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A network-based analysis of the late-phase

reaction of the skin
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Gothenburg and Malmd, Sweden, and Knoxville, Tenn

Background: The late-phase reaction (LPR) of the skin is an
in vivo model of allergic inflammation.

Objective: We sought to identify disease-associated pathways in
the LPR using a network-based analysis.

Methods: The LPR was examined by means of DNA
microarray analysis of skin biopsy specimens from 10 patients
with allergic rhinitis and 10 healthy control subjects. The
results were further analyzed in 2 different materials consisting
of nasal fluids and allergen-challenged CD4™ T cells from
patients with allergic rhinitis.

Results: The DNA microarray analysis revealed several genes
of known relevance to allergy. The eosinophil marker Charcot-
Leyden crystal protein (CLC) that encodes Charcot-Leyden
crystal protein differed most in expression. A network-based
analysis showed upregulation of IL-4— and CCL4-dependent
pathways and downregulation of a TGF-B-induced pathway.
CCL4 is expressed by CD4" T cells and chemotactic for
eosinophils. We hypothesized that allergen induces release of
CCL4 from Tg2 cells and that this contributes to influx of
eosinophils. Further analysis showed increase of CCL4 protein
in nasal fluids from allergic patients during the season. Allergen
challenge of PBMCs resulted in proliferation of Ty2 cells and
increased production of CCL4 in CD4" T cells from allergic
patients. An analysis of the DNA microarray data revealed a
significant correlation between CCL4 and the eosinophil
marker CLC.

Conclusion: A network-based analysis of the LPR showed
increased activity of IL-4— and CCL4- dependent pathways and
downregulation of the TGF-B-induced pathway. Allergen-
induced release of CCL4 from Tg2 cells might contribute to
influx of eosinophils during the LPR.
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Clinical implications: Involvement of multiple interacting
pathways indicates that it might be difficult to identify one
single mediator as a biomarker or drug target in allergic
inflammation. (J Allergy Clin Immunol 2006;118:220-5.)

Key words: DNA microarrays, gene expression, late-phase reaction

The late-phase reaction (LPR) of the skin is an in vivo
model of chronic allergic inflammation. The LPR is char-
acterized by an IgE-dependent local influx of inflamma-
tory cells, such as eosinophils and basophils.'* These
findings are in agreement with the T2 hypothesis, accord-
ing to which allergic inflammation is orchestrated by
increased release of cytokines from Ty2 cells. However,
an increasing number of mediators other than those
included in the Ty2 hypothesis have been implicated in
the pathogenesis.” This complexity is supported by DNA
microarray studies, which have described hundreds of dif-
ferentially expressed genes in allergic rhinitis, asthma, and
eczema.®!" Although this complexity might be reduced
in allergen challenge studies, a wide variety of mediators
have still been reported in such studies of the nose, the
lung, and the skin.>1%1213 These findings suggest that
many different pathways are involved in the LPR. It seems
plausible that the identification of these pathways could
contribute to our understanding of the LPR.

Recently, Calvano et al'* described a network-based
approach that was used to identify pathways in a DNA
microarray study of the human inflammatory response
to bacterial endotoxin. A bioinformatics program was
used to organize differentially expressed genes into gene
interaction networks. The program was based on manual
review of more than 200,000 scientific publications. The
resulting network of direct physical, transcriptional, and
enzymatic interactions between mammalian orthologues
was used as a template to organize the differentially ex-
pressed genes into networks and to find specific pathways
in those networks. Such networks and pathways could be
further examined to find individual genes with putative
key functions.

