 0.0001 
DPP4 1.49 0.2354 2.67 0.0131 3.09 0.0073 2.22 0.0869 -1.46 0.1985 -2.01 0.0794 -6.11 < 0.0001 
CISH 14.45 < 0.0001 12.23 < 0.0001 3.01 0.0080 2.08 0.0978 -5.98 < 0.0001 -2.29 0.0441 -12.32 < 0.0001 
RAB30 0.41 0.7411 2.84 0.0081 1.36 0.2596 0.05 0.9755 -0.48 0.6809 -4.13 0.0001 -5.72 < 0.0001 
RASL11A -0.68 0.6358 16.96 < 0.0001 1.09 0.3311 3.43 0.0031 -0.76 0.5334 -4.58 < 0.0001 -10.14 < 0.0001 
NDFIP2 2.07 0.0922 7.53 < 0.0001 2.40 0.0389 3.25 0.0046 -2.85 0.0087 -4.80 < 0.0001 -6.77 < 0.0001 
RAB19B 0.64 0.6483 10.31 < 0.0001 3.50 0.0019 3.34 0.0038 -2.94 0.0073 -4.15 0.0001 -2.77 0.0075 
SLC37A3 0.88 0.5219 6.35 < 0.0001 2.20 0.0585 2.07 0.0978 -3.51 0.0012 -3.50 0.0014 -4.24 < 0.0001 
CAMK2D -1.67 0.1816 9.04 < 0.0001 1.09 0.3311 0.98 0.5066 -4.24 0.0001 -3.46 0.0015 -3.79 0.0002 
IKZF1 -2.49 0.0339 -0.79 0.5410 -1.15 0.3197 -1.18 0.3928 -0.22 0.8278 1.18 0.3185 -0.42 0.6966 
ITK -0.06 0.9521 0.02 0.9880 1.23 0.3005 -1.49 0.2748 -0.60 0.6145 0.30 0.7624 -0.14 0.8911 
IL-17RB 4.01 0.0002 1.93 0.0809 4.45 0.0001 1.83 0.1604 -4.09 0.0002 1.75 0.1254 -4.12 0.0001 
LIF 1.72 0.1723 1.45 0.2121 6.47 < 0.0001 -3.47 0.0031 -1.75 0.1160 0.66 0.5374 -2.05 0.0484 
IL-5 5.44 < 0.0001 0.02 0.9880 5.14 < 0.0001 0.44 0.8178 -4.71 < 0.0001 1.20 0.3185 -2.92 0.0049 
IL-13 10.67 < 0.0001 1.25 0.2918 5.04 < 0.0001 -0.14 0.9755 -3.89 0.0003 0.75 0.5115 -3.29 0.0016 
IKZF4 5.76 < 0.0001 -3.10 0.0039 3.65 0.0012 -0.14 0.9755 -5.15 < 0.0001 1.82 0.1170 -6.50 < 0.0001 
MEOX1 8.56 < 0.0001 -0.22 0.8765 3.02 0.0080 -0.03 0.9755 -10.26 < 0.0001 2.90 0.0083 -7.25 < 0.0001 
FOXP3 18.04 < 0.0001 -0.39 0.7574 2.04 0.0832 -1.32 0.3362 -5.69 < 0.0001 0.83 0.5021 -6.74 < 0.0001 
IL-2R 22.70 < 0.0001 -0.51 0.7111 3.67 0.0012 0.18 0.9755 -8.36 < 0.0001 0.71 0.5232 -8.11 < 0.0001 
CEACAM1 8.95 < 0.0001 -1.00 0.4262 4.25 0.0001 0.09 0.9755 -7.78 < 0.0001 1.42 0.2238 -3.92 0.0002 
BCL2 9.28 < 0.0001 0.46 0.7282 1.79 0.1386 1.39 0.3107 -9.28 < 0.0001 -0.77 0.5115 -11.30 < 0.0001 
IL-2 0.52 0.6853 0.59 0.6694 1.50 0.2158 4.19 0.0003 -0.22 0.8278 1.01 0.4005 1.81 0.0784 
IL-4 2.48 0.0339 0.78 0.5410 2.38 0.0389 -0.12 0.9755 -1.27 0.2742 0.80 0.5060 -2.13 0.0429 
PBMC from HDM-allergic subjects (n=8) were cultured in the presence or absence of HDM for 24 h, and where indicated recombinant IL-2 (rIL-2), IL-4 (rIL-4), or neutralising antibodies against IL-2 
(anti-IL-2) or IL-4 (anti-IL-4) or both (anti-IL-2, -4) was added. At the termination of the cultures, CD4+ Th-cells were purified and expression of a subset of genes from the atopy module was profiled 
by qRT-PCR. The qRT-PCR data were adjusted to account for data points below the detection limit (DL) by substitution with DL/21, log10 transformed to reduce data skewness2 and heteroscedasticity3, 
then analysed employing a paired t.test (two-tailed). The p-values derived from the t.test statistics were adjusted to control for Type 1 error employing the FDR method4,5. For the blocking studies 
employing anti-IL-2 and/or anti-IL-4, statistical comparisons were made with replicate cultures set up in parallel containing appropriate isotype controls, and it is noteworthy that gene expression levels 



was not significantly modulated by the presence or absence of isotype control antibodies. The data for IL-2 and IL-4 expression was provided to demonstrate that anti-IL-2 treatment did not significantly 
modulate IL-4 expression and vice versa, which could have confounded the analyses.  