In this study the same approach was used to identify
significant pathways and genes in a DNA microarray study
of cutaneous LPR in 10 patients with allergic rhinitis and
10 healthy control subjects. The results were further
analyzed in 2 different materials, specifically nasal fluids
and allergen-challenged CD4 ™" T cells from patients with
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Abbreviations used
CLC: Charcot-Leyden crystal protein gene
Cr: Cycle threshold
IPA: Ingenuity Pathways Analysis application
LPR: Late-phase reaction

allergic rhinitis. The DNA microarray analysis of the skin
resulted in identification of 3 main pathways, namely
increased IL-4 and CCLA4 signaling, as well as decreased
TGF-B signaling. CCL4 is known to induce migration of
eosinophils but had not been previously described in
allergic disease. Further analysis showed that CCL4
increased in nasal fluids during the pollen season, as
well as in allergen-challenged CD4 ™" T cells and correlated
with the eosinophil marker Charcot-Leyden crystal
protein (CLC). This supports the argument that allergen-
induced release of CCL4 from Ty cells might contribute
to the influx of eosinophils in allergic rhinitis.

METHODS
Subjects

Three different materials were used for analysis of inflammatory
responses in the skin, PBMCs, and nasal fluids:

1. Allergen provocation study of skin: Ten patients with grass pol-
len-induced allergic rhinitis and 10 healthy control subjects were
studied. Both patients and control subjects were seen outside the
birch/grass pollen season. The median age of the patients and the
control subjects was 34.5 years (range, 21-49 years) and 42.5
years (range, 21-51 years), respectively. Five patients and 4 con-
trol subjects were women.

2. Allergen provocation study of PBMCs: Ten patients with grass
pollen-induced allergic rhinitis and 5 healthy control subjects
were studied. Both patients and control subjects were seen out-
side the birch/grass pollen season. The median age of the
patients and the control subjects was 36 years (range, 20-42
years) and 40 years (range, 21-46 years), respectively. Four
patients and 3 control subjects were women.

3. Natural allergen exposure study of nasal fluids: Nasal lavage fluid
was collected from 19 patients (11 women) outside and 16 patients
(9 women) inside the birch/grass pollen season, as well as from 19
healthy control subjects (8 women). The median age was 37 years
(range, 18-53 years) and 37.5 years (range, 18-61 years) for pa-
tients outside and inside the pollen season, respectively. The me-
dian age of the control subjects was 27 years (range, 18-51 years).

A detailed description of inclusion criteria for patients and control
subjects is given in the Online Repository at www.jacionline.org.

Skin allergen challenge

Fifty standardized quality units (SQ-U) of grass pollen extract
(Aquagen Phleum pratense; ALK-Abello, Horsholm, Denmark)
was injected subcutaneously in the forearm, as previously de-
scribed.'® A detailed description is given in the Online Repository
at www jacionline.org.

DNA microarray analysis and data analysis

Skin biopsy specimens from 10 patients with allergic rhinitis and
10 control subjects were analyzed as previously described® by using
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DNA microarrays measuring the expression of 22,283 genes and
variants (HuGe U133A GeneChip; Affymetrix, Santa Clara, Calif).
The hybridization and analysis were performed according to the
manufacturer’s instructions and the Minimum Information About a
Microarray Experiment guideline. The Ingenuity Pathways Analysis
application (IPA) was used to organize differentially expressed genes
into networks of interacting genes and to find modules of functionally
related genes that correspond to pathways.'* A detailed description
is given in the Online Repository at www.jacionline.org.

Allergen challenge of PBMCs

A modification of the method by Picker et al ” was used as briefly
described below. Heparinized blood was collected by means of ven-
ipuncture, and PBMCs were prepared by means of centrifugation on
Ficoll-Hypaque, washed, and stimulated with grass pollen extract
(ALK-Abell6 A/S; 100 pwg/mL) at a density of 10° cells/mL and in
a total volume per well of 2 mL of cell culture medium. After 7
days of incubation at 37°C and 5% CO,, the supernatant was removed
and analyzed for the content of CCL4 by using a commercial ELISA
(R&D Systems Ltd, Abingdon, United Kingdom). CD4 " cells were
enriched from the allergen-challenged PBMCs by using anti-CD4-
coated paramagnetic microbeads and a MACS system to examine
whether CCL4 was expressed by T2 cells, according to the instruc-
tions of the manufacturer (Miltenyi Biotec GmbH, Bergisch Glad-
bach, Germany). cRNA was extracted according to the procedure
described in the Online Repository at www.jacionline.org.

116

Nasal lavage fluid

After clearing excess mucus by means of forceful exsufflation,
room temperature sterile saline solution (0.9% NaCl) was alternately
aerosolized into both nostrils.'” The nasal fluid was passively col-
lected in a graded test tube until 7 mL was recovered. The fluid
was centrifuged for 10 minutes at 1334g at 4°C. The supernatant
was stored at —70°C until it was analyzed after 6 hours.

Analysis of IL-5, IL-13, and CCL4 in
nasal fluids and supernatants from
allergen-challenged PBMCs

Analyses of IL-5, IL-13, and CCL4 were performed by using

commercial ELISA kits, according to the manufacturer’s instructions
(R&D Systems Ltd).

Statistical analysis of cytokines and
chemokines in nasal fluids and
allergen-challenged PBMCs

The levels of IL-5, IL-13, and CCL4 in nasal fluids or
supernatants from allergen-challenged PBMCs from patients and

control subjects were compared by using the nonparametric
Mann-Whitney U test.

Quantitative real-time PCR analysis
of CCL4 in CD4™ T cells

For a detailed description, see the Online Repository at
www.jacionline.org.

RESULTS
Overview of gene expression data

This DNA microarray study of allergen-challenged skin
was performed on skin biopsy specimens from 10 patients
with allergic rhinitis and 10 healthy control subjects. The
analysis revealed several genes of known relevance to
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allergy (see Table El in the Online Repository at www.
jacionline.org). In fact, the gene that had the highest ex-
pression in patients was the eosinophil marker Charcot-
Leyden crystal protein (CLC), which had a ratio of 17.6
compared with that seen in control subjects. The early
T-cell activation antigen CD69 had a ratio of 8.3, and
the neutrophil chemotaxin /L8 had a ratio of 3.4. The list
also included several cytokines and their receptors, such
as IL4R, ILI3Al, and ILI3RA2. These findings are in
agreement with a Ty2-dependent influx of inflammatory
cells during the LPR, as previously described.'**!'>!®
However, the Ty2-associated genes only represented a
small fraction of the 1840 differentially expressed genes.
A network-based analysis was performed to obtain a func-
tional overview of all these genes.