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Table S5| CD4+ Th-cell subpopulations at different stages of differentiation display striking 
variations in expression of the atopy module after allergen stimulation.  
Gene TN -> TCM TCM -> TTM TTM -> TEM TCM -> TEM 
 t.test FDR adj p-value t.test FDR adj p-value t.test FDR adj p-value t.test FDR adj p-value 
SLC37A3 -5.32 < 0.0001 0.01 0.9914 0.33 0.7930 0.40 0.7705 
RAB27B -15.26 < 0.0001 0.02 0.9914 1.50 0.2034 1.08 0.3551 
MAL -4.81 < 0.0001 -1.00 0.4611 -1.15 0.3324 -1.89 0.0994 
DACT1 -16.08 < 0.0001 -2.98 0.0092 -2.01 0.0791 -3.77 0.0005 
GFI1 -7.08 < 0.0001 -1.90 0.0971 -0.45 0.7301 -1.40 0.2222 
RASL11A -10.20 < 0.0001 -4.79 < 0.0001 -0.95 0.4119 -2.60 0.0194 
IL-4R -8.60 < 0.0001 -1.97 0.0971 0.00 0.9971 -1.83 0.1077 
RAB30 -5.33 < 0.0001 -1.20 0.3522 -3.30 0.0040 -6.20 < 0.0001 
ITK -1.14 0.2726 -3.98 0.0004 -0.85 0.4599 -4.50 < 0.0001 
SLC26A11 1.77 0.0958 -3.04 0.0086 -0.95 0.4119 -2.74 0.0150 
RAB19B -3.71 0.0004 -1.92 0.0971 -1.28 0.2923 -1.77 0.1165 
CAMK2D -3.00 0.0050 2.04 0.0917 -1.99 0.0791 -1.37 0.2236 
CEACAM1 2.92 0.0059 3.61 0.0015 -3.62 0.0014 -3.47 0.0015 
MEOX1 11.18 < 0.0001 0.81 0.5234 -2.57 0.0211 -2.55 0.0206 
FOXP3 4.63 < 0.0001 3.49 0.0020 -7.45 < 0.0001 -7.82 < 0.0001 
IL-2R 7.13 < 0.0001 10.10 < 0.0001 -2.86 0.0111 0.26 0.7961 
BCL2 7.49 < 0.0001 4.84 < 0.0001 -3.04 0.0075 0.30 0.7894 
DPP4 -0.66 0.5076 7.62 < 0.0001 -2.63 0.0205 0.93 0.4100 
CISH -1.11 0.2762 2.91 0.0105 -1.68 0.1485 -0.32 0.7894 
IKZF4 1.15 0.2726 2.65 0.0211 -3.19 0.0051 0.97 0.3997 
PTGER2 5.72 < 0.0001 2.10 0.0867 0.16 0.9046 2.87 0.0109 
NDFIP2 -18.47 < 0.0001 1.33 0.2982 3.01 0.0076 6.76 < 0.0001 
CD200R1 -1.98 0.0657 1.94 0.0971 1.21 0.3136 1.91 0.0994 
LIF 1.98 0.0657 -0.40 0.8286 2.57 0.0211 1.63 0.1504 
IL2 2.89 0.0059 -0.01 0.9914 2.04 0.0791 2.60 0.0194 
IL5 1.85 0.0845 0.14 0.9881 4.57 < 0.0001 9.63 < 0.0001 
IL-17RB 2.89 0.0059 0.90 0.4876 3.66 0.0014 10.22 < 0.0001 
IL-4 1.57 0.1408 -0.95 0.4692 7.72 < 0.0001 5.09 < 0.0001 
IL-13 1.40 0.1878 -0.37 0.8286 6.63 < 0.0001 9.64 < 0.0001 
PBMC from HDM-allergic subjects (n=6) were stimulated with HDM for 20 h. At the termination of the cultures, CD4+ naive (TN) 
and memory Th-cell subsets (TCM, TTM, TEM) were isolated by multiparametric cell sorting employing the markers CD4, CD45RA, 
CCR7, and CD27 as illustrated in Fig. 5b, and gene expression was profiled by qRT-PCR. The qRT-PCR data were normalised to the 
stably expressed gene EEF1A11, adjusted to account for data points below the detection limit (DL) by substitution with DL/22, log10 
transformed to reduce data skewness3 and heteroscedasticity4, then analysed employing a paired t.test (tow-tailed). The p-values 
derived from the t.test statistics were adjusted to control for Type 1 error employing the FDR method5,6. 