A network-based analysis of the LPR

The IPA was used to organize the differentially ex-
pressed genes into networks of interacting genes and to
find modules of functionally related genes that correspond
to known pathways.'* The IPA contains a network model
of gene interactions that is based on manual review of sci-
entific articles. This model serves as a template to organize
the differentially expressed genes into functionally anno-
tated networks and pathways. Statistical algorithms were
then used to rank the resulting networks according to
how well they corresponded to the template. Each network
contained a maximum of 35 genes. After building one
network, the remaining genes were used to form new net-
works. This process was repeated, with each network sta-
tistically scored. In this material 50 significant networks
were formed. Network 1 and its subcellular location are
shown in Fig 1, A. The main functions associated with
this network were cellular growth and tissue development.
The network included several downregulated growth fac-
tors and their receptors or binding proteins, including the
insulin-like growth factor genes IGFI, IGFIR, IGFBPS,
and IGFBP6 and the bone morphogenic protein genes
BMP2, BMP4, BMP7, BMPRIA, and BMPR2. By con-
trast, several proinflammatory cytokines and cytokine
receptors were upregulated in network 1, for example,
small inducible cytokine subfamily E (SCYET) and IL-3
receptor o (IL3A). This might be consistent with inflam-
matory remodeling events, as previously reported on the
LPR and asthma.'®' The main function of network 2
was cellular signaling. In this network a distinct interac-
tion pattern could be seen (Fig 1, B). The plasma mem-
brane contained several upregulated proinflammatory
genes that were linked to signal transducer and activator
of transcription 3 (STAT3). These proinflammatory genes
included a subnetwork of known relevance to Ty2 re-
sponses, IL4R, ILI3RAI, and ILI3RA2, as well as selectin
P (SELP) and selectin P ligand (SELPLG). SELP and
SELPLG increase the expression of IL4R.*® Other genes
of known relevance to allergy that were linked to STAT3
were the chemokine receptor CCR2 and the eosinophil
granule protein CLC. These findings are consistent with
recent data indicating T2 cytokine-induced upregulation
of STAT3 in eosinophils.”' The next 5 networks were
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associated with functions such as cell cycle, cellular
growth, and inflammatory response. These 7 networks
were merged into one network (see Fig E1 in the Online
Repository at www.jacionline.org). The complexity of
these interactions was not readily accessible for empiric
analysis. We therefore proceeded to identify canonical
pathways. This was done by correlating the differentially
expressed genes with canonical pathways within the
IPA. The resulting inflammatory pathways with the high-
est scores were IL-4 signaling, TGF-f signaling, and che-
mokine signaling. The first pathway included IL4R,
ILI3Al, and ILI3RA2, all of which were upregulated.
By contrast, all but one of 10 genes in the TGF-3 pathway
were downregulated. The chemokine signaling pathway
included CCL4 and its receptor CCRS5, both of which
were upregulated. CCL4 is chemotactic for eosino-
phils**** and has been reported to increase in both Tyl
and Ty2 cells on T-cell receptor stimulation.”* Although
it is not known whether CCL4 is involved in allergic in-
flammation, these findings suggested the hypothesis that
allergen stimulation induces CCL4 expression in Ty2
cells, which in turn contributes to influx of eosinophils
during the LPR.

Analysis of CCL4 in nasal fluids and CD4"
T cells from patients with allergic rhinitis

Nasal fluid levels of CCL4 protein were examined in a
different material to investigate whether CCL4 is involved
in allergic rhinitis. The CCL4 concentration was similar in
healthy control subjects (3.4 pg/mL; range, 0.5-24.0 pg/
mL) compared with that seen in allergic patients outside
the pollen season (3.1 pg/mL; range, 1.5-7.3 pg/mL). A
significantly higher protein level of CCL4 was measured
in the nasal lavage fluid from symptomatic allergic
patients during the pollen season (4.7 pg/mL; range, 0.1-
45.5 pg/mL; P < .05).

The hypothesis that allergen stimulation resulted in
increased production of CCL4 in CD4™ T lymphocytes
was tested in another material consisting of allergen-stim-
ulated PBMCs from 10 patients with allergic rhinitis. In
supernatants from the patients, CCL4 levels were signifi-
cantly higher in allergen-challenged PBMCs compared
with in diluent-challenged PBMCs (12,000 pg/mL [range,
1500-38,000 pg/mL] compared with 5600 pg/mL
[680-6500 pg/mL], P < .01). The T2 cytokines IL-5 and
IL-13 were also analyzed to examine whether this was
associated with a T2 response. IL-5 levels were signifi-
cantly higher in supernatants from allergen-challenged
PBMCs (100 pg/mL [range, 0-500 pg/mL] vs O pg/mL
[range, 0-0 pg/mL], P < .01), as were IL-13 levels (13
pg/mL [range, 0-270 pg/mL] vs 0 pg/mL [range, 0-0 pg/
mL], P < .05). In supernatants from 5 control subjects,
no significant difference was found for CCL4 between
allergen-challenged and diluent-challenged PBMCs
(3300 pg/mL [range, 680-6200 pg/mL] vs 49 pg/mL
[range, 46-76 pg/mL]). Similarly, no significant difference
in IL-5 levels was found (12 pg/mL [range, 0-66 pg/mL]
vs 0 pg/mL [range, 0-0 pg/mL]). Then expression of
CCL4 was analyzed in CD4™ T cells extracted from the
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FIG 1. Network representation of interactions between differentially expressed genes from a DNA microarray
analysis of allergen-challenged skin from allergic patients and healthy control subjects. Of 1840 differentially
expressed genes, a total of 50 statistically significant networks were formed. The networks were scored
according to significance. The figure shows the top-scoring networks 1 (A) and 2 (B). Genes that are colored
red have higher expression in patients than in control subjects, and genes colored green have lower expres-
sion in patients.
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allergen-challenged PBMCs by using real-time PCR and
normalized to the reference gene GUSB. The median A
cycle threshold value for allergen-challenged CD4™ T
cells was 6.2 (range, 1.7-7.5) compared with 1.4 (range,
0.5-3.4) in diluent-challenged CD4" T cells (P <
.0001). This corresponds to a more than 10-fold increase
of CCL4 expression in allergen-challenged CD4 ™ T cells.

Finally, analysis of the DNA microarray datarevealed a
significant correlation between CCL4 and the eosinophil
granule protein CLC (r = 0.8, P < .001).

DISCUSSION

In this DNA microarray study of the LPR in skin biopsy
specimens from 10 patients with allergic rhinitis and 10
healthy control subjects, the gene that differed most in
expression was the eosinophil marker CLC. The differen-
tially expressed genes also included the T-cell activation
markers and /L4R, ILI3RAI, and IL-13RA2. These recep-
tors are essential for IgE production. To our knowledge,
increased expression of IL4R, ILI3RAI, and IL-13RA2
has not been previously described in allergic disease.
However, in an earlier report we found increased levels
of the soluble form of IL-4 receptor protein in patients
with allergic rhinitis.”> Taken together, our findings are
in agreement with an IgE-dependent influx of eosinophils
during the LPR, as previously described.'*'>1® Tt is,
however, of note that the role of eosinophils in allergic
inflammation is complex.?**” Moreover, these genes only
represented a small fraction of the differentially expressed
genes. It is difficult to obtain an overall functional under-
standing of such complexity on the basis of detailed anal-
ysis of individual genes. One approach to address this
problem might be to start by organizing the differentially
expressed genes into networks based on functional rela-
tionships. These networks can be used for a top-down
analysis, where the networks are dissected to find indi-
vidual disease-associated pathways. Finally, individual
upstream genes in the pathways can be selected for func-
tional studies. This approach was recently described by
Calvano et al'* in a study of the human inflammatory re-
sponse to endotoxin using the IPA, a Web-based analytic
tool. The IPA correlated the differentially expressed genes
to a manually curated network of gene interactions that
had been described in the literature. By using statistical
algorithms, networks comprising a maximum of 35 genes
were identified and ranked according to statistical sig-
nificance. The underlying assumption was that if more
differentially expressed genes than expected by chance
mapped to the same network, then this was likely to repre-
sent biologically relevant processes. In other words, the
global molecular network within the IPA was used as a
template to find matching, significant networks among
the differentially expressed genes. In this study the LPR
was analyzed with the same program. Fifty significant net-
works were identified. Empiric analysis of the top-ranking
networks reflected potentially relevant processes. Net-
work 1 contained several downregulated growth factors
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and upregulated proinflammatory genes. This might be
consistent with remodeling events, as previously de-
scribed in both the LPR and asthma.'®'? Network 2 con-
tained upregulated proinflammatory genes, such as /4R,
IL13Al, and IL-13RA2, that interacted with STAT3 and
the eosinophil granule protein CLC. These findings were
consistent with a Ty2-induced eosinophilic response, as
discussed above.