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Table S6| Gene expression levels in CD4+ Th-cell subpopulations at different stages of differentiation  
 TN TCM TTM TEM 
SLC37A3 17.51 ± 2.15 9.75 ± 0.88 9.83 ± 1.10 11.17 ± 1.84 
RAB27B 8.98 ± 0.38 2.85 ± 0.27 3.57 ± 1.31 8.12 ± 2.24 
MAL 20.63 ± 2.29 9.35 ± 0.93 8.21 ± 1.29 6.36 ± 1.78 
DACT1 3.48 ± 0.57 0.33 ± 0.04 0.16 ± 0.11 0.12 ± 0.08 
GFI1 6.48 ± 0.38 2.34 ± 0.31 1.68 ± 0.18 1.62 ± 0.41 
RASL11A 14.59 ± 1.51 2.70 ± 0.49 1.25 ± 0.20 1.16 ± 0.50 
IL-4R 23.21 ± 2.83 8.24 ± 1.31 5.25 ± 0.62 5.56 ± 0.93 
RAB30 11.45 ± 1.20 4.65 ± 0.42 4.04 ± 0.87 1.15 ± 0.22 
ITK 15.49 ± 2.06 13.19 ± 0.93 7.65 ± 0.85 6.51 ± 0.97 
SLC26A11 12.03 ± 2.00 16.53 ± 2.11 9.60 ± 1.71 7.71 ± 2.44 
RAB19B 12.66 ± 2.39 6.48 ± 0.57 5.19 ± 0.21 3.98 ± 1.14 
CAMK2D 5.14 ± 0.84 2.54 ± 0.14 3.71 ± 0.52 1.91 ± 0.33 
CEACAM1 3.56 ± 0.51 7.50 ± 2.17 12.29 ± 2.24 3.87 ± 1.96 
MEOX1 0.26 ± 0.08 3.55 ± 1.03 5.32 ± 1.90 1.26 ± 0.51 
FOXP3 0.89 ± 0.16 2.47 ± 0.38 6.05 ± 1.90 0.35 ± 0.09 
IL-2R 0.92 ± 0.23 3.00 ± 0.61 7.49 ± 1.47 3.45 ± 0.73 
BCL2 3.53 ± 0.59 6.42 ± 1.19 12.32 ± 1.81 7.87 ± 2.08 
DPP4 4.19 ± 0.47 3.96 ± 0.52 8.00 ± 1.02 4.88 ± 0.89 
CISH 1.27 ± 0.15 1.16 ± 0.31 2.00 ± 0.35 1.25 ± 0.34 
IKZF4 2.38 ± 1.59 1.29 ± 0.20 3.69 ± 0.87 1.52 ± 0.17 
PTGER2 1.01 ± 0.34 2.45 ± 0.55 5.25 ± 1.65 4.71 ± 1.31 
NDFIP2 1.51 ± 0.14 0.57 ± 0.05 0.92 ± 0.24 3.20 ± 0.84 
CD200R1 1.58 ± 0.25 1.08 ± 0.20 1.81 ± 0.36 3.98 ± 1.83 
LIF 0.09 ± 0.02 0.22 ± 0.05 0.46 ± 0.22 2.23 ± 0.60 
IL-2 0.06 ± 0.02 0.32 ± 0.14 0.77 ± 0.45 4.29 ± 1.91 
IL-5 0.01 ± 0.00 0.03 ± 0.01 0.27 ± 0.18 6.58 ± 1.69 
IL-17RB 0.05 ± 0.01 0.15 ± 0.04 1.13 ± 0.43 19.37 ± 4.52 
IL-4 0.04 ± 0.03 0.39 ± 0.23 0.26 ± 0.24 10.91 ± 1.79 
IL-13 0.04 ± 0.01 0.07 ± 0.02 0.12 ± 0.05 2.99 ± 0.74 
PBMC from HDM-allergic subjects (n=6) were stimulated with HDM for 20 h. At the termination of the cultures, CD4+ naive (TN) 
and memory T-cell subsets (TCM, TTM, TEM) were isolated by multiparametric cell sorting employing the markers CD4, CD45RA, 
CCR7, and CD27 as illustrated in Fig. 5b, and gene expression was profiled by qRT-PCR. The qRT-PCR data were normalised to the 
stably expressed gene EEF1A11, and adjusted to account for data points below the detection limit (DL) by substitution with DL/22. 
Data expressed as mean expression level ± standard error.  
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