It should be noted that although each gene interaction
in the IPA was linked to at least one publication, functional
annotation of gene interactions is far less developed than
that of individual genes. Moreover, there are no estab-
lished principles on how to analyze networks. These are
important research directions, and the IPA is one example
of databases attempting to annotate interactions and
networks systematically.zg’29

To our knowledge, this is the first comprehensive
network-based analysis of allergic inflammation. The
large number of gene interactions in the networks indi-
cates that many pathways might contribute to the LPR. A
clinical implication of this is that it might be difficult to
identify one single mediator as a biomarker or drug target
in allergic disease. In the present project we proceeded by
searching for known pathways among the differentially
expressed genes. This was done by correlating the differ-
entially expressed with canonical pathways in the IPA.
The resulting inflammatory pathways with the highest
scores were IL-4 signaling, TGF-f3 signaling, and chemo-
kine signaling. The first pathway included /L4R, ILI13Al,
and IL-13R, again underscoring the central role of these
genes in allergic inflammation. By contrast, all but one
of 10 genes in the TGF-f3 pathway were downregulated.
TGF-B has anti-inflammatory effects. Decreased activity
of the TGF-3 pathway has previously been described in
a DNA microarray study of allergic rhinitis.® Moreover,
TGEF-B is released from Tg1 cells, which are important
regulators of peripheral tolerance. Decreased activity of
Tr1 cells was recently shown in allergic patients.*® Thus
decreased activity of the anti-inflammatory TGF-3 path-
way could contribute to the LPR. It is of note that because
this study was performed in skin biopsy specimens, we do
not know the cellular origin of the differentially expressed
genes. Moreover, it is not possible to validate all pathways
with new experiments. Because increased IL-4 signaling
and decreased TGF-f3 signaling were consistent with pre-
vious induced data, we decided to focus on chemokine sig-
naling, which included CCL4 and its receptor CCRS5, both
of which increased in expression. CCL4 is chemotactic for
eosinophils**2* and has been reported to increase in Tyl
and Ty2 cells after anti-CD3 stimulation.?* Moreover,
stimulation of the high-affinity FceRI in mast cells re-
sulted in increased expression of CCL4.*' Although little
is known about CCL4 in allergy, these data suggested the
hypothesis that release of CCL4 from allergen-stimulated
Ty2 cells could contribute to influx of eosinophils during
the LPR. This hypothesis was examined in 2 different ma-
terials consisting of nasal fluids and allergen-stimulated
PBMCs from patients with allergic rhinitis and healthy
control subjects. First, CCL4 levels were examined in
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nasal fluids and found to be significantly higher in
symptomatic patients during the pollen season than
in asymptomatic patients after the season. To our knowl-
edge, this is the first demonstration of involvement of
CCL4 in human allergic inflammation. Second, we
examined whether allergen stimulation caused increased
production of CCL4 in Ty2 cells. PBMCs were chal-
lenged with allergen to mimic natural allergen challenge
of CD4™ T cells, which is mediated by antigen-presenting
cells. In supernatants from patients, this resulted in a sig-
nificant increase of CCL4. A parallel increase of the Ty2
cytokines IL-5 and IL-13 in the patients showed that this
was associated with proliferation of Ty2 cells. CCL4
was analyzed in CD4™ T cells extracted from the aller-
gen-challenged PBMCs to examine whether CCL4 pro-
duction was derived from CD4" T cells. Examination
with real-time PCR showed a more than 10-fold increase
of CCL4 in CD4™ T cells from the patients. Finally, anal-
ysis of the DNA microarray data showed a strong correla-
tion between CCL4 and the eosinophil protein CLC.
Taken together, these data support the hypothesis that al-
lergen challenge results in increased CCL4 production in
T2 cells from patients with allergic rhinitis and that this
might contribute to influx of eosinophils.

In summary, this network-based analysis of the LPR in
allergic patients showed that allergen challenge results in
increased activity of IL-4— and CCL4-signaling pathways
but decreased TGF-f signaling activity. Increased pro-
duction of CCL4 from allergen-stimulated Ty2 cells might
contribute to the influx of eosinophils during the LPR.
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Inclusion and exclusion criteria for patients
and control subjects

The diagnosis of grass pollen—induced allergic rhinitis
was based on a positive history of seasonal allergic rhinitis
and positive skin prick test responses against grass pollen.
Except for the symptomatic patients in material 3, all
patients were outside the pollen season and were asymp-
tomatic at the time of inclusion in the study. Before
inclusion, all subjects, both patients and control subjects,
were evaluated by an experienced ear, nose, and throat
consultant, performing nasoscopy. Individuals with signs
or symptoms of chronic rhinitis, nasal polyposis, or
recurrent sinusitis were excluded, along with subjects
with a history of concurrent purulent nasal infection within
6 weeks before the study or nasal surgery during the last
year.

Other exclusion criteria included a history of perennial
symptoms, positive skin prick test responses against house
dust mite (Dermatophagoides pteronyssinus and Derma-
tophagoides farinae) and molds (Cladosporium and
Alternaria species), and treatment with local or systemic
corticosteroids or antihistamines for the last 2 months.
The control subjects were all symptom free, had no history
of allergic rhinitis or any other atopic disease, and had neg-
ative skin prick test responses against a panel of allergens,
including birch, timothy, mugwort, house dust mite
(D pteronyssinus and D farinae), horse, dog, cat, and
molds (Cladosporium and Alternaria species).

Informed consent was obtained from all subjects
involved in the study. The study was approved by the
Ethics Committee of the Medical Faculties of the Univer-
sities of Lund and Goéteborg.

Skin allergen challenge

Fifty standardized quality units (SQ-U) of grass pollen
extract (Aquagen Phleum pratense; ALK-Abello, Hor-
sholm, Denmark) was injected subcutaneously in the fore-
arm. Albumin diluent (Aquagen, ALK SQ) was injected in
the opposite forearm and served as a negative control. The
size of the skin prick test response was measured (36 *
8 mm? for the allergic patients and no reactions for control
subjects), and skin biopsy specimens were obtained after 6
hours. One punch biopsy specimen (4 mm diameter) was
taken after achievement of local anesthesia from each pa-
tient and control subject.

The biopsy specimens were snap-frozen in liquid
nitrogen and stored at —70°C until RNA preparation.

Preparation of cRNA and hybridization to
microarrays

The biopsy specimens were homogenized for 60 sec-
onds in Heidolph Diax 900 (Heidolph Instrument GmbH
& Co, Schwabach, Germany). RNA was isolated by using
the acid guanidinium thiocyanate, phenol-chloroform
protocol® and purified with an RNeasy kit (Qiagen, Hil-
den, Germany). The quality of RNA samples was verified
by means of agarose gel electrophoresis and by checking
the A260/A280 ratio.

RNA samples from duplicate biopsy specimens were
pooled for each individual. cRNA was prepared from
synthesized cDNA according to the Affymetrix manual
(Affymetrix Inc, Santa Clara, Calif). Briefly, double-
stranded cDNA was prepared by using the Life Technol-
ogies Superscript Choice system (Life Technologies,
Paisley, United Kingdom) and an oligo(dT)24-anchored
T7 primer by using 1.8 to 2 pg of total RNA. This was
followed by in vitro transcription of biotin-labeled cRNA.
Hybridization and visualization with the streptavidin-phy-
coerythrin assay was done according to the manufacturer’s
instructions, with a fluidic station and scanner.

Microarray data analysis

Signal values and arrays were background corrected
and normalized by using the robust multiarray average.
Differentially expressed genes were identified by analyz-
ing genes that differed in expression by a factor of 1.5. A
2-tailed Student ¢ test was used, and the results were cor-
rected for multiple testing with the Benjamini and Hoch-
berg false discovery rate. The analyses were performed
with the Genesifter (VizX Labs, Seattle, Wash). A com-
plete list of differentially expressed genes can be down-
loaded here (Table E1).

The IPA was used to organize differentially expressed
genes into networks of interacting genes and to find
modules of functionally related genes that correspond to
pathways. The IPA consists of a global network that is based
on reviewing and extracting mammalian gene interactions
from review of more than 200,000 articles in 275 peer-
reviewed journals. The findings for the IPA were manually
curated and assigned to ontologic classes by content and
modeling experts. Interactions were also inferred algorith-
mically by combining functional and structural information
about proteins. Every interaction can be referenced back to
a MedLine ID within the application.

Identification of networks formed by the differentially
expressed genes was done in a stepwise manner:

1. Differentially expressed genes are scored on the basis
of the number of specific interactions found within the
IPA global network. Focus genes were identified as
those having direct or indirect interactions with other
genes in the IPA database.

2. The specificity of connections for each focus gene
was calculated by the percentage of its connections
to other differentially expressed genes. A network
was then constructed, starting with the gene with the
highest specificity of connections. Each network con-
tained a maximum of 35 genes. This process was
repeated for the remaining genes to construct new net-
works. As the number of focus genes is reduced as a
result of their inclusion in previous networks, genes
from the global network not in the original list but
with significant specific connectivity to the growing
network can be included into those new networks.

3. A statistical algorithm based on the Fischer exact test
was used to rank the networks. Identification of path-
ways was based on using canonical pathways in the
IPA as templates for the differentially expressed



genes. Again using the Fischer exact test, the resulting
pathways were ranked according to their correlation
with the template in the IPA.

Nasal lavage fluid

After clearing excess mucus by means of forceful
exsufflation, room temperature sterile saline solution
(0.9% NaCl) was alternately aerosolized into both
nostrils.®! The nasal fluid was passively collected in a
graded test tube until 7 mL was recovered. The fluid
was centrifuged for 10 minutes at 1334g at 4°C. The su-
pernatant was stored at —70°C until it was analyzed after
6 hours.

Quantitative real-time PCR analysis of
CCL4in CD4™ T cells

Double-stranded cDNA was prepared by using a High
Capacity cDNA Archive Kit (Applied Biosystems, Foster
City, Calif) and random hexamer primers supplied in
the kit.

Quantitative PCR was performed with the ABI7T900HT
Sequence Detection System. Validated expression assays
from Applied Biosystems were used: Hs00605740_g1 for
CCL4 and human GUSB (B-glucoronidase; FAM/MGB
Probe, Non-Primer Limited) for the endogenous control,
which also was predesigned by Applied Biosystems.
The assays and TagMan PCR mastermix (Applied
Biosystems) were pipetted in a 384-well plate by using a
liquid-handling robot (Biomek FX; Beckman Coulter
Inc, San Diego, Calif). A total reaction volume of 10 pL
was used, and each sample was pipetted in triplicate for
accuracy measurements.

Reactions are characterized by comparing threshold
cycle (Cr) values. The Cr is a unitless value defined as the
fractional cycle number at which the sample fluorescence
signal passes a fixed threshold. Samples with high starting
copy number show an increase in fluorescence early in the
PCR process, resulting in a low Ct number, whereas a
lower starting copy number results in higher Ct numbers.
A Cy value for each sample was set at the exponential
phase of the PCR.

Statistical analysis of real-time PCR
data and CCL4 expression

The relative standard curve method was used. Two
standard curves with known amounts of total RNA were
analyzed for the gene of interest (CCL4) and for the en-
dogenous control gene (GUSB). For each unknown sam-
ple, the relative amount was calculated by using linear
regression analysis from their respective standard curves,
and relative and normalized CCL4 expression values were
obtained by subtracting the CCL4 Cr value from the
GUSB Cr value (ACy). The significance of the different
mean ACr value between patients and control subjects
was assessed by using a ¢ test for equality of means, and
a 2-tailed P value was obtained. The reference gene
GUSB was equally expressed in the 2 groups.
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FIG E1. Network representation of interactions between the differentially expressed genes, merging the 7
networks with the highest scores. Genes that are colored red have higher expression in patients than in con-
trol subjects, and genes colored green have lower expression in patients.
